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Abstract: N-((6-methylpyridin-2-yl)carbamothioyl)thiophene-2-carboxamide, 
C12H11N3OS2 (HL) and its Co(II), Ni(II) and Cu(II) complexes (ML2 type) have been 
synthesized and characterized by elemental analysis, FT-IR ,1H-NMR and HR-MS 
methods. Moreover, HL was characterized by single crystal X-ray diffraction method. The 
HL crystallizes in the monoclinic crystal system with P 1 21/c 1 space group, Z=4, 
a=7.2326(8) Å, b=18.3492(16) Å, c=9.7724(9) Å. The [ML2] complex structures were 
optimized by using B97D/TZVP level. Molecular orbitals of HL ligand were calculated at 
the same level. Antioxidant activities of the complexes were determined via DPPH and 
ABTS assays. Anticancer activity of the complex was studied via MTT assay in MCF-7 
breast cancer cells. 
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INTRODUCTION 

 

Thiourea derivatives are important compounds due to their wide range of applications. 

They have a long history as functional ligands in coordination chemistry and they 

coordinate to metals via both O and S atoms [1]. Benzoylthioureas have been reported 

as extractants for various valuable metals such as Ni, Co, Ag, Pd and Au [2–4]. In 

previous studies, metal complexes of benzoylthiourea derivatives were synthesized and 

their properties were reported [5–7]. It is known that thiourea derivatives show 

antibacterial, antifungal, antitubercular, antithyroid, and insecticidal properties [8]. 

 

Therefore, this study is focused on the synthesis, characterization, and crystal structure 

of new thiourea derivatives (Figure 1) and their metal complexes. Quantum chemical 

computations were performed to investigate molecular orbitals of HL ligand and 

optimized geometries of ML2 complexes. Also, antioxidant and anticancer activity of all 

complexes and electrochemical behavior of the Cu complex were investigated.  

 

 

Figure 1 Molecular structures of the HL. 
 

 

MATERIAL and METHODS  

 

Experimental 

Synthesis of the ligand 

All chemical reagents used for the synthesis were analytical purity. A solution of an 

appropriately substituted thiophenecarboxylic acid chloride (0.01 mole) in acetone (50 

cm3) was dropwise added to a solution of KSCN (0.01 mole) in acetone (30 cm3). The 

reaction mixtures were heated under reflux for 30 min. Then they were cooled to room 

temperature. Solutions of 2-amino-6-methylpyridine (0.01 mole) in acetone (10 cm3) 

were added and the resulting mixtures were stirred for 2 h. The resulting mixture was 

poured into HCl (0.1 N, 300 cm3) solution and was filtered. The obtained solid product 

was washed with H2O and was purified by recrystallization from EtOH/CH2Cl2 [9]. 
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N-((6-methylpyridin-2-yl)carbamothioyl)thiophene-2-carboxamide, HL: Light Yellow. 

Yield: 88%, m.p. 155–157 oC. (Anal.:  C, 51.5; H, 3.9; N, 15.0; S, 22.9; C12H11N3OS2 

calc.: C, 52.0; H, 4.0; N, 15.2; S, 23.1%.). FT-IR (ATR, cm-1):  υ(N-H) 3181, υ(C-H aro.) 

3013, υ(CH3) 2810,1354, υ(C=O) 1695 (s), υ(C=S) 1155. 1H-NMR (400 MHz, CDCl3, 

ppm): 8.37 (s, 1H, NH), 7.25–6.96 (m, 6H, Ar-H.). 

 

Synthesis of the complexes, [ML2] 

Complexes were synthesized according to the following method: MCl2.xH2O (0.001 mole) 

(M:Co2+, Ni2+ and Cu2+) in ethanol (10 cm3) were added drop wise to into the solution 

containing the ligand (0.002 mole) dissolved in ethanol (40 cm3) in the presence of a few 

drops of Et3N under constant stirring for 30 min. The sediment was filtered, washed with 

a small amount of cold ethanol and was dried in desiccator [10]. 

 

 

Bis(N-((6-methylpyridin-2-yl)carbamothioyl)thiophene-2-carboxamide)cobalt(II), [CoL2]: 

Pale green. Yield: 89%, Anal.: C, 46.9; H, 3.1; N, 13.2; S, 21.3; C24H20N6O2S4Co, calc.: 

C, 47.1; H, 3.3; N, 13.7; S, 21.0%. FT-IR (ATR, cm-1): υ(C=N) 1567 (s). HR-MS (ES+), 

m/z (calc./found): 611.6478/611.6589. 

 

Bis(N-((6-methylpyridin-2-yl)carbamothioyl)thiophene-2-carboxamide)nickel(II), [NiL2]: 

Green. Yield: 77%, Anal.: C, C, 47.3; H, 3.4; N, 13.3; S, 21.5; C24H20N6O2S4Ni, calc.: C, 

47.2; H, 3.3; N, 13.8; S, 21.0%. FT-IR (ATR, cm-1): υ(C=N) 1536 (s). 1H-NMR (400 MHz, 

CDCl3, ppm): 7.21–6.87 (m, 12H, Ar-H), 4.34 (m, 1H, N-H). HR-MS (ES+), m/z 

(calc./found): 611.4080/611.4164. 

 

Bis(N-((6-methylpyridin-2-yl)carbamothioyl)thiophene-2-carboxamide)copper(II),[CuL2]: 

Brown. Yield: 82%, Anal.: C, 46.0; H, 3.5; N, 13.3; S, 20.3, C24H20N6O2S4Cu, calc.: C, 
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46.8; H, 3.3; N, 13.6; S, 20.8%. FT-IR (ATR, cm-1): υ(C=N) 1520 (s). HR-MS (ES+), m/z 

(calc./found): 616.2606/616.2690. 

 

Instrumental 

FT-IR measurements were performed via a Perkin Elmer LX-125000B FT-IR spectrometer 

with an ATR component (4000–30 cm−1). 1H-NMR spectra were recorded on a Bruker 

Avance III 400 MHz NMR spectrometer, using CDCl3 as solvent and TMS as internal 

standard. 1H-NMR signals were recorded with the aid of 2D COSY spectra where 

necessary. Elemental analyses were performed on a Costech ECS 4010 instrument. 

Melting point of the ligand was determined by Stuart model SMT30 instrument. The mass 

spectra were obtained by using Waters SYNAPT G1 MS instrument. The exact mass 

analyses were made in positive mode (ES+) with HR-MS (Da 50-1000, ESI-TOF-MS). X-

ray data of the HL were collected on a Bruker D8 Venture diffractometer using 

monochromated MoKα radiation. The structure was solved and refined using the Bruker 

SHELXTL Software. The voltammetric measurements were made via BAS 100 W 

(Bioanalytical System, USA) electrochemical analyzer. The standard one-compartment 

three electrode cell of 10 mL capacity contained glassy carbon working electrode 

(BAS; Φ: 3 mm diameter), a Ag/AgCl reference electrode (BAS; 3 M KCl) and platinum 

wire counter electrode. 

  

Computations 

Computations were made by using G09 [11] program package. HOMO and LUMO orbitals 

of the ligands were computed as single point calculation using B97D/TZVP [12,13] level 

on the X-ray structure. DOS (density of state) spectrum was obtained using Gaussian 

[14] program package. The proposed [ML2] complex structures were optimized using the 

same computational level. The optimized bond distances and angles were visualized by 

using CYLView[15] program package. Frequency calculations were also made to verify 

that optimized structures are stationary points (no imaginary frequency). 

 

RESULTS and DISCUSSION 

 

1H-NMR  

The 1H-NMR spectra of the ligand there is a single peak at 8.37 ppm which corresponds 

to the N-H group. The aromatic C-H bonds are shown as multiple peaks at 7.28-7.14 

ppm for HL. The N-H peaks, which are observed at 8.37 ppm, would not appear in the 

metal complexes. These data agree with the complexation reaction and structure of the 

metal complexes. The aromatic C-H protons are shown at 7.21-6.87 ppm for [NiL2].   The 
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N-H protons are shown at 4.34 ppm for [NiL2]. 1H-NMR spectra of [CoL2] and [CuL2] 

complexes could not be obtained because of their paramagnetic properties.   

  

X-Ray Crystallography 

The single crystals suitable for X-ray diffraction analysis were grown from ethanol 

solutions. The structures were solved via direct methods and were refined on F2 by full 

matrix least-squares using SHELXL 2013[16]. All non-hydrogen atoms were refined via 

anisotropic displacement parameters. The molecular structure plots were obtained by 

using Mercury CSD 2.4 software [17]. The crystal and instrumental parameters were 

summarized in the supporting information. Molecular structure with the atom-numbering 

scheme of the HL is given in Figure 2.  

 

  

Figure 2 ORTEP view of the HL, thermal ellipsoids are shown at the 50% probability 
level. 

 

Crystal data parameters of HL and some experimental parameters are given in the 

supplementary material file. 

 

Packing scheme of the HL is given in Figure 3.  
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Figure 3 Crystal packing scheme of the HL in P 1 21/c 1. 
 

The structures were solved and refined using the Bruker SHELXTL Software Package. 

Selected bond lengths and angles of the HL are presented in supplementary material file. 

The bond lengths and angles in the HL are typical for thiourea derivatives; C6-S2 and 

C5-O1 bonds show a typical double-bond character with 1,672(18) and 1,212(2) Å, 

respectively. The bond lengths of the N2-C6, N3-C6, N3-C5, and N2-C7 were determined 

as 1,359(2), 1.368(2), 1.400(2) and 1,409(2) Å respectively. These results show that the 

bonds have partial double bond character. The carbonyl and thiocarbonyl part bound 

angles are N2-C6-S2, 119.3(14); N3-C6-S2, 125.7(14); N3-C5-O1, 124.4(17) and O1-

C5-C4, 122.1(17)o[14,18-22]. The crystal packing is determined by intermolecular N-

H…S hydrogen bonds [23,24]. Orbital diagrams of the HL were given in Figure 4. For HL 

molecule, HOMO are dominantly made up of π orbital of sulfur atom. On the other hand, 

LUMO are mainly delocalized over amide and thioamide moiety and thiophene ring of the 

HL molecule. 

 

 

Figure 4 Orbital diagrams of the HL computed using B97D/TZVP level on the X-ray 
structure. 
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Complex Structure 

The [ML2] (M: Ni, Co, Cu) structures were proposed based on the reported cis-bis(N,N-

dimethyl-N'-2-chlorobenzoylthioureato)Ni(II) crystal structure[25] and were optimized by 

using B97D/TZVP computational level. Figure 5 show optimized bond distances and O-M-

S bond angles of the [ML2] structures, respectively.  

 

 

Figure 5 Optimized the [ML2] structure using B97D/TZVP level. 
 

The O-Ni-S bond angles in the [NiL2] and [CoL2] structures are very similar but in the 

[CuL2] they slightly differ from those of Ni and Co complexes. The M-O distance for 

complexes follows the order; Cu-O (1.99 Å) >Co-O (1.88 Å) >Ni-O (1.87 Å). The M-O 

distance values for complexes agree with literature values which are 1.94 Å, 1.92 Å and 

1.86 Å, respectively [26-28]. The M-S distance order for complexes is Co-S < Ni-S < Cu-

S. It can be said that the bond lengths for the rest of the bond types (the C-H, C-C, C-N, 

C-S and C-O bonds) are almost the same in all complex structures since the largest 

difference is only 0.02 Å. The C6-S2 bond distance elongates from 1.672 Å in the HL 

structure to 1.75 – 1.77 Å in the [ML2] structure. Similarly, the C5-O1 bond length also 

stretches from 1.212 Å to 1.28 Å for the [ML2]. Due to leaving proton from N3 atom, C6-

N3 and C5-N3 bond lengths changed to 1.31 and 1.34 Å in the [ML2], respectively.  

 
Antioxidant and Antitumor Activity of the Complexes 

In vitro antioxidant and antitumor properties of all complexes were studied in cell culture 

systems. The antioxidant activity of metal complexes was studied by using the DPPH and 

ABTS assays. The anticancer activity of complex was studied via MTT assay in MCF-7 
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breast cancer cells. MTT assay is fast, easy and with high accuracy.  The amount of living 

cells will be determined depending on the amount of binding via spectrophotometric 

analysis. The DPPH, ABTS, Reduction power and IC50 values are presented in 

supplementary material file. Natural or synthetic antioxidants are important in the 

management of severe oxidative stress conditions. Synthetic antioxidants are currently 

being developed as therapeutic agents against oxidative stress.  The antioxidant activity 

is related to DPPH, ABTS and reduction power values. The [CoL2] shows good antioxidant 

properties. These results show that antioxidant properties of [CoL2] is better than those 

of propyl gallate and worse than those of vitamin E. Both propyl gallate and vitamin E are 

important antioxidant materials [29]. The [CuL2] complex shows good antitumor activity. 

The IC50 value of the [CuL2] complex is comparable with that of Fluorouracil (5-FU) which 

is widely used in cancer treatment. Other compounds (IC50 values, >40 ppm) were less 

active against the tumor cells [30]. Similarly, the researchers examined the antitumor 

properties of the Cu complex. They observed that the Cu complexes show good 

antitumor properties [31,32].  

  

Electrochemical Behavior of the [CuL2]  

The cyclic voltammetric (CV) studies were carried out to understand the electrochemical 

behavior of the [CuL2]. In cyclic voltammogram of the [CuL2], there are two peaks. One 

of these peaks is at about +0.52 V, which is an oxidation peak, and the other one is at 

about -1.40 V which is a reduction peak. By the help of the pH measurements, optimum 

pH of the medium was found to be pH=2, where the sharpest and best results were 

obtained. To understand whether the process was under control of diffusion or 

absorption, scanning rate studies were carried out between 25 mV/s and 750 mV/s. 

Studies were carried out in Britton-Robinson buffer solution at pH=2, where the best 

oxidation and reduction results were obtained.  The characteristic scan rate curves of the 

[CuL2] are given in Figure 6. 

 

 

Figure 6 Cyclic Voltammograms of [CuL2] compound with different scan rates. 
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Scan rates were investigated between the 25-750 mV/s and at 1 x 10-5 M concentration. 

The linear dependence of peak current Ip (µ) on the square root of the scan rate v1/2 

(mVs-1) was found by GCE, demonstrating diffusional behavior. The equations about scan 

rate studies for the [Cu(L)2] is noted via the equation below (1); 

 

Log Ip (µA) = 0, 2607 √v (mVs-1) – 0, 5439 (r2 = 0, 9501)                                 (1) 

 

The linear relationship between Log Ip and Log v was also investigated and the equations 

about these relationships are given via the equation below (2); 

 

Log Ip (µA) = 0, 4455 Log v (mVs-1) – 0, 3970 (r2 = 0, 9940)                               (2) 

 

The slope of the relationships fit with the theoretically expected values for an ideal 

diffusion controlled reaction (0.5) [33]. The Cu(II) complexes could be studied because 

they are stable in this pH range.  

 

CONCLUSIONS 

 

N-((6-methylpyridin-2-yl)carbamothioyl)thiophene-2-carboxamide, C12H11N3OS2 (HL), 

and its Co(II), Ni(II) and Cu(II) complexes have been synthesized. Characterization of 

the compounds were made by elemental analysis, FT-IR, 1H-NMR and HR-MS methods. 

In addition, HL was characterized by single crystal X-ray diffraction method.  The HL 

crystallizes in the monoclinic crystal system with P1 21/c 1 space group, Z=4, 

a=7.2326(8) Å, b=18.3492(16) Å, c=9.7724(9) Å. Molecular orbitals of both HL 

calculated and the [ML2] structures were optimized by B97D/TZVP level. The anticancer 

and antioxidant activities of the complexes were also investigated. Antioxidant activities 

of the complexes were determined by using DPPH and ABTS assays. The [CoL2] shows 

good antioxidant properties. Anticancer activity of the complex was investigated via MTT 

assay in MCF-7 breast cancer cells. The IC50 values of complexes are 111, 79 and 31 

ppm for [CoL2], [NiL2] and [CuL2], respectively. The [CuL2] complexes were found to 

have better antitumor activities. Cyclic voltammograms of the complexes show oxidation 

and reduction peaks at +0.52 V and -1.40 V for the [CuL2]. 

 

Appendix A. Supplementary material 

Crystallographic data for the HL structure have been deposited at the Cambridge 

Crystallographic Data Centre (CCDC), CCDC 1055243 (HL). This data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre via 
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www.ccdc.cam.ac.uk/data_request/cif. Cartesian coordinates of optimized geometries are 

also available. The tables in the text were also combined in the Supplementary Material. 
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Türkçe Öz ve Anahtar Kelimeler 
 

N-((6-metilpiridin-2-il)karbamotioil)tiyofen-2-karboksamid ve 
Co(II) Ni(II) ve Cu(II) komplekslerinin sentezi ve 

karakterizasyonu: Molekül Orbitallerin Hesaplanması, Antioksidan 
ve Antitümör Aktiviteleri 

 
Tuncay Yeşilkaynak  

 

Kimya Teknolojisi Bölümü, Afşin Meslek Yüksek Okulu, Sütçü İmam Üniversitesi, 
TR46500 Kahramanmaraş 

 
Öz: N-((6-metilpiridin-2-il)karbamotioiltiyofen-2-karboksamid, C12H11N3OS2 (HL) ve 
Co(II), Ni(II) ve Cu(II) kompleksleri (ML2 türü) sentezlenmiş ve elementel analiz, FT-IR, 
1H-NMR HR-MS yöntemleriyle karakterize edilmiştir. Bunun dışında, HL tek kristal X-ışını 
saçılması yöntemi ile karakterize edilmiştir. HL monoklinik kristal sisteminde P 1 21/c 1 
uzay grubunda kristallenir ve Z = 4 a=7.2326(8) Å, b=18.3492(16) Å, c=9.7724(9) 
Å.olarak bulunmuştur. [ML2] kompleks yapıları B97D/TZVP seviyesinde optimize 
edilmiştir. HL ligandının moleküler orbitalleri de aynı seviyede hesaplanmıştır. 
Komplekslerin antioksidan aktiviteleri DPPH ve ABTS deneyleri ile belirlenmiştir. 
Kompleksin antikanser aktivitesi MTT deneyi ile MCF-7 meme kanser hücrelerinde 
çalışılmıştır.  
 
Anahtar kelimeler: Tiyoüre; tiyofen; antikanser aktivitesi, kristal yapısı; moleküler 
orbital. 
 
Sunulma: June 27, 2016. Kabul: July 9, 2016.  
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Abstract: In this study, four new and two known amino acid Schiff base compounds derived 
from the condensation reaction of benzaldehyde, salicylaldehyde, pyrrole-2-carbaldehyde, 
pyridine-2-carbaldehyde, fluorene-2-carbaldehyde and terephthalaldehyde with 2-
phenylglycine methyl ester hydrochloride have been synthesized by both conventional method 
and microwave irradiation protocol. The new compounds were characterized by FTIR, 1H-NMR, 
LC-MS and electronic spectral studies. A comparative study between conventional heating and 
microwave irradiation has also been reported. Based on these results, with the microwave 
synthesis, the yield of the products was increased from 37% up to 96% as compared to 
conventional method. By microwave, reactions were completed within 5.5-8.5 minutes and the 
products were obtained in good to high yields, with reduced time, waste, and formation 
byproduct. DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging effect were performed to 
determine antioxidant activities of the new compounds. All of the compounds exhibited 
significant activities in DPPH radical scavenging.  
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INTRODUCTION 

Amino acids are an important class of organic chemistry which can improve pharmacological 

and biological properties of molecules as enhancing the lipophilicity, easing toxicity, and 

increasing bioavailability when these compounds are esterified and introduced to the molecular 

structure. Additionally, amino acids and combining molecules with them play an important role 

in elucidating the mechanism of transamination reaction in biological systems [1-3].  

 

In response to the increasing industrial and biological importance of amino acid Schiff bases, 

many researches are directed toward the development of different methods for their 

preparation [4-10]. Also, the microwave synthesis of amino acid Schiff bases is of great 

importance in this area [11, 12]. 

 

As a green chemistry approach, microwave-assisted synthesis has been highly intriguing since 

last few decades by the chemists. Microwave irradiation methods used for carrying out 

chemical transformations are pollution free, eco-friendly, low cost, and offer high yields 

together with simplicity in processing and handling. The important area of green chemistry is 

to use non-conventional approaches of synthesis because of less or no solvent requirements, 

easy isolation, eco-friendly nature, less reaction time with good yield and purity of target 

molecules [13-15].  

 

In this work, the synthesis of the four new and two known amino acid Schiff bases by 

conventional and microwave methods was aimed for the first time. Additionally, the 

antioxidant activities as DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging effect of 

synthesized compounds were aimed to investigate in this study.  

 

MATERIALS AND METHODS  

 

All reactions in the conventional method were carried out under the inert atmosphere of 

nitrogen. The solvents were purified and dried according to the standard procedures. All 

reagents were obtained commercially and used without further purification. The aromatic 

aldehydes (benzaldehyde, salicylaldehyde, pyrrole-2-carbaldehyde, pyridine-2-carbaldehyde, 
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fluorene-2-carbaldehyde) were purchased from Merck Chemicals. 2-Phenylglycine methyl ester 

hydrochloride was provided from Aldrich, Sigma Chem. 

 

UV-Vis spectra were recorded with a PU 8740 spectrophotometer in CHCl3. The FT-IR spectra 

were measured on a Perkin Elmer, Spectrum One Bv 5.0 spectrometer. 1H NMR spectra were 

recorded on an Agilent-NMR-vnmrs400 MHz and Varian UNITY INOVA 500 MHz spectrometers, 

using CDCl3 as solvent and TMS as an internal standard. Mass spectra (LC-MS) were 

determined on an Agilent 1200 Infinity HPLC and Agilent 6460 Jet-Stream TripleQuad 

spectrometer (350 oC and 11 L/min). Column chromatography was conducted on silica gel 60. 

TLC was carried out on aluminum sheets precoated with silica gel 60F254 (Merck). Melting 

points were obtained with Gallenkamp Melting Point Apparatus (350 oC) in open capillaries with 

no correction. 

 

Microwave irradiation experiments using simultaneous IR/FO temperature monitoring were 

performed using a Monowave 300 single-mode microwave reactor from Anton Paar GmbH 

(Graz, Austria). The instrument uses a maximum of 850 W magnetron output power and can 

be operated at 300 °C reaction temperature and 30 bar pressure. 

 

Synthesis  

The Schiff base derivatives (1a-f) were synthesized by the reaction of appropriate starting 

materials with two different methods (Scheme 1).  
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Scheme 1. Synthetic process of compounds (1a-f). 

 

Method 1: Conventional Method for the Synthesis of Methyl 2-[substituted methyleneamino]-

2-phenylacetate (1a-f)  

The Schiff bases (1a-f) were synthesized by the condensation of appropriate aromatic 

aldehydes (1 mmol) and 2-phenylglycine methyl ester hydrochloride (1 mmol, in case of 1f 2 

mmol, after stirring for half an hour with Et3N) dissolved in dry ethanol (10 mL). The resulting 

reaction mixture was stirred and refluxed from 4-8.5h and then allowed to cool overnight. The 

precipitated Schiff base was filtered, washed with cold ethanol several times, and dried in air 

at room temperature. The solid product was then recrystallized with ethanol [4, 11, 12].  

 

Method 2: Microwave Method for the Synthesis of Methyl 2-[substituted methyleneamino]-2-

phenylacetate (1a-f)   

The suitable ratio (1:1 or 1:2) of appropriate aromatic aldehydes and 2-phenylglycine methyl 

ester hydrochloride (after stirring for half an hour with Et3N) were mixed thoroughly in a 

grinder (Figure 1).  
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(a) (b) (c) (d) 

Figure 1. a) Reaction mixture without MW, b) 2 min, c) 6 min, d) 8 min, at 1200 rpm and 100 

°C for compound 1f. 

 

The reaction mixture was then irradiated by the microwave reactor after adding 3-4 mL of dry 

ethanol at 850 watts and 100°C. The reaction was completed in a short time (5.5-8.5 min) 

with higher yields. After completion of reaction, the mixture was cooled and the separated 

solid was filtered and washed with cold ethanol. The resulting product was then recrystallized 

from ethanol [5, 16, 17].  

 

Characterizations 

The physical properties of Schiff base compounds are given in Table 1 (see Supplementary 

file). 

 

The structures were characterized by using UV, FTIR, 1H NMR, LC-MS spectral data. All data 

supported the structures of target molecules (Table 2; see Supplementary file). 

 

LC-MS spectra confirmed the molecular weight of all the structures. The LC-MS spectrum for 

compound 1c is given in Figure 2. 
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Figure 2. LC-MS spectrum for compound 1c. 

 

DPPH Radical Scavenging Studies  

1,1-diphenyl-2-picryhyrazyl radical (DPPH•) is a stable free radical which surveys the 

antioxidant potential of pure compounds by an easy colorimetric method. The method is based 

on the guideline that accepting a hydrogen atom from the antioxidant scavenger compound 

DPPH• turns DPPH and the change in the color of purple to yellow is screened by 

spectrophotometric means at 517 nm. Higher free radical scavenging activity is designated by 

lower absorbance of DPPH•+ sample mixture measured at the concerned wavelength [11, 18]. 

 

According to the DPPH radical scavenging protocol, a 1-mL aliquot of the samples at 

determined concentration (50 µg\mL) were added to 2 mL of DPPH solution and the 

absorbance of DPPH reagent was determined at 517 nm after 30 min. of incubation at the dark 

[19].  

 

RESULTS AND DISCUSSION 

 

Schiff bases 1a-f were synthesized by the condensation reaction of 2-phenylglycine methyl 

ester with different aromatic aldehydes under microwave assisted method as well as 

conventional method.  

 

Compounds 1a-f were completed by heating at reflux temperature in conventional method. 

These reactions were continued longer time than microwave method. 



Yorur-Goreci et al., JOTCSA. 2016 ; 3(3) : 15-26.  RESEARCH ARTICLE 

21 
 

 

All reactions under microwave irradiation were performed successfully at 850 watts and 100 

°C. As a result of microwave-assisted synthesis, it was observed that the reaction was 

completed in a short time with higher yields as compared to the conventional method.  

 

Based on these results, with the help of microwave synthesis, the yield of product increased 

from 37% up to 96% as compared to conventional method. By microwave, reactions were 

completed within 5.5-8.5 minutes and the products were obtained in good to high yields, with 

reduced time, waste, and formation byproduct. The microwave assisted reactions were seen in 

the reaction period and yields improved significantly. The comparison study data of microwave 

and conventional methods are given in the Table 3 (see Supplementary file).  

 

Synthesized compounds 1a-f were characterized by UV, FTIR, 1H NMR and LC-MS spectral 

data. The UV-Vis electronic spectra of the Schiff bases showed absorption bands that could be 

attributed to π-π* and n-π* electronic transitions. Maximum wavelength values of Schiff bases 

have been shown in Table 2 (see Supplementary file). The FTIR spectra showed that the band 

of C=N imine stretching vibration appeared for the Schiff bases in the range of 1608-1653 cm-

1. The 1H-NMR spectra of 1a-f showed the characteristic chemical shifts in CDCl3. The singlet 

signals at 2.11-2.18 ppm were attributed to the protons of the OCH3 moiety, the multiplet 

signals at 6.58 to 7.98 ppm showed aromatic protons. The most important singlet signals at 

8.51-8.65 ppm were attributed to protons of the CH=N groups. 

 

All the compounds (1a-f) showed good free radical scavenging activity by inhibiting DPPH 

radical in a concentration-dependent manner. Figure 3 depicts the percentage for antioxidant 

activity of the synthesized compounds at the concentration of 50 μg/mL.  
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Figure 3 DPPH· scavenging effect (%) of the Schiff bases (1a-f). 

 

Compound 1c, with pyrrole ring, exhibited the best antioxidant activity of 78.27% which is 

similar to that of reference antioxidants, butylated hydroxytoluene (BHT) and α-tocopherol. 

Several positive correlations were observed among the structure and antioxidant activities.  
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Öz ve anahtar kelimeler 

Yeni Amino Asit Schiff Bazlarının Yeşil Yöntemle Sentezi ve Biyolojik 

Aktiviteleri 

Cigdem Yorur-Goreci1*, Zulal Demir1, Nilay Altas1 

1Yıldız Teknik Üniversitesi, Fen-Edebiyat Fakültesi, Kimya Bölümü, 34210 Istanbul.  

Sunulma: 1 Temmuz 2016, Düzeltme: 15 Temmuz 2016, Kabul: 19 Temmuz 2016. 

Öz: Bu çalışmada, dört yeni ve iki bilinen amino asit Schiff bazı bileşikleri benzaldehit, 
salisilaldehit, pirol-2-karbaldehit, piridin-2-karbaldehit, fluoren-2-karbaldehit ve tereftalaldehit 
ile 2-fenilglisin metil ester hidroklorürü arasındaki kondensasyon reaksiyonundan geleneksel ve 
mikrodalga yöntemleriyle sentezlenmiştir. Yeni bileşikler FTIR, 1H-NMR, LC-MS ve elektronik 
spektral çalışmalarla karakterize edilmiştir. Geleneksel ısıtma ve mikrodalga uyarması arasında 
karşılaştırma yapılmış ve bildirilmiştir. Bu sonuçlara göre, mikrodalga sentezi ile ürünlerin 
verimi %37’den %96’ya yükselmiştir Mikrodalga ile, tepkimeler 5,5-8,5 dakika arasında 
tamamlanmış ve ürünler iyi ve yüksek verimlerle, azalmış durumdaki reaksiyon süresi, atık ve 
yan ürünler ile ele geçmiştir. DPPH (2,2-difenil-1-pikrilhidrazil) radikal süpürme etkisi de yeni 
bileşiklerin antioksidan aktivitesi belirlenmiştir. Bütün bileşikler etkili bir biçimde DPPH radikal 
süpürme özelliği göstermektedir.  

Anahtar Kelimeler: Antioksidan aktivite, yeşil sentez, mikrodalga, Schiff bazları.  

Sunulma: 01 Temmuz 2016. Düzeltme: 19 Temmuz 2016. Kabul: 19 Temmuz 2016.  
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Abstract: In the present study, the condensation reaction of N3P3Cl6 (1) with sodium 3-
(4-fluorobenzylamino)-1-propanoxide gave partly substituted 4-
fluorobenzylspirocyclotriphosphazene (2). The Cl replacement reactions of 2 with excess 
benzylamine, n-hexylamine, n-butylamine and n-propylamine led to the formation of the 
corresponding 4-fluorobenzylspiro(N/O)tetrabenzylamino (3a), tetrahexylamino (3b), 
tetrabutylamino (3c) and tetrapropylamino (3d) cyclotriphosphazenes. With the protic 
ionic liquids (PILs), phosphazenium salts (4a-4d), were obtained from the reactions of 
the corresponding phosphazene bases (3a-3d) with gentisic acid in dry THF. The 
structures of all the isolated cyclotriphosphazene derivatives were determined by 
elemental analyses, FTIR and 1H, 13C{1H}, 31P{1H} NMR techniques. The crystal structure 
of 4d was verified by X-ray diffraction analysis. All the compounds were screened for 
antibacterial and antifungal activities against bacteria and yeast strains. The interactions 
of the compounds with supercoiled pUC18 plasmid DNA were investigated. 
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INTRODUCTION 

 

Hexachlorocyclotriphosphazene, N3P3Cl6, is one of the best known and studied one as the 
starting compound in the family of inorganic heterocyclic ring systems [1]. Various 
cyclotriphosphazene derivatives have been prepared from the Cl replacement reactions of 
N3P3Cl6 with the different nucleophiles [2]. The condensation reactions of N3P3Cl6 with 
excess monodentate and bidentate ligands resulted in the formation of fully substituted 
cyclotriphosphazenes [3]. For instance, there are several studies in the literature on the 
reactions of cyclotriphosphazenes with NO donor type difunctional reagents [4-6]. Some 
of the cyclotriphosphazene derivatives are used as liquid crystals [7,8], rechargeable 
lithium-ion batteries [9,10], OLEDs [11,12], and lubricants [13,14]. It is found that 
aminocyclophosphazene derivatives have antimicrobial activity against bacteria and fungi 
[15-17]. The interactions between DNA and the phosphazene derivatives have also been 
investigated in the two last decades [18,19]. 
 
On the other hand, the oldest protic ionic liquids (PILs), e.g. ethanolammonium nitrate 
and ethylammonium nitrate were reported in 1888 and 1914 by Gabriel and Walden, 
respectively [20]. The amine-based PILs were also reported by Bicak [21] and by 
Karadag [22]. Nevertheless, there is only one paper about the PILs based on 
cyclotriphosphazene with salicylic acid in the literature [23].  
 

The present study is focused on the preparation of the partly substituted 4-
fluorobenzylspirocyclotriphosphazene (2), and the fully substituted phosphazene ligands 
(3a-3d) for the goal of the preparation of the PILs (4a-4d) of the phosphazene ligands 
with gentisic acid. In addition, this paper also describes features of spectroscopic 
crystallographic properties, the evaluation of antimicrobial activity, and DNA interactions 
of all the compounds.  

 

EXPERIMENTAL SECTION 

 

Materials and Methods: N3P3Cl6 (Aldrich), 4-fluorobenzaldehyde, 3-amino-1-propanol, 
benzylamine, n-hexylamine, n-butylamine, n-propylamine and 2,5-dihydroxybenzoic acid 
(Merck) were purchased. The solvents were distilled by standard methods before use. All 
the Cl replacement reactions were carried out under argon atmosphere and the reactions 
were monitored using thin-layer chromatography (TLC) on Merck DC Alufolien Kiesegel 
60 B254 sheets in different solvents. Column chromatography was performed on Merck 
Kiesegel 60 (230-400 mesh ATSM) silica gel. The melting points were determined on a 
Gallenkamp apparatus using a capillary tube and are uncorrected. The FTIR spectra of all 
the phosphazenes were recorded on a Jasco FT/IR-430 spectrometer in KBr discs and 
reported in cm-1 units. The mass spectra (ESI-MS) of the phosphazenes were recorded on 
the Waters 2695 Alliance Micromass ZQ spectrometer. Elemental analyses were carried 
out by using a Leco CHNS-932 instrument (microanalytical service of Ankara University). 
1H and 13C{1H} NMR spectra were recorded on a Varian Mercury FT-NMR (400 MHz) 
spectrometer (SiMe4 as an internal standard), operating at 400.13 and 100.62 MHz, 
respectively. The spectrometer was equipped with a 5 mm PABBO BB inverse-gradient 
probe, and standard Bruker pulse programs [24] were used. The 31P{1H} NMR spectra of 
the cyclotriphosphazenes were obtained on a Bruker AscendTM 600 ULH spectrometer 
(85% H3PO4 as an external standard), operating at 242.93 MHz.  
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Synthesis of 3-(4-fluorobenzylamino)-1-propanol: A solution of 3-amino-1-propanol 
(1.20 g, 16.0 mmol) in ethanol (25 mL) was added into the solution of 4-
fluorobenzaldehyde (2.00 g, 16.0 mmol) in ethanol (25 mL) with stirring at -5°C. The 
mixture was stirred for three days at room temperature. The solvent was evaporated at 
reduced pressure and the Schiff base (oily product) was obtained. NaBH4 (2.92 g, 76.50 
mmol) in a small portion was added into the solution of the Schiff base (2.80 g, 15.30 
mmol) in ethanol (150 mL). The mixture was stirred for 24 h, and then the solvent was 
evaporated at reduced pressure. The crude product was extracted with CHCl3 (3 x 100 
mL), and dried over Na2SO4. The colorless oily product was dried overnight in vacuo. 
Yield: 2.60 g (89%). FTIR (KBr, cm-1): ν3402 (N-H), 3065 (asymm.), 3028 (symm.) (C-
H arom.),1030 (C-F). 1H NMR (400 MHz, CDCl3, ppm): δ 7.25(dd, 2H, 3JFH=5.4 Hz, 
3JHH=8.6 Hz, H3and H5), 6.98(dd, 2H, 3JFH=8.8 Hz, 3JHH=8.6 Hz, H2and H6), 3.71 (s, 2H, 
Ar-CH2-N), 3.70 (t, 2H, 3JHH=6.4 Hz, O-CH2), 3.61 (b, 2H, NH and OH),2.80 (t, 2H, 
3JHH=6.0 Hz, N-CH2), 1.70 (m, 2H, 3JHH=6.4 Hz, 3JHH=6.0 Hz, N-CH2-CH2). 13C NMR (100 
MHz, CDCl3, ppm): δ 161.94 (d, 1JFC=244.5 Hz, C1), 135.12(d, 4JFC=2.5 Hz, C4), 129.77 
(d, 3JFC=7.8 Hz, C3 and C5), 115.19 (d, 2JFC=21.2 Hz, C2 and C6), 62.81 (s, O-CH2), 52.98 
(s, Ar-CH2-N), 48.17 (s, N-CH2), 31.04 (s, N-CH2-CH2). 

 

Synthesis of compound 2: A total of 4.42 g of N3P3Cl6 (1) (12.70 mmol) in dry THF 
(150 mL) was added into the solution of sodium (3-amino-1-propanoxide) (3.13 g, 15.0 
mmol) and triethylamine (7.10 mL, 50.8 mmol) at -10 °C. The mixture was stirred for 
three days at room temperature. The precipitated triethylammonium hydrochloride and 
sodium chloride were filtered off and the solvent was evaporated completely. The product 
was eluted by column chromatography using toluene, and it was crystallized from 
toluene. Yield: 3.96 g (68%). mp: 71 °C. Anal. Calcd. for C10H12FCl4N4OP3: C, 26.23; H, 
2.64; N, 12.23. Found: C, 26.18; H, 3.05; N, 11.73. ESI-MS (fragments are based on 
35Cl, Ir %, Ir designates the fragment abundance percentage): m/z 459 ([M+H]+, 100). 
FTIR (KBr, cm-1): ν 3067 (asymm.), 3025 (symm.) (C-H arom.), 2927, 2855(C-H aliph.), 
1243 (asymm.), 1198 (symm.) (P=N), 1046 (C-F), 575 (asymm.), 531 (symm.) (PCl). 
1H NMR (400 MHz, CDCl3, ppm): δ 7.35 (dd, 2H, 3JFH=5.6 Hz, 3JHH=8.4 Hz, H3 and H5), 
7.03 (dd, 2H, 3JFH=8.8 Hz, 3JHH=8.4 Hz, H2 and H6), 4.41 (m, 2H, 3JPH=13.6 Hz, 3JHH=5.6 
Hz, O-CH2), 3.94 (d, 2H, 3JPH=9.6 Hz, Ar-CH2-N), 3.04 (m, 2H, 3JPH=14.0 Hz, 3JHH=6.3 
Hz, N-CH2), 1.92 (m, 2H, 3JHH=6.3 Hz, 3JHH=5.6 Hz, N-CH2-CH2).  13C NMR (100 MHz, 
CDCl3, ppm): δ 162.43 (d, 1JFC=245.8 Hz, C1), 131.92 (dd, 3JPC=9.6 Hz, 4JFC=3.2 Hz, C4), 
130.13 (d, 3JFC=8.4 Hz, C3 and C5), 115.48 (d, 2JFC=21.2 Hz, C2 and C6), 62.18 (d, 
2JPC=7.1 Hz, O-CH2), 50.34 (d, 2JPC=3.2 Hz, Ar-CH2-N), 45.43 (s, N-CH2), 25.85 (d, 
3JPC=4.5 Hz, N-CH2-CH2). 

 

Synthesis of compound 3a: A solution of benzylamine (2.30 mL, 21.0 mmol) in dry 
THF (50 mL) was slowly added into a stirred solution of triethylamine (0.97 mL, 7.00 
mmol) and 2 (0.80 g, 1.80 mmol) in dry THF (100 mL) at room temperature. The 
mixture was refluxed for over 72 h. The precipitated triethylammonium hydrochloride 
was filtered off and the solvent was evaporated. The product was purified by column 
chromatography using toluene-THF (3:2), and the light yellow powder was crystallized 
from toluene. Yield: 0.80 g (62%). mp: 91 °C. Anal. Calcd. for C38H44FN8OP3.H2O: C, 
60.19; H, 6.11; N, 14.78. Found: C, 60.31; H, 5.73; N, 14.68. ESI-MS (Ir %, Ir 
designates the fragment abundance percentage): m/z 741 ([M+H]+, 100). FTIR (KBr, 
cm-1): ν3374, 3200 (b, N-H), 3063 (asymm.), 3028 (symm.) (C-H arom.), 2954, 2850 
(C-H aliph.), 1198 (b, P=N), 1052 (C-F).1H NMR (400 MHz, CDCl3, ppm): δ 7.35 (dd, 2H, 
3JFH=5.2 Hz, 3JHH=8.8 Hz, H3 and H5), 7.31 (m, 4H, H10 and H10'), 7.25 (m, 8H, H8 and 
H8'), 7.19 (m, 8H, H9 and H9'), 6.96(dd, 2H, 3JFH=9.2 Hz, 3JHH=8.4 Hz, H2 and H6), 4.34 
(m, 2H, 3JPH=13.2 Hz, 3JHH=5.6 Hz, O-CH2), 4.15 (m, 8H, NH-CH2), 3.82 (d, 2H, 3JPH=7.6 
Hz, Ar-CH2-N), 2.97 (m, 2H, 3JPH=13.2 Hz, 3JHH=5.2 Hz, N-CH2), 2.56 (b, 4H, NH), 1.85 
(m, 2H, 3JHH=5.6 Hz, 3JHH=5.2 Hz, N-CH2-CH2).  13C NMR (100 MHz, CDCl3, ppm): δ 
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162.02 (d, 1JFC=244.6 Hz, C1), 140.87 (t, 3JPC=7.8 Hz, C7), 140.71 (t, 3JPC=7.7 Hz, C7'), 
134.17 (dd, 3JPC=7.7 Hz, 4JFC=2.9 Hz, C4), 129.73 (d, 3JFC=7.7 Hz, C3 and C5), 128.31 (s, 
C8 and C8'), 127.44 and 127.31 (s, C9 and C9'), 126.85 and 126.82 (s, C10 and C10'), 
115.00 (d, 2JFC=20.7 Hz, C2 and C6), 66.36 (d, 2JPC=6.9 Hz, O-CH2), 50.83 (d, 2JPC=2.1 
Hz, Ar-CH2-N), 45.95 (s, N-CH2), 45.09 and 45.00 (s, Ar-CH2-NH), 26.62 (d, 3JPC=3.8 Hz, 
N-CH2-CH2). 

 

Synthesis of compound 3b: The work-up procedure was similar to that of compound 
3a, using 2 (0.80 g, 1.80 mmol), n-hexylamine (2.78 mL, 21.0 mmol) and triethylamine 
(0.97 mL, 7.00 mmol). The product was purified by column chromatography using 
toluene-THF (3:2), and the yellow oily product was crystallized from toluene. Yield: 0.65 
g (52%). Anal. Calcd. for C34H68FN8OP3: C, 57.00; H, 7.94; N, 14.01. Found: C, 56.23; H, 
7.36; N, 13.42. ESI-MS (Ir %): m/z 717 ([M+H]+, 100). FTIR (KBr, cm-1): ν 3377, 
3244(b, N-H), 3068 (asymm.), 3037 (symm.) (C-H arom.), 2956, 2856(C-H aliph.), 
1198 (b, P=N), 1052 (C-F). 1H NMR (400 MHz, CDCl3, ppm): δ 7.39(dd, 2H, 3JFH=5.6 Hz, 
3JHH=8.4 Hz, H3 and H5), 6.98(dd, 2H, 3JFH=8.8 Hz, 3JHH=8.8 Hz, H2 and H6), 4.30 (m, 2H, 
3JPH=12.4 Hz, 3JHH=5.2 Hz, O-CH2), 3.93 (d, 2H, 3JPH=7.6 Hz, Ar-CH2-N), 2.98 (m, 2H, 
3JPH=13.2 Hz, 3JHH=5.2 Hz, N-CH2), 2.90 (b, 8H, NH-CH2), 2.24 (b, 4H, NH), 1.82 (m, 2H, 
3JHH=5.2 Hz, 3JHH=4.8 Hz, N-CH2-CH2), 1.48 (m, 8H, NH-CH2-CH2), 1.27 (m, 24H, NH-
CH2-CH2-(CH2)3), 0.88 (t, 6H, 3JHH=7.2 Hz, CH3), 0.84 (t, 6H, 3JHH=7.2 Hz, CH3).  13C NMR 
(100 MHz, CDCl3, ppm): δ 161.91 (d, 1JFC=244.5 Hz, C1), 134.25 (dd, 3JPC=10.4 Hz, 
4JFC=2.6 Hz, C4), 129.68 (d, 3JFC=7.7 Hz, C3 and C5), 114.82 (d, 2JFC=21.5 Hz, C2 and C6), 
65.51 (d, 2JPC=6.9 Hz, O-CH2), 50.78 (s, Ar-CH2-N), 45.74 (s, N-CH2), 40.97 and 40.85 
(s, NH-CH2), 31.92 (d, 3JPC=7.7 Hz,NH-CH2-CH2), 31.79 (d, 3JPC=7.7 Hz,NH-CH2-CH2), 
26.57 (s,N-CH2-CH2), 22.51 and 22.47 (s, NH-CH2-CH2-(CH2)3), 13.90 and 13.85 (s, 
CH3). 

 

Synthesis of compound 3c: The work-up procedure was similar to that of compound 
3a, using 2 (0.80 g, 1.80 mmol), n-butylamine (2.10 mL, 21.0 mmol) and triethylamine 
(0.97 mL, 7.00 mmol). The product was eluted by column chromatography using 
toluene-THF (3:2), and the light yellow powder was crystallized from toluene. Yield: 0.75 
g (71%). mp: 53 °C. Anal. Calcd. for C26H52FN8OP3.H2O: C, 50.18; H, 8.75; N, 18.00. 
Found: C, 50.74; H, 8.26; N, 17.96. ESI-MS (Ir %): m/z 607 ([M+H]+, 100). FTIR (KBr, 
cm-1): ν 3386, 3243(b, N-H), 3068 (asymm.), 3040 (symm.) (C-H arom.), 2958, 
2869(C-H aliph.), 1202(b, P=N), 1053(C-F). 1H NMR (400 MHz, CDCl3, ppm): δ 7.40(dd, 
2H, 3JFH=5.2 Hz, 3JHH=8.4 Hz, H3 and H5), 6.99(dd, 2H, 3JFH=8.8 Hz, 3JHH=8.4 Hz, H2 and 
H6), 4.30 (m, 2H, 3JPH=12.4 Hz, 3JHH=5.6 Hz, O-CH2), 3.92 (d, 2H, 3JPH=7.2 Hz, Ar-CH2-
N), 2.96 (m, 2H, 3JPH=13.6 Hz, 3JHH=5.6 Hz, N-CH2), 2.89 (b, 8H, NH-CH2), 2.13 (b, 4H, 
NH), 1.80 (m, 2H, 3JHH=5.6 Hz, 3JHH=5.2 Hz, N-CH2-CH2), 1.47 (m, 8H, NH-CH2-CH2), 
1.33 (m, 8H, NH-CH2-CH2-CH2), 0.90 (t, 6H, 3JHH=7.6 Hz, CH3), 0.83 (t, 6H, 3JHH=7.6 Hz, 
CH3).  13C NMR (100 MHz, CDCl3, ppm): δ 161.97 (d, 1JFC=244.6 Hz, C1), 134.38 (dd, 
3JPC=10.4 Hz, 4JFC=2.7 Hz, C4), 129.78 (d, 3JFC=7.8 Hz, C3 and C5), 114.90 (d, 2JFC=20.6 
Hz, C2 and C6), 66.09 (d, 2JPC=6.9 Hz, O-CH2), 50.88 (d, 2JPC=2.3 Hz,Ar-CH2-N), 45.85 (s, 
N-CH2), 40.70 and 40.59 (s, NH-CH2), 34.09 (d, 3JPC=8.5 Hz,NH-CH2-CH2), 34.00 (d, 
3JPC=8.5 Hz,NH-CH2-CH2), 26.57 (d,3JPC=3.0 Hz,N-CH2-CH2), 20.07 and 20.04 (s, NH-
CH2-CH2-CH2), 13.82 and 13.74 (s, CH3). 

 

Synthesis of compound 3d: The work-up procedure was similar to that of compound 
3a, using 2 (0.80 g, 1.80 mmol), n-propylamine (1.73 mL, 21.0 mmol) and triethylamine 
(0.97 mL, 7.00 mmol). The product was purified by column chromatography using 
toluene-THF (3:2), and and the light yellow powder was crystallized from toluene. Yield: 
0.73 g (76%). mp: 77 °C. Anal. Calcd. for C22H44FN8OP3: C, 57.00; H, 8.01; N, 13.99. 
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Found: C, 56.23; H, 7.36; N, 13.42. ESI-MS (Ir %): m/z 549 ([M+H]+, 100). FTIR (KBr, 
cm-1): ν 3371, 3237(b, N-H), 3068 (asymm.), 3033 (symm.) (C-H arom.), 2957, 
2853(C-H aliph.), 1204(b, P=N), 1051(C-F). 1H NMR (400 MHz, CDCl3, ppm): δ 7.37(dd, 
2H, 3JFH=5.6 Hz, 3JHH=8.8 Hz, H3 and H5), 6.96(dd, 2H, 3JFH=8.8 Hz, 3JHH=8.8 Hz, H2 and 
H6), 4.28 (m, 2H, 3JPH=12.4 Hz, 3JHH=5.6 Hz, O-CH2), 3.89 (d, 2H, 3JPH=7.6 Hz, Ar-CH2-
N), 2.92 (m, 2H, 3JPH=13.2 Hz, 3JHH=5.6 Hz, N-CH2), 2.84 (b, 8H, NH-CH2), 2.14 (b, 4H, 
NH), 1.78 (m, 2H, 3JHH=5.6 Hz, 3JHH=5.2 Hz, N-CH2-CH2), 1.46 (m, 8H, NH-CH2-CH2), 
0.88 (t, 6H, 3JHH=7.2 Hz, CH3), 0.81 (t, 6H, 3JHH=7.6 Hz, CH3).  13C NMR (100 MHz, CDCl3, 
ppm): δ 161.99 (d, 1JFC=244.6 Hz, C1), 134.41 (dd, 3JPC=10.0 Hz, 4JFC=2.8 Hz, C4), 
129.82 (d, 3JFC=7.7 Hz, C3 and C5), 114.92 (d, 2JFC=21.5 Hz, C2 and C6), 66.11 (d, 
2JPC=6.9 Hz, O-CH2), 50.89 (d, 2JPC=3.0 Hz,Ar-CH2-N), 45.87 (s, N-CH2), 42.81 and 42.73 
(s, NH-CH2), 26.58 (d, 3JPC=3.0 Hz,N-CH2-CH2), 25.07 (d, 3JPC=6.9 Hz,NH-CH2-CH2), 
24.99 (d, 3JPC=8.4 Hz,NH-CH2-CH2), 11.44 and 11.35 (s, CH3). 

 

Synthesis of compound 4a: A solution of 3a (0.50 g, 0.67 mmol) in dry THF (30 mL) 
was slowly added by the dropwise addition of gentisic acid (0.10 g, 0.67 mmol) in dry 
THF (10 mL) at room temperature. The reaction mixtures were refluxed for over 30 h. 
Afterwards, the solvent was evaporated under vacuum, and the light yellow oily crude 
product was crystallized from toluene. Yield: 0.45 g (75%). mp: 62 °C. Anal. Calcd. for 
C45H50FN8O5P3.H2O: C, 59.27; H, 5.75; N, 12.28. Found: C, 58.81; H, 5.05; N, 11.82. 
FTIR (KBr, cm-1): ν 3277 (b, N-H), 3062 (asymm.), 3029 (symm.) (C-H arom.), 2923, 
2858 (C-H aliph.), 2668 (N+-H), 1571 (asymm.), 1377 (symm.) (COO-), 1260 (b, P=N), 
1050 (C-F). 1H NMR (400 MHz, CDCl3, ppm): δ 7.70 (b, 1H, Hb), 7.26-7.03 (m, 24H, H3, 
H5, H8, H8', H9, H9', H10, H10', Hd and He), 6.93(dd, 2H, 3JFH=8.8 Hz, 3JHH=8.4 Hz, H2 and 
H6), 4.24 (m, 2H, 3JPH=12.4 Hz, 3JHH=6.0 Hz, O-CH2), 3.98 (m, 8H, NH-CH2), 3.80 (b, 4H, 
NH), 3.61 (d, 2H, 3JPH=7.6 Hz, Ar-CH2-N), 2.89 (m, 2H, 3JPH=12.8 Hz, 3JHH=6.0 Hz, N-
CH2), 2.34 (s, 1H, NH), 1.80 (m, 2H, 3JHH=5.2 Hz, 3JHH=4.4 Hz, N-CH2-CH2). 13C NMR 
(100 MHz, CDCl3, ppm): δ 175.05 (s, COO-), 162.17 (d, 1JFC=245.3 Hz, C1), 155.26 (s, 
Cf), 148.09 (s, Cc), 139.44 (t, 3JPC=6.0 Hz, C7), 139.31 (t, 3JPC=6.0 Hz, C7'), 132.92 (dd, 
3JPC=7.6 Hz, 4JFC=2.8 Hz, C4), 129.64 (d, 3JFC=7.7 Hz, C3 and C5), 128.46 and 128.42 (s, 
C8 and C8'), 127.44 and 127.23 (s, C9 and C9'), 127.16 and 127.10 (s, C10 and C10'), 
121.70 (s, Ca), 117.55 (s, Cd), 117.32 (s, Ce), 116.32 (s, Cb), 115.22 (d, 2JFC=21.5 Hz, C2 

and C6), 67.49 (d, 2JPC=6.1 Hz, O-CH2), 50.17 (s, Ar-CH2-N), 45.64 (s, N-CH2), 44.77 
and 44.76 (s, Ar-CH2-NH), 26.18 (s, N-CH2-CH2). 

 

Synthesis of compound 4b: The work-up procedure was similar to that of compound 
4a, using 3b (0.50 g, 0.70 mmol) and gentisic acid (0.11 g, 0.70 mmol). The reaction 
mixture was refluxed for over 30 h. Afterwards, the solvent was evaporated under 
reduced pressure, and the light yellow oily crude product was crystallized from toluene. 
Yield: 0.49 g (80%). mp: 90 °C. Anal. Calcd. for C41H74FN8O5P3.H2O: C, 54.32; H, 8.67; 
N, 12.36. Found: C, 54.21; H, 7.84; N, 11.95. FTIR (KBr, cm-1): ν 3263(b, N-H), 3065 
(asymm.), 3040 (symm.) (C-H arom.), 2956, 2857(C-H aliph.), 2667 (N+-H), 
1579(asymm.), 1381 (symm.) (COO-), 1257(asymm.), 1193 (symm.) (P=N), 1055(C-F). 
1H NMR (400 MHz, CDCl3, ppm): δ 7.59 (b, 1H, 4JHH=3.1 Hz, Hb), 7.33 (dd, 2H, 3JFH=5.2 
Hz, 3JHH=8.4 Hz, H3 and H5), 7.00 (dd, 2H, 3JFH=8.4 Hz, 3JHH=8.4 Hz, H2 and H6), 6.93 
(dd, 1H, 3JHH=8.5 Hz, 4JHH=3.1 Hz, Hd), 6.77 (d, 1H, 3JHH=8.5 Hz, He), 4.36 (m, 2H, 
3JPH=11.6 Hz, 3JHH=5.2 Hz, O-CH2), 3.94 (d, 2H, 3JPH=6.0 Hz, Ar-CH2-N), 3.02 (m, 2H, N-
CH2), 2.86 (b, 8H, NH-CH2), 2.84 (b, 4H, NH), 2.28 (s, 1H, NH), 1.73 (m, 2H, 3JHH=5.2 
Hz, N-CH2-CH2), 1.40 (m, 8H, NH-CH2-CH2), 1.18 (m, 24H, NH-CH2-CH2-(CH2)3), 0.85 (t, 
6H, 3JHH=6.8 Hz, CH3), 0.78 (t, 6H, 3JHH=7.6 Hz, CH3). 13C NMR (100 MHz, CDCl3, ppm): δ 
174.03 (s, COO-), 162.23 (d, 1JFC=245.4 Hz, C1), 155.45 (s, Cf), 148.22 (s, Cc), 132.93 
(dd, 3JPC=10.0 Hz, 4JFC=2.6 Hz, C4), 129.65 (d, 3JFC=7.8 Hz, C3 and C5), 122.63 (s, Ca), 
117.52 (s, Cd), 115.94 (s, Cb), 115.43 (s, Ce), 115.27 (d, 2JFC=21.4 Hz, C2 and C6), 67.40 
(d, 2JPC=4.6 Hz, O-CH2), 50.40 (s, Ar-CH2-N), 45.73 (s, N-CH2), 41.21 and 41.08 (s, NH-
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CH2), 31.64 (d, 3JPC=7.0 Hz,NH-CH2-CH2), 31.53 (d, 3JPC=7.8 Hz,NH-CH2-CH2), 26.45 
(s,N-CH2-CH2), 22.56 and 22.50 (s, NH-CH2-CH2-(CH2)3), 14.00 and 13.94 (s, CH3). 

 

Synthesis of compound 4c: The work-up procedure was similar to that of compound 
4a, using 3c (0.50 g, 0.83 mmol) and gentisic acid (0.13 g, 0.83 mmol). The reaction 
mixtures were refluxed for over 30 h. Afterwards, the solvent was evaporated under 
vacuum, and the light yellow oily crude product was crystallized from toluene. Yield: 0.53 
g (84%). mp: 87 °C. Anal. Calcd. for C33H58FN8O5P3: C, 52.27; H, 6.46; N, 14.78. Found: 
C, 52.40; H, 6.54; N, 14.50.FTIR (KBr, cm-1): ν 3361, 3314, 3209 (b, N-H), 3072 
(asymm.), 3040 (symm.) (C-H arom.), 2959, 2873 (C-H aliph.), 2667 (N+-H), 1579 
(asymm.), 1382 (symm.) (COO-), 1255 (asymm.), 1189 (symm.) (P=N), 1057 (C-F). 1H 
NMR (400 MHz, CDCl3, ppm): δ 7.69 (b, 1H, 4JHH=2.9 Hz, Hb), 7.34 (dd, 2H, 3JFH=5.2 Hz, 
3JHH=8.4 Hz, H3 and H5), 6.99 (dd, 2H, 3JFH=8.8 Hz, 3JHH=8.8 Hz, H2 and H6), 6.83 (dd, 
1H, 3JHH=8.7 Hz, 4JHH=2.9 Hz, Hd), 6.73 (d, 1H, 3JHH=8.7 Hz, He), 4.34 (m, 2H, 3JPH=12.0 
Hz, 3JHH=6.4 Hz, O-CH2), 3.94 (d, 2H, 3JPH=6.0 Hz, Ar-CH2-N), 3.01 (m, 2H, N-CH2), 2.86 
(b, 8H, NH-CH2), 2.85 (b, 4H, NH), 2.35 (s, 1H, NH), 1.86 (m, 2H, 3JHH=6.4 Hz, N-CH2-
CH2), 1.46 (m, 4H, NH-CH2-CH2), 1.38 (m, 4H, NH-CH2-CH2), 1.32 (m, 4H, NH-CH2-CH2-
CH2), 1.18 (m, 4H, NH-CH2-CH2-CH2), 0.85 (t, 6H, 3JHH=7.4 Hz, CH3), 0.73 (t, 6H, 
3JHH=7.4 Hz, CH3). 13C NMR (100 MHz, CDCl3, ppm): δ 174.91 (s, COO-), 162.20 (d, 
1JFC=244.6 Hz, C1), 155.20 (s, Cf), 148.09 (s, Cc), 133.03 (dd, 3JPC=6.7 Hz, 4JFC=2.7 Hz, 
C4), 129.67 (d, 3JFC=8.4 Hz, C3 and C5), 121.43 (s, Ca), 117.53 (s, Cd), 117.10 (s, Ce), 
116.36 (s, Cb), 115.24 (d, 2JFC=21.5 Hz, C2 and C6), 67.21 (d, 2JPC=4.6 Hz, O-CH2), 50.43 
(s, Ar-CH2-N), 45.75 (s, N-CH2), 40.81 and 40.73 (s, NH-CH2), 33.62 (d, 3JPC=6.1 Hz,NH-
CH2-CH2), 33.58 (d, 3JPC=6.2 Hz,NH-CH2-CH2), 26.21 (d, 3JPC=3.2 Hz,N-CH2-CH2), 19.87 
and 19.83 (s, NH-CH2-CH2-CH2), 13.70 and 13.57 (s, CH3). 

 

Synthesis of compound 4d: The work-up procedure was similar to that of compound 
4a, using 3d (0.50 g, 0.90 mmol) and gentisic acid (0.14 g, 0.90 mmol). The reaction 
mixtures were refluxed for over 30 h. Afterwards, the solvent was evaporated under 
vacuum, and the light yellow oily crude product was crystallized from toluene. Yield: 0.55 
g (86%). mp: 114 °C. Anal. Calcd. for C29H50FN8O5P3.H2O: C, 48.36; H, 7.28; N, 15.56. 
Found: C, 48.88; H, 6.81; N, 15.37. FTIR (KBr, cm-1): ν3373, 3289(b, N-H), 3062 
(asymm.), 3033 (symm.) (C-H arom.), 2962, 2875 (C-H aliph.), 2669 (N+-H), 
1580(asymm.), 1372 (symm.) (COO-), 1256 (asymm.), 1218 (symm.) (P=N), 1046(C-
F). 1H NMR (400 MHz, CDCl3, ppm): δ 7.70 (b, 1H, 4JHH=3.1 Hz, Hb), 7.33(dd, 2H, 
3JFH=5.6 Hz, 3JHH=8.8 Hz, H3 and H5), 6.99(dd, 2H, 3JFH=8.8 Hz, 3JHH=8.8 Hz, H2 and H6), 
6.82 (dd, 1H, 3JHH=8.9 Hz, 4JHH=3.1 Hz, Hd), 6.73 (d, 1H, 3JHH=8.9 Hz, He), 4.33 (m, 2H, 
3JPH=11.6 Hz, 3JHH=6.4 Hz, O-CH2), 3.93 (d, 2H, 3JPH=6.0 Hz, Ar-CH2-N), 2.99 (m, 2H, N-
CH2), 2.83 (b, 8H, NH-CH2), 2.80 (b, 4H, NH), 2.35 (s, 1H, NH), 1.86 (m, 2H, 3JHH=6.4 
Hz, N-CH2-CH2), 1.48 (m, 4H, NH-CH2-CH2), 1.41 (m, 4H, NH-CH2-CH2), 0.86 (t, 6H, 
3JHH=7.4 Hz, CH3), 0.74 (t, 6H, 3JHH=7.5 Hz, CH3).13C NMR (100 MHz, CDCl3, ppm): δ 
175.02 (s, COO-), 162.18 (d, 1JFC=245.3 Hz, C1), 155.12 (s, Cf), 148.10 (s, Cc), 133.07 
(dd, 3JPC=7.3 Hz, 4JFC=2.8 Hz, C4), 129.70 (d, 3JFC=8.5 Hz, C3 and C5), 121.23 (s, Ca), 
117.93 (s, Cd), 117.02 (s, Ce), 116.42 (s, Cb), 115.21 (d, 2JFC=21.4 Hz, C2 and C6), 67.18 
(d, 2JPC=4.5 Hz, O-CH2), 50.46 (s, Ar-CH2-N), 45.79 (s, N-CH2), 42.82 and 42.76 (s, NH-
CH2), 26.20 (d, 3JPC=3.0 Hz,N-CH2-CH2), 24.71 (d, 3JPC=6.7 Hz,NH-CH2-CH2), 24.68 (d, 
3JPC=6.7 Hz,NH-CH2-CH2), 11.23 and 11.14 (s, CH3). 

 

X-Ray Crystal Structure Determinations: The light yellow crystals 4d were obtained 
from toluene at ambient temperature. The crystallographic data (Table 1) and the 
selected bond lengths and angles (Table 2) were given. Crystallographic data were 
recorded on a Bruker Kappa APEXII CCD area-detector diffractometer using MoKα 
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radiation (λ=0.71073 Å) at T=173(2) K. Absorption correction by multi-scan was applied 
[25]. The structure was solved by direct methods and refined by full-matrix least squares 
against F2 using all data [26,27]. All non-H atoms were refined anisotropically. Atoms 
H2A (for N2), H51 (for N5), H61 (for N6), H71 (for N7), H81 (for N8) and H5A (for O5) 
were located in a difference Fourier map and refined isotropically. The remaining H atoms 
were positioned geometrically at distances of 0.82 Å (OH), 0.93 Å (CH), 0.97 Å (CH2) and 
0.96 Å (CH3) from the parent C and O atoms; a riding model was used during the 
refinement process and the Uiso(H) values were constrained to be 1.2Ueq (for methine and 
methylene carrier atoms) and 1.5Ueq (for hydroxyl and methyl carrier atoms). 

 

Determination of antimicrobial activity: The antimicrobial susceptibility testing was 
performed by the BACTEC MGIT 960 (Becton Dickinson, Sparks, MD) system. The 
antimicrobial efficacy of the compounds (3a-3d and 4a-4d) was examined using the 
standard broth dilution method [28]. The microorganisms used in antimicrobial screening 
included three bacteria {Escherichia coli ATCC 25922 (G-), Klebsiella pneumoniae ATCC 
13883 (G) and Enterobacter faecalis ATCC 29212 (G+)} and a fungus (Candida albicans 
ATCC 10231). The MIC values were determined in benzo-(1,2,3)-thiadiazole-7-
carbothioic acid S-methyl ester (BTH) broth using serial dilution of the compounds 
ranging from 3000-15,63 µM with adjusted bacterial and fungal concentration (1x106 
CFU/mL, 0,5 McFarland’s standard). Bacterial strains were grown in nutrient agar 
medium and incubated at 37 ⁰C for 24 h. The yeast cells were cultured on Sabouraud 
dextrose agar (SDA) medium and incubated at 30 ⁰C for 48 h. Ampicillin (Amp, 10 
µg/mL) and Chloramphenicol (C, 30 µg/mL) (antibacterial), and Ketoconazole (K, 50 
µg/mL) (antifungal) were used as controls. The solutions (4000 μM) of the compounds 
were obtained in DMF. All the experiments were repeated three times, and the mean 
values were used. The MIC is the lowest concentration of compounds that inhibits 90% 
growth. The MBC and MFC are determined by inoculating previous culture which showed 
no growth in agar plates. The MBC and MFC are the lowest concentration of the 
compound that kills 99,9% of the initial microorganism concentration. 

Table 1: Crystallographic data for 4d. 

Empirical Formula C29H50O5N8P3F Z 4  

Fw 702.68           µ(MoKα) (cm-1) 2.172 

Crystal System monoclinic ρ(calcd) (g cm-1) 1.289 

Space Group P 21/n Number of Reflections Total 22308 

a (
o

A) 11.9537(3) Number of Reflections Unique 6402 

b (
o

A) 24.0902(5) Rint 0.094 

c (
o

A) 12.7785(3) 2θmax (°) 50.1 

α (°) 90.00 Tmin / Tmax 0.80/0.90 

β (°) 100.331(3) Number of Parameters 443 

γ (°) 90.00 R [F2 >2σ(F2)] 0.079 

V (
o

A 3) 3620.1(2) wR  0.199 
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Table 2: The selected bond lengths and angles for 4d. 
  

Bond Lengths (Å) Bond Angles (°°°°) 

(

O1    N4

N3 N1

  
N2

P3 P2
)

)

)

)
)

)

αααα1111

αααα2222

ββββ1111

γγγγ1111δδδδ1111 γγγγ2222

P1

) )

ββββ1111'

γγγγ1111'
γγγγ2222'

)

 

P1-N1 1.589(4) α1 115.3(2) 

P1-N3 1.585(4) α2 102.3(2) 

P2-N1 1.579(4) β1 123.5(2) 

P2-N2 1.655(4) β1
′ 128.5(3) 

P3-N2 1.666(4) γ1 111.6(2) 

P3-N3 1.575(4) γ1′ 108.5(2) 

P1-N4 1.649(4) γ2 105.9(3) 

P1-O1 1.581(4) γ2′ 104.0(2) 

P2-N7 1.626 (5) δ1 126.7(3) 

P2-N8 1.598(5)   

P3-N5 1.610(4)   

P3-N6 1.610(5)   

 

Determination of the pUC18 plasmid DNA interaction with the compounds: The 
interactions of the cyclotriphosphazenes and the PILs with the pUC18 plasmid DNA were 
evaluated using agarose gel electrophoresis [29]. The compounds were incubated with 
pUC18 plasmid DNA in an incubator at 37 ⁰C for 24 h in the dark. The compound/DNA 
mixtures were loaded onto the 1% agarose gel with a loading buffer (0.1% bromophenol 
blue, 0.1% xylene cyanol). Electrophoresis was made in 0.05 M Tris base, 0.05 M glacial 
acetic acid, and 1 mM EDTA (TAE buffer, pH = 8.0) for 3 h at 60V [30]. Subsequently, 
the gel was stained with ethidium bromide (0.5 μg/mL), visualized under UV light using a 
transilluminator (BioDoc Analyzer, Biometra), photographed with a video camera, and 
saved as a TIFF file. The experiments were repeated three times. 

Determination of BamHI and HindIII restriction enzyme digestion of the 
compounds-pUC18 plasmid DNA: In order to assess whether the compounds 3a-3d 
and 4a-4d show affinity towards adenine-adenine (AA) and/or guanine-guanine (GG) 
regions of DNA, the restriction analyses of the compound-pUC18 plasmid DNA adducts by 
BamHIand HindIII enzymes are performed. The compound/pUC18 plasmid DNA mixtures 
were incubated for 24 h,and then restricted with BamHI or HindIII enzymes at 37 ⁰C for 
2 h. The restricted DNA was run in 1% agarose gel electrophoresis for 1 h at 70 V in TAE 
buffer. Consequently, the gel was stained with ethidium bromide (0.5 μg/mL), and it was 
viewed using a transilluminator, and the image was photographed using a video-camera, 
and saved as a TIFF file[20]. 
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RESULTS and DISCUSSION 

 

Syntheses and Characterizations. The intermediate Schiff base, “N-[(E)-(4-
fluorophenyl)methylidene]-3-(hydroxy)propan-1-amine”, was prepared from the 
condensation reaction of 4-fluorobenzaldehyde with 3-amino-1-propanol. Subsequently, 
this compound was reduced with NaBH4 in methanol to give the starting compound 3-(4-
fluorobenzylamino)-1-propanol. The total reaction yield was 89%. In the literature, the 
latter compound was also prepared from the reaction of 4-fluorobenzyl chloride with 3-
amino-1-propanol in moderate yield 64%, and patented [31].  
 
The condensation reaction of N3P3Cl6 (1) with an equimolar amount of sodium 3-(4-
fluorobenzylamino)-1-propanoxide gave 4-fluorobenzylspiro(N/O)cyclotriphosphazene (2) 
in a high yield (68%). The reactions of partly substituted 2 with excess benzylamine, n-
hexylamine, n-butylamine and n-propylamine led to the formation of the corresponding 
4-fluorobenzylspiro(N/O)tetrabenzylamino (3a), tetrahexylamino (3b), tetrabutylamino 
(3c) and tetrapropylamino (3d) cyclotriphosphazenes. The calculated yields of these 
compounds were found to be 62, 52, 71 and 76%, respectively. The PILs (4a-4d) of 
phosphazene bases (3a-3d) with gentisic acid were obtained in a high yield in dry THF 
(Figure 1). The crystal structure of 4d was verified by X-ray diffraction analysis. The 
results indicate that compound 4d was monoprotonated with the nitrogen of 
phosphazene ring non-adjacent to the NO spiro ring. However, in the literature the 
protonation was observed from the nitrogen atom of phosphazene ring adjacent to the 
NN spiro ring [23]. The NMR results exhibit that all the compounds are likely to be 
protonated in the same fashion. All the PILs were highly soluble in the common organic 
polar and apolar solvents. However, they are dissolved slightly in water. The solubilities 
of these PILs increased with the increasing temperature.  
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Figure 1. The cyclotriphosphazene derivatives obtained from the reactions of 4-
fluorobenzylspiro(N/O)cyclotriphosphazene with primary amines and their 
phosphazenium salts. 

 
The structures of all the isolated cyclotriphosphazene derivatives were determined by 
elemental analyses, FTIR and 1H, 13C{1H}, 31P{1H} NMR techniques. All the compounds 
were screened for antibacterial and antifungal activities against bacteria and yeast 
strains. The interactions of the compounds with supercoiled pUC18 plasmid DNA were 
investigated. 
 
The microanalyses, FTIR and1H, 13C{1H}, 31P{1H}, and NMR results were confirmed the 
suggested structure of the compounds with one mole of water for 3a, 3c, 4a, 4b and 
4d. The protonated molecular [MH]+ ion peaks were observed in the mass spectra of the 
free phosphazene bases (3a-3d). The analytical data and NMR results are given in the 
"Experimental Section".  
 
The spin systems and the 31P-NMR spectral data of the cyclotriphosphazenes are given in 
Table 3. The starting compound 2 has AX2 spin system. It gives rise to one triplet (Pspiro, 
PA) and one doublet (PX). Compound 3a has an ABC spin system and displays a total of 
twelve signals for the expected ABC spin system. The fully substituted phosphazenes; 
3b, 3c and 3d have AB2 spin systems and exhibit a total of eight signals. The 2JPP/Δν 
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values of these compounds are calculated and listed in Table 3. The δP(spiro)-shifts of the 
phosphazene bases (3a-3d) are considerably larger than that of the starting compound 
(2). However, when the Cl atoms exchanged with amine groups, the  δP-shifts of the free 
bases were decreasing. The spin systems of the PILs are found to be as AB2 for 4a and A3 
for 4b, 4c and 4d. The chemical shifts of these salts were smaller than those of the 
corresponding free bases, depending on the salt formation with bulky organic acid. 
 

Table 3: 31P NMR parameters of compounds.a  

1

2 3

4

56

AX2  (2) 

X

P

N N

N XX

X

 
P P

F CH2
N O

    X: Cl, PhCH2NH, C6H13NH, C4H9NH, C3H7NH

A

B (X)B (X)

AB2  (3b, 3c and 3d) 

1

2 3

4

56

ABC  (3a) 

X

P

N N

N XX

X

 
P P

F CH2
N O

A

CB 

A3  (4b, 4c and 4d) 

AB2  (4a) 

X

XX

N N

NX
P P

P

CH2 N O
F

H

OH

   O
   O

OH

a

b

c
d

e
f

A

A (B) A (B)

 

Spin System δδδδPNO(spiro) 

 

δδδδPCl2 

 

δδδδPN2 

 

2JPP (Hz) 2JPP/Δν 

2 AX2 PA 9.06 PX 23.32 - 2JAX 50.2 - 

3a ABC PA 21.20  PB 20.22 

PC 18.83 

2JAB 53.4 

2JBC 53.2 

2JAC 51.0 

- 

3b AB2 PA 19.90  PB 18.75 2JAB 48.6 0.17 

3c AB2 PA 20.04 - PB 18.88 2JAB 46.2 0.15 

3d AB2 PA 20.04 - PB 18.80 2JAB 48.6 0.16 

4a AB2 PA 14.84 - PB 14.35 2JAB 56.7 0.48 

4b A3 PA 14.70 - PA 14.70 - Broad singlet 

4c A3 PA 14.75 - PA 14.75 - Broad singlet 

4d A3 PA 14.74 - PA 14.74 - Broad singlet 

a242.93 MHz 31P NMR measurements in CDCl3 solutions at 298 K. Chemical shifts referenced to 
external H3PO4. 
 
The assignments of the chemical shifts, multiplicities, and coupling constants were 
elucidated from the 13C and 1H-NMR spectra of all the cyclotriphoshazenes (2 and 3a-3d) 
and their salts (4a-4d), and given in “Experimental Section”. In the 13C NMR spectra of 
the cyclotriphosphazene bases (3a-3d) and the PILs (4a-4d), the geminal substituents 
display two small separated peaks for NHCH2, NHCH2CH2, CH3, and ArCH2NH and  ipso-C7 

carbons (for 3a and 4a), implying that the two geminal groups are not equivalent. The 
average coupling constants of the free bases (3a-3d), 2JPOC=6.9 Hz, is very higher than 
that of the PILs (2JPOC=5.0 Hz). The coupling constants, 3JPNCC, of the free bases (3a-3d) 
and the PILs (4a-4d) emerge to triplets of the NHCH2CH2 and NHCH2C7 carbons 
depending on the second-order effects (Figure 2). The 3JPNCC values are calculated using 
the external transitions of the triplets as it is estimated in the literature [32]. In addition, 
the coupling constants of 1JFC, 2JFC, 3JFC and 4JFC are also assigned for the 
cyclotriphosphazene and the PILs.  
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Figure 2. The second order effects in 13C NMR spectra of 3a and 3b. 

 

The interpretations of the free bases (3a-3d) and the PILs (4a-4d) were made using the 
coupling constants of 3JFH and 4JFH, and the multiplicities. The results were presented in 
“Experimental Section”. The average values of 3JFH and 4JFH were found to be at 8.8 Hz 
and 5.4 Hz, respectively. The protons of ArCH2N were observed asa doublet. The average 
values of 3JPH of ArCH2N protons in the free bases and the PILs were found to be at 7.5 
and 6.4 Hz, respectively. The δH-shifts of OCH2 spiro protons of the cyclotriphosphazenes 
and the PILs were observed in the range of 4.24-4.34 ppm, and the average 3JPH value, 
12.3 Hz, was very large.  
 
The characteristic stretching band (νN-H, 3402 cm-1, broad) was observed for 3-(4-
fluorobenzylamino)-1-propanol disappeared in the FTIR spectra of the compound 2. 
Whereas, in the FTIR spectra of the free bases and the PILs exhibit the broad νN-H peaks. 
They are observed in the ranges of 3200-3289 cm-1 and 3361-3389 cm-1. All the salts 
display ν+N-H (ca. 2668 cm-1), νcoo-(asymm.) (ca. 1578 cm-1) and νcoo- (symm.) (ca. 1377 
cm-1) absorption frequencies clearly indicating the salt formation. The 
cyclotriphosphazenes and the PILs show intense stretching vibrations between 1202-
1257 cm-1 and 1193-1218 cm-1, attributed to the νP=N bonds of the phosphazene 
skeletons [33,34].  

The crystal structure of 4d:The molecular and the solid state structure of 4d were 
verified by X-ray crystallography. Figure 3 depicts the molecular structure of 4d along 
with the atom-numbering scheme. The phosphazene ring of 4d is in twisted boat 
conformation [Figure 3b: ϕ2 =-84.6(6)°, θ2 =100.0(6)°(P1/N1/P2/N2/P3/N3)] with a total 
puckering amplitude, QT of 0.270(4)Å] [35]. The six-membered spiro ring 
(P1/N4/C8/C9/C10/O1) is in the chair conformation [Figure 3c: ϕ2 =34.7(4)°, θ2 

=88.1(5)°] with a total puckering amplitude, QT of 0.673(5)Å]. Moreover, the torsion 
angles of N3P3 ring of 4d exhibit that the cyclotriphosphazene ring does not have any 
pseudo-mirror plane (Figure 3d). 
 
In PILs 4d, the endocyclic PN bond lengths of the phosphazene ring were found to be in 
the range of 1.575(4)–1.666(4) Å (average value is 1.608(2) Å), compared with the 
corresponding values [1.588(1)–1.599(1) Å, average value is 1.595(1) Å] of the 
analogues phosphazene free bases [23]. In addition, the exocyclic PN bond lengths of 4d 
are in the range of 1.581(4)–1.649(4) Å (average value is 1.612(5) Å). The 
corresponding values of analogues phosphazene free bases and its salts are in the ranges 
of 1.652(1)–1.674(1) Å (average value is 1.663(1) Å) and 1.625(2)–1.647(2) Å (average 
value is 1.639(2) Å) [23] (Table 2). In 4d, the P2N2 (1.655(4) Å) and P3N2 (1.666(4) Å) 
bond lengths are considerably larger than those of other PN bond lengths, depending on 
the protonation of N2 atom. 
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The considerable narrowings of the endocylic α1 [115.3(2)⁰] and γ1 [111.6(2)⁰ and 
108.5(2)⁰] angles and the considerable expanding of the endocylic β1 [123.5(2)⁰], β1

′  

[128.5(3)⁰] and δ1 [126.7(3)⁰] angles may indicate the electron delocalization in the 
phosphazene ring (Table 2). These findings may be compared with the corresponding 
values of analogues phosphazene free bases and its salts reported in the literature [23]. 
In addition, it was observed that the great changes are observed at around the N2 atom 
indicating HN+ bond formation. 
 
Hydrogen-bond geometries of 4d were listed in Table 4. It was observed that the strong 
intramolecular hydrogen bonds (O–H … O) were present in the gentisic acid anion. 
Furthermore, the strong intramolecular N–H … O hydrogen bond links the gentisic acid 
anion to the phosphazene molecule [36].  
 
Crystallographic data for the structural analysis have been deposited with the Cambridge 
Crystallographic Data Centre, CCDC1487569 Copies of this information may be obtained 
free of charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: 
44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk). 

Table 4: Hydrogen-bond geometries (Å, º) for 4d. 

      D-H …A                      D-H            H …A              D …A             D-H …A      

N2-H2A ... O3iv 0.84(5) 2.83(1) 2.01(5) 166.9(4.0) 

C8-H8A ... O4 0.97(1) 3.41(1) 2.59(1) 142.3(3.0) 

N5-H51 ... O5iii 0.86(5) 2.95(1) 2.09(5) 172.7(4.0) 

N8-H81 ... N1ii 0.86(5) 3.12(1) 2.30(4) 156.8(4.0) 

O4-H4A ... O2 0.82(1) 2.52(1) 1.81(1) 146.1(3.0) 

N6-H61 ... O4i 0.85(1) 2.99(1) 2.31(1) 137.4(4.0) 

O5-H5A ... O2i 0.82(1) 2.56(1) 1.74(1) 170.3(3.0) 

N7-H71 ... O5iii 0.87(1) 3.09(1) 2.27(1) 157.3(2.0) 

Symmetry codes (i) x + ½, -y + ½, z + ½, (ii) –x, -y, -z +1, (iii) x – ½, -y + 
½, z + ½, (iv)  x, y, z + 1. 
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Figure 3. (a) An ORTEP-3 [37] drawing of 4d with the atom-numbering scheme. 
Displacement ellipsoids are drawn at the 30% probability level. The conformations of (b) 

the trimer ring and (c) the six-membered spiro-ring of 4d, and (d) the shape of the 
phosphazene ring in 4d with torsion angles (deg) given. 

 

Antimicrobial activity evaluation: In this paper, the antimicrobial activity of the 
cyclotriphosphazene bases and the PILs have been investigated for discovering the new 
antimicrobial agents against some (G−) and (G+) bacteria and fungi. Table 5 illustrates 
in vitro antimicrobial activity of cyclotriphosphazene bases (3a-3d) and the PILs (4a-4d) 
against three types of bacteria and one type of fungus. The MIC, MBC and MFC values of 
the compounds have ranges of 15.63-1000 µM, 31.25-2500 µM and 15.63-250µM, 
respectively. Compounds 3c and 4c are strongly active against E. faecalis (G+). As 
known, E. faecalis, is a facultative anaerobic Gram-positive coccus and causes root canal 
failure and persistent apical periodontitis [38]. In addition, the free base 3d, and the 
PILs, 4a, 4c and 4d, are very active against C. albicans. On the other hand, compared to 
the salts with the corresponding free bases, the salts (4a and 4c) and (4b and 4d) are 
found to be more effective than corresponding free bases (3a and 3c) and (3b and 3d), 
respectively, against C. albicans and K. pneumoniae, indicating that the salt formation 
considerably increases antimicrobial activity. This situation may attribute to the strong 
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hydrogen bond formation of the anion and/or cation of the saltswith the DNA of 
microorganisms. 

Interactions of pUC18 plasmid DNA with the compounds: The interactions of 
pUC18 plasmid DNA with the free bases (3a-3d) and the PILs (4a-4d) were studied 
using agarose gel electrophoresis (Figure 4). In the electrophoretograms, in all the cases 
run with untreated pUC18 plasmid DNA was included as a control, while lanes 1 to 4 
contained plasmid DNA interacted with decreasing concentrations of the compounds 
(from 4000 µM to 500 µM). It appears that all of the compounds, exhibit similar effects 
against plasmid DNA except 3d. As the concentrations of the compounds decrease, the 
mobility of Form I DNA increases slightly. In the case of 3d, two bands co-migrate for 
the concentration of the compound at the highest concentration (4000 µM). In the lower 
concentrations, the seperated two bands are observed,indicating that compound 3d is 
binding to DNA. 

 
 

 
Figure 4. Interaction of pUC18 plasmid DNA with decreasing concentrations of the 
compounds (lanes 1–4; 1: 4000 μM; 2: 2000 μM; 3: 1000 μM; 4: 500 μM, and P: 
untreated pUC18 plasmid DNA as a control). 
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Table 5: The in vitro antimicrobial activities of compounds 3a-3dand 4a-4dagainst test strains (MIC: Minimum 
Inhibitory Concentration, MBC: Minimum Bactericidal Concentration, and MFC: Minimum Fungicidal Concentration. MIC, 
MBC and MFC values are reported in µM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amp: Ampicillin, C: Chloramphenicol, Keto: Ketoconazole (NS: Not studied). 

 

 

 E. coli ATCC 25922 K. pneumoniae ATCC 13883 E. faecalis ATCC 29212 C. albicansATCC 10231 

Compounds MIC MBC MIC MBC MIC MBC MIC MFC 

3a 250 500 125 125 250 500 125 125 

4a 250 500 250 250 500 1000 <15.63 <15.63 

3b 250 1000 250 500 250 250 125 125 

4b 125 125 125 125 250 250 125 250 

3c 125 125 62.5 62.5 <15.63 <15.63 62.5 125 

4c 125 125 62.5 62.5 <15.63 <15.63 31.25 62.5 

3d 250 500 250 250 500 1000 31.25 31.25 

4d 250 500 125 125 500 1000 62.50 62.50 

Amp <19.5 NS 1250 NS 312.5 NS NS NS 

C 1250 NS 2500 NS 625 NS NS NS 

Keto NS NS NS NS NS NS 1250 NS 



Elmas et al., JOTCSA. 2016; 3(3): 25-46.   RESEARCH ARTICLE 

41 

 

BamHI and HindIII digestion of compounds-pUC18 plasmid DNA: DNA–compound 
mixture was digested with BamHI and HindIII restriction enzymes in order to understand 
DNA-compound binding. Figure 5 displays the electrophoretograms for the incubated 
mixtures of pUC18 plasmid DNA with the compounds followed by BamHI and HindIII 
digestion. In the absence of the compounds, when untreated plasmid DNA is digested 
with the enzymes, only the linear Form III band is observed, indicating that two strands 
of pUC18 plasmid DNA arecut by BamHI at the specific GG site and HindIII enzymes at 
the specific AA site. For BamHI digestion, a mixture of Form I and Form II bands are 
observed for all the compounds, 3a-3d and 4a-4d. Form III band is also detected for 
BamHI digestion for 3d, 4a and 4c. On the other hand, for HindIII digestion, only one 
band is determined for 3a, 3c, 3d, 4c and 4d. Whereas two bands, Form I and Form II, 
were observed for 3b, 4a and 4b. Eventually, the prevention of BamHI digestion by 3b, 
4a and 4b, disclosed binding with GG nucleotides in DNA. 

 

Figure 5. Electrophoretogram for the incubated mixtures of pUC18 plasmid DNA followed 
by digestion with (A) BamHI and (B) HindIII. Lane P applies to untreated DNA, P/B and 

P/H, untreated, but digested pUC18 plasmid DNA. 

CONCLUSIONS 

The structures of the cyclotriphosphazenes (3a-3d) and the PILs (4a-4d) were 
elucidated using NMR data in CDCl3 solution. The crystallographic results of 4d 
unambiguously indicate that the nitrogen of the phosphazene ring is monoprotonated. 
The fully substituted cyclotriphosphazenes (3a-3d) appear to be the ligating agents for 
transition metal cations. The antimicrobial activities of all the compounds were 
scrutinized against bacteria and fungi. Compounds 3c and 4c are the most active 
compounds against E. faecalis (G+). In addition, the phosphazene base, 3d, and the 
PILs, 4a, 4c and 4d, are found to be considerably active against C. albicans. The gel 
electrophoretic data demonstrate that compound 3d is binding to pUC18 plasmid DNA. 
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Özet: Bu makalede, N3P3Cl6 (1) bileşiğinin sodyum 3-(4-florobenzilamino)-1-propanoksit 
ile kondenzasyon tepkimesinden kısmen sübstitüe 4-florobenzilspiro(N/O) trimerik halkalı 
fosfazen (2) bileşiği elde edildi. Bu bileşiğin klorlarının aşırı miktarda benzilamin, n-
hekzilamin, n-bütilamin ve n-propilamin ile yer değiştirme tepkimelerinden 4-
florobenzilspiro(N/O)tetrabenzilamino (3a), tetrahekzilamino (3b), tetrabütilamino (3c) 
and tetrapropilamino (3d) halkalı trifosfazen bileşikleri oluştu. Oluşan bu bazların (3a-
3d), kuru THF'de gentisik asit ile etkileştirilmesinden fosfazenyum tuzları (4a-4d), protik 
iyonik sıvılar (protic ionic liquids; PILs), sentezlendi. Elde edilen tüm bileşiklerin yapıları; 
element analizleri, FTIR ve 1H, 13C{1H}, 31P{1H} NMR verileri kullanılarak belirlendi. 
Bileşik 4d'nin kristal yapısı X-ışını kırınımmetre yöntemi ile aydınlatıldı. Tüm bileşiklerin 
bakteri ve mayalara karşı antibakteriyal ve antifungal aktiviteleri incelendi. Ayrıca, bu 
bileşiklerin süper sarmal plasmid pUC18 DNA ile etkileşimleri araştırıldı. 

 

Anahtar Kelimeler: Spirosiklotrifosfazenler, kristallografi, spektroskopi, antimikrobiyal 
aktivite, DNA'ya bağlanma.  

Sunulma: 30 Haziran 2016. Düzeltme: 8 Ağustos 2016. Kabul: 9 Ağustos 2016.  
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Abstract: The entrapment of tamoxifen onto alginate-gum arabic beads and the 
production of controlled drug release was investigated in this study. The polymeric system 
that would provide the controlled release of tamoxifen was formed using alginate and gum 
arabic. In the first phase of the study, the optimization of the alginate-gum arabic beads 
production was conducted; then the study continued with drug entrapment experiments. 
Tamoxifen entrapment yield was found to be approximately 90% of initial tamoxifen 
concentration. In vitro drug release experiments were performed in simulated gastric juice 
and intestinal fluid where the tamoxifen release was 20% and 53% of the initial drug 
present, respectively. As a result of this study, it is expected that a valuable contribution 
to the field of controlled drug release system production is realized. 
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INTRODUCTION 

 

Controlled drug release systems have a significant role in medicine. They are considered 

as useful systems that enable the drug to be more efficient. These systems have 

advantages such as decreasing the risk of harmful effects that may come from the drug 

and increasing the efficiency and availability of the drug compared to conventional drug 

applications (1). In controlled drug release systems, the drug is entrapped by the carrier. 

The carrier is required to release the drug in a desired manner during its voyage to the 

defined part of the body or when it reaches there.  

Natural polymers have gained attention as suitable materials to produce controlled drug 

release systems (2). Alginate (Figure 1a) is a natural polysaccharide composed of α-1,4-

guluronic acid and β-D-mannuronic acid blocks. Guluronic acid residues are responsible for 

the gelation properties of alginate. Alginate is a water-soluble, linear, and polyanionic 

biopolymer obtained from brown algae and it is employed in numerous applications such 

as food, textile, pharmaceutical, cosmetic industries as stabilizers, thickening and gelling 

agents, and adhesives. Alginate is reported to be safe when it is taken by the oral route 

since it is nontoxic and biodegradable (3). Alginate can be gelled with Ca2+ anions easily. 

Gel beads, microparticles and nanoparticles can be synthesized from alginate alone or 

together with other polymers like chitosan, gelatin, and albumin. Gum arabic (Figure 1b) 

is a polysaccharide obtained from acacia tree. Similar to alginate, gum arabic finds usage 

in food and other industries.  

 

(a) (b) 

Figure 1. Molecular structures of alginate (a) (4) and gum arabic (b) (5). 

Tamoxifen [(Z)-2-[4-(1,2-diphenylbut-1-enyl)phenoxy]-N,N-dimethyl-ethanamine, TMX] 

(Figure 2) is a synthetic drug used for cancer therapy. It is an antagonist for estrogen 

receptors in mammary tissue via its active metabolite hydroxytamoxifen (6). Antagonists 

attach to the cell receptor and act as a natural stimulator and prevent the natural response 

(7). TMX is being administrated to patients with different stages of breast cancer and 

although it is a very effective drug, in high doses it may lead some harmful developments 

such as endometrial cancer and tumor progression (8-9). Entrapment materials were 

synthesized for minimizing these disadvantageous effects to capture tamoxifen and deliver 
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it to the tumor site. Polymeric micelles (10), nanoparticles (11-12), alginate/chitosan 

microparticles (13), and hydrogels (14) are examples of tamoxifen carriers.  

 

Figure 2. Chemical structure of tamoxifen molecule (15). 

In this study, the entrapment of tamoxifen into alginate/gum arabic beads and in vitro 

controlled tamoxifen release was investigated. The aim of the study was to develop a new 

carrier for tamoxifen with a high entrapment yield and good carrier properties. 

 

MATERIALS AND METHODS 

 

Materials  

Tamoxifen citrate, alginic acid sodium salt from brown algae (medium viscosity), CaCl2, 

gum arabic, ethanol, and HCl were purchased from Sigma (Steinheim, Germany). Tween 

80 was obtained from Merck (Darmstadt, Germany) and KCl was obtained from Carlo Erba 

(Ronado, Italy). Phosphate buffer tablets (PBS) were purchased from Oxoid (Hampshire, 

England). All chemicals used were of analytical grade.  

 

Production of plain alginate-gum arabic beads  

Plain beads were prepared by ionic crosslinking method (16). Two hundred milligrams of 

alginic acid sodium salt was dissolved by stirring the solution at 200 rpm at room 

temperature for 30 min in 20 mL distilled water. Gum arabic (100 mg) was added slowly 

and mixture was stirred for 30 min at 200 rpm and sonicated for 5 min. Alginate-gum 

arabic solution was added dropwise into continuously stirred (100 rpm) 5% CaCl2 solution. 

The resulting beads were maturated for 1 h, filtered, and washed with distilled water.  

 

Preparation of TMX entrapped alginate-gum arabic beads 

TMX entrapped beads were produced by adding 1.0 mL of TMX solution (3 mg/mL in 

ethanol) into 20 mL of alginate solution (1%, w/v) containing 100 mg gum arabic. The 
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solution was mixed at 200 rpm for 30 min. The resulting solution was added dropwise into 

the crosslinker solution (5% CaCl2) and the drug-entrapped beads were obtained (Figure 

3). The beads were maturated for 1 hour, then filtered. All experiments were employed 

triplicate. 

 

Figure 3. Production of TMX entrapped alginate-gum arabic beads. 

 

Entrapment efficiency (EE%) 

Entrapment efficiency was calculated evaluating the drug content in the filtrate that 

indicates the untrapped TMX. Two mL of the filtrate was centrifuged at 18000 rpm at 4 ºC 

for 30 min in order to remove any suspended molecules and the absorbance of the 

supernatant was recorded at 276 nm. The EE% of beads was calculated from the formula 

given below: 

 

 

 

 

 

In vitro release studies 

In vitro release of TMX from alginate-gum arabic beads was carried out at 37±1 °C in 50 

mL of simulated gastric fluid (SGF) (mixture of 100 mL 0.2 M HCl and 82.8 mL 0.2 M KCl, 

pH 1.5) and 103 mL of simulated intestinal fluid (SIF) (100 mL PBS solution containing 3.0 

mL of 1% Tween 80, pH 7.4) separately. At 30 min intervals, 2.0 mL aliquots were sampled 

out. Prior to absorbance measurements at 276 nm, the samples were centrifuged at 18000 

rpm at 4ºC for 30 min to remove any suspended particles. The percent of TMX released 

was calculated and plotted versus time.  

Total TMX added (mg) – Untrapped TMX (mg) 

  
Total TMX added (mg) 

EE= X 100 
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The release profile of TMX was also evaluated in SGF and SIF consecutively. Beads were 

transferred into 100.0 mL of SGF and allowed to stir at 150 rpm for 2 h. At each 30 min 

intervals, 2.0 mL of the medium was sampled and centrifuged at 18000 rpm at 4 ºC for 30 

min and the absorbance was recorded at 276 nm. Then, beads were removed from SGF 

and transferred into 103 mL of SIF and stirred for another 3 h. The release procedure was 

followed in intestinal medium for 22 hours. Release experiments were conducted at 37 ºC 

in triplicate. The amount of released tamoxifen was calculated from TMX standard curve. 

 

RESULTS AND DISCUSSION 

 

In this study, an anticancer agent, Tamoxifen, was selected as the model drug which was 

further entrapped by ionic crosslinking method in alginate and gum arabic natural 

polymers. Alginate-gum arabic beads were produced and their abilities to release the 

anticancer drug Tamoxifen in a controlled manner were investigated. A polysaccharide 

blend was prepared composed of alginate and gum arabic. Spherical beads were obtained 

about 3 mm size (Figure 4).  

 

Figure 4. TMX entrapped alginate-gum arabic beads. 

TMX entrapment efficiency was calculated using the TMX standard curve which is 

demonstrated in Figure 5. According to the results from entrapment studies, approximately 

90% of TMX was entrapped in the beads.  
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Figure 5. TMX standard curve. 

The extend of drug release in in vitro stomach (gastric) and small intestine (intestinal) 

media were measured using pH 1.5 and pH 7.4 for 24 hours. The results revealed that the 

release of the initial TMX present in beads was 20% at pH 1.5 whereas it was 53% at pH 

7.4. The release ratio did not change significantly after five hours. The release profiles in 

SGF and SIF are shown in Figures 6 and 7. 

 

Figure 6. The release profile of TMX entrapped alginate-gum arabic beads in SGF. 

 

For in vitro drug release studies, the physiological conditions such as pH and temperature 

are important. Simulated gastric fluid (pH 1.5) and simulated intestinal fluid (pH 7.4) are 

usually preferred as drug release media. The temperature of the release medium is 

generally chosen as 37 °C since it is the temperature of the human body. By this way, the 

results reflect the behavior of drug carrier particle in the body. 
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Figure 7. The release profile of TMX entrapped alginate-gum arabic beads in SIF. 

 

The release percentage in SGF was lower compared to SIF. This may be explained by the 

swelling behaviors of beads in these media. Alginate-gum arabic beads might have the 

capability to swell and release the drug entrapped slightly in gastric medium. However, 

they might swell more in intestinal media and also disintegrate and allow the drug to 

become free (17). Disintegration may be the major reason of higher release profile since 

calcium favors to form calcium phosphate (18), as it is observable that the release medium 

was turbid during the studies in SIF.  

 

The consecutive TMX release in SGF and SIF was also studied and was illustrated in Figure 

8. The results were similar to individual procedures applied in SGF and SIF alone. However, 

this treatment was assumed to be more convenient to mimic the stages that a drug passes 

in the human body. As seen in Figure 8, 30% of TMX was released in SGF and when the 

beads were transferred into SIF, with a shift of 10% in 30 min, 60% of cumulative TMX 

release was observed after 5 h.  
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Figure 8. Consecutive TMX release from alginate-gum arabic beads in SGF and SIF.  

 

CONCLUSION 

 

The polymeric system that provided the controlled release of Tamoxifen was built using 

alginate and gum arabic natural polymers. In vitro drug release experiments were 

conducted in simulated gastric juice and intestinal fluid using the tamoxifen entrapped 

beads. It may be concluded that results presented here indicates that it is possible to 

manufacture a working drug carrier and release system for Tamoxifen using alginate and 

gum arabic natural polymers. The study needs further investigation for production of the 

drug carrier in real time manufacturing plants.  
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Türkçe Öz ve Anahtar Kelimeler 

Tamoksifen Yüklü Aljinat-Gam Arabik Mikroboncukların Üretimi ve 

Kontrollü İlaç Salımı Özelliklerinin İncelenmesi 

 

Onur Korkmaz, Bernis Girgin, Çağdaş Sunna, Rukiye Yavaşer, Arife Alev Karagözler 

 

Öz: Bu çalışmada aljinat-gam arabik boncuklarına tamoksifenin tutturulması ve kontrollü 

ilaç salımının üretilmesi araştırılmıştır. Tamoksifenin kontrollü salımını sağlayacak polimerik 

sistem aljinat ve gam arabik kullanılarak oluşturulmuştur. Çalışmanın ilk kısmında, aljinat-

gam arabik boncuklarının en uygun şartlarda elde edilmesi sağlanmıştır; ardından çalışma 

ilaç tutuklama deneyleriyle devam etmiştir. Tamoksifen tutuklaması ilk tamoksifen 

derişiminin yaklaşık %90’ı kadar tespit edilmiştir. In vitro ilaç salım deneyleri yapay mide 

ve bağırsak ortamına benzer ortamlarda gerçekleştirilmiştir ve tamoksifen salımı baştaki 

ilaç derişiminin sırayla %20’si ve %53’ü olarak bulunmuştur. Bu çalışmanın sonucu olarak, 

kontrollü ilaç salımı sistem üretimine değerli bir katkıda bulunulması beklenmektedir.  

Anahtar kelimeler: Tamoksifen, aljinat, gam arabik, boncuk, kontrollü ilaç salımı. 
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Based Gas-Vapor Sensors 
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Abstract: In this study, the water soluble poly (diphenylaminesulfonic acid) (PSDA) and 
the diblock copolymer of PSDA with poly(ethylene glycol) (PEG) were used to construct the 
interdigitated film electrodes (IDEs). Their responses against humidity and various solvent 
vapors were investigated by impedance measurements. Sorption and desorption behaviors 
of the solvents were determined by simultaneous registration of the impedance (Z) and 
the resistive (R, resistance) and capacitive (X, reactance) components of the Z under 
different potential bias and alternating current (ac) frequencies. The sensor responses were 
discussed considering the polar/non-polar and polarizability properties of the polymers and 
solvents. The effect of ac frequency and potential bias on the sensitivity and selectivity of 
the sensors were discussed. It was found that the solvent polarity is the primary effect on 
the electrical conductance and capacitance of both PSDA homopolymer and PSDA-b-PEG 
block copolymer. The results supported that the dipolarity-polarizability properties of 
solvents have also a critical role on sensor response at low ac frequencies. The more 
polarizable solvents gave higher sensor responses at lower ac frequencies. The equilibrium 
response of the PSDA based sensor was correlated with the dielectric constant of the 
solvents. The values of Z and R of PSDA film under saturated solvent vapors at 1 kHz ac 
frequency were linearly correlated (R2 was 0.955, 0.993 and 0.957 for Z, R and X, 
respectively, in semi-logarithmic scale) with the values of the dielectric constants of the 
solvents, except water. A similar correlation (R2= 0.996) was obtained by using the R 
values of the PSDA film at 100 kHz ac frequency. In the case of PSDA-b-PEG polymer film, 
it was also possible to establish an almost linear correlation (R2=0.943) between the R at 
100 kHz ac frequency and the values of the dielectric constants of the solvents, except 
acetone and water. Consequently, it was found that the applied ac frequency was 
distinctive on both the sensitivity and selectivity of the studied sensor. 
 
Keywords: Conductive polymer, poly(diphenylaminesulfonic acid), polyethylene glycol, 
polymer-solvent interaction, impedimetric vapor sensor. 
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INTRODUCTION 

 

Some thermodynamic parameters have been extensively used to explore the polymer-

solvent interactions and recognition patterns of the polymer based sensor devices [1-9]. 

Many transduction mechanisms have been proposed to explore sensing characteristic of 

the various type of sensors. Electrical resistivity measurement is one of the most practical 

transduction methods in gas sensor technology. The sensitivity and selectivity of each 

individual sensor is controlled by tailoring the chemical and physical properties of the 

coating material to maximize particular solubility interactions. The interactions between 

gas or vapor molecules and polymeric sensing material are mainly based on solubility 

interactions, which have been modeled and systematically investigated using linear 

solvation energy relationships (LSERs) for non-polar systems [10-12]. Solubility properties 

are characterized and quantified by solvation parameters related to polarizability, 

dipolarity, acidity, basicity, and dispersion interactions. Some physical properties such as 

porosities of sensing elements and molar mass, molar volume and vapor pressure of 

analytes have been also taken into consideration to predict the polymer-solvent 

interactions and recognition pattern of the sensor devices [5, 7, 8]. The crucial problem 

with the use of such parameters is, in fact, a complex quantity. 

 
In general, some electrical conductive materials, such as carbon black and graphite, have 

been used as probes in polymer composites to measure the electrical resistance response 

of sensors to various solvent vapors [3, 7-9, 13]. Different response mechanisms have 

been described for carbon black (or graphite)/polymer composites. When the sensor was 

exposed to a solvent vapor, swelling of the polymer matrix decreases the electrical 

connectivity between the conductive particles within the composite, and cause an increase 

in electrical resistance [18, 19]. For crystalline polymers, it was also considered that the 

polymer matrix within the composite is dissolved by solvent absorption, and the movement 

of carbon black particles in the amorphous regions causes the destruction of conductive 

networks, which results in the increase in electrical resistance consequently [13,14]. In 

some cases, the decreasing of resistance has been observed for polar solvent vapors due 

to the increasing the mobility of polar analytes, ionizable hydrophilic functional groups 

and/or doped ions in the sensing material if the hydrophilic polymers, polyelectrolytes and 

ion doped conductive polymers are used as sensing element [15-18]. Capacitance 

measurements (impedimetric sensors) have been also widely used in gas-vapor sensors, 

if the insulating polymers are used as sensing element and there is a significant difference 

between the dielectric permittivity of sensing material and vapor analyte. For example, 

capacitive insulating polymer based sensors have been extensively used for humidity 
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measurement because of the high dielectric permittivity of water, compare to insulating 

polymers [19-22]. Consequently, the chemical properties of the sensing material and 

analyte are important for the resistive/capacitive type of sensors, which determines the 

transduction method, sensitivity and selectivity. 

 

Apart from the above findings, one of the other determining factors on the sensitivity and 

selectivity of the resistive/capacitive type of sensors is the induced polarization and the 

other one is the orientational polarization of solvent vapors under electrical field. It is 

known that if the frequency of the electric field is increased, the orientational polarization 

is decreased because the permanent dipoles need some time to rotate or reorient for 

polarization [10]. Empirical solvent polarity/polarizability parameters have been also 

proposed to correlate the solute-solvent interactions with these parameters [11]. In 

numerous studies, the effect of ac frequency and the polarization of water on the sensitivity 

and response/recovery time of the humidity sensors have been discussed [16, 17, 23]. It 

is well known that the polymer-based humidity sensors have low sensitivity for low 

humidity levels due to the lower polarization of water at high ac frequencies compare to 

that of the lower ac frequencies or dc current. The chemical properties of humidity sensing 

films and gas/solvent vapors have been also discussed in terms of sensitivity and 

selectivity. Literature survey shows that the selectivity of the humidity sensors was rarely 

studied [24-27]. However, to the best of our knowledge, the effect of ac frequency on the 

selectivity of humidity sensors has not studied to date. It is well known that the most of 

the hydrophobic polymers, such as polyacrylates, polystyrenes, and hydrophilic polymers 

such as polyelectrolytes, used in humidity sensors are soluble in many conventional 

solvents. Thus, in order to predict the sensitivity and selectivity of the polymeric humidity 

sensor elements to various solvents, it is required to investigate the sensor responses to 

organic vapors which are known as weak solvents or non-solvents for sensing polymer. 

 
In our previous study, PSDA and PSDA-b-PEG based impedimetric sensors were studied to 

investigate the effect of applied potential bias, ac frequency and film thickness on the 

sensitivity and response kinetic in humidity measurements [16]. Nanohybrid composite of 

EPSDA (electrochemically synthesized PSDA) with nano-ZnO and 3-

mercaptopropyltrimethoxysilane was also studied for impedimetric humidity measurement 

[17]. In this study, the effect of the applied potential and frequency on the selectivity and 

sensitivity of PSDA and PSDA-b-PEG based impedimetric sensors against water and other 

common solvents were studied. It was proposed that the selectivity and sensitivity of 

impedimetric gas/vapor sensors could be tailored via not only use of a suitable polymeric 

material but also choosing a suitable ac frequency. 
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EXPERIMENTAL 

 

Apparatus 

A Radiometer PST050 potentiostat was used in electrochemical polymerization of PSDA. A 

Pt sheet (2x3 cm), Ag/AgCl (3 M KCl) and Pt wire were used as working, reference and 

auxiliary electrode, respectively. A HIOKI 3522-50 model LCR meter was used for four 

point probe electrical measurements. Measurements were carried out at constant 

temperature (21±1 °C). 

 

SEM images were obtained by using a Philips XL 30-ESEM-FEG/EDAX instrument. ATR-IR 

spectra of the thin polymer films were registered using a Perkin Elmer Spectrum One FT-

IR spectrometer. UV-visible spectra were recorded using an Agilent-8453 spectrometer. 

 

Materials 

The sodium salt of diphenylaminesulfonic acid, polyethylene glycol (Mw: 750), tosyl 

chloride, ammonium hydroxide, hexane (Hx), heptane (Hp), acetone (Ac), ethylacetate 

(EA), chloroform (Ch), dichloromethane (DCM), tetrahydrofuran (THF) were of analytical 

grade. Hydrochloric acid and water were of ultra-pure grade. 

 

Synthesis of Polymers 

The electrochemical polymerization of diphenylaminesulfonic acid and the characterization 

of PSDA and PSDA-b-PEG block copolymer have been carried out as reported previously 

[16, 28] and not given here again. The chemical structure of the PSDA and PSDA-b-PEG 

are shown in Figure 1. 

 

Fabrication of Humidity Sensor and Impedance Measurements 

Appropriate amounts of aqueous polymer solutions of PSDA (10% w/v) and PSDA-b-PEG 

(11% w/v) were drop-casted onto the home-made Ag-coated copper IDEs [16, 17] which 

were constructed by using an epoxy-based circuit board. Then the as-coated substrates 

were dried at room temperature. Their electrical responses were measured upon exposure 

of saturated concentration of the solvents in a closed flask of 250 mL capacity. Dry 

atmosphere was obtained by passing the air through silica desiccant spheres in a column 

with 2 m in length and 0.7 cm in diameter, and used for the regeneration of the sensor. 

Impedance spectra were recorded in the frequency range of 100 kHz–10 Hz with a bias 

potential between 0.2-1.5 V after the steady state response of the sensor was obtained. 
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The electrical parameters (Z, R and X) were recorded every 5 seconds in the time interval 

measurement of sensor responses. 

 
 

PSDA PSDA-b-PEG 

 
Figure 1. Chemical structure of the polymers. 

 
RESULTS and DISCUSSION 

 

Morphology of the Films 

The electrical and sensing behaviors were expected to be related to the morphological 

arrangement and composition of the films. SEM images of the PSDA homopolymer and 

PSDA-b-PEG copolymer have been shown in Fig. 2. While the PSDA-b-PEG copolymer films 

have uniform morphology and stability against cracking, PSDA films may have non-uniform 

and relatively less stable structure in dry atmosphere [16]. Fortunately, the thinner PSDA 

films prepared by using 10 µL aliquot of PSDA solution were more stable against cracking 

and used for further studies. In addition, the sorption of the non-polar solvents by PSDA 

film was less than that of the PSDA-b-PEG films. Therefore, the impedance change upon 

exposure of non-polar solvents for thicker PSDA films was rather low. To obtain a higher 

impedance change and a higher sensitivity, the thinner PSDA films were more suitable in 

the comparative experiments. No cracks were observed for both thin and thick PSDA-b-

PEG films in dry atmosphere. However, 150 µL of polymer solution was chosen to prepare 

the PSDA-b-PEG based sensor. This was done to make a thicker diffusion barrier and to 

protect the epoxy substrate against the deteriorative effect of some of the solvents which 

may act as good solvents for both substrate and sensing film. 

 

  
 

Figure 2. SEM images of a) PSDA, b) PSDA-b-PEG. 
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Frequency and Voltage Characteristics of the Sensor Responses 

The electrical behavior of the polymer films were investigated at different constant voltage 

and ac frequencies. Figures 3.a-c show the impedance spectrum of the PSDA and PSDA-b-

PEG based sensors in dry atmosphere. The spectrum shape for dry PSDA film has only a 

line slightly divergent from the ordinate at higher ac frequencies. Some difficulties were 

observed in measuring the impedance of dry PSDA film especially at a frequency lower 

than 1 kHz. This might be due to the destroying of the PSDA film at low ac or dc mode or 

its low dc conductance [16]. Despite the fact that the bulk PSDA-b-PEG film contains PEG 

polymer as a dielectric material, its electrical conductivity in dry atmosphere were not 

significantly lower than that of PSDA.  As shown from SEM images, the PSDA-b-PEG film 

has a denser, rigid, and uniformly ordered structure and it should be well adhered onto the 

electrode enhancing the electronic conduction pathways between the digits of the 

electrode. At saturated vapor pressure of less polar and non-polar solvents, this line 

became a semicircle for both PSDA and PSDA-b-PEG films. It was presented for PSDA-b-

PEG film in Figure 4.This is due to the decrease in capacitive reactance i.e., increase in 

capacitance by sorption of solvents. It is expected that the adsorption of organic solvents, 

which have higher relative permittivities than oxygen and nitrogen in air [29], causes to 

increase in the capacitance of the films. It is important to note here that the resistive 

components of the impedances of the films exposed to non-polar solvent were higher than 

their dry film resistances at high frequencies. These results indicate to the distortion of the 

conductive pathways upon exposure of solvents, consequently, to the presence of 

electronic conductivity of dry PSDA film. At saturated or high vapor pressure of polar 

solvents such as acetone and water, the Warburg impedance was observed at low ac 

frequencies with or without a semicircle. This was demonstrated for acetone in Figure 5. 

The negative slope at high frequency section of the spectrum in Figure 5 is probably due 

to the increase in the sorption of acetone by decreasing in frequency during the registration 

of the impedance spectrum. In contrast with the PSDA-based film, the steady state 

resistance of the PSDA-b-PEG film in acetone atmosphere was lower than its dry film 

resistance even at high ac frequencies. This might be related with the higher solubility of 

PEG moiety of the block copolymer in acetone. As a result, doped ions from hydrochloric 

acid medium and/or ionizable functional groups of PSDA can move easily, resulting in a 

decrease of the resistance of the PSDA-b-PEG polymer [16, 17]. The same conduction 

mechanism was also observed for PSDA film at 1 kHz ac frequency.  

 
The voltage dependency of the impedance spectrum of the dry films was insignificant. 

However, as shown in Figure 6 for PSDA-b-PEG film in saturated hexane atmosphere, the 

resistive component of the impedance in solvent atmosphere slightly changed with the 
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change in applied potential bias at lower ac frequencies. This is due to the polarizability of 

the sensor at higher voltages at dc or low ac mode [30]. It was considered that the 

polarization effect causes the formation of the electrolysis products and alter the electrical 

nature of the electro-active PSDA polymer and the film morphology [31]. This effect was 

more pronounced in the case of more polar solvents. Therefore, the applied potential bias 

was not higher than 0.5 V in the impedance measurements. 

 

  

 
 

Figure 3. Impedance spectrum of the sensors coated with the solutions of a) 10 µL of 
PSDA, b) 10 µL PSDA-b-PEG and c) 150 µL of PSDA-b-PEG in dry atmosphere. Potential 

bias: 0.5 V. 
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Figure 4. Impedance spectrum of the sensor coated with the solution of 150 µL of PSDA-

b-PEG in saturated hexane atmosphere. 

 
 

Figure 5. Impedance spectrum of the sensor coated with the solution of 150 µL of PSDA-
b-PEG in saturated acetone atmosphere. 

 

 

 
Figure 6. Applied potential bias dependency of impedance spectrum of PSDA-b-PEG 

sensor coated with the solution of 150 µL of PSDA-b-PEG in saturated hexane 
atmosphere. 

 

The Effect of Solvent Properties on Sensor Response 

The time dependent changes in the electrical properties of the polymer films of PSDA and 

PSDA-b-PEG upon successive exposure of solvents and dry air are given in Figures 7 and 

8, respectively. It is clearly seen that the resistive component of impedance increases 

continuously with the exposure time of the non-polar solvents. In the case of the response 

of PSDA based sensor to acetone, the resistance increases firstly at initial time period of 



Cankurtaran, Yazıcı, and Karaman, JOTCSA.2016; 3(3): 59-74. RESEARCH ARTICLE 

67 
 

solvent exposure and then decreases. Water exhibits a similar response behavior with that 

of acetone but the impedance and resistance of PSDA based sensor were much lower as 

close to 930 ohm at saturated humidity. The response to water was not shown in Figures 

7 and 8 to show the low responses of the other solvents clearly. It can be seen from Figure 

7, while the reactance determines the impedance of the dry film, the impedance of the 

acetone exposed film almost equals to the resistive component of impedance. Similar 

behavior can be seen for PSDA-b-PEG film in Figure 8. As inferred from Figures 7 and 8, 

compare with the PSDA film, the impedance change for the block copolymer film was higher 

between the exposure cycles of dry air and solvents. 

 
The effect of ac frequency on the sensor responses was studied for both PSDA and PSDA-

b-PEG film. The magnitude of the changes in electrical parameters upon exposure of 

solvents was higher at 1 kHz ac frequency. This was demonstrated for PSDA-b-PEG film in 

Figure 9. 

 

 

 
Figure 7. Time-dependent changes in impedance (Z) and resistive (R) and capacitive (X) 
components of the Z of PSDA based sensor upon exposure of solvents. Potential bias: 0.2 
V, ac frequency: 100 kHz. 
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Figure 8. Time-dependent changes in impedance (Z) and resistive (R) and capacitive (X) 
components of the Z of PSDA-b-PEG based sensor upon exposure of solvents. Potential 
bias: 0.5 V, ac frequency: 100 kHz. 
 

 

 
Figure 9. Time-dependent changes in impedance (Z) and resistive (R) and capacitive (X) 
components of the Z of PSDA-b-PEG based sensor upon exposure of solvents. Potential 
bias: 0.5 V, ac frequency: 1 kHz. 
 
It was found that the saturated response of the PSDA based sensor was correlated with 

the dielectric constant of solvents. The dielectric constants of solvents are given in Table 

1[32]. Both the Z and R of PSDA film decrease under exposure of solvents at 1 kHz 

frequency. The linear correlations (in semi-logarithmic scale) were found between the 

equilibrium Z (R2=0.955), R (R2=0.9926) and X (R2=0.9569, not shown) values of PSDA 

film at 1 kHz ac frequency and the values of the dielectric constant of the solvents (Figure 

10a). It can be concluded that the polarity of the sorbed solvent affects the electrical 

properties of the PSDA polymer. As shown in Figure10a, non-polarizable aliphatic solvents 

such as hexane and heptane (Table 1) have extremely lower resistance response on PSDA 

film than those of polar and less polar solvents at 1 kHz ac frequency. The relationship 

between their resistance and the dielectric constants of these solvents is not fitted with the 

linear correlation. It seems that the polarizability of solvents is definitely important on 

sensor responses at low ac frequencies. However, the resistance of the film under exposure 

of the polarizable solvents varies linearly with the dielectric constant of solvents regardless 

with their dipolarity/polarizability degree (π*) given in Table 1. In addition, it was 

determined that the R value in saturated water atmosphere was very low (1.7 kohm at 1 

kHz) and dropped to the out of the linearity range. Under high ac frequency of 100 kHz, a 

similar linear correlation (R2= 0.9961) was obtained by using only the R values of the PSDA 

film (Figure 10b). It is noticeable that the resistance of PSDA film increases upon exposure 

of whole solvents studied, except water. It can be concluded that the changes in R at high 

ac frequency might be purely related with the change in electronic conduction and dielectric 

properties of solvents. In the case of PSDA-b-PEG polymer film, it was also possible to 

establish an almost linear correlation (R2=0.943) between the R at 100 kHz ac frequency 

and the values of the dielectric constants of the solvents, except acetone and water (Figure 
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10c). It is also interesting to note here that the contribution of the acid-base behavior of 

the solvents and the applied ac frequency plays an important role on the sensor response. 

For example, while the resistance of PSDA-b-PEG sensor at 100 kHz ac frequency is higher 

in dichloromethane than that in chloroform, the case is vice versa at 1 kHz. This might be 

due to the higher acidic behavior of chloroform, compare with dichloromethane, and the 

basic PEG moiety of block copolymer [33]. As a result, the interaction between PSDA—b-

PEG polymer and chloroform is expected to be stronger via acid-base interaction process, 

especially at low ac frequencies. It is worth to mention here again that the change in Z or 

R of PSDA-b-PEG film in water and acetone atmosphere is composed of changes in both 

electronic and ionic mobility of the charges even at high frequencies. Also, as mentioned 

above, the high solubility of PEG moiety in highly polar acetone and water enhance the 

possible ionic transport pathways of the ionic charges. On the other side, the data in 

Figures 10b and c are considered to be related with the electronic conductivity of charges. 

Therefore, no data point for acetone and water could be used for PSDA-b-PEG based sensor 

in Figure 10c to fit them with the linear correlation. It is because PEG is soluble in most of 

the solvents studied, except aliphatic hydrocarbons such as hexane and heptane, and the 

segmental and/or ionic mobility of the charge carriers in the film is enhanced under 

exposure of high and moderate polar solvents.  

 
In conclusion, we have revealed that the sensor responses are greatly dependent on the 

nature of the solvent. The polarity of solvent is the primary effect on the electrical 

conductance and capacitance of both PSDA and PSDA-b-PEG based sensors. This effect 

promises be most useful in promoting selectivity of the given polymers. We confirmed that 

the interaction of the analyte molecule with the polymer and/or its attendant dopant anion, 

induces significant changes in the degree of pi conjugation and ionic mobility in the polymer 

back-bone, with concomitant changes in its conductivity. PSDA is a water-soluble and 

electronically conductive polymer. It is almost not soluble in common polar and non-polar 

solvents including alcohols. Although PEG is also soluble in many conventional solvents, it 

has a high humidity selectivity and sensitivity. On the other side, the humidity sensitivity 

and selectivity of the studied sensors was determined to be dependent on the applied ac 

frequency. Although the sensitivity of the sensors against polar solvents was higher at low 

frequencies, their humidity selectivity in the presence of the other solvent vapors, which 

have lower polarity/polarizability, could be increased by applying higher frequencies and 

choosing a suitable electrical parameter among the impedance, resistance and capacitive 

reactance. 

 

  



Cankurtaran, Yazıcı, and Karaman, JOTCSA.2016; 3(3): 59-74. RESEARCH ARTICLE 

70 
 

Table 1. Dielectric constant and polarizability (π*) of solvents studied [32]. 

Solvent Dielectric constant Scale of dipolarity-polarizability ππππ* 
Water 78.39 (25°C)* 1.09* 
Dichloromethane 9.02 (20°C) 0.82 
Chloroform 4.89 (20 °C) 0.58 
Acetone 21.36 (20°C) 0.71 
Tetrahydrofuran 7.47 (20°C) 0.58 
Ethylacetate 6.03 (20°C) 0.55 
Hexane 1.89 (20°C) -0.008 
Heptane 1.94 (20 °C) -0.008 
*: Values taken from [10].  

  
 

Figure 10. Relationship between the values of dielectric constant of solvents, and 

a) ●: Z, □: R of PSDA film at 1 kHz, 
b) R of PSDA film at 100 kHz and 
c) R of PSDA-b-PEG film at 100 kHz. 
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Türkçe Öz ve Anahtar Kelimeler 
Polimer Esaslı Gaz-Buhar Sensörlerinin Hassasiyet ve Seçimlilik 

Özellikleri üzerine bir Çalışma 
 

Hüsnü Cankurtaran1,*, Özlem Yazıcı1, Ferdane Karaman1 

 

Öz: Bu çalışmada, suda çözünür poli(difenilaminosülfonik asit) (PSDA) ve PSDA’nın 
poli(etilen glikol) (PEG) ile diblok kopolimeri birbiri içine geçen film elektrotları (IDE’ler) 
yapmak için kullanılmıştır. Neme ve çeşitli çözücü buharlarına karşı tepkileri impedans 
ölçümleriyle araştırılmıştır. Çözücülerin sorpsiyon ve desorpsiyon davranışları farklı 
potansiyel sapması ve alternative akım (ac) frekanslarında impedansın (Z) altındaki resistif 
(R, rezistans), kapasitif (X, reaktans) bileşenlerinin eş zamanlı kayıt edilmesinden 
bulunmuştur. Sensör cevapları, polimerlerin ve çözücülerin polar/non-polar ve 
polarizlenebilirlik özellikleri düşünülerek tartışılmıştır. Ac frekansı ve potansiyel sapmasının, 
sensörlerin hassasiyet ve seçimliliği üzerindeki etkisi tartışılmıştır. Çözücü polarlığının PSDA 
homopolimer ve PSDA-b-PEG blok kopolimerlerinin elektriksel iletkenlik ve kapasitansı 
üzerine birincil derecede etkili olduğu bulunmuştur. Sonuçlar, çözücülerin dipolarite-
polarizlenebilirlik özelliklerinin de düşük ac frekanslarında sensör cevabı üzerine kritik bir 
rol oynadığını göstermiştir. Daha çok polarize olabilen çözücülerin düşük ac frekanslarında 
daha yüksek sensör tepkisi verdiği bulunmuştur. PSDA esaslı sensörün denge cevabı, 
çözücülerin dielektrik sabitleri ile uyumludur. PSDA filmin doygun çözücü buharı altında 1 
kHz ac frekansı altında Z ve R değerleri, su hariç olmak üzere çözücülerin dielektrik 
sabitlerinin değerleri ile doğrusal olarak ilişkili bulunmuştur (R2 yarı logaritmik ölçekte Z, R 
ve X için sırası ile 0,955, 0,993 ve 0,957 bulunmuştur. Benzer bir korelasyon (R2=0,996), 
100 kHz frekansta PSDA filminin R değerleri kullanılarak elde edilmiştir. PSDA-b-PEG 
polimer filminde, 100 kHz ac frekansta R ile aseton ve su hariç olmak üzere çözücülerin 
dielektrik sabiti değerleri arasında neredeyse doğrusal bir ilişki bulunmuştur (R2=0,943). 
Bunun sonucu olarak, uygulanan ac frekansının sensöre ait hassasiyet ve seçimlilik 
parametreleri üzerinde belirleyici rol oynadığı bulunmuştur.  
 
Anahtar kelimeler: İletken polimer, poli(difenilaminosülfonik asit), polietilen glikol, 
polimer-çözücü etkileşimi, impedimetrik buhar sensörü. 
 
Gönderme: 28 Haziran 2016. Düzeltme: 15 Ağustos 2016. Kabul: 20 Ağustos 2016. 
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Abstract: The effects of processing parameters were investigated on the 
electrochemical oxidation of textile dyeing wastewater containing Acid Violet 7 (AV7) at 
Pt/Ir electrodes in the presence of 75% NaCl + 25% Na2CO3 (w/w) supporting 
electrolyte mixture in a batch electrochemical reactor. Experimental parameters were 
operated in the range of 300-1500 mg/L textile dye concentration, 4-20 g/L electrolyte 
concentration, 5-15 mA/cm2 current density, and 20-60 °C reaction temperature. 
Energy consumption decreased with increasing textile dye concentration and 
electrolyte concentration, and decreasing the current density. In the study, energy 
consumption values were evaluated for textile dye decolorization (t=15 min) and 
chemical oxygen demand (COD) removal (t=120 min) as 2.7-23.3 kWh/kg dye 
decolorization and 50.9-317.9 kWh/kg COD removal, respectively. 
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INTRODUCTION 

 

Textile wastewater is a hard-to-treat one due to its strong color, large amount of 

suspended solids, high chemical oxygen demand (COD), variable pH, salt content, and 

high temperature. salt, auxiliary chemicals, and temperature-controlled dye bath 

conditions enhance and optimize the efficiency of the dyeing process (1). Typical 

dyeing processes use sodium chloride and sodium carbonate as common salts (2). 

Decolorization and removal of pollutants are major problems in dyeing process with 

salt elimination and water-use reduction as well (2). The main source of dyeing 

wastewater is rinsing processes and spent dye bath which typically contains auxiliary 

chemicals, salt, and residual dye (2). Wastewater from textile processes that can cause 

damage if not treated before discharging to the environment (3). 

 

In the literature, treatment methods such as adsorption, biosorption, biodegradation, 

chemical oxidation, ozonization, coagulation, advanced oxidation, photocatalytic 

oxidation, electrocoagulation, and electrochemical oxidation have been investigated in 

order to remove various types of textile dyes, mainly photocatalytic degradation of 

Acid Violet 7 (AV7) dye was reported using Fe3+-Al2O3 (4,5), ZnO (6), Fe3+-fire clay 

(7), CdS-SnO2 (8), TiO2 (9), and AgBr-ZnO (10) photocatalysts. 

 

Muthuvel and Swaminathan (4) stated that Fe3+-Al2O3 catalyst was efficient in the 

photoassisted Fenton mineralization of Acid Violet 7 dye in the presence of H2O2 and 

UV light. The authors determined the optimal conditions for the highest efficiency with 

5×10-4 M dye, 1 g/L Fe3+-Al2O3, 10 mmol/L H2O2 and pH 3. In their following study, 

Muthuvel and Swaminathan (5) achieved 99% COD reduction in UV process at 90 min 

and 99% COD reduction in solar process at 60 min with 5×10-4 M dye, 1 g/L 25% 

Fe3+-Al2O3 catalyst, 10 mmol H2O2, and 8.1 mL/s airflow rate. Krishnakumar and 

Swaminathan (6) used ZnO catalyst and they obtained 94.4% COD removal with 

5×10-4 M dye at 2 g/L ZnO catalyst, 8.1 mL/s airflow rate and pH 9. In another study, 

the authors indicated that AgBr-ZnO was found to be more efficient than commercial 

ZnO and prepared ZnO at pH 12 for the mineralization of AV7 (10). Krishnakumar and 

Swaminathan (10) obtained 94.4% dye degradation with 5×10-4 M dye at 3 g/L AgBr-

ZnO catalyst, 8.1 mL/s airflow rate and pH 12. Muthuvel et al. (7) found that 26% 

Fe3+-fire clay (Fe-FC) catalyst exhibited the best photocatalytic activity at an initial pH 

3 in the degradation of AV7 and its activity is significant up to pH 7. The authors 
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achieved 77% AV7 dye degradation at 60 min with 20 mmol H2O2 at pH 7 in solar light 

(7). Ghugal et al. (8) reported the photocatalytic activity of CdS–SnO2 composite for 

the degradation of Acid Violet 7 dye. The authors obtained complete degradation and 

mineralization with 50 mg/L dye, 49CdS-SnO2 composite by irradiation for 150 min 

(8). Fabbri et al., (9) investigated the photocatalytic degradation of Acid Violet 7 using 

TiO2 photocatalyst. The authors obtained complete AV7 degradation and mineralization 

at 120 min with 20 mg/L dye and 200 mg/L TiO2 (9). 

 

It is known that textile dyeing processes contribute very high amount of salt, auxiliary 

chemicals, and textile dye in wastewater effluent that conventional treatment systems 

may be inefficient for the effective treatment of industrial textile wastewater in 

removing both salt and color in order to meet discharge limits (2).  

 

Electrochemical oxidation is a promising wastewater treatment method and replacing 

conventional processes in order to treat wastewater from industrial processes which 

are not easily biodegradable (2). Electrolysis reactions involve electrical charges 

moving between the electrolyte and the electrodes. The process depends on the use of 

direct electric current for the chemical changes in non-spontaneous oxidation/reduction 

reactions. The minimum amount of electrical energy that must be provided should be 

equal to the change in Gibbs free energy of the reaction and the losses in the system. 

In most cases, direct electrical input is larger than the enthalpic change of the 

reaction, so excess energy is released in the form of heat. Therefore, energy 

consumption in electrochemical processes should be optimized for its minimum use. 

 

In this study, the electrochemical oxidation of Acid Violet 7 (AV7) textile dye using 

Pt/Ir electrodes was investigated, and the effects of process variables such as current 

density, electrolyte concentration, initial dye concentration, and reaction temperature 

on electrochemical oxidation were analyzed for optimum energy consumption. 

 

MATERIALS AND METHODS 

 

Chemicals and Materials 

Acid Violet 7 (AV7) textile dye (Sigma Aldrich) (Figure 1), Na2CO3 and NaCl (Merck) 

were purchased as extra pure grade. Textile dyeing wastewater was prepared 

synthetically using double distilled water. Double distilled water was obtained using 
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ultrapure water system (Millipore Simplicity® UV) and water still (GFL-2008) with the 

resistivity of 18.2 MΩ·cm@25°C, TOC < 5 ppb.  

 

 

Figure 1. Molecular structure of Acid Violet 7 textile dye (C20H16N4Na2O9S2) 

 

EXPERIMENTAL  

 

The electrochemical reactor (DURAN glass) used in this study has a heating and 

cooling jacket (Rettberg, Germany) as shown in Figure 2. Iron cathodes and Pt/Ir 

anodes were used as four pairs with 5 mm anode/cathode spacing. Total electrode 

surface area was 172 cm2. Pt/Ir anodes (Dr. Wieland, Germany) were in spiral shape 

with 90% Pt and 10% Ir composition (w=150 mm, φinternal=10 mm, φwire=1.10 mm). 

Iron electrodes were in cylindrical shape (φ=12.0 mm) and purchased from local 

sources. Pt/Ir and iron electrodes were used as received without further preparation 

and treatment. Batch electrochemical system was equipped with programmable DC 

power supply (Goodwill PST-3201), heating/cooling tank (Lauda RE 630 S), mechanical 

mixer (Heidolph RZR 2021), and peristaltic pump (Cole Parmer Masterflex RZ-77924-

60). The reaction medium was mixed at 500 rpm. Influence of experimental 

parameters were operated as textile dye concentration, 300-1500 mg/L; electrolyte 

concentration, 4-20 g/L; current density, 5-15 mA/cm2; and reaction temperature, 20-
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60°C. 

 

 

Figure 2. Batch electrochemical reactor system (1. programmable DC power supply, 
2. heating/cooling tank, 3. batch electrochemical reactor, 4. reactor lid, 5. electrodes, 
6. sampling cell, 7. thermometer, 8. heating/cooling pump, 9. mechanical mixer). 

 

Samples in 10 mL volume were withdrawn from the reaction medium at 5 min time 

intervals for the analysis. Decolorization yield was analyzed using UNICO 4802 model 

UV/Vis double beam spectrophotometer at 490 nm wavelength. Merck Spectroquant® 

14541 COD cell tests used for the COD analysis. 

 

RESULTS AND DISCUSSION 

 

Textile dye concentration, current density, electrolyte (75% NaCl + 25% Na2CO3) 

concentration, and reaction temperature parameters were investigated on energy 

consumption in electrochemical oxidation of Acid Violet 7 (AV7) textile dye using Pt/Ir 

anodes. In this study, 75% NaCl + 25% Na2CO3 (w/w) mixture was used as a 

supporting electrolyte in order to increase the ionic conductivity of the reaction 

medium which are also main components in real textile industry wastewater (11).  

 

Experimental results were analyzed using Design-Expert 10 software. Energy 

consumption values were calculated using Equations 1 and 2 (12). 

 

( ) Ro

m
D% V0.01d%C

ΔtiV
E =       (Eq. 1) 
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( ) Rto

m
COD% VCOD-COD

ΔtiV
E =       (Eq. 2) 

 

In Equations 1 and 2, ED%, ECOD%, Vm, i, Δt, Co, COD, d%, and VR are energy 

consumption for dye decolorization (kWh/kg dye decolorization), energy consumption 

for COD removal (kWh/kg COD removal), mean cell voltage (volt), current (ampere), 

reaction time (h), dye concentration (g/L), chemical oxygen demand (g O2/L), dye 

decolorization percent, and electrolyte volume (L), respectively. 

 

In the study depending on electrochemical reaction conditions, energy consumption 

values were outlined in Table 1 for Acid Violet 7 textile dye decolorization (t = 15 min) 

and COD removal (t=120 min) as 2.7-18.9 kWh/kg dye decolorization and 51.0-190.7 

kWh/kg COD removal, respectively. Energy consumption for dye decolorization was 

obtained as much lower than COD removal due to the degradation of azo bond is the 

first step of the electrochemical degradation of the textile dyes (2,13). 

 

Table 1. The influence of process parameters on energy consumption in 
electrochemical oxidation of textile dyeing wastewater containing Acid Violet 7 (AV7) 

using Pt/Ir electrodes. 
 

Parameter Reaction Conditions ED% (kWh/kg dye 
decolorization) 

(t = 15 min) 

ECOD% (kWh/kg 
COD removal) 
(t = 120 min) 

Textile dye 
concentration 
 

300-1500 mg/L 
(Electrolyte=12 g/L, J=10 

mA/cm2, T=40°C) 

4.5 - 18.9  83.5 - 169.8 

Electrolyte 
concentration 
 

4-20 g/L 
(AV7=900 mg/L, J=10 

mA/cm2, T=40°C) 

5.9 - 15.0 94.2 - 177.3 

Current density  
 

5-15 mA/cm2 

(AV7=900 mg/L, 
Electrolyte=12 g/L, T=40°C) 

2.7 - 13. 8 51.0 - 190.7 

Reaction 
temperature 
  

20-60°C 
(AV7=900 mg/L, 

Electrolyte=12 g/L, J=10 
mA/cm2) 

6.4 - 9.3 97.7 - 113.3 

 
In electrochemical treatment processes, organic pollutants could be removed from 

wastewater by indirect and direct mechanisms (13–17). Indirect oxidation occurs in 

the liquid bulk phase by the mediated oxidants, and direct oxidation at the anode 

surface (13–17). Most electrochemical processes are based on indirect oxidation 

because direct oxidation of organic pollutants are very slow on inert anodes due to 

limiting reactions and reaction kinetics (18,19).  
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Hydroxyl radicals are produced by the anodic discharge of water in indirect 

electrochemical oxidation of organic pollutants at Pt/Ir anodes. Hydroxyl radicals are 

adsorbed on the anode surface [S], and oxidize the organic material (20,21). This 

reaction could also occur in acidic medium at high current densities (21). Oxidation 

process continues by the formation of hydroxyl radicals with anodic discharge of water 

molecules (20,21). 

 

[ ] −+• ++→+ eHOHSSOH2       (Eq. 3) 

[ ] −+• +++→+ eHROSOHSR      (Eq. 4) 

 

Chlorohydroxyl radicals are also produced with the presence of chloride ions, and 

adsorb on the active sites of the anode surface [S], and then oxidize the organic 

material (20,21). 

 

[ ] −+• ++→++ 2eHClOHSClSOH -
2     (Eq. 5) 

[ ] −+• +++→+ 2eHROSClOHSR      (Eq. 6) 

 

Therefore, electrochemical oxidation of textile dyeing wastewater results in 

decolorization with the formation of chlorohydroxyl and hydroxyl radicals. The 

reactions can also yield O2, H2O2, and Cl2 (20,21). 

 

[ ] −+• +++→+ 3e3HOSOHSOH 22     (Eq. 7) 

[ ] −+• +++→+ eHOHSOHSOH 222      (Eq. 8) 

[ ] −+• ++++→++ 4e3HOSClClClOHSOH 22
-

2    (Eq. 9) 

 

Indirect oxidation also occurs with the formation of HOCl/OCl− redox mediators by the 

presence of NaCl which provides the anodic evolution of Cl2 (20–24). The percentage 

distribution of HOCl/OCl− depends on the solution pH (24). Chloride-chlorine-

hypochlorite-chloride cycle occurs in neutral to moderate pH solutions which maintain 

the initial concentration of chlorides stable (21). 

 

−− +→ 2eCl2Cl 2        (Eq. 10) 
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−+ ++⇔+ ClHHOClOHCl 22      (Eq. 11) 

−+ +⇔ OClHHOCl        (Eq. 12) 

−+−− ++++→+ 6eO6H4Cl2ClOO3H6OCl 22
3-

32   (Eq. 13) 

−−− +→++ 2OHCl2eOHOCl -
2      (Eq. 14) 

 

Figures 3-5 show the effect of process parameters on energy consumption in 

electrochemical oxidation of Acid Violet 7 textile dye that obtained by the quadratic 

models in Equations 15 and 16 using Design-Expert 10. Energy consumption model 

for dye decolorization evaluated using Equation 15 with R2=0.971, Radj
2=0.947 and 

signal/noise ratio=26.553 (≥4); and energy consumption model for COD removal 

evaluated using Equation 16 with R2=0.981, Radj
2=0.935 and signal/noise ratio=18.273 

(≥4). These model coefficients indicating that the models are adequate and can be 

used for the mathematical analysis. In Equations 15 and 16, ED%, ECOD%, x1, x2, x3, and 

x4 are energy consumption for dye decolorization (kWh/kg dye decolorization), energy 

consumption for COD removal (kWh/kg COD removal), Acid Violet 7 concentration 

(mg/L), 75% NaCl + 25% Na2CO3 electrolyte concentration (w/w) (g/L), current 

density (mA/cm2), and reaction temperature (°C), respectively.  

 

 14.07577-x109.51469+

0.042631x+0.064540x+x101.51628 + x0.040203x-

x0.028898x-x0.086221x-xx101.10883-xx101.87807 -

 xx104.32165+0.69701x+4.84365x+0.53535x--0.021760xE

2
4

4-

2
3

2
2

2
1

5-
43

423241
4-

31
3-

21
-4

4321D%

×

×

××

×=

           (Eq. 15) 

 

33.19238+x101.63474-

0.59078x+0.46313x+x105.71180+ x0.68232x-

x0.35414x+x1.02395x-xx102.95185+x0.028618x-

 x0.014291x+0.33819x-70.30423x+33.09568x--0.17811xE

2
4

3-

2
3

2
2

2
1

5-
43

423241
3-

31

214321COD%

×

×

×

=

 

           (Eq. 16) 

 

In Figure 3, energy consumption values were obtained as 3.7-31.1 kWh/kg dye 

decolorization and 83.3-314.7 kWh/kg COD removal between 300-1500 mg/L Acid 

Violet 7 concentration and 4-20 g/L 75% NaCl + 25% Na2CO3 (w/w) electrolyte 

mixture. Energy consumption decreased with increasing Acid Violet 7 concentration 
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and electrolyte concentration as shown in Figure 3. Ionic conductivity of the reaction 

medium is a very important parameter in electrochemical cells for energy saving 

processes. Solution conductivity influences current efficiency, applied cell voltage, and 

electrical energy consumption. More energy is required for overcoming high ohmic 

resistance between anode and cathode when the ionic conductivity of the solution is 

low (25). The most common method used to increase the conductivity of the solution is 

by adding a small amount of supporting electrolyte that reduces the energy 

consumption during electrochemical treatment (25–27). Increasing electrolyte 

concentration decreases energy consumption (2). This behavior could be attributed to 

the increase of ionic conductivity of the reaction medium, and decrease of electrical 

resistance and applied cell voltage as well (2,28–30). Dalvand et al. (2011) studied the 

efficiency of electrocoagulation process using aluminum electrodes to treat synthetic 

wastewater containing Reactive Red 198. The authors reported that energy 

consumption strongly increases with increasing applied cell voltage. Petrović et al. (28) 

investigated the effect of Na2SO4 electrolyte concentration on the removal of crystal 

violet dye by electrochemical oxidation using platinum anode. The authors also found 

that the decolorization rate increased and the process energy consumption decreased 

with the increase of Na2SO4 concentration.  

 

In Figure 3, the optimum region of lower than 10 kWh/kg dye decolorization and 95 

kWh/kg COD removal energy consumption was determined at above 1200 mg/L Acid 

Violet 7 and between 5.5-13.9 g/L 75%NaCl+25%Na2CO3 electrolyte mixture.  
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Figure 3. Effect of textile dye concentration and electrolyte concentration on energy 
consumption in electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir 

electrodes (J=10 mA/cm2, T=40°C, tdye=15 min, tCOD=120 min). 
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Figure 4. Effect of electrolyte concentration and current density on energy 
consumption in electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir 

electrodes (AV7=900 mg/L, T=40°C, tdye=15 min, tCOD=120 min). 
 

In Figure 4, energy consumption values were obtained as 1.3-27.4 kWh/kg dye 

decolorization and 43.7-312.2 kWh/kg COD removal between 5-15 mA/cm2 current 

density and 4-20 g/L 75% NaCl + 25% Na2CO3 (w/w) electrolyte mixture. Energy 
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consumption decreased with decreasing current density as shown in Figures 4 and 5. 

Although increasing current density increases electrochemical oxidation efficiency, 

increasing current density causes an increase in the energy consumption according to 

Equations 1 and 2. In addition, applied current may be consumed by secondary 

reactions at very high cell voltages (16,31). In Figure 4, the optimum region lower 

than 10 kWh/kg dye decolorization and 95 kWh/kg COD removal energy consumption 

was determined at below 10.5 mA/cm2 current density and between 10.1-14.6 g/L 

75% NaCl + 25% Na2CO3 electrolyte mixture.  

 

Energy consumption values were obtained as 1.3-20.8 kWh/kg dye decolorization and 

2.4-284.9 kWh/kg COD removal between 5-15 mA/cm2 current density and 20-60°C 

reaction temperature in Figure 5. Energy consumption decreased by decreasing the 

reaction temperature below 10.5 mA/cm2 current density values as shown in Figure 5, 

in which the optimum region of lower than 10 kWh/kg dye decolorization and 95 

kWh/kg COD removal energy consumption was determined below 10.5 mA/cm2 current 

density and between 20-60°C reaction temperature. Therefore, optimum reaction 

temperature was determined in the mid of the experimental conditions as 40°C. 

 

The optimum region was determined for the energy consumption in electrochemical 

oxidation of Acid Violet 7 textile dye using Pt/Ir electrodes in Figure 6. The shaded 

region in Figure 6 shows energy consumption of lower than 10 kWh/kg dye 

decolorization and 95 kWh/kg COD removal at optimum operating values of 40 oC 

reaction temperature and 1200 mg/L textile dye concentration. In this study, energy 

consumption values were obtained in a good agreement with the data previously 

reported in the literature for electrochemical wastewater treatment such as 2.6-90.0 

kWh/kg dye decolorization and 1.2-253.3 kWh/kg COD removal (12,15,28). The 

optimum operating region was found to be applicable for the electrochemical treatment 

of industrial textile wastewater. 
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Figure 5. Effect of current density and reaction temperature on energy consumption in 
electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir electrodes (AV7=900 

mg/L, Electrolyte=12 g/L, tdye=15 min, tCOD=120 min). 
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Figure 6. Optimum region for energy consumption in electrochemical oxidation of Acid 
Violet 7 textile dye using Pt/Ir electrodes (AV7=1200 mg/L, T=40°C, tdye=15 min, 

tCOD=120 min). 
 

CONCLUSIONS 

 

The evaluation of energy consumption in electrochemical oxidation of Acid Violet 7 

textile dye was investigated using Pt/Ir anodes in the presence of 75% NaCl +25% 

Na2CO3 supporting electrolyte mixture. Energy consumption decreased with increasing 

textile dye concentration and electrolyte concentration, and decreasing the current 

density. Depending on electrochemical reaction conditions, energy consumption values 

were evaluated for textile dye decolorization (t=15 min) and COD removal (t=120 

min) as 2.7-18.9 kWh/kg dye decolorization and 51.0-190.7 kWh/kg COD removal, 

respectively. The optimum region was determined for the energy consumption in 

electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir electrodes at lower 

than 10 kWh/kg dye decolorization and 95 kWh/kg COD removal. In this study, energy 

consumption values were obtained in a good agreement with the data reported in the 

literature. Experimental findings showed that electrochemical oxidation could be an 

alternative as a treatment method for textile wastewater effluent. 
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Türkçe Öz ve Anahtar Kelimeler 
 

Pt/Ir Elektrotlar Kullanarak Asit Viyole 7 Tekstil 

Boyasının Elektrokimyasal Yükseltgenmesinde 

Enerji Tüketiminin Değerlendirilmesi 

Bahadır K. Körbahti1* and Kezban Meltem Turan1 

 

Öz: %75 NaCl + %25 Na2CO3 (w/w) varlığında Pt/Ir elektrotlarda Asit Viyole 7 (AV7) 
içeren tekstil boyama atık suyunun elektrokimyasal yükseltgenmesinde proses 
parametreleri kesikli elektrokimyasal reaktörde incelenmiştir. Deneysel parametreler 
300-1500 mg/L tekstil boya derişimi, 4-20 g/L elektrolit derişimi, 5-15 mA/cm2 akım 
yoğunluğu ve 20-60 °C tepkime sıcaklığı kullanılarak yürütülmüştür. Enerji tüketimi 
artan tekstil boyar madde derişimi, elektrolit derişimi ve ve azalan akım yoğunluğu ile 
artmıştır. Çalışmada, tekstil boya giderimi (t = 15 dak) ve kimyasal oksijen ihtiyacı 
(KOİ) giderimi (t = 120 dak) için enerji tüketim değerleri sırasıyla 2,7 – 23,3 kWh-kg 
boya derişimi ve 50,9 – 317,9 kWh/kg KOİ giderimi olarak bulunmuştur.  
 

Anahtar kelimeler: Asit Viyole 7, Elektrokimyasal Atık Su Islahı, Enerji Tüketimi, Pt/Ir 
Elektrotlar, Tekstil Boyarmaddesi.  
 
Sunulma: 29 Haziran 2016. Düzeltme: 04 Ağustos 2016. Kabul: 17 Ağustos 2016.  
 



Fırıncı, JOTCSA. 2016; 3(3): 93-104.   RESEARCH ARTICLE 

93 
 

  

(This article was presented to the 28th National Chemistry Congress and submitted to 

JOTCSA as a full manuscript) 

N-Butyl Substituted N-Heterocyclic Carbene-Pd(II)-Pyridine 
(PEPPSI) Complexes: Synthesis, Characterization, and Catalytic 

Activity in the Suzuki-Miyaura Reaction  
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Abstract: A series of N-butyl substituted imidazolium salts, (1a-c) and their pyridine 
enhanced precatalyst preparation stabilization and initiation (PEPPSI) themed palladium 
N-heterocyclic carbene complexes (2a-c) were synthesized and characterized. Pd-NHC 
complexes were fully determined by elemental analysis and spectroscopic methods. The 
synthesized complexes were tested in Suzuki-Miyaura cross-coupling reaction. These 
complexes were found to be efficient catalysts for the Suzuki-Miyaura reaction of 
phenylboronic acid with aryl bromides. 
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INTRODUCTION 

 

N-Heterocyclic carbenes (NHCs) have become a significant class of ligands in 

organometallic chemistry [1]. Stable N-heterocyclic carbenes (NHCs) have attracted 

much attention, due to being a strong σ-donor for transition metals [2, 3]. NHC 

complexes have some advantages over phosphine complexes such as their stability, 

being ease-to-handle, and lower toxicity [4]. Many NHC transition metal complexes have 

been generated in homogeneous catalysis as catalysts [5, 6] after the first isolation of 

free NHC by Arduengo [7]. Since the electronic and steric features of NHCs are tunable, 

the bearing NHC ligand metal complexes have become valuable reagents for 

homogeneous/heterogeneous catalysis [8-12].  

 
Pd-NHC complexes have proved to be efficient catalysts in catalytic formation of carbon-

carbon and carbon-heteroatom bonds [13-19]. Since the first example PEPPSI type 

(PEPPSI= Pyridine-Enhanced Precatalyst Preparation, Stabilization, and Initiation) Pd-

NHC complexes were reported by Organ et al. in 2006, considerable efforts have been 

undertaken to develop these type of complexes because they are easy to prepare, air- 

and moisture-stable [20]. After Organ's work, Doucet and Matt exhibited monoligated 

NHC-based palladium pyridine complexes [21, 22].  

 
In this context, this study was reported that the synthesis and characterization of three 

novel PEPPSI type N-butyl functionalized N-heterocyclic carbenes (NHC) complexes. 

Moreover, the catalytic activity of Pd(II) complexes were examined in Suzuki-Miyaura 

reaction.  

 

MATERIALS and METHODS 

 

All manipulations for the preparations of (2a-c) were performed under a dry argon 

atmosphere using standard Schlenk techniques. All glassware was flame-dried before 

use. Solvents were purified by distillation from an appropriate drying agent. Unless 

otherwise specified, chemicals were used as received without further purification. 1H- and 

13C-NMR spectra were recorded on a Varian Mercury AS 400 spectrometer. A HP Agilant-

6890N gas chromatograph was used in catalytic studies. Chemical shifts (δ) are 

referenced to external TMS. An electrothermal-9200 melting point apparatus was used to 

record the melting points. Elemental analyses were obtained by ODTU Microlab (Ankara, 

Turkey). 
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Syntheses of Imidazolium Salts (1a-c): To a solution of N-butylimidazole (10.0 

mmol) in toluene (10.0 mL) was added aryl halides slowly (10.0 mmol) at 25°C for 24 h. 

Diethyl ether (15.0 mL) was added to obtain a white precipitate, which was collected on 

a Gooch crucible and washed with Et2O (3×15.0 mL), and dried under vacuum. 

Recrystallization of the crude product from EtOH/Et2O solution obtained white crystals of 

the salt (Scheme 1). 

 

1a: Yield: 84%. m.p.: 100 oC. 1H-NMR (δ, 400 MHz, CDCl3): 0.83 [t, J = 7.2 Hz, 3H, 

CH3CH2CH2CH2N]; 1.26 [m, 2H, CH3CH2CH2CH2N]; 1.81 [m, 2H, CH3CH2CH2CH2N]; 2.16 

[s, 9H, NCH2-Ar-(CH3)3-o,p-CH3]; 4.27 [t, J = 7.2 Hz, 2H, CH3CH2CH2CH2N]; 5.49 [s, 2H, 

NCH2-Ar-(CH3)3]; 6.80 [s, 2H, NCH2-ArH2-(CH3)3]; 6.80 [s, 2H, NCHCHN]; 7.60 [s, 2H, 

NCHCHN]; 10.26 [s, 1H, NCHN]. 13C-NMR (δ, 100 MHz, CDCl3): 13.4 [CH3CH2CH2CH2N]; 

19.4 [CH3CH2CH2CH2N]; 19.8 [NCH2-Ar-(CH3)3-o-CH3]; 21.0 [NCH2-Ar-(CH3)3-p-CH3]; 

32.1 [CH3CH2CH2CH2N]; 47.8 [CH3CH2CH2CH2N]; 50.0 [NCH2C6H2(CH3)3]; 120.6 

[NCHCHN]; 122.3 [NCHCHN]; 125.3 [NCH2-ArC-(CH3)3]; 130.0 [NCH2-ArC-(CH3)3]; 136.7 

[NCH2-ArC-(CH3)3]; 138.0 [NCH2-ArC-(CH3)3]; 139.9 [NCHN]. 

 
1b: Yield: 81%. m.p.: 110 oC. 1H-NMR (δ, 400 MHz, CDCl3): 0.85 [t, J = 7.4 Hz, 3H, 

CH3CH2CH2CH2N]; 1.30 [m, 2H, CH3CH2CH2CH2N]; 1.84 [m, 2H, CH3CH2CH2CH2N]; 2.09 

[s, 6H, NCH2-Ar-(CH3)4-o-CH3]; 2.14 [s, 6H, NCH2-Ar-(CH3)4-m-CH3]; 4.29 [t, J = 7.4 Hz, 

2H, CH3CH2CH2CH2N]; 5.57 [s, 2H, NCH2-Ar-(CH3)4]; 6.81 [s, 1H, NCHCHN]; 6.95 [s, 1H, 

NCH2-ArH-(CH3)4]; 7.59 [s, 1H, NCHCHN]; 10.27 [s, 1H, NCHN]. 13C-NMR (δ, 100 MHz, 

CDCl3): 13.4 [CH3CH2CH2CH2N]; 15.8 [CH3CH2CH2CH2N]; 19.4 [NCH2-Ar-(CH3)4-o-CH3]; 

20.4 [NCH2-Ar-(CH3)4-p-CH3]; 32.1 [CH3CH2CH2CH2N]; 48.5 [CH3CH2CH2CH2N]; 50.0 

[NCH2-Ar-(CH3)4]; 120.8 [NCHCHN]; 122.4 [NCHCHN]; 128.0 [NCH2-ArC-(CH3)4]; 129.7 

[NCH2-ArC-(CH3)4]; 133.4 [NCH2-ArC-(CH3)4]; 134.0 [NCH2-ArC-(CH3)4]; 135.0 [NCH2-

ArC-(CH3)4]; 135.8 [NCH2-ArC-(CH3)4]; 136.4 [NCHN].  

 
1c: Yield: 89%. m.p.: 117 oC. 1H-NMR (δ, 400 MHz, CDCl3): 0.86 [t, J = 7.4 Hz, 3H,  

CH3CH2CH2CH2N]; 1.29 [m, 2H, CH3CH2CH2CH2N]; 1.83 [m, 2H, CH3CH2CH2CH2N]; 2.13 

[s, 6H, NCH2-Ar-(CH3)5-o-CH3]; 2.14 [s, 6H, NCH2-Ar-(CH3)5-m-CH3]; 2.17 [s, 3H, NCH2-

Ar-(CH3)5-p-CH3]; 4.29 [t, J = 7.2 Hz, 2H, CH3CH2CH2CH2N]; 5.57 [s, 2H, NCH2-Ar-

(CH3)5]; 6.83 [t, J = 1.7 Hz, 1H, NCHCHN]; 7.54 [t, J = 1.7 Hz, 1H, NCHCHN]; 10.14 [s, 

1H, NCHN]. 13C-NMR (δ, 100 MHz, CDCl3): 13.4 [CH3CH2CH2CH2N]; 16.8 

[CH3CH2CH2CH2N]; 16.9 [NCH2-Ar-(CH3)5-o-CH3]; 17.2 [NCH2-Ar-(CH3)5-m-CH3]; 19.4 

[NCH2-Ar-(CH3)5-p-CH3]; 32.1 [CH3CH2CH2CH2N]; 49.0 [CH3CH2CH2CH2N]; 50.0 [NCH2-

Ar-(CH3)5]; 120.8 [NCHCHN]; 122.2 [NCHCHN]; 125.3 [NCH2-ArC-(CH3)5]; 133.5 [NCH2-

ArC-(CH3)5]; 133.7 [NCH2-ArC-(CH3)5]; 136.4 [NCH2-ArC-(CH3)5]; 137.2 [NCHN]. 
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Syntheses of Pd-NHC Complexes (2a–c): Imidazolium bromide salts (1a-c, 1.0 

mmol), PdCl2 (1.1 mmol), KBr (5.0 mmol) and K2CO3 (5.0 mmol) were mixed in pyridine 

(5.0 mL). After the mixture was refluxed in for 18h, it was cooled down to room 

temperature. The mixture was then filtered by cannula and the solution was removed 

under vacuum. The residue was dissolved with CH2Cl2 (20.0 mL) and subsequently 

treated with saturated aqueous CuSO4 solution (2 x 20.0 mL). After separation of the 

organic and the aqueous layer, the organic layer was dried over anhydrous MgSO4 and 

then filtered. The filtrate was concentrated under vacuum to give the product (2a-c) as a 

yellow solid.  

 

2a: Yield: 56%. m.p.: 172 oC. Anal. Calc. for C22H29Br2N3Pd: C, 43.91; H, 4.86; N, 6.98.  

Found: C, 44.34; H, 5.11; N, 6.92%. 1H-NMR (δ, 400 MHz, CDCl3): 1.02 [t, J = 7.4 Hz, 

3H, CH3CH2CH2CH2N]; 1.44-1.54 [m, 2H, CH3CH2CH2CH2N]; 2.03-2.11 [m, 2H, 

CH3CH2CH2CH2N]; 2.30 [s, 3H, NCH2-Ar-(CH3)3-p-CH3]; 2.31 [s, 6H, NCH2-Ar-(CH3)3-o-

CH3]; 4.49-4.53 [m, 2H, CH3CH2CH2CH2N]; 5.70 [s, 2H, NCH2-Ar-(CH3)3]; 6.27 [d, J = 

2.4 Hz, 1H, NCHCHN]; 6.78 [d, J = 2.4 Hz, 1H, NCHCHN]; 6.92 [s, 2H, NCH2-ArH2-

(CH3)3]; 7.32-7.35 [m, 2H, pyridyl-CH]; 7.75 [tt, J = 7.7 Hz, J = 1.8 Hz, J = 1.6 Hz, 1H, 

pyridyl-CH]; 9.09 [dt, J = 4.8 Hz, J = 1.5 Hz, 2H, pyridyl-CH]. 13C-NMR (δ, 100 MHz, 

CDCl3): 13.8 [CH3CH2CH2CH2N]; 20.0 [CH3CH2CH2CH2N]; 20.1 [NCH2-Ar-(CH3)3-o-CH3]; 

21.0 [NCH2-Ar-(CH3)3-p-CH3]; 32.2 [CH3CH2CH2CH2N]; 49.5 [CH3CH2CH2CH2N]; 51.2 

[NCH2-Ar-(CH3)3]; 119.9 [NCHCHN]; 120.8 [NCH2-ArC-(CH3)3]; 124.5 [pyridyl-C]; 127.4 

[NCHCHN]; 129.3 [NCH2-ArC-(CH3)3]; 137.8 [NCH2-ArC-(CH3)3]; 138.7 [pyridyl-C]; 

138.8 [NCH2-ArC-(CH3)3]; 146.5 [Pd-Ccarbene]; 152.6 [pyridyl-C].  

 
2b: Yield: 67%. m.p.: 187 oC. Anal. Calc. for C23H31Br2N3Pd: C, 44.86; H, 5.07; N, 6.82. 

Found: C, 44.38; H, 5.46; N, 7.59%.1H-NMR (δ, 400 MHz, CDCl3): 1.03 [t, J = 7.4 Hz, 

3H,  CH3CH2CH2CH2N]; 1.46-1.52 [m, 2H, CH3CH2CH2CH2N]; 2.05-2.10 [m, 2H, 

CH3CH2CH2CH2N]; 2.21 [s, 6H, NCH2-Ar-(CH3)4-o-CH3]; 2.25 [s, 6H, NCH2-Ar-(CH3)4-m-

CH3]; 4.49-4.53 [m, 2H, CH3CH2CH2CH2N]; 5.76 [s, 2H, NCH2-Ar-(CH3)4]; 6.27 [d, J = 

2.4 Hz, 1H, NCHCHN]; 6.78 [d, J = 2.4 Hz, 1H, NCHCHN]; 7.02 [s, 1H, NCH2-ArH-

(CH3)4]; 7.32-7.36 [m, 2H, pyridyl-CH]; 7.73-7.77 [tt, J = 7.7 Hz, J = 1.8 Hz, J = 1.6 

Hz, 1H, pyridyl-CH]; 9.08-9.10 [dt, J = 4.8 Hz, J = 1.5 Hz, 2H, pyridyl-CH]. 13C-NMR (δ, 

100 MHz, CDCl3): 13.8 [CH3CH2CH2CH2N]; 16.0 [CH3CH2CH2CH2N]; 20.0 

[NCH2C6H(CH3)4-o-CH3]; 20.4 [NCH2-Ar-(CH3)4-m-CH3]; 32.2 [CH3CH2CH2CH2N]; 50.2 

[CH3CH2CH2CH2N]; 51.2 [NCH2-Ar-(CH3)4]; 120.2 [NCHCHN]; 120.7 [NCH2-ArC-(CH3)4]; 

124.5 [pyridyl-C]; 130.2 [NCHCHN]; 132.4 [NCH2-ArC-(CH3)4]; 134.3 [NCH2-ArC- 

(CH3)4]; 134.8 [pyridyl-C]; 137.8 [NCH2-ArC-(CH3)4]; 146.4 [Pd-Ccarbene]; 152.6 [pyridyl-

C].  
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2c: Yield: 71%. m.p.: 193 oC. Anal. Calc. for C24H33Br2N3Pd: C, 45.77; H, 5.28; N, 6.67. 

Found: C, 45.79; H, 5.64; N, 7.78%. 1H-NMR (δ, 400 MHz, CDCl3): 1.03 [t, J = 7.2 Hz, 

3H, CH3CH2CH2CH2N]; 1.44-1.54 [m, 2H, CH3CH2CH2CH2N]; 2.04-2.11 [m, 2H, 

CH3CH2CH2CH2N]; 2.24 [s, 6H, NCH2-Ar-(CH3)5-o-CH3]; 2.25 [s, 6H, NCH2-Ar-(CH3)5-m-

CH3]; 2.27 [s, 3H, NCH2-Ar-(CH3)5-p-CH3]; 4.49-4.53 [m, 2H, CH3CH2CH2CH2N]; 5.77 

[m, 2H, NCH2-Ar-(CH3)5]; 6.31 [d, J = 2.0 Hz, 1H, NCHCHN]; 6.77 [d, J = 2.0 Hz, 1H, 

NCHCHN]; 7.32-7.35 [m, 2H, pyridyl-CH]; 7.73-7.77 [tt, J = 7.7 Hz, J = 1.8 Hz, J = 1.6 

Hz, 1H, pyridyl-CH]; 9.08-9.10 [dt, J = 4.8 Hz, J = 1.5 Hz, 2H, pyridyl-CH]. 13C-NMR (δ, 

100 MHz, CDCl3): 13.8 [CH3CH2CH2CH2N]; 16.8 [CH3CH2CH2CH2N]; 17.0 [NCH2-Ar-

(CH3)5-o-CH3]; 17.1 [NCH2-Ar-(CH3)5-m-CH3]; 20.0 [NCH2-Ar-(CH3)5-p-CH3]; 32.0 

[CH3CH2CH2CH2N]; 50.7 [CH3CH2CH2CH2N]; 51.1 [NCH2-Ar-(CH3)5]; 120.3 [NCHCHN]; 

120.6 [NCH2-ArC-(CH3)5]; 124.4 [pyridyl-C]; 127.5 [NCHCHN]; 133.1 [NCH2-ArC-

(CH3)5]; 134.3 [NCH2-ArC-(CH3)5]; 136.0 [pyridyl-C]; 137.7 [NCH2-ArC-(CH3)5]; 146.2 

[Pd-Ccarbene]; 152.6 [pyridyl-C]. 

 

General procedure for Suzuki-Miyaura cross-coupling reactions: In a typical 

procedure, a mixture of aryl halide (0.5 mmol), phenylboronic acid (0.75 mmol), Cs2CO3 

(1.5 mmol), diethylene glycol di-n-butyl ether (0.3 mmol, as an internal standard) and 

palladium(II) catalyst (1 mol%) was added to a two-necked 25.0 mL flask containing 3.0 

mL of 2-propanol. The flask was placed in a pre-heated oil bath (25 °C and 80 °C) under 

an argon atmosphere. After completion of the reaction, the mixture was cooled down to 

room temperature and 2-propanol was added. The mixture was filtered through a pad of 

silica gel with copious washing. The solution was concentrated and purified by flash 

chromatography on silica gel. The reactions were followed by GC and the yields were 

based on aryl bromide. 

 
Table 1: Performance of the 2c in the Suzuki-Miyaura of 4-bromoacetophenone in the 

presence of different bases (Temperature = 80 °C). 
 

Entry Base Solvent Time (min.) Yield (%)b,c 
1 NaOH IPA 30 41 
2 KOH IPA 30 47 
3 K2CO3 IPA 15 73 
4 Cs2CO3 IPA 15 99 

 

 

RESULTS and DISCUSSION 

 

Preparation of the imidazolium salts: The asymmetrically substituted imidazolium 

salts (1a-c) were synthesized by reaction of N-butylimidazole and benzyl bromide 

derivative in toluene at room temperature (see the scheme). The imidazolium salts were 
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obtained as white solids, which have been observed to be air-stable. The imidazolium 

salts were characterized by 1H- and 13C-NMR spectroscopy. 1H- and 13C-NMR chemical 

shifts complied with the expected structures. The resonances for NCHN protons give as a 

sharp singlet between at δ 10.14 and 10.27 ppm. According to 13C-NMR spectrum of 

these salts, the C2 carbon atoms appeared between at δ 136.4 and 137.2 ppm. 

 

Preparation of NHC-Pd-pyridine complexes: PEPPSI type Pd-NHC complexes (2a-c) 

were synthesized from the reaction of 1,3-dialkylimidazolium salts with PdCl2, KBr and 

K2CO3 as base in pyridine (Scheme 1). The characterization of the NHC-Pd-pyridine 

complexes were confirmed by 1H- and 13C-NMR spectroscopy and elemental analysis. The 

chemical shifts for the carbene carbon atom, 2a-c, fall in the range δ 146.2–146.5 ppm.  

 
Table 2: The Suzuki–Miyaura cross-coupling reaction of aryl bromide with phenylboronic 

acid catalyzed by Pd-NHC (PEPPSI) complexes (2a-c). Optimization of reaction 
parametersa. 

 

Entry [Cat.] [Pd](%) Ar-X T (°C) t (min) 
Yield 
(%)b,c 

1 2a 1 Ph-Br 25/80 120/15 67/94 

2 2a 1 Me-C6H4-4-Br 25/80 120/15 29/90 

3 2a 1 CH3(O)C-C6H4-4-Br 25/80 30/15 89/99 

4 2b 1 Ph-Br 25/80 120/15 65/75 

5 2b 1 Me-C6H4-4-Br 25/80 120/15 32/91 

6 2b 1 CH3(O)C-C6H4-4-Br 25/80 30/15 87/99 

7 2c 1 Ph-Br 25/80 120/15 69/94 

8 2c 1 Me-C6H4-4-Br 25/80 120/15 34/72 

9 2c 1 CH3(O)C-C6H4-4-Br 25/80 30/15 97/99 

10 PdCl2 1 CH3(O)C-C6H4-4-Br 80 240 1 

11 2a 1 CH3(O)C-C6H4-4-Cl 80 240 37 

12 2b 1 CH3(O)C-C6H4-4-Cl 80 240 30 

13 2c 1 CH3(O)C-C6H4-4-Cl 80 240 36 

a Reagents: an aryl halide (0.50 mmol), PhB(OH)2 (0.75 mmol), Cs2CO3 (1.50 mmol), diethylene 
glycol di-n-butyl ether (0.3 mmol, internal standard), Pd-NHC catalyst (1 mol%), and 2-propanol 
(3.0 mL). 
b Yields based on the aryl halide and average of two runs.  
c All reactions were followed by GC. 
d Referred to the reaction time indicated in column. 
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Scheme 1: Synthesis of imidazolium salts and PEPPSI type Pd-NHC complexes. 

Suzuki-Miyaura Coupling Reaction: A series of studies were performed to determine a 

suitable base for the catalytic system in Suzuki-Miyaura coupling reaction (Table 1). In 

the catalytic studies, complexes (2a-c) were employed in 2-propanol with 1 mol% 

catalyst loading, Suzuki-Miyaura coupling reactions (Table 2). The works were initiated 

with the investigation of coupling of p-bromoacetophenone and phenylboronic acid in the 

presence of Pd-NHC catalyst at 25°C. The results indicated that the complexes (2a-c) 

displayed the best catalytic activity, giving excellent yield for 30 min. Under these 

conditions, p-bromobenzene and p-bromotoluene reacted with phenylboronic acid. The 

three complexes (2a-c) showed the lowest coupling yields for p-bromotoluene, and 

moderate yields for p-bromobenzene within 2h. In order to examine the influence of 

temperature on the yields, same reactions were performed for p-bromoacetophenone, p-

bromobenzene, and p-bromotoluene reacting with phenylboronic acid at 80 °C instead of 

25 oC. The results indicated that the complexes (2a-c) could also be converted to 

corresponding desired coupling products in good to excellent yields at 80 °C within 15 

min (Table 2). After good results from bromo derivatives, the catalytic activities were 

investigated for the coupling of p-chloroacetophenone and phenylboronic acid, in the 

presence of 2a-c at 80 °C. The results are summarized in Table 2. It indicates that the 

complexes exhibited low activity when p-chloroacetophenone was used as substrates 

within 4 h. Also, the catalytic activity of PdCl2 was studied (Entry 10) which the coupling 

yield is 1% for p-bromoacetophenone as a substrate at 80 °C. The low activity of aryl 

chloride in Suzuki-Miyaura cross coupling reaction has also been reported in the previous 

studies [23-24]. 

 

In this work, several new air- and moisture-stable, convenient to handle, and easily 

synthesized PEPPSI-type Pd-NHC complexes have been designed. A series of NHC 

precursors (1a-c) were synthesized by the alkylation reaction of N-butylimidazole. The 

Pd-NHC complexes (2a-c) were prepared from their respective imidazolium halide salts 

by the reaction with KBr and PdCl2 in pyridine in presence of K2CO3 as a base. All 

complexes are stable toward light and air both in the solid state and in solution. The 

molecular structures of the imidazolium bromide salt (1a-c) and the Pd–NHC complexes 

(2a-c) have been characterized by elemental analysis and 1H- and 13C-NMR spectra. 
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These novel imidazolium based NHC-palladium(II)-pyridine complexes have high catalytic 

activity in the Suzuki-Miyaura coupling reactions of aryl bromides. Reactions reach 

completion in short reaction time for p-bromoacetophenone as a substrate at 25°C. The 

catalytic activities of 2a-c were compared with PdCl2 for p-bromoacetophenone as a 

substrate at 80°C. Synthesized complexes have significantly better activity than PdCl2. 

Furthermore, the complex 2c shows the most noticeable activity and a maximum yield of 

97% was achieved after 30 min. The complexes (2a-c) exhibit good catalytic activity at 

80°C within 15 min. 
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Türkçe Öz ve Anahtar Kelimeler 

N-Butyl Substituted N-Heterocyclic Carbene-Pd(II)-Pyridine 
(PEPPSI) Complexes: Synthesis, Characterization, and Catalytic 

Activity in the Suzuki-Miyaura Reaction  
 

Rukiye Fırıncı1* 
 
Öz: Bir seri N-butil sübstitüe imidazolyum tuzu (1a-c) ve piridinle kuvvetlendirilen ön 
katalizör hazırlama, kararlılaştırma ve başlatma (PEPPSI) yöntemiyle üretilen paladyum 
N-heterosiklik karben kompleksleri (2a-c) sentezlenmiş ve karakterizasyonları 
yapılmıştır. Pd-NHC kompleksleri elementel analiz ve spektroskopik yöntemlerle tam 
olarak tayin edilmiştir. Sentezlenen kompleksler Suzuki-Miyaura çapraz eşleşme 
tepkimesinde test edilmiştir. Bu kompleksler Suzuki-Miyaura tepkimesinde kullanılan 
fenilboronik asit ve aril bromürler için etkili katalizörler olarak bulunmuştur.  

 
Anahtar kelimeler: Suzuki-Miyaura eşleşme tepkimesi, N-heterosiklik karben, PEPPSI 
paladyum kompleksleri. 
 
Gönderme: 20 Temmuz 2016. Düzeltme: 22 Ağustos 2016. Kabul: 24 Ağustos 2016.  
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(Morpholine-4-yl-Methyl)-3-Alkyl(Aryl)-4-[4-(Dimethylamino)-
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Abstract: In this paper, eight novel 1-(morpholine-4-yl-methyl)-3-alkyl(aryl)-4-[4-

(dimethylamino)-benzylidenamino]-4,5-dihydro-1H-1,2,4-triazol-5-ones (2) were 
obtained by the reactions of 3-alkyl(aryl)-4-[4-(dimethylamino)-benzylidenamino]-4,5-

dihydro-1H-1,2,4-triazol-5-ones (1) with formaldehyde and morpholine. The novel 
synthesized compounds were identified by FT-IR, 1H NMR, and 13C NMR spectral data. 

Besides, the newly synthesized compounds were analyzed for their in vitro potential 
antioxidant capacities in three different assays. All of the compounds demonstrated 

significant activity for metal chelating effect. 
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capacity. 
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INTRODUCTION 

 

Mannich bases have applications the field medicinal chemistry, the product synthetic 

polymers, the petroleum industry, as products used in water treatment, cosmetics, the 

dyes industry, etc. (1). Moreover, Mannich bases have some biological activities such as 

anticancer (2,3), antibacterial (4,5), antimycobacterial (6), anti-HIV (7), anti-

inflammatory (8,9), analgesic (10,11), antifungal (12,13), antitumor (14,15), antiviral 

(16), antidepressant (17), antiulcer (18), anticonvulsant (19), antimalaria (20), and 

antioxidant activities (21). 

 

Antioxidants are extensively studied for their capacity to protect organisms and cells 

from damage that is induced by the oxidative stress. A great deal of research has been 

devoted to the study of different types of natural and synthetic antioxidant. A large 

number of heterocyclic compounds, containing the 1,2,4-triazole ring, are associated with 

diverse biological properties such as antioxidant, anti-inflammatory, antimicrobial, and 

antiviral activity. External chemicals and internal metabolic processes in human body or 

in food system might produce highly reactive free radicals, especially oxygen-derived 

radicals, which are capable of oxidizing biomolecules by resulting in cell death and tissue 

damage. Oxidative damages play a significantly pathological role in human diseases. 

Cancer, emphysema, cirrhosis, atherosclerosis, and arthritis have all been correlated with 

oxidative damage. Also, excessive generation of reactive oxygen species (ROS) induced 

by various stimuli and which exceeds the antioxidant ability of the organism leads to 

variety of pathophysiological processes like inflammation, diabetes, genotoxicity and 

cancer (22). 

 

Triazoles are heterocyclic compounds that contain three nitrogen atoms. 1,2,4-Triazole 

and 4,5-dihydro-1H-1,2,4-triazol-5-one derivatives are reported to possess a broad 

spectrum of biological activities such as analgesic, antibacterial, antioxidant, and 

antiparasitic properties (23–26). Considering about the development of new hetero 

moieties by combining potential biological active scaffolds, an attempt was made here to 

obtain 1,2,4-triazoles bearing morpholine ring and to evaluate their antioxidant activity. 

 

In this regard, eight new 1-(morpholine-4-yl-methyl)-3-alkyl(aryl)-4-[4-

(dimethylamino)-benzylidenamino]-4,5-dihydro-1H-1,2,4-triazol-5-ones (2) were 

synthesized and investigated by using different antioxidant methodologies like reducing 
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power, 1,1-diphenyl-2-picryl-hydrazyl (DPPH) free radical scavenging activity, and iron 

binding effect. 

 

MATERIALS AND METHODS 

 

Chemicals and Apparatus 

Chemical reagents used in this paper were bought from Merck AG, Aldrich, and Fluka. 

Melting points were recorded in open glass capillaries using an Electrothermal melting 

point apparatus and were not corrected. The infrared spectra were recorded on an Alpha-

P Bruker FT-IR Spectrometer. 1H and 13C NMR spectra were determined in deuteriated 

dimethyl sulfoxide with TMS as internal standard using a Bruker Ultrashield spectrometer 

at 400 MHz and 100 MHz, respectively. 

 

Synthesis of Compounds 2: General Procedure 

3-Alkyl(Aryl)-4-[4-(dimethylamino)-benzylidenamino]-4,5-dihydro-1H-1,2,4-triazol-5-

ones (1) were obtained according to the literature (27). To the solution of this compound 

(1) (5 mmol) in absolute ethanol was added formaldehyde (% 37, 10 mmol) and 

morpholine (6 mmol). The reaction mixture was refluxed for 4 hours. The mixture was 

left at room temperature overnight. After cooling the mixture in the refrigerator, the solid 

formed was obtained by filtration, washed with cold ethanol, and recrystallized from 

ethanol. 

 

Physical data of the new compounds are presented in Table 1. IR, 1H-NMR and 13C-NMR 

spectral data are given in Tables 2, 3, and 4, respectively. 

 

ANTIOXIDANT ACTIVITY 

 

Chemicals 

Butylated hydroxytoluene (BHT), iron(II) chloride, DPPH., α-tocopherol, 3-butylated 

hydroxyanisole (BHA), (2-pyridyl)-5,6-bis(phenylsulfonic acid)-1,2,4-triazine (ferrozine), 

and trichloroacetic acid (TCA) were obtained from E. Merck or Sigma. 



Gürsoy-Kol et al., JOTCSA. 2016; 3(3): 105-120.  RESEARCH ARTICLE 

108 
 

 

Reducing power 

The reducing power of the compounds 2a-h was determined using the method of Oyaizu 

(28). Different concentrations of the samples (50-250 µg/mL) in DMSO (1 mL) were 

mixed with phosphate buffer (2.5 mL, 0.2 M, pH = 6.6) and potassium ferricyanide (2.5 

mL, 1%). The mixture was incubated at 50 °C for 20 min. after which a portion (2.5 mL) 

of trichloroacetic acid (10%) was added to the mixture, which was then centrifuged for 

10 min at 1000 x g. The upper layer of solution (2.5 mL) was mixed with distilled water 

(2.5 mL) and FeCl3 (0.5 mL, 0.1%), and then the absorbance at 700 nm was measured 

in a spectrophometer. Higher absorbance of the reaction mixture indicated greater 

reducing power. 

 

Free radical scavenging activity 

Free radical scavenging effect of the compounds 2a-h was estimated by DPPH., by the 

method of Blois (29). Briefly, 0.1 mM solution of DPPH. in ethanol was prepared, and this 

solution (1 mL) was added to sample solutions in DMSO (3 mL) at different 

concentrations (50-250 µg/mL). The mixture was shaken vigorously and allowed to stand 

at room temperature for 30 min. Then the absorbance was measured at 517 nm in a 

spectrophometer. Lower absorbance of the reaction mixture indicated higher free radical 

scavenging activity. The DPPH. concentration (mM) in the reaction medium was 

calculated from the following calibration curve and determined by linear regression (R: 

0.997): 

Absorbance = 0.0003 x DPPH.  – 0.0174 

The capability to scavenge the DPPH radical was calculated using the following equation: 

DPPH. scavenging effect (%) = (A0 – A1/A0) x 100 

where A0 is the absorbance of the control reaction and A1 is the absorbance in the 

presence of the samples or standards. 
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Table 1. Physical data of the compounds 2a-h. 

 
Compound No 

 
R 

Yield 
(%) 

m.p. (°C) 
(Crystallized from) 

2a CH3 67 
135 

(Ethanol) 

2b CH2CH3 66 
108 

(Ethanol) 

2c CH2C6H5 64 
148 

(Ethanol) 

2d CH2C6H4.CH3 (p-) 70 
152 

(Ethanol) 

2e CH2C6H4.OCH3 (p-) 95 
194 

(Ethanol) 

2f CH2C6H4.Cl (p-) 66 
148 

(Ethanol) 

2g CH2C6H4.Cl (m-) 66 
184 

(Ethanol) 

2h C6H5 75 
155 

(Ethanol) 
 

Table 2. FTIR data of the compounds 2 (cm-1) 

Compound No νC=O νC=N ν1,4-disubstituted 

benzenoid ring 

νmonosubstituted 

benzenoid ring 

2a 1682 1596 857 - 

2b 1702 1610, 1589 814 - 
2c 1692 1592 816 775 and 693 

2d 1702 1590 813 - 

2e 1705 1608, 1587 816 - 

2f 1707 1609, 1584 811 - 
2g 1701 1588 811 - 
2h 1696 1613, 1586 814 777 and 692 

 
Metal chelating activity 

The chelating of ferrous ions by the compounds 2a-h and references was measured 

according to the method of Dinis et al. (30). Briefly, the synthesized compounds (30–60 

μg/mL) were added to a 2 mM solution of FeCl2·4H2O (0.05 mL). The reaction was 

initiated by the addition of 5 mM ferrozine (0.2 mL), and then the mixture was shaken 

vigorously and left to stand at room temperature for 10 min. After the mixture had 

reached equilibrium, the absorbance of the solution was measured at 562 nm in a 

spectrophotometer. All tests and analyses were run in triplicate and averaged. The 

percentage of inhibition of ferrozine–Fe2+ complex formation was given by the formula: 

% inhibition = (A0 − A1 / A0) × 100, where A0 is the absorbance of the control, and A1 is 

the absorbance in the presence of the samples or standards. The control did not contain 

compound or standard. 
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RESULTS and DISCUSSION 

In the current paper, eight new 1-(morpholine-4-yl-methyl)-3-alkyl(aryl)-4-[4-

(dimethylamino)-benzylidenamino]-4,5-dihydro-1H-1,2,4-triazol-5-ones (2a-h) were 

synthesized. The starting compounds 1a-h were prepared as explained in the literature 

(27). Compounds 2a-h were obtained by the reactions of 3-alkyl(aryl)-4-[4-

(dimethylamino)-benzylidenamino]-4,5-dihydro-1H-1,2,4-triazol-5-ones (1) with 

formaldehyde and morpholine (Scheme 1). The novel 3-alkyl(aryl)-4-(3-benzoxy-4-

methoxy-benzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-ones (2a-h) were 

characterized with FT-IR, 1H NMR and 13C NMR and spectral data. 

 

Scheme 1 Synthetic pathway of compounds 2. 
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Table 3. 1H-NMR data of the compounds 2 (DMSO-d6, δ/ppm) 

Comp.No CH3 CH2NCH2 CH2 2CH3 CH2OCH2 OCH3 CH2Ph NCH2 Aromatic H N=CH 

2a 2.27 (s) 
2.56-2.59 

(m) 
- 2.99 (s) 

3.54-3.57 

(m) 
- - 4,51 (s) 

6.77 (d,2H,J=8.8 Hz); 

7.64 (d,2H,J=8.8 Hz 
 

9.41 (s) 

2b 
1.21 (t, 

J=7.60Hz) 
2.56-2.58 

(m) 

2.68 (q, 

J=7.60Hz) 

 

2.99 (s) 
3.55-3.57 

(m) 
- - 4.52 (s) 

6.78 (d,2H,J=8.8 Hz); 

7.63 (d,2H,J=8.8 Hz 
 

9.40 (s) 

2c - 
2.57-2.59 

(m) 

 

- 

 

3.00 (s) 
3.56-3.57 

(m) 
- 4.05 (s) 4.55 (s) 

6.76 (d,2H,J=8.8Hz); 

7.22-7.24 (m,1H);     
7.31-732 (m,4H);       

7.60 (d,2H,J=8.8 Hz) 

 

9.37 (s) 

2d 2.24 (s) 
2.57-2.58 

(m) 

 
- 

 
3.00 (s) 

3.56-3.57 

(m) 
- 3.99 (s) 4.55(s) 

6.77 (d,2H,J=8.8 Hz); 
7.11 (d,2H,J=7.6 Hz); 
7.20 (d,2H,J=8.8 Hz); 

7.61 (d,2H,J=8.8 Hz) 

 

9.36 (s) 

2e - 
2.54-2.57 

(m) 

 
- 

 
3.00 (s) 

3.56 (m) 3.65 (s) 3.97 (s) 4.54 (s) 

6.77 (d,2H,J=8.8 Hz); 
6.87 (d,2H,J=8.4 Hz); 

7.23 (d,2H,J=8.4 Hz); 
7.61 (d,2H,J=8.8 Hz) 

 

9.37 (s) 

2f - 
2.56-2.58 

(m) 

 

- 

 

3.00 (s) 3.55-3.57 

(m) 
- 4.06 (s) 4.54 (s) 

6.77 (d,2H,J=8.4 Hz); 

7.33-7.39 (m,4H); 7.6 

(d,2H,J=9.2 Hz) 

 

9.38 (s) 

2g - 2.57 (m) 

 

- 

3.00 (s) 

3.56 (m) - 4.08 (s) 4.55 (s) 

6.76 (d,2H,J=8.4 Hz); 

7.29-7.37 (m,3H); 

7.42 (s,1H); 7.60 

(d,2H,J=8.0 Hz) 

9.38 (s) 
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Table 4. 13C-NMR data of the compounds 2 (DMSO-d6, δ/ppm) 

Comp.No  

Triazole C5 

 

N=CH 

 

Triazole C3 

 

Aromatic C 

 

Aliphatic C 

2a 
 

152.49 
 

150.50 
 

142.92 
 

156.02; 132.23(2C); 120.13; 
111.06(2C) 

 

66.04(CH2OCH2); 65.85(NCH2N); 50.00(CH2NCH2); 
38.95(2CH3); 11.03(CH3)  

 

2b 
152.50 

 
150.63 

 
146.70 

 

156.03; 129.29(2C); 120.16; 
111.65(2C) 

 

66.04(CH2OCH2); 65.88(NCH2N); 50.01(CH2NCH2); 
38.94(2CH3); 18.50(CH2CH3); 10.06(CH2CH3) 

 

2c 
152.50 

 
150.51 

 
144.81 

 

155.66; 135.79; 129.32 (2C); 128.70 
(2C); 128.45 (2C); 126.72; 120.10; 

111.65 (2C)  
 

66.04(CH2OCH2); 65.97(NCH2N); 50.02(CH2NCH2); 
38.95(2CH3); 30.99(CH2Ph) 

 

2d 
152.49 

 
150.51 

 
144.97 

 

155.62; 135.79; 132.66; 129.31 (2C); 
129.01 (2C); 128.59 (2C); 120.13; 

111.66 (2C) 
 

66.04(CH2OCH2); 65.95(NCH2N); 50.02(CH2NCH2); 
38.96(2CH3); 30.58(CH2Ph); 20.37(PhCH3) 

 

2e 
152.49 

 
150.51 

 
145.12 

 

158.09; 155.62; 129.77 (2C); 129.33 
(2C); 127.54; 120.13; 113.89 (2C); 

111.63 (2C) 
 

66.03(CH2OCH2); 65.95(NCH2N); 55.01(OCH3); 
50.02(CH2NCH2); 38.94(2CH3); 30.13(CH2Ph)  

 

2f 
152.51 

 
150.50 

 
144.49 

 

155.74; 134.76; 131.43; 130.65 (2C); 
129.35 (2C); 128.39 (2C); 120.04; 

111.66 (2C) 
 

66.04(CH2OCH2 + NCH2N); 50.00(CH2NCH2); 38.95(2CH3); 
30.34(CH2Ph) 

 

2g 152.53 150.49 144.31 
155.75; 138.21; 132.96; 130.28; 

129.36 (2C); 128.85; 127.51; 126.77; 
120.04; 111.64 (2C) 

66.04(CH2OCH2 + NCH2N); 50.02(CH2NCH2); 38.96(2CH3); 
30.58(CH2Ph) 
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Antioxidant activity 

The antioxidant capacities of ten newly synthesized compounds 2a-h were determined. 

Different processes have been used to identify the antioxidant capacities. The processes 

used in the paper are clarified below: 

 

Reducing power 

The reducing power of the compounds 2 was determined. The reducing capacity of a 

compound may serve as a significant indicator of its potential antioxidant activity. The 

presence of reductants such as antioxidant substances in the samples causes the 

reduction of the Fe3+ / ferricyanide complex to the ferrous form. Therefore, the Fe2+ can 

be monitored by measuring the formation of Perl’s Prussian blue at 700 nm (31). The 

antioxidant activity of putative antioxidant has been attributed to various mechanisms 

such as prevention chain initiation, binding of transition metal ion catalyst, decomposition 

of peroxides, prevention of continued hydrogen abstraction, reductive capacity and 

radical scavenging (32). In the paper, all of the concentrations of the compounds showed 

lower absorbance than reference antioxidants as seen in Figure 1. Hereby, any reductive 

activities were not observed. 

 

Figure 1. Total reductive potential of different concentrations of compound 2a-h, BHT, 
BHA and α-tocopherol. 
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DPPH radical scavenging activity 

Free radical scavenging effect of the compounds 2 was estimated by DPPH radical model. 

The effect of antioxidants on DPPH radical scavenging was thought to be due to their 

hydrogen donating ability (33). DPPH is a stable free radical and accepts an electron or 

hydrogen radical to become a stable diamagnetic molecule (34). The reduction capability 

of DPPH radicals was determined by decrease in its absorbance at 517 nm induced by 

antioxidants. In the study, antiradical capacities of the compounds 2a-h and reference 

antioxidants for instance α-tocopherol, BHA and BHT were detected by using DPPH. 

method. Scavenging effect values of compounds 2 with BHT, BHA and α-tocopherol at 

different concentrations are given in Figure 2. All of the compounds tested with this 

method exhibited very low DPPH free radical scavenging activity in a concentration-

dependent manner. In other words the newly synthesized compounds did not show any 

ability like a radical scavenger. 

 

 
Iron binding capacity 

The chelating of ferrous ions by the compounds 2 and references was measured. 

Ferrozine can quantitatively form complexes with Fe2+. In the presence of chelating 

agents, the complex formation is disrupted with the result that the red color of the 

complex is decreased. Measurement of color reduction therefore allows estimation of the 

chelating activity of the coexisting chelator (35). The transition metals ions play an 

important role as catalysts of oxidative process, leading to formation of hydroxyl radicals 

and hydroperoxide decomposition reaction via Fenton chemistry (36). The production of 
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these radicals may lead to lipid peroxidation, protein modification, and DNA damage. 

Chelating agents are effective as secondary antioxidants because they potentially inhibit 

the metal-dependent processes thereby stabilizing the oxidized form of the metal ion 

(37). Iron binding activities of the compounds 2, α-tocopherol and EDTA are shown in 

Figure 3. In the current paper, high iron binding capacity of synthesized compounds 

would be beneficial in retarding metal-chelating oxidation. The data acquired from Figure 

3 discloses that the metal chelating effects of the compounds 2 were significant and 

concentration-dependent. The metal chelating effect of the compounds and references 

decreased in order of EDTA > 2g ≈ 2b > 2a ≈ 2h > 2c ≈ 2d > 2f ≈ 2e > α-tocopherol, 

which were 85.4, 84.5, 84.0, 82.5, 82.0, 60.3 (%), at the highest concentration, 

respectively. 

 

Figure 3. Iron binding effect of diverse amount of the compounds 2a-h, and reference 
antioxidants. 

 

CONCLUSION 

 

New 4,5-dihydro-1H-1,2,4-triazol-5-one derivatives were obtained and evaluated for 

their in-vitro antioxidant capacity. All of the compounds demonstrate a marked ability for 

metal chelating activity. The data reported with regard to the observed metal chelating 

activities of the studied compounds could prevent redox cycling. The results may also 

give several advices for the improvement of new triazole-based therapeutic target. 
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Türkçe Öz ve Anahtar Kelimeler 

Yeni 1-(Morfolin-4-il-Metil)-3-Alkil(Aril)-4-[4-(Dimetilamino)-
Benzilidenamino]4,5-dihidro-1H-1,2,4-Triazol-5-On’ların Sentezi, 

Karakterizasyonu ve Antioksidan Aktiviteleri 

 

Özlem Gürsoy-Kol*, Haydar Yüksek, Sevda Manap, Feyzi S. Tokalı 

 

Öz: Bu yayında sekiz adet yeni 1-(morfolin-4-il-metil)-3-alkil(aril)-4-[4-(dimetilamino)-
benzilidenamino]-4,5-dihidro-1H-1,2,4-triazol-5-on’lar (2), 3-alkil(aril)-4-[4-
(dimetilamino)-benzilidenamino]-4,5-dihidro-1H-1,2,4-triazol-5-on’ların (1) formaldehit 
ve morfolin ile tepkimesinden elde edildi. Yeni sentezlenen bileşikler IR, 1H HMR ve 13C 
NMR spektral verileri ile tanımlandı. Bunun yanında, yeni bileşikler üç farklı ölçüm türüyle 
in vitro potansiyel antioksidan kapasiteleri açısından analiz edildi. Bütün bileşiklerin metal 
kelatlama etkisi olarak belirgin aktiviteye sahip olduğu görüldü.  

Anahtar kelimeler: 4,5-Dihidro-1H-1,2,4-triazol-5-on, Sentez, Mannich bazı, 
Antioksidan kapasitesi. 

Sunulma: 21 Temmuz 2016. Düzeltme: 11 Ağustos 2016. Kabul: 18 Ağustos 2016.  
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JOTCSA as a full manuscript) 

Electrorheological Properties of Biodegradable Chitosan/Expanded 
Perlite Composites  

Mehmet Cabuk1* 

1Süleyman Demirel University, 32260, Isparta, Turkey. 

Abstract: In this study, chitosan (CS)/expanded perlite (EP) composites with different 

chitosan fractions (10%, 20% and 50%) were prepared by absorbing chitosan into porous 

networks of expanded perlite, as a new hybrid smart electrorheological (ER) material. 

Structural and morphological characterizations of the composites were carried out by FTIR 

and SEM-EDS techniques. Also, apparent density, particle size, and conductivity of the 

CS/EP composites were determined. Finally, the effects of electric field strength (E), shear 

rate, shear stress, and temperature onto ER behavior of the CS/EP/silicone oil (SO) system 

were investigated. The CS/EP/SO ER system showed reversible ER activity when subjected 

to E by showing shear thinning non-Newtonian viscoelastic behavior. The yield stress value 

reached to 1250 Pa under E = 3 kV/mm for CS/EP3 composite.  
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yield stress. 
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INTRODUCTION 

 

Electrorheological (ER) fluids are composed of semiconducting or polarizable particles 

dispersed in a non-conducting liquid and regarded as smart materials because their flow 

behaviors can be tuned by externally applied E. These smart particles are polarized and 

formed fibrous structures when subjected to E by increasing their viscosities reversibly due 

to the interparticle interactions. ER fluids have been extensively studied because of their 

potential applications in many industrial areas such as control systems, human muscle 

stimulators, robotic arms, seismic controlling frame structures, and photonic crystals [1-

3].  

 

Natural polymers such as cellulose, starch, and chitosan have been widely used in ER 

studies. Chitosan is N-deacetylated derivative of chitin. Its structure is β-(1→4)-linked 2-

amino-2-deoxy-D-glucose and 2-acetamido-2-deoxy-D-glucose. Chitosan obtained from 

the shells of crustaceans like crabs and shrimps. The main properties of chitosan are 

biodegradability, solubility in organic acids, chemical inertness, biocompatibility, low 

density and low cost [4]. On the other hand, its low mechanical and thermal stability is a 

barrier for chitosan’s applications. Preparation of chitosan/clay composite is one of the 

attractive techniques to improve its weak features [5]. ER active properties of 

Chitosan/Silicone oil suspension was reported in the literature and attributed to the 

presence of polarizable amino polar groups onto chitosan backbone [6]. Chitosan adipate 

which is a chitosan derivative, was used as ER material [7]. 

 

About 70% of the world’s known perlite reserves are located in Turkey. Perlite is a naturally 

occurring dense glassy volcanic rock which consists mainly of fused sodium, potassium, 

aluminum silicate (greater than 70%) and 3–5% water. When it is heated at temperatures 

in the range of 850–1100 °C, it expands 4–35 times of its original volume and is named as 

‘expanded perlite’ [8]. Expanded perlite (EP) is an excellent thermal and acoustical 

insulator, resists fire, and is an ultralight weight material. EP is chemically inert in many 

environmental areas. Therefore, they are excellent filter aids and fillers in various 

processes and materials [9].  
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The benefit of using biodegradable CS/EP composites as a dispersed phase in ER 

applications is important both from industrial and environmental point of views. The aim 

of the present study was to reveal the preparation, characterization, and investigation of 

the ER properties of biodegradable CS/EP composites which have not hitherto been 

reported in the literature. The composite structures were characterized via FTIR, and SEM-

EDS analyzes. Then, CS/EP dispersions were prepared in SO at 10% volume fraction and 

the effects of E, shear rate and temperature on ER performance of these dispersions were 

investigated. 

 

MATERIALS AND METHODS  

 

Materials 

The EP particles were obtained from AKPER Company (Çankırı, Turkey). The chemical 

composition of the EP is given in Table 1. 
 
CS, Mw = 3.0 × 105 gmol-1 and with 82% degree 

of deacetylation, was purchased from Aldrich with analytical grade. SO (η = 1 Pa s, ρ = 

0.965 g cm-3, ε = 2.61 at 25 ºC) was obtained from Aldrich and used in ER measurements. 

NaOH, acetic acid (HAc) and all the other chemicals were purchased from E. Merck and 

used as received.  

 

Synthesis of CS/EP composites 

Before the experiments, EP samples were washed with distilled water to remove any 

impurities. Then the EP particles were ground milled (Retsch MM400, Germany) and 

vacuum dried before subjecting to particle size measurements. For the synthesis of CS/EP 

composites; 5 g EP was stirred in 300 mL distilled water for 2 h. Then, CS (0.5 g) was 

dissolved (10% (w/w) of EP) in 100 mL of 2%(w/w) HAc solution and added into the 

EP/water dispersion at room temperature. The white dispersion was stirred at room 

temperature for 4 h. And then, the reaction mixture was treated with 1 M aqueous NaOH 

solution by dropwise addition of NaOH to provide the precipitation of CS chains (pH=7-8). 

CS biopolymer is only soluble in acidic medium of pH below 6.5. Then the precipitates were 

washed with distilled water until the particles were neutral and dried in a vacuum oven at 

60 °C for 48 h. The same method was applied for the other CS fractions (20% and 50%). 

Synthesized CS/EP composites containing 10, 20 and 50 wt.% of CS were obtained nearly 

88% yield and coded as CS/EP1, CS/EP2 and CS/EP3, respectively. Thus, three different 

CS/EP composites were prepared and used in characterization and ER studies. 
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Table 1. Chemical composition of perlite [10]. 
 

Component % 
SiO2 72-76 
Al2O3 11-17 
K2O 4-5 
Na2O 3-4 
CaO 0.5-2 
MgO 0.1-0.5 
Fe2O3 0.5-1.5 
TiO2 0.03-0.2 
MnO2 0.03-0.1 
SO3 0-0.2 
H2O 2-7 

 
Characterizations 

Perkin Elmer Spectrometer BX model (England) was used to record the FTIR spectra as 

KBr discs. The surface morphology of the samples was performed using a scanning electron 

microscope (SEM) with an energy-dispersive X-ray spectrometer (EDS) (SEM/EDS, XL 30S 

FEG, Phillips).  The particle sizes of the composites were performed via a Malvern 

Mastersizer E, version 1.2b particle size analyzer by dispersing in distilled water and stirring 

at 20ºC. The samples were turned into pellets and these pellets were used for apparent 

density and electrical conductivity measurements. Conductivities of the samples were 

measured via four-probe technique and calculated with the equation of σ = d/AR, where σ 

is conductivity, d is the thickness, A is the surface area, and R is the resistance of the 

samples. 

ER studies: Dispersions of the samples were prepared in SO at a constant volume fraction 

(ϕ =10% V/V). To investigate the ER properties of the suspensions, Thermo-Haake RS600 

parallel plate torque Electro-Rheometer (Germany) was used with a 35 mm plate to plate 

geometry by altering the shear rate between 1-1000 s-1 and keeping the gap between the 

upper and lower plates as 1.0 mm. To determine the electric field viscosity, electric field 

was created in the fluid perpendicular to the plates, and the rotor was forced to rotate. The 

voltage used in the ER experiments was supplied by a 0−12.5 kV (with 0.5 kV increments) 

dc external electric field generator (FUG electronics, Germany) The CS/EP/SO dispersions 

were mechanically stirred against sedimentation before each measurement.  
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RESULTS AND DISCUSSION  

 

Characterization results 

Figure 1 presents the FTIR spectra of CS/EP composites (inset shows CS). CS shows 

distinctive peaks of typical saccharide absorptions as mentioned in the literature [11]. The 

broad peak at 3200–3600 cm−1 is attributed to O-H stretching and N–H stretching, the 

peak at 2900 is due to C–H stretching, the peak at 1700 cm−1 is due to C=O stretching; 

also, the broad peak at 1050 cm-1 is attributed to C-C stretching of saccharide structure of 

chitosan. EP shows typical clay peaks [9]. The peaks at 3430 cm–1, 1050 cm-1 and 800-

530 cm-1 are assigned to stretching vibrations of structural hydroxyl (-OH), Si–O stretching 

vibrations and stretching vibrations of Al–O, respectively. As shown in Figure 1, The 

CS/EP1, CS/EP2 and CS/EP3 composites showed all the expected characteristic peaks 

arising from the CS and EP structures. It is shown that there are differences in the 

intensities and values of peaks. It can be attributed to electrostatic interactions between 

the polycationic CS and negatively charged EP units.  

 

 
 

Figure 1. FTIR spectra of CS/EP composites. Inset shows CS.  
 
Figure 2(a-c) shows the SEM-EDS images of CS/EP composites. It was observed that CS/EP 

composites have splintery and porous morphology. With the increasing CS percentage in 

the composite structure, EP particles were more surrounded by CS biopolymer and then 

the morphology was turned to less porous particle structure, as expected. Note that SEM 

shows the shape of the surfaces, while Energy Dispersive Spectroscopy (EDS) gives the 

composition of the surfaces. The elemental analysis data of the EDS analysis was given in 
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Table 2. According to EDS results, the presence of both CS and EP components in the 

composite structures were proved. The CS structure was characterized with N and C atoms. 

It was observed that the percentage of these atoms increased with increasing CS content 

in the composite formation. The wt.% values of N atoms in the CS/EP composites were 

found as 0.95%, 2.44% and 3.80% with the increasing CS content (from 10% to 20% and 

50%), respectively. 

 

Table 2. Elemental analysis values (wt.%) of the samples according to EDS results. 

 
Samples C N O Na Al Si K 
CS/EP1 5.08 0.95 46.89 2.75 7.28 32.41 4.66 
CS/EP2 13.65 2.44 45.71 2.36 6.32 26.13 3.42 
CS/EP3 28.45 3.80 43.36 1.45 3.70 16.62 2.63 

 

 
 

Figure 2. SEM images of a) CS/EP1, b) CS/EP2, c) CS/EP3 composites. 
 

 
Hydrodynamic average particle diameters, apparent densities, and conductivities of the 

composites were given in Table 3. The hydrodynamic average diameters of the particles 

increased with increasing CS content. As expected, the hydrodynamic average particle 
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sizes of the composites obtained from dynamic light scattering experiments were bigger 

than the ones obtained from SEM images (~10 µm). Densities of the composites observed 

to increase with increasing CS content due to the high density of the CS (0.86 gcm-3) 

compared with that of EP (0.44 gcm-3). The conductivities of the CS/EP composites were 

found in semiconducting range and slightly increased with increasing CS content. These 

characterization results of the composites are very suitable for their potential and industrial 

applicability as new ER materials. 

 
Table 3. Some physical properties of the samples (T = 25 °C). 

Samples 
Average hydrodynamic  

diameters (nm) 
Electrical conductivity  

(σ, Scm-1) 
Apparent density 

(ρ, gcm-3) 

CS/EP1 32 2.0×10-4 0.52 

CS/EP2 37 2.3×10-4 0.67 

CS/EP3 44 2.9×10-4 0.80 

 

ER results: The ER properties are attributed to the chaining of micron-sized polarizable 

particles with applied E, electro-rheometer studies are conducted to observe the electric 

field induced viscosity change and ER behaviors of CS/EP composite dispersions, and 

results obtained are discussed below. 

 

ER efficiencies of the CS/EP/SO fluids 

 The dependence of the viscosity on the E was given in Figure 3.  As shown that the 

viscosity of all the CS/EP composites increased with applied E, which confirms that the ER 

fluids are solid-like under E. It is known that CS is responsible component for the CS/EP 

composites to show ER effect. The viscosity values were observed to increase with rising 

CS content which has polarizable amino groups in the composite structure. CS enhances 

the particle polarization by increasing the particle surface conductivity of CS/EP composites 

via enhanced interfacial polarization and the attractive interactions of particles, which 

would lead to the enhanced ER response. ER efficiencies of the samples as a function of 

the composite composition were determined using eq. (1): 

0E

0E0E
efficiencyER

=

=≠ −
=

η

ηη
    (1) 

where ηE=0 and ηE≠0 show the non-electric field- and electric field- induced viscosities of the 

dispersions, respectively. ER efficiencies of the samples were calculated from Figure 3 

under constant conditions (ϕ=10%, E=0-3kV/mm) and results were found as follows: 

0.11< 0.21<0.26 for CS/EP1, CS/EP2 and CS/EP3 composites, respectively. As shown, the 

highest ER efficiency was determined for CS/EP3/SO composite dispersion which has the 
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highest CS content and that is why, for the rest of the ER experiments, CS/EP3/SO ER fluid 

was used. 

 

Figure 3. The effect of E on viscosity. φ = 10%, T = 25 ºC. 

 

Effect of shear rate on viscosity 

The change of viscosity with shear rate was presented in Figure 4. Electric field induced 

viscosity of CS/EP3/SO ER fluid sharply decreased with increasing shear rate and showed 

a typical shear thinning non-Newtonian viscoelastic behavior. This behavior may be 

attributed to the distortion and breakage of fibrillar structures between the perlite particles. 

Similar behavior was reported for chitosan phosphate suspensions [12]. 
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Figure 4. Change in viscosity with shear rate. φ = 10%, T = 25 ºC. 

 

Effect of shear rate on shear stress 

Figure 5 shows the change of shear stress with shear rate. It was observed that shear 

stress increased with rising shear rate and with the applied E, the ER fluid showed typical 

non-Newtonian Bingham-like flow behavior. Under an applied E, the curves of the samples 

first showed yield stresses and then wide plateau regions [13] which may be attributed to 

the polarization mechanism of the EP particles.  

 

Figure 5. Change in shear stress with shear rate. φ = 10%, T = 25 ºC. 
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Yield stress (τy) values of the composites were obtained from the initial slops of the shear 

rate-shear stress graphs [14]. The yield stress values of the CS/EP3/SO ER fluid were 

observed to increase with rising E and the results obtained are as following: τy=1250 Pa 

(E = 3 kV/mm)> τy=1100 Pa (E = 2 kV/mm)> τy=980 Pa (E = 1 kV/mm)> τy=920 Pa (E 

= 0 kV/mm). It can be attributed to the formations of stronger solid-like fibrous structures 

between the electrodes with the influence of dipole-dipole interactions of the 

semiconducting particles. 

 

Effect of temperature on shear stress 

To test whether the CS/EP3 composite shows ER weakening or loss of power between 30-

80 °C, shear stress measurements were carried out under E=3 kV/mm (Figure 6). As 

shown, slight shear stress increments were observed with increasing temperature. The 

increasing temperature can be caused to the increase of polarization forces between the 

particles due to the increasing current density, dielectric constant and conductivity with 

rising temperature. Thus, the increasing polarization forces cause a stronger fibrous 

structure and the ER effect increases. On the other hand, the viscosity of the SO media 

decreases with the temperature and this may also be caused the fibrous chain formation 

relatively easy and thus leads to improved ER performance [15, 16]. 

 
 
Figure 6. Change in shear stress with temperature. φ = 10%, E=3 kV/mm,  �� = 0.2 s1-. 
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CONCLUSION 

 

Biodegradable CS/EP composites with different CS fractions were successfully prepared and 

their structures and morphologies were confirmed by FTIR and SEM-EDS analyses. 

Conductivities of the composites were found in semiconducting range which is suitable for ER 

measurements. The CS/EP/SO system were observed to sensitive to external E by showing 

reversible viscosity enhancements. ER efficiencies and yield stresses of the ER fluids 

increased with increasing CS content having polar amino groups. Shear stress values of 

the ER fluids were slightly affected with temperature. 
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Türkçe Öz ve Anahtar Kelimeler 

Biyobozunur Kitosan/Genleşmiş Perlit Kompozitlerinin 
Elektroreolojik Özellikleri 

 

Öz: Bu çalışmada, kitosan (CS)/genleşmiş perlit (EP) kompozitleri farklı kitosan oranlarına 
(%10, %20 ve %50) göre yeni bir hibrid akıllı elektroreolojik (ER) malzeme olarak, 
genleşmiş perlitin gözenekli ağ sistemi içine kitosanın adsorplanması ile hazırlandı. 
Kompozitlerin yapısal ve morfolojik karakterizasyonları FTIR ve SEM-EDS teknikleri ile 
gerçekleştirildi. Bunun dışında, CS/EP kompozitlerin görünür yoğunluğu, tanecik boyutu ve 
iletkenlikleri belirlendi. Son olarak, CS/EP/Silikon yağı (SO) sisteminin ER davranışı üzerine 
elektrik alan kuvveti (E), kayma hızı, kayma gerilimi ve sıcaklığın etkileri incelendi. 
CS/EP/SO ER sistemi E’ye maruz bırakıldığında kayma incelmesi türünden Newtoniyen 
olmayan viskoelastik davranış göstererek tersinir ER aktivite göstermiştir. CS/EP3 
kompozitinin akma gerilimi değeri, E = 3 kV/mm'de 1250 Pa değerine ulaşmıştır. 
 

Anahtar kelimeler: Elektroreolojik akışkanlar, genleşmiş perlit, kitosan, kompozit, 
silikon yağı, akma gerilimi. 

Sunulma: 1 Temmuz 2016, Düzeltme: 15 Ağustos 2016, Kabul: 22 Ağustos 2016.  
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Extraction and Characterization of Chitin and Chitosan from Blue Crab 
and Synthesis of Chitosan Cryogel Scaffolds 
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1Mersin University, Engineering Faculty, Chemical Engineering Department, 33343, Mersin, 
Turkey 
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Abstract: Polymeric scaffolds produced by cryogelation technique have attracted increasing 
attention for tissue engineering applications. Cryogelation is a technique which enables to 
produce interconnected porous matrices from the frozen reaction mixtures of polymers or 
monomeric precursors. Chitosan is a biocompatible, biodegradable, nontoxic, antibacterial, 
antioxidant, and antifungal natural polymer that is obtained by deacetylation of chitin, which is 
mostly found in the exoskeleton of many crustaceans. In this study, chitin was chemically 
isolated from the exoskeleton of blue crab (Callinectes sapidus). Callinectes sapidus samples 
were collected from a market, as a waste material after it has been consumed as food. 
Demineralization, deproteinization, and decolorization steps were applied to the samples to 
obtain chitin. Chitosan was prepared from isolated chitin by deacetylation at high 
temperatures. The chemical composition of crab shell, extracted chitin and chitosan were 
characterized with FTIR analysis. Moreover, in order to determine the physicochemical and 
functional properties of the produced chitosan, solubility, water uptake, and oil uptake analysis 
were performed. Chitosan cryogel scaffolds were prepared by crosslinking reaction at cryogenic 
conditions at constant amount of chitosan (1%, w/v) with different ratios of glutaraldehyde (1, 
3, and 6%, v/v) as crosslinker. The chemical structure of the scaffolds were examined by FTIR. 
Also, the water uptake capacity of scaffolds have been determined. Collectively, the results 
suggested that the characterized chitosan cryogels can be potential scaffolds to be used in 
tissue engineering applications. 
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INTRODUCTION 

 

Tissue engineering is one of the topics in biomedical engineering that can provide many 

alternatives for the repair of damaged tissues [1]. By applying the principles of tissue 

engineering, characteristic properties of the original tissues can be mimicked by scaffolds. An 

ideal scaffold should be biocompatible, biodegradable and does not induce an immune reaction 

or inflammation. These scaffolds can be obtained from natural or synthetic polymers [2-5]. 

 

Chitin is a a naturally abundant mucopolysaccharide which can be obtained from crab shells 

[6,7]. It is a nitrogenous polysaccharide that is white, rigid, with inelastic structure. Chitin 

contains 2-acetamido-2-deoxy-b-D-glucose groups by (1�4) linkage which named as N-

acetylglucosamine [7, 8]. After the cellulose, chitin is the second most abundant biopolymer 

over the world. Invertebrates, insects, marine diatoms, algae, fungi and crustaceans like 

crabs, shrimps, and lobsters are the source of chitin [9]. 

 

Chitosan is one of the chitin derivatived products that can be obtained by N-deacetylation 

[6,10]. Moreover, it has also biological properties including biocompatibility, biodegradability 

and non-toxicity for living cells [10]. 

 

Blue crab, called Callinectes sapidus, contains chitin in its shell, lives in North America, Mersin-

Silifke area lagoons, İskenderun coasts and Adana-Yumurtalık lagoon in Turkey [11].  

 

In this study, we aimed to extract chitin from shells of blue crab and produce chitosan from 

extracted chitin by deacetylation at high temperatures. The chemical compositon of extracted 

chitin and chitosan were characterized by FTIR analyses. In addition to this, solubility, water 

uptake and oil uptake analysis were performed to determine the physicochemical and 

functional properties of the produced chitosan. Chitosan-based cyrogels were produced by 

using gluteraldehyde as a crosslinking agent. Characteristic properties of the produced 

cryogels were demonstrated in order to be used in tissue engineering applications. 
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MATERIALS AND METHODS 

 

Materials 

Blue crab (Callinectes sapidus) shell wastes were collected from a local market in Mersin, 

Turkey after it has been consumed as food. The samples were transferred to the laboratory as 

soon as possible and stored in a freezer at -16˚C, until starting the extraction procedure. 

Hydrochloric acid was obtained from Merck, Germany, sodium hydroxide and acetone were 

purchased from Emir Kimya, Turkey for use in experimental steps of extracting chitin and 

chitosan. Glutaraldeyde (GA) solution 25% in water as a crosslinking agent and 100% (v/v) 

glacial acetic acid as a solvent were both obtained from Merck for the preparation of cryogel 

scaffolds. 

 

Chitin and chitosan extraction from crab shells 

Extraction of chitin from crab shells: Crab shells were washed several times with distilled water 

and then dried at 40 °C in an oven. Dried shells were powdered by a grinder. First step of 

extraction of chitin was demineralization. 40 g of powdered sample was treated with 2 M HCl 

solution for 24 h at 80 °C to remove all minerals from the sample. The second step of 

extraction was deproteinization in which the sample was treated in 2 M NaOH solution at 110 

ºC for 20 h at a solid to solution ratio of 1:10 (w/v) to remove all proteins of the sample. After 

deproteinization, sample was treated with acetone for decolorization of extracted chitin. Chitin 

was obtained after applying these three steps respectively. At the end of each step, the sample 

was filtered, washed several times with distilled water, and dried in an oven at 40 °C. 

 

Production of chitosan from extracted chitin 

Extracted chitin was treated with 50% concentrated NaOH (w/v) solution at 150 °C for 4 h at a 

solid to solution ratio of 1:10 (w/v) to remove the acetyl groups of chitin. This process is called 

as deacetylation. After deacetylation, the sample was filtered and washed several times with 

distilled water until pH was neutral. The obtained chitosan was then dried before using for 

production of chitosan cryogel scaffolds. Schematic illustration of extraction steps of chitin and 

production of chitosan is demonstrated in Figure 1. 
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Figure 1. Schematic illustration of extraction steps of chitin and production of chitosan. 

 

Production of chitosan cryogels 

The chitosan cryogels were synthesized at three different concentrations of GA. 2 mL of 

chitosan solution was prepared in (6%, v/v) acetic acid solution and mixed until the solution 

was homogenous and clear. 1 mL of GA solution (1, 3 and 6%, v/v) was poured to the 

prepared chitosan solutions. The polymer and crosslinker mixture was immediately poured into 

a plastic syringe and placed into the cryostat. The mixture was incubated in the cryostat at -16 

°C for 2 h and stored in the freezer at the same temperature for 24 h. The reaction mixture 

was thawed to room temperature and the formed blocks were washed in distilled water until 

the unreacted polymer and crosslinker was removed.  

 

Characterization of chitin and chitosan 

Yield of chitin and chitosan: The percantage of the yield of chitin was calculated by dividing the 

weight of extracted chitin to initial dry crab shell weight and the percentage of the yield of 

chitosan was calculated by dividing the weight of produced chitosan to dry chitin weight before 

deacetylation. Yields were calculated as follows:  

Yield of chitin (%) = [Extracted chitin (g)/Crab shells (g)] x100  (Eq. 1) 

Yield of chitosan (%) = [Produced chitosan (g)/Chitin (g)] x100  (Eq. 2) 
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FTIR analysis of chitin and chitosan 

The infrared spectral analysis of the crab shell, extracted chitin, and produced chitosan 

samples was measured by Fourier Transform Infrared Spectrometry, FTIR (Frontier 

Spectrometer, Perkin Elmer, USA) in the wavelength range of 450 - 4000 cm–1 at a resolution 

of 4 cm-1. 

 

Solubility 

10 mL of 1% acetic acid solution was put in a centrifuge tube containing 0.1 g of produced 

chitosan. The sample was centrifuged at 10,000 rpm for 30 min. After the supernatant was 

poured away, the undissolved part of chitosan was washed with 25 mL of distilled water and 

then centrifuged at 6,000 rpm. The supernatant liquid was poured away and the undissolved 

solid was dried at 60 °C for 24 h in an oven. Lastly, the amount of the dried solid was weighed 

and the percentage of solubility was determined [12]. 

 

Water uptake capacity (WUC) 

10 mL of distilled water was put in a centrifuge tube containing 0.5 g of produced chitosan. 

The sample was mixed on a vortex about 5 min until the sample was dispersed. Then, the 

dispersed sample was vortexed for 5 s every 10 min (for a total of 30 min) and centrifuged at 

3500 rpm for 30 min. After centrifugation, supernatant was poured off and the sample was 

weighed. WUC was calculated as follows [12]:  

WUC (%) = [Bound water (g)/Initial chitosan weight (g)]x100  (Eq. 3) 

 

Oil uptake capacity (OUC) 

10 mL of sunflower oil was put in a centrifuge tube containing 0.5 g of produced chitosan. The 

sample was mixed on a vortex about 5 min until the sample was dispersed. Then, the 

dispersed sample was vortexed for 5 s every 10 min (for a total of 30 min) and centrifuged at 

3500 rpm for 30 min. After centrifugation, supernatant was poured away and the sample was 

weighed. OUC was calculated as follows [12]:  

OUC (%) = [Bound oil (g)/Initial chitosan weight (g)]x100   (Eq. 4) 
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Characterization of Chitosan Cryogels 

FTIR analysis of cryogels: Chemical surface analysis of the produced chitosan cryogels was 

performed by Fourier Transform Infrared Spectrometry, FTIR (Perkin Elmer, FT-IR/FIR/NIR 

Spectrometer Frontier, ATR, USA) with the range of 450 - 4000 cm-1 at a resolution of 4 cm-1. 

 

Water uptake capacity: Water uptake capacity of chitosan cryogels was measured by a 

gravimetric analysis. The chitosan cryogels of about 50 mg weight (the surface bound water 

was removed by filter paper) were incubated in 10 mL of distilled water at room temperature. 

After specified time intervals (5, 15 30, 60 and 90 min) the wet weight of cryogels was 

determined and the water uptake capacity calculated according to the following equation: 

WUC (%) = [(Ws – Ww) / Ww]*100    (Eq. 5) 

Where WUC is water uptake capacity, Ws is weight of cryogel and Wd is weight of swollen 

cryogel. 

 

RESULTS AND DISCUSSION 

 

Chitin extraction and chitosan production 

Yield of extracted chitin and produced chitosan: The yields have been calculated for extracted 

chitin and produced chitosan. The yield of chitin extraction from dry crab shells was 11.73%. 

The yield of chitosan produced from extracted chitin was 77.78%, which was similar to the 

results that was reported in the literature by Kaya et al. (76% yield of chitosan from 

Callinectes sapidus from İskenderun, Turkey) and Odote et al. (74.6% yield of chitosan of Sylla 

cerrata from Mombasa, Kenya) [13, 14]. The yields were above average in these studies and 

our study indicated that crabs are one of the major resources of chitin and chitosan among the 

other crustacean group of organisms. 

 

FTIR spectra of chitin and chitosan 

Figure 2 demonstrates the FTIR spectra of the crab shell, chitin, and chitosan. The FTIR 

spectra shows the characteristic bands of –NH2 at 3447 cm-1 and carbonyl group band at 1477 

cm-1 [15]. The band at 3448 cm-1 could be assigned to (N-H), (O-H) and (NH2) groups. The 

band at 3267 cm-1 is associated with (N-H) in secondary amides only with trans-configuration 

and usually is due to the formation of linear associates [16]. Additionally, the lower intensity 
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band at 3110 cm-1 confirmed trans-configuration of NH-CO group in chitin. The presence of 

methine group in pyranose ring and methyl group in methylene group was proved by the 

corresponding stretching vibrations of these groups in the range of 2892-2961 cm-1 [17]. The 

only one intense peak at 626 cm-1 indicate crystalline state of chitin [18]. Furthermore, the 

spectra of the samples indicated the presence of two bands, one at 1626 cm-1 and another at 

1657 cm-1, probably indicating an amorphous state. The peak at 1626 cm-1 could be based on 

to the stretching of C–N vibration, linked to OH group by bonding [19,20]. The characteristic 

bands for chitosan can be observed in Figure 2. The spectra showing the amine peak at 

2923.88 cm-1 indicates the presence of CH stretch and the peak at 3400 cm-1 indicates 

symmetric stretching vibration of OH. In addition to this, the peak at 1650.95 cm-1 was due to 

C=O stretching (amide I) the peaks at 1095.49 cm-1 and 1033.77 cm-1 show C-O stretching 

[15]. The wavelength at 894.91 cm-1 represent a ring stretching, a characteristic bond for β-1-

4 glycosidic linkage. 

 

Figure 2. FTIR spectrum of crab shell, extracted chitin and produced chitosan.  
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Solubility 

Chitosan had an excellent solubility of 99.29% ± 0.001 in 1% acetic acid solution. The high 

solubility of produced chitosan was due to the process conditions in deacetylation step. The 

temperature was 150 °C, period of deacetylation was 2 h, and alkaline concentration was 50% 

NaOH. The high solubility of chitosan in acetic acid indicates that the deacetylation degree is at 

least 85% [21].  

 

Water uptake capacity 

Water uptake capacity of produced chitosan was 582.59% ± 58.67. The chitosan showed 

similar WUC compared with the results of Özbay et al. (650.51% ±18.55 WUC, blue crab) 

[22].  

 

Oil uptake capacity 

Oil uptake capacity of produced chitosan was 372.21% ± 9.29. The percentage OUC of 

chitosan is in agreement with the result (437.82 % ± 21.48 OUC, blue crab) reported by 

Özbay et al. [22].  

 

Production of chitosan cryogels 

Cryogelation process: The concentration of GA as a crosslinking agent was varied in this study. 

The concentration of GA affects the chemical, physical, mechanical, morphological, and porous 

structure of cryogels. Cryogelation technique was used in the synthesis of chitosan cryogels. 

Figure 3 shows the image of GA crosslinked chitosan cryogels after cryogelation reaction is 

completed (Figure 3A) and behavior of cryogels before, under, and after force (Figure 3B). The 

chitosan cryogels showed a yellowish color with increasing the GA ratio, which can be due to 

the double bonds resulting after GA crosslinking [23]. Chitosan cryogels which were 

crosslinked with 1% and 3% GA did not show a significant deformation after applying force. 

However, although the cryogels prepared with 6% GA were elastic, when the applied force was 

increased they were deformed.  
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Figure 3. The image of prepared chitosan cryogels: (A) cryogels after cryogelation reaction is completed, 
(B) behavior of cryogels (crosslinked with 3% GA) before, under, and after applying force. 

 

FTIR spectra of cryogels 

Figure 4 demonstrates the FTIR spectra of crosslinked cyrogels with GA (1, 3, and 6%, v/v). 

As a result of the imine bonds N=C, the crosslinking of the scaffolds with GA shows the main 

absorption peak at 1646 cm−1 [24]. Shoulders at 1587 cm−1 appeared due to the ethylenic 

bonds [24, 25]. Increasing gluteraldehyde (crosslinker) concentration, caused increase in the 

intensity of ethylenic bond frequency at 1562 cm-1. For the C-H stretching vibration frequency 

at 2936 cm-1 was observed. In addition, the peak at 1100 cm−1 demonstrated the aliphatic 

amino groups [25,26]. 

 

Water uptake capacity 

WUC is releated with the highly porous and spongy structure of the cryogels. The WUC results 

of the synthesized cryogels are demonstrated in Figure 5. WUC of all chitosan cryogels was 

higher than 120% in the first 15 min. It was observed that the WUC of cryogels decreased as 

the concentration of crosslinker (GA) increased. Mirzaei et al. reported a similar trend related 

to the effect of different glutaraldehyde concentrations on the swelling behavior of freeze-dried 

chitosan hydrogels [25]. Cryogels crosslinked with 1% GA showed the highest WUC (514.51% 

± 31.91) compared to the ones prepared with 3% and 6% GA which showed a WUC of 

257.14% ± 29.28 and 154.18% ± 24.17, respectively.  



Demir et al., JOTCSA. 2016; 3(3): 131-144.   RESEARCH ARTICLE 

140 

 

 

Figure 4. FTIR spectrum of synthesized chitosan cryogels.  

 

 

Figure 5. Water uptake profiles of the synthesized cryogels. 
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CONCLUSION 

 

Chitin was extracted from the waste of blue crab shells (Callinectes sapidus) and chitosan was 

produced from extracted chitin by deacetylation. The chemical composition of crab shell, 

extracted chitin, and chitosan were characterized with FTIR. In addition to this, 

physicochemical properties of obtained chitosan was determined by solubility, water uptake 

and oil uptake capacity analysis. According to these results, obtained chitosan can be used as 

a biomaterial in tissue enginnering applications. For this purpose, chitosan scaffolds were 

synthesized by cryogelation technique and characterized by FTIR and water uptake capacity 

tests. Increasing the crosslinker (GA) concentration affected the properties of cryogels. The 

cryogel scaffolds were mechanicaly stable and had water uptake ability. The cryogels 

synthesized in this study have potential to be used as tissue engineering scaffolds in 

biomedical applications.  
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Türkçe Öz ve Anahtar Kelimeler 

Mavi Yengeçten Kitin ve Kitosanın Ekstraksiyonu ve Karakterizasyonu, 
ve Kitosan Kriyojel Doku İskelelerinin Sentezi 

 

Didem Demir, Fatma Öfkeli, Seda Ceylan, Nimet Bölgen Karagülle* 

 

Öz: Kriyojelleşme tekniği ile elde edilen polimerik doku iskeleleri, doku mühendisliği 
uygulamaları için artan ilgi konusu olmaktadır. Kriyojelleşme, polimerler veya monomerik öncül 
maddelerin donmuş tepkime karışımlarından birbiri ile bağlantılı gözenekli matrisler elde 
edilmesine imkân tanıyan bir tekniktir. Kitosan, biyo-uyumlu, biyo-bozunur, toksik olmayan, 
antibakteriyel, antioksidan ve antifungal olan bir doğal polimerdir ve pek çok kabuklu hayvanın 
dış iskeletinde bulunan kitinin deasetilasyonu ile elde edilir. Bu çalışmada, kitin mavi yengeç 
(Callinectes sapidus) dış iskeletinden kimyasal olarak izole edilmiştir. Callinectes sapidus 
örnekleri bir marketten gıda olarak tüketilen yerleri bitirildikten sonra çöpe atılan alandan 
toplanmıştır. Kitini elde etmek için örneklere demineralizasyon, deproteinizasyon ve 
renksizleştirme adımları uygulanmıştır. Kitosan, yüksek sıcaklıklarda kitinin deasetilasyonu ile 
hazırlanmıştır. Yengecin kabuğu, ekstrakte edilen kitin ve kitosana ait kimyasal bileşim FTIR 
analizi ile karakterize edilmiştir. Bunun dışında, üretilen kitosanın fizikokimyasal ve işlevsel 
özelliklerini belirlemek için, çözünürlük, su alımı ve yağ alımı analizleri gerçekleştirilmiştir. 
Kitosan kriyojel doku iskeleleri, kriyojenik koşullarda sabit miktarda kitosan (%1, w/v) ile 
çapraz bağlayıcı olarak farklı oranlarda glutaraldehit (%1, 3 ve 6) karışımının çapraz bağlanma 
tepkimesinden elde edilmiştir. Doku iskelelerinin kimyasal yapıları FTIR ile incelenmiştir. 
Ayrıca, doku iskelelerinin  su alma kapasiteleri de ölçülmüştür. Sonuç olarak, elde edilen 
neticeler karakterize edilmiş kitosan kriyojellerinin doku mühendisliği uygulamalarında 
potansiyel doku iskeleleri olarak kullanılabileceğini göstermiştir.  

 

Anahtar kelimeler: Doku mühendisliği, yengeç kabukları, kitin, kitosan, doku iskelesi, 
kriyojel.  

Sunulma: 4 Temmuz 2016. Düzeltme: 25 Temmuz 2016. Kabul: 16 Ağustos 2016. 
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Al(III), Cu(II), Co(II), Pb(II), Mn(II), and Fe(III) Determinations in 

Various Samples by FAAS after Solid Phase Extraction 

Şule Dinç Zor1*, Güzin Alpdoğan1 

1Department of Chemistry, Faculty of Science and Arts, Yildiz Technical University,  

34210 Davutpasa-Istanbul, Turkey 

Abstract: In this study, a novel method for the preconcentration of Al(III), Cu(II), Co(II), 
Pb(II), Mn(II), and Fe(III) in the form of their hematoxylin chelates using a column filled with 
Amberlite XAD-16 resin was proposed. Metal chelates collected on the resin were eluted and 
their determinations were carried out by flame atomic absorption spectrometry (FAAS). The 
influences of some analytical parameters including pH, flow rate, sample volume, and the type 
and concentration of eluent on the preconcentration efficiency were examined. The effects of 
some interfering ions on the recovery values of analytes were also investigated. While the 
optimum pH value was 8.5 for Cu(II), Co(II), Mn(II), and Fe(III) ions, it was 6.5 for Al(III) and 
Pb(II) ions. The appropriate eluent for quantitative elution was 8.0 mL of 1 mol/L nitric acid in 
acetone. Sample and eluent flow rates were found to be 2.0 mL/min. The maximum sample 
volume was established by changing it from 50 mL to 2500 mL. The sample volume does not 
significantly affect recovery within the range of 50-2000 mL of the sample volume for the 
investigated metal ions. The obtained preconcentration factor was 400. At optimum conditions, 
the detection limits found as concentration which is threefold of the standard deviation of the 
blank solution were 0.053 µg/L, 0.080 µg/L, 0.620 µg/L, 1.310 µg/L, 0.330 µg/L and 0.120 
µg/L for Al(III), Cu(II), Co(II), Pb(II), Mn(II), and Fe(III) ions, respectively, and the 
adsorption capacities for these ions were 0.47 ± 0.02 mg/g, 0.81 ± 0.01 mg/g, 0.66 ± 0.01 
mg/g, 0.58 ± 0.01 mg/g, 0.91 ± 0.01 mg/g, and 0.73 ± 0.02 mg/g, respectively. By using the 
certified reference materials, the accuracy of the method was verified. The proposed method 
was successfully applied to cigarette, hair, and some vegetable species.  

Keywords: Metal chelates, hematoxylin, preconcentration, FAAS. 
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INTRODUCTION 

 

Heavy metal pollution is a major issue in all around the world. It occurs by means of air, 

water, soil, and food as a carrier of heavy metals. Particularly, heavy metals can easily enter 

and accumulate in living organisms through food chain and they have threatened human 

health. Therefore, the monitoring of the level of trace metals in food and environmental 

samples is an important task. Some analytical methods such as flame atomic absorption 

spectrometry (FAAS), electrothermal atomic absorption spectrometry (ETAAS), inductively 

couple plasma optical emission spectrometry (ICP-OES), and inductively couple plasma mass 

spectroscopy (ICP-MS) are employed for fast, accurate, and repeatable analysis of heavy 

metals in various samples [1, 2]. FAAS is widely used due to its good precision, selectivity, low 

cost, and simplicity. However the direct analysis of heavy metals in complex matrices by FAAS 

is a challenging matter owing to low concentration of trace metals and matrix effects. Hence, 

separation/preconcentration techniques such as solid phase extraction (SPE), solvent 

extraction, ion extraction, cloud point extraction and co-precipitation prior to instrumental 

measurements are an important requirement in order to achieve accurate and reliable results 

[3]. Among them, SPE is extensively used due to its simplicity, high preconcentration factor, 

short extraction time, low consumption of organic solvents, and low cost [4]. Amberlite XAD 

resins, silica gel, activated carbon, nanomaterials, biological microorganisms, chelating 

polymers are the most widely employed adsorbents for SPE procedure [5-11]. 

 

In particular, Amberlite XAD resins which have satisfied physical properties including porosity, 

high surface area, and uniform pore size distribution have been widely used as supports for 

preconcentration of metal chelates. Amberlite XAD-16 is a hydrophobic polyaromatic resin 

(polystyrene-divinyl benzene copolymer) with a higher surface area (800 m2/g) and sorption 

capacity; and has been utilized for separation and preconcentration of many metal ions in 

different matrices with or without derivatization by various ligands [12]. 
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Hematoxylin is a phenolic chromogenic reagent for the spectrophotometric analysis of some 

certain metal ions such as Fe(III) and Al(III) [13]. When oxidized, it transforms to haematein 

which forms strongly colored complexes with some transition metal ions [14]. However, 

hematoxylin has not yet been used in separation and preconcentration of trace heavy metal 

ions prior to their determination by FAAS. 

 

In this study, a new preconcentration method has been proposed for FAAS determination of 

Al(III), Cu(II), Co(II), Pb(II), Mn(II), and Fe(III) on Amberlite XAD-16 as hematoxylin 

chelates. The effects of some analytical parameters including pH, flow rate, sample volume, 

and the type and concentration of eluent on the preconcentration efficiency were examined. 

The optimized method was applied for the determination of target metal ions in various real 

samples including potato, tomato, hair and cigarette. 

 

MATERIALS and METHODS 

 

Instruments 

A Perkin Elmer Analyst 700 FAAS instrument (Waltham, MA, USA) was used for the 

determination of Al(III), Cu(II), Co(II), Pb(II), Mn(II), and Fe(III). The analytes were 

determined under the optimized measurement conditions presented in Table 1. For pH 

measurements, a Metrohm 780 pH meter (Herisau, Switzerland) was used. Ultrapure water 

was obtained using a Milli-Q Water Purification System (Millipore, Bedford, MA, USA). 
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Table 1. Measurement parameters for determination of the analyte ions by FAAS. 

Metal 

ion 

Wavelength 

(nm) 

Slit 

width 

(nm) 

Lamp 

current 

(mA) 

Air flow 

rate 

(L/min) 

Acetylene 

flow rate 

(L/min) 

Burner 

height 

(cm) 

Acetylene 

flow pressure 

(kg/cm2) 

Al(III) 309.2 0.5 2.0 8.0 2.0 3.25 0.4 

Cu(II) 324.8 0.5 2.0 10.0 2.0 10.5 0.3 

Mn(II) 279.5 1.0 10.0 10.0 2.0 10.5 0.3 

Pb(II) 217.0 0.7 12.5 10.0 2.0 10.5 0.3 

Fe(III) 248.3 0.7 11.0 10.0 2.0 10.5 0.3 

Co(II) 240.7 0.8 6.0 10.0 2.0 10.5 0.3 

 

Reagents and Solutions 

In this study, all chemicals were of analytical reagent grade and used without further 

purification. Ultra pure water was employed for all dilutions. The metallic standard solutions 

used for calibration were prepared by diluting a stock solution of 1000 mg/L of the given metal 

salt purchased by Sigma–Aldrich (Milwaukee, USA). The proposed preconcentration procedure 

was not applied to standard calibration solutions. Working standard solutions were prepared by 

suitable dilution of the stock solutions. Amberlite XAD-16 (non-ionic divinyl polystyrene; 

specific area 800 m2/g and bead size; 20-60 mesh) was procured from Sigma–Aldrich 

(Milwaukee, USA). 

 

A hematoxylin solution (6.0 x 10-3 mol/L, Sigma–Aldrich, USA) was prepared daily by 

dissolving the requisite amounts of hematoxylin in water/ethanol (1/1, v/v). 

 

Certified reference materials (NIES CRM No.13 Human Hair, Virginia Tobaco Leaves (CTA-VTL-

2), and NIST SRM 1515 Apple Leaves) were used in order to check the accuracy of the 

method. 
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In order to adjust pH, HCl/KCl buffer solution were prepared by mixing of appropriate volume 

of 0.1 mol/L hydrochloric acid and potassium chloride solutions for pH between 2.0-3.0. 

CH3COO-/CH3COOH buffer solution were prepared by mixing appropriate volumes of 0.1 mol/L 

acetic acid and 0.1 mol/L sodium acetate solutions for pH between 4.0-7.0. NH4
+/NH3 buffer 

solution was prepared by mixing of appropriate amounts of 0.1 mol/L ammonia and 0.1 mol/L 

ammonium chloride solution for pH between 8.0-10.0. 

 

Preparation of the Column 

0.6 g of Amberlite XAD-16 was loaded after washing with methanol, 1 mol/L HNO3 solution and 

water, respectively, into a 10 mm x 200 mm glass column with a glass frit resin support. The 

resin bed was approximately 1.5 cm. The column was preconditioned by the blank solution 

prior to each use. After the elution, the resin in the column was washed with a 10-15 mL of the 

elution solution and of water in a subsequent manner.  

 

General Preconcentration Procedure 

The proposed method was tested with model standard solutions containing analyte ions (8 µg 

Al(III), 10 µg Cu(II), 30 µg Co(II), 40 µg Pb(II), 25 µg Mn(II), and 10 µg of Fe(III)) before 

application. 10.0 mL of buffer solution (to give the desired pH between 2.0-10.0) and 1.2 mL 

of 6.0 x 10-3 mol/L hematoxylin solution were added to 50-60 mL of solution. 0.6 g Amberlite 

XAD-16 column was preconditioned with the relevant buffer solution. Metal-hematoxylin 

solution was passed through the Amberlite XAD-16 column at a flow rate of 1.0-10.0 mL/min. 

After passing of this solution, the column was washed twice with 10.0 mL of water. The metal 

chelates adsorbed on the column were eluted with 8.0 mL of 1.0 mol/L HNO3 in acetone. The 

eluted solution was evaporated to near dryness and then diluted to 5.0 mL with 0.01 mol/L 

HNO3. The eluent was analyzed by FAAS for the determination of metal concentration.  
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Sampling 

Hair samples were collected from male subjects who especially work in battery production and 

soldering in Kocaeli, Turkey. The hair samples (approximately 2 mm) were cut with sterilized 

stainless steel scissors from the nape of the scalp. All hair samples were sealed in plastic bags 

prior to analysis. Samples collected were weighed about 1.0 g. 

 

In spring and summer of 2015, the vegetables including potato and tomato were collected 

from production sites in Adapazarı, Turkey. The vegetables were washed with distilled water, 

air-dried for 72 h, crushed, passed through a 2 mm mesh sieve and stored at ambient 

temperature until analysis. 

 

The test samples for cigarettes are brands of commonly smoked in Istanbul. These samples 

were purchased in packet with seals from a retailer at local market in Bahçelievler, Turkey. The 

samples were stored in a cool and dry place before analysis. 

 

Digestion Procedures 

Hair samples were treated with a 10.0-mL mixture of HNO3 and HClO4 (6:1, v/v) and 

consequently heated at 200 oC until obtaining a clear solution. It was diluted to 25 mL with 

0.01 mol/L HNO3.  

 

For digestion of the vegetables, from each dried sample, 1.0 g ground fine particles were 

added to a flask containing concentrated HNO3 (5.0 mL) and concentrated HCl (15.0 mL; aqua 

regia). The flask was covered with a watch glass and then was allowed to stand for at least 16 

h. Afterwards, the mixture was heated gradually and boiled under reflux for 2 h. After cooling 

and rinsing with 20 mL of ultra pure water, the rinse water was recovered in the digestion 

flask. After filtration, filtrates were used to make a volume of up to 100 mL using 0.01 mol/L 
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HNO3. The samples were refrigerated in acid-washed polyethylene bottles at 4 oC before final 

analysis of metal ions. 

 

For cigarettes, sample mineralization with a mixture of HNO3 and H2O2 included the following 

stages: 

 

a) 0.5 g from the sample dried to a constant weight were initially placed in borosilicate test 

tubes. Then the Teflon collector for removal of the discharged gases was fixed. 6.0 mL HNO3 

(65%) were added to each test tube through the openings of the collector, and the heating 

block was heated to 40 oC for 30 min. Consequently, the temperature was increased to 100 oC. 

The temperature was kept constant until the abatement of the reaction. 

 

b) 1.0 mL H2O2 (30%) was added through the collector openings dropwise after cooling, then 

the thermos block was heated again to 15 oC for 30 min. In case of need, H2O2 addition was 

continued till the solution was clear enough. Consequently, the solution was quantitatively 

placed in a measuring flask, which was filled with 0.01 mol/L HNO3 to the 25 mL. Blank 

digestions were also performed in the same way.  

 

 

  



Dinç Zor and Alpdoğan, JOTCSA. 2016; 3(3): 145-166.  RESEARCH ARTICLE 

152 
 

RESULTS and DISCUSSION 

 

Influences of pH 

The pH study was performed to find its effect on the degree of metal sorption using the column 

process and the pH effect was evaluated in the pH range 2.0-10.0 by using different buffer 

solutions. The effect of pH on the recovery of target metal ions is shown in Figure 1. The 

optimum pH value is 8.5 for Cu(II), Co(II), Mn(II), and Fe(III), and 6.5 for Al(III), and Pb(II).  

 

The studies were also carried out at the same pH range without hematoxylin. The recoveries of 

related metal ions were below 20%. It can be concluded that hematoxylin as a chelating 

reagent increases the efficiency for preconcentration on Amberlite XAD-16 resin column. 

 

Figure 1. Effect of pH on recovery of investigated metal ions. 

 

Effect of Amounts of Hematoxylin 

The effect of the amount of hematoxylin on the quantitative recoveries of the metal ions 

studied was also investigated. 0.2-1.6 mL portion of a 6.0 x 10-3 mol/L hematoxylin solution 
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was added to a model solution containing 5-20 µg of each analyte ion. The amounts of analyte 

ions adsorbed on Amberlite XAD-16 resin were determined by the proposed method. Over 1.0 

mL of 6.0 x 10-3 mol/L hematoxylin solution, Al(III), Cu(II), Co(II), Pb(II), Mn(II), and Fe(III) 

were quantitatively adsorbed. Hence all further studies were performed by using 1.2 mL of 6.0 

x 10-3 mol/L hematoxylin.  

 

Effect of the Type of Elution Solution 

The effect of the various eluents on the recoveries of Al(III), Cu(II), Co(II), Pb(II), Mn(II), and 

Fe(III) ions from the Amberlite XAD-16 resin column was examined by using 8.0 mL of each 

eluent solution. This volume was determined according to previous studies in the literature and 

from our experiences. Recoveries obtained with all eluent solutions for each analyte ion are 

given in Table 2. According to these results, 8.0 mL of 1.0 mol/L HNO3 in acetone was used as 

an eluent for further applications.  

 

Table 2. Effect of the eluent type on recoveries (N=3). 

Eluent type 
Recovery (%)   

Al(III) Cu(II) Co(II) Pb(II) Mn(II) Fe(III) 

Acetone 71 ± 1  96 ± 2 85 ± 2 24 ± 2 100 ± 3 66 ± 2 

0.5 mol/L HNO3 81 ± 1 86 ± 2 90 ± 1 87 ± 3 88 ± 2 76 ± 2 

1.0 mol/L HNO3 95 ± 2 92 ± 1 89 ± 2 99 ± 2 90 ± 3 88 ± 3 

0.5 mol/L HCl 46 ± 3 89 ± 2 71 ± 3 86 ± 1 78 ± 1 84 ± 2 

1.0 mol/L HCl 61 ± 1 92 ± 3 83 ± 1 92 ± 3 85 ± 1 88 ± 1 

1.0 mol/L HNO3 in acetone 95 ± 3 99 ± 2 96 ± 2 98 ± 1 100 ± 1 96 ± 1 

 

Effect of Flow Rate and Sample Volume 

The effect of flow rate on the sorption was investigated by varying the flow rate from 1.0 to 

10.0 mL/min at optimum conditions. It was observed that the best results were reached at 2.0 

mL/min for retention and elution steps. 
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In order to investigate the possibility of enriching low concentration of the analyte ions from 

large sample volumes, the effects of the sample solution volume on the recoveries of the metal 

ions were also tested in the range of 50-2500 mL. The results are given in Fig. 2. According to 

these results, the recoveries of analyte ions were not affected until 2000 mL. Above 2000 mL, 

the recoveries of the target ions decrease probably owing to the excess analytes loaded over 

the the column capacity with increasing sample volume. In the light of this result found, 

preconcentration factor was calculated to be 400 for the analyte ions when the final volume 

was 5.0 mL. 

 

Figure 2. The effect of sample volume on the recoveries of metal ions. 

 

Effect of Coexisting Ions 

The influences of possible matrix ions on the recoveries of analytes were also examined by a 

generic procedure. The obtained experimental results are showed in Table 3. The tolerance 

limit is defined as the ion concentration inducing a relative error smaller than ± 3% related to 

the preconcentration and determination of the analyte ions. The results given in Table 2 

showed that the existence of high concentrations of some cations and anions has no obvious 

influence on the metal ions adsorption at optimum conditions. 
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Total Sorption Capacity 

The sorption capacity of the resin is described as the amount of metal adsorbed by 1.0 g of 

resin. A suitable aliquot of metal ion chelate at appropriate pH value was loaded onto the 

column filled with 1.0 g of resin. The eluate was determined by FAAS as described in the 

general procedure until the resin was saturated.  This procedure was repeated for each analyte 

ions. The sorption capacity for each analyte ion on the sorbent was calculated from the 

difference between the metal ion concentration before and after desorption. The obtained 

results are presented in Table 4. 

 

Resin Reusability Study 

In order to determine the potential reusability of the resin, the resin was subjected to several 

adsorption-elution cycles at optimum conditions. Ten runs were performed on the same day 

and the next ten runs were made the following day. According to the obtained results, a small 

decrease in the recoveries occured after 50 cycles. The resin could be utilized up to 70 runs in 

succession without any appreciable loss in the sorption efficiency.  

 

Detection Limits 

The detection limits based on the concentration corresponding to three times the standard 

deviation of blank signal were found to be 0.053 µg/mL for Al(III), 0.08 µg/mL for Cu(II), 0.62 

µg/mL for Co(II), 1.31 µg/mL for Pb(II), 0.33 µg/mL for Mn(II) and 0.12 µg/mL for Fe(III) 

using a synthetic sample volume as blank.  

 

Accuracy of the Results 

The accuracy of the proposed method was checked by determination of the metal ions in the 

certified reference materials, NIES CRM No.13 Human Hair, Virginia Tobaco Leaves (CTA-VTL-

2), and NIST SRM 1515 Apple Leaves. The results in Table 5 show that developed method was 
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in a good agreement with the certified values and is free from interferences of the various 

constituents.  

 

Application to Real Samples 

The presented method was applied to the determination of Al(III), Cu(II), Co(II), Pb(II), 

Mn(II), and Fe(III) ions in potato, tomato, hair, and cigarette. The results are summarized in 

Table 6. Accordingly, relative standard deviations (RSDs) of the method were lower than 8%, 

showing that the developed method has good precision for the analysis of trace metal ions 

studied from different samples.  
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Table 3. Influences of some foreign ions on the recoveries of metal ions (N=3). 

                                  Recovery (%) 

 

Cations/ 

Anions 

 

Added as 

C 

(mg/L) 

 

Al(III) 

 

Cu(II) 

 

Co(II) 

 

Pb(II) 

 

Mn(II) 

 

Fe(III) 

Na+ NaCl 500 95 ± 1a 96 ± 1 97 ± 3 97 ± 2 96 ± 1 95 ± 2 

K+ KCl 500 97 ± 2 95 ± 1 95 ± 2 98 ± 3 98 ± 2 96 ± 1 

Ca2+ CaCl2 400 96 ± 2 98 ± 3 96 ± 2 97 ± 1 100 ± 1 97 ± 2 

Mg2+ MgCl2 200 95 ± 1 95 ± 1 97 ± 1 95 ± 2 95 ± 2 96 ± 3 

Ni2+ Ni(NO3)2 100 96 ± 3 96 ± 2 95 ± 3 96 ± 3 97 ± 3 98 ± 1 

Cd2+ Cd(NO3)2 100 95 ± 2 98 ± 2 97 ± 2 97 ± 2 98 ± 2 95 ± 2 

Sn2+ SnCl2 300 96 ± 2 96 ± 3 97 ± 3 95 ± 1 99 ± 1 98 ± 1 

Cr3+ Cr(NO3)3 600 99 ± 1 98 ± 2 96 ± 2 97 ± 2 100 ± 1 96 ± 1 

Ag+ AgNO3 150 98 ± 1 96 ± 1 97 ± 1 96 ± 3 95 ± 3 97 ± 1 

V5+ V2O5 50 96 ± 3 95 ± 2 96 ± 2 98 ± 2 97 ± 3 97 ± 3 

Bi3+ Bi(NO3)3 50 96 ± 1 96 ± 3 95 ± 1 95 ± 3 96 ± 1 95 ± 2 

PO4
3- Na3PO4 5000 96 ± 2 96 ± 2 99 ± 2 99 ± 2 96 ± 2 96 ± 3 

Cl- NaCl 4000 97 ± 2 97 ± 1 98 ± 1 95 ± 3 98 ± 1 97 ± 2 

SO4
2- Na2SO4 3000 97 ± 3 95 ± 2 96 ± 3 97 ± 3 99 ± 2 96 ± 1 

a Mean ± standard deviation. 

Table 4. Total sorption capacity of the metal ions on Amberlite XAD-16 (Experimental 

conditions: Amberlite XAD-16: 1.0 g; Al(III): 50-800 µg, pH 6.5; Cu(II): 50-1400 µg, pH 8.5; 

Co(II): 60-1100 µg, pH 8.5; Pb(II): 70-1000 µg, pH 6.5;  Mn(II):50-600 µg, pH 8.5; Fe(III): 

80-900 µg, pH 8.5; flow rate: 2.0 mL/min for each element). 

Metal ion 

 

Capacity 

(mg/g) 

Al(III) 4.7 ± 0.2 

Cu(II) 8.1 ± 0.1 

Co(II) 6.6 ± 0.1 

Pb(II) 5.8 ± 0.1 

Mn(II) 9.1 ± 0.1 

Fe(III) 7.3 ± 0.2 
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Table 5. The results for reference standard materials (N=5). 

  

SRM 515 

Apple Leaves 

(µg/g) 

 

CRM 13 

Human Hair  

(µg/g) 
 

 

CTA-VTL-2 

Virginia Tobacco  

Leaves (µg/g) 
 

Metal 

ion 

Certified 

value 

Found 

value 

Certified 

value 

Found 

value 

Certified 

value 

Found 

value 

Al(III) 289 ± 9 284 ± 4 120a 118 ± 2 1682a 1679 ± 18 

Cu(II) 5.64 ± 0.24 5.61 ± 0.10 15.3 ± 1.3 14.9 ± 0.7 18.2 ± 0.9 17.9 ± 0.7 

Co(II) 0.09a 0.08 ± 0.01 0.07a 0.06 ± 0.01 0.429 ± 0.026 0.424 ± 0.03 

Pb(II) 0.470 ± 0.024 0.468 ± 

0.08 

4.6 ± 0.4 4.5 ± 0.3 22.1 ± 1.2 20.8 ± 1.1 

Mn(II) 54 ± 3 53.42 ± 0.7 3.9a 3.8 ± 0.3 79.7 ± 2.6 77.6 ± 1.3 

Fe(III) 83 ± 5 81 ± 0.9 140a 138 ± 3 1083 ± 33 1080 ± 24 

a:informative value. 

 

Except for Pb, there is no information about maximum Al, Cu, Co, Mn, and Fe levels in 

foodstuff in the Turkish Food Codex (TFC, regulation no 2011/28157) [15]. When the results of 

samples in terms of Pb contents are examined, it is seen that Pb levels in potato and tomato 

samples are higher than their maximum permissible limit (0.10 mg/kg) of the TFC.  

 

Additionally, Pb average concentration in the hair samples was found to be 6.43 ± 0.6 mg/kg 

and a similar observation (8.67 ± 13.83 mg/kg) were also reported by Li et al. in case of lead 

content for the scalp hair of residents living in the mining areas in China [16]. Moreover this 

value is higher than Pb levels of another study (≤ 4.60 ± 0.57 mg/kg) based on ETAAS in 

literature [17]. Consequently, these results obtained for lead determination show that people 

in the battery and soldering work areas are more susceptible to lead pollution and thus, it 

should be paid more attention to the monitoring of their lead levels. 



Dinç Zor and Alpdoğan, JOTCSA. 2016; 3(3): 145-166.  RESEARCH ARTICLE 

159 
 

 

Cigarette samples presented the highest Al, Cu, Mn, and Fe values according to other samples, 

while they gave the lowest Pb value. These results are almost comparable with some studies 

done in literature [18-20]. 

Table 6. The results of Al(III), Cu(II), Co(II), Pb(II), Mn(II), and Fe(III) ions in potato, 

tomato, hair, and cigarette samples by the proposed method. 

Metal ion Potato 

(mg/kg) 

Tomato 

(mg/kg) 

Hair 

(mg/kg) 

Cigarette 

(mg/kg) 

Al(III) 9.42 ±0.3 1.31 ±0.2 85 ± 3.4 835 ± 8 

Cu(II) 3.67 ±0.1 2.48 ± 0.4 21 ± 2.7 41 ± 2 

Co(II) 0.098 ± 0.01 0.85 ± 0.1 0.85 ± 0.3 0.75 ± 0.09 

Pb(II) 2.14 ± 0.2 1.21 ± 0.2 6.43 ± 0.6 0.641 ± 0.2 

Mn(II) 11.45 ± 0.3 96 ± 2.1 31.4 ± 0.9 109 ± 3 

Fe(III) 82.5 ± 2.0 2.17 ± 0.3 140 ± 4.4 540 ± 6 

 

Comparison with the other SPE methods 

The new method was compared with other SPE methods based on Amberlite XAD resins in 

terms of preconcentration factor, limit of detection, sorption capacity, and relative standard 

deviation (Table 7). The preconcentration factor of the analyte ions is superior to those of SPE 

methods described in Table 7. The obtained results related to sorption capacity, LOD and RSD 

are also comparable to those of other preconcentration studies in Table 7.  
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Table 7. Comparison of the developed method with the other some SPE methods. 

 
Chelating agent 

Studied 
metal 
ions 

 
PF 

LOD 
(µg/L) 

Sorption 
capacity 
(mg/g) 

RSD 
(%) 

Reference 

Amberlite XAD-4/SAB Cu, Ni, 
Co, Fe 

240 0.40-0.90 8.14-
11.13 

< 5 5 
 

 
Amberlite XAD-4/PAN 

Cd, Co, 
Ni, Mn, 
Zn, Pb, 
Cu 

 
160-400 

 
0.09-1.30  

 
0.030-
0.050* 

 
< 5 

 
21 

 
Amberlite XAD-7/MDTC 

 
Pb, Cu, 
Co, Fe, 
Ni, Cd, 
Zn 

 
- 

 
2.10-4.19  

 
9.14-
10.43 

 
< 5 

 
22 

 
Amberlite XAD-
1180/PV 

 
Fe, Pb 

 
100 

 
0.37, 
0.20  

 
- 

 
< 10 

 
23 

 
Amberlite XAD-16/PAN 

 
Ni, Cd, 
Co, Cu, 
Pb, Cr 

200 0.056-
0.268  

 

4.7-5.0 < 8 24 
 

Amberlite XAD-1180/ 
EBBR 

Cu 60 1.3  0.90  3.3 25 
 

Amberlite XAD-7/PAR Co 200 0.1  - 13 26 
 

Amberlite XAD-4/DPKT Co, Ni, 
Fe, Cu 

200-300 30-50 2.0 < 2 27 
 

Amberlite XAD-
2010/Na-DDTC 

Mn, Co, 
Ni, Cu, 
Cd, Pb 

100 0.08–
0.26 

5.7-6.3 < 5.1 28 

Amberlite XAD-
1180/TAN 

Cu, Ni, 
Pb,  
Cd Mn 

50-200 0.03-1.19 0.30-0.77 < 5.1 29 

Amberlite XAD-4/DDTP Cd, Pb 6-13 0.02-2.0 - < 13 30 
 

Amberlite XAD-
8/AMOTACTA 

Cu 200 0.20 2.37 < 4.1 31 
 

Amberlite XAD-7/PAR Cu, Ni, 
Zn 

200-400 0.013-
0.027 

- < 3.2 32 
 

Amberlite XAD-16/ 
8-hydroxyquinoline 

Cu, Zn 80, 147 0.16, 0.2  1.2, 2.2 33 

Amberlite XAD-
16/Hematoxylin 

Al, Cu, 
Co, Pb, 
Mn,  Fe 

400 0.053-
1.310  

  

0.47-0.91 < 5 Present 
study 

PF: Preconcentration factor, LOD: Limit of detection, RSD: Relative standard deviation, PAN: 1-(2-
pyridylazo)-2-naphtol, MDTC: Morpholine dithiocarbamate, Na-DDTC: Sodium 
diethyldithiocarbamate, PV: Pyrocatechol violet, EBBR: Eriochrome blue black R, PAR: 4-(2-
pyridylazo) resorcinol, SAB: Salicylaldehyde benzoylhydrazone, DPKT: Di-2-pyridylketone 
thiosemicarbazone, TAN: 1-(2-thiazolylazo)-2-naphthol, DDTP: O,O-diethyldithiophosphate, and 
AMOTACTA: Carbothioamide derivative. *mmol/g.
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CONCLUSION 

 

In the present study, a new method for solid phase extraction of trace metals, Al(III), 

Cu(II), Co(II), Pb(II), Mn(II), and Fe(III) prior to their determinations by FAAS was 

developed. The conditions of preconcentration and elution were investigated and 

optimized. At optimum conditions, the method has high preconcentration factor, and low 

RSD and LOD values. In addition, the proposed method is not influenced by many foreign 

ions present together with analyte ions. Certified reference materials were also used for 

method validation and the results showed that the developed method was in good 

agreement with certified values and it is suitable for the analysis of metal ions studied in 

real samples. This method based on the sorption of hematoxylin-metal chelates on 

Amberlite XAD-16 provides simple, fast, and low-cost preconcentration procedure for 

accurate and precise quantification of target analyte ions in some vegetable, human hair 

and cigarette samples.  
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Türkçe Öz ve Anahtar Kelimeler 

Katı Faz Ekstraksiyonu Sonrası FAAS ile Çeşitli Örneklerde Al(III), 

Cu(II), Co(II), Pb(II), Mn(II) ve Fe(III) Tayini 

Şule Dinç Zor*, Güzin Alpdoğan 

Öz: Bu çalışmada, Amberlite XAD-16 reçinesi ile doldurulmuş bir kolon kullanarak 
hematoksilin kelatları şeklinde Al(III), Cu(II), Co(II), Pb(II), Mn(II) ve Fe(III) iyonlarının 
ön derişiklendirilmesi için yeni bir yöntem önerilmiştir. Reçinede toplanan metal kelatları 
elüe edilmiş ve tayinleri alev atomik absorpsiyon spektrometrisi (FAAS) ile yapılmıştır. Ön 
derişiklendirme etkinliğine pH, akış hızı, örnek hacmi ve elüentin konsantrasyonu gibi 
bazı analitik parametrelerin etkisi incelenmiştir. Analitlerin geri kazanım değerlerine 
girişim yapan bazı iyonların etkisi de incelenmiştir. Cu(II), Co(II), Mn(II) ve Fe(III) 
iyonları için en uygun pH değeri 8,5 iken Al(III) ve Pb(II) iyonları için en uygun değer 6,5 
olarak tespit edilmiştir. Kantitatif elüsyon için en uygun elüentin, aseton içindeki 8,0 mL 1 
mol/L nitrik asidin çözeltisi olduğu belirlenmiştir. Örnek ve elüent akış hızları 2,0 mL/dak 
olduğu bulunmuştur. En yüksek örnek hacmi, bu değerin 50 mL’den 2500 mL’ye 
değiştirilmesi ile bulunmuştur. Örnek hacmi, geri kazanıma 50-2000 mL örnek hacmi 
aralığında çalışılan metal iyonları için belirgin şekilde etki etmemektedir. Elde edilen ön 
derişiklendirme faktörü 400’dür. En uygun koşullarda, kör çözeltinin standart sapmasının 
üç katı olarak bulunan ve konsantrasyon cinsinden tayin sınırları Al(III), Cu(II), Co(II), 
Pb(II), Mn(II) ve Fe(III) iyonları için sırasıyla 0,053 µg/L, 0,080 µg/L, 0,620 µg/L, 1,310 
µg/L, 0,330 µg/L and 0.120 µg/L olarak bulunmuştur. Söz konusu iyonlar için 
adsorpsiyon kapasiteleri de 0,47 ± 0,02 mg/g, 0,81 ± 0,01 mg/g, 0,66 ± 0,01 mg/g, 
0,58 ± 0,01 mg/g, 0,91 ± 0,01 mg/g, and 0,73 ± 0,02 mg/g olarak bulunmuştur. Onaylı 
referans malzemeleri kullanarak yöntemin kesinliği doğrulandı. Önerilen yöntem sigara, 
saç ve bazı sebze türlerine başarıyla uygulanmıştır.  

Keywords: Metal kelatları, hematoksilin, ön derişiklendirme, FAAS. 
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Abstract: Bisphenol A (BPA) is a chemical substance which is produced in great 
quantities globally and of which serious negative effects on endocrine system are 
suspected. It is a commonly used color developer in thermal papers. BPA used for this 
purpose is in free, unbound form and is one of the potential sources for BPA exposure of 
humans. In this study, 12 thermal paper receipt samples were collected from various 
workplaces selected randomly and analyzed. BPA was determined in all samples. Average 
value of high BPA concentrations obtained from 10 samples was found as 13.83±0.69 mg 
BPA/g paper. At the same time, low values being 0.40±0.11 mg BPA/g paper and 
0.11±0.05 mg BPA/g paper respectively were found in two samples as compared to 
others. 
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INTRODUCTION 

 

Bisphenol A (BPA, 2,2-bis(4-hydroxyphenyl) propane) (Figure 1) is one of the chemical 

substances produced mostly in the world. It has generally been used in great quantities 

in manufacturing polycarbonate plastic, epoxy resin, dental materials as well as paper 

industry [1]. 

 

BPA is the subject of hot debates regarding “low dose” toxicological effects, i.e., effects 

at doses clearly below the present tolerable daily intake (TDI) of 0.05 μg/kg body weight 

[2-4]. A great number of studies where BPA's effects on human health and especially on 

its destructive side effects are investigated were made and have continued to be made 

[5, 6]. BPA exposure of humans is basically through food and beverage. This is because 

epoxy resin used in producing containers where food and beverage are packed contains 

BPA. In addition, air, dust, and water are other sources of exposure. Furthermore, 

manual contact with thermal paper receipts received at the end of shopping is another 

source for BPA exposure [7, 8]. 

 

Thermal papers have been used as shopping mall receipts, public transportation tickets, 

lottery tickets, cinema tickets, airline tickets, etc. [9]. European Union’s risk assessment 

report of BPA states that 168.000 tons of thermal paper is used per year in European 

Community and these papers contain 1890 tons of BPA [10]. BPA acts as a color 

developer in thermal papers [11]. It is present in its free, non-polymerized form and is 

thus easily available for uptake [12]. If a person who comes in contact with thermal 

paper receipts mentioned above in his-her daily life takes nourishment by direct contact 

of unwashed hands or by dermal contact, he/she has the BPA exposure. Furthermore, 

reusing these papers which were sent to recycling after usage in producing food and 

beverage containers by processing again has caused BPA contamination [13, 14]. 

 

In this study, BPA quantities of thermal paper receipts collected from different shops 

were determined and compared with other international studies. 
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Figure 1: Molecular structure of BPA. 

 

MATERIALS and METHODS  

 

12 thermal paper receipt samples used in this study were collected from various 

workplaces randomly. We collected a fax paper, a bank account receipt, a bank card 

receipt, an ATM receipt, a lottery ticket, a gift store receipt, a gas station receipt, a 

restaurant receipt, and four shopping mall receipts (Table 1). Thermal printing paper was 

identified by its ability to darken upon heating. The samples were analyzed as soon as 

they were collected. The average BPA levels of samples were calculated by three parallel 

studies. The chemical substances were used of high purity.  

 

20 mg of thermal paper receipt samples were cut into small pieces and extracted for 60 

minutes in 50 mL of pure water in room temperature. After this extraction process, the 

BPA quantity passed into water was analyzed through high performance liquid 

chromatography (HPLC). All the HPLC analyses were carried out on a Agilent 1200 Series 

HPLC system equipped with an Supelco C18 column (100 x 2.1 mm, particle size 2.7 µm) 

using a mobile phase composed of water/acetonitrile (60:40, v/v) at a flow rate of 0.4 

mL/min; the column temperature was 30 °C. Fluorescence excitation and emission 

wavelengths for BPA detection were 225 and 310 nm, respectively. Calibration line was 

formed between 25 and 200 µg BPA/L (R2=0,999). Detection limit was calculated as 3.3 

µg/L and relative standard deviations 1.1% for 6 measurements made in 30 µg/L. 

 

RESULTS and DISCUSSION  

 

The results of 12 thermal paper samples where BPA concentration was determined are 

shown in Table 1. BPA was found in all thermal paper receipts which were analyzed. 
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Average value of ten thermal paper receipts having high concentration ratios was 

calculated as 13.83 ± 0.69 mg BPA/g paper. This average value we obtained is 

compatible with the literature [15-20]. As seen in Table 1, the highest BPA concentration 

were determined in supermarket samples No: 2, 3, and 4. The results are 19.52 ± 0.71 

mg BPA/g paper, 20.14 ± 1.23 mg BPA/g paper and 21.65 ± 0.83 mg BPA/g paper, 

respectively. When considering these results and excessiveness of customer circulation, 

supermarket cashiers may be the persons who have the highest risk of undergoing BPA 

exposure [21]. However, rather low values were determined as 0.40±0.11 mg BPA/g 

paper and 0.11±0.05 mg BPA/g paper respectively in one bank account receipt and one 

lottery receipt, comparing to other samples. In some thermal paper receipts, low BPA 

concentrations were determined also by Geens et al. (2012) (22). This situation can be 

described with the use of alternative chemical substances instead of BPA because of its 

bad name in recent years. Goldinger et al. (2015) (15) investigated some alternatives of 

BPA, namely bisphenol S (BPS), bisphenol F (BPF), Pergafast® 201 and D-8. Their study 

showed that D-8 and Pergafast® 201 could be good alternatives for the replacement of 

BPA. Recently some Swiss retailers announced stopping the use of thermal papers 

containing BPA. In addition, cross contamination can occur while BPA-free thermal papers 

are being processed along with high BPA content papers which are reprocessed in 

recycling plants [23]. In similar studies made with thermal paper samples in Belgium, 

Switzerland and U.S.A., the results of 15.00 mg BPA/g paper, 13.50 mg BPA/g paper and 

12.50 mg BPA/g paper respectively were reported. However, the BPA values obtained in 

studies carried out in countries like Japan, Korea, and Vietnam were calculated between 

<LOD and 10.00 mg BPA/g paper. These values have been observed as low values when 

compared with other country's results. Reason of this situation may be tight control onto 

materials containing BPA applied by Japan [24]. 

CONCLUSION 

 

According to the results we achieved, BPA concentration in 10 out of 12 thermal paper 

receipts analyzed is between 7.26 ± 0.58 and 21.65 ± 0.83 mg BPA/g paper. Similar 

results have also been reported in the literature. High BPA content ratio of thermal 

papers can cause contamination risk for "BPA-free" papers during reprocessing in 

recycling plants. Furthermore, waste waters containing BPA of these plants can give 

hazardous effects to environment. And the most important risk is thermal paper sourced 

BPA exposure of humans. According to Genns et al., 2012; an estimation of human 

exposure through thermal paper results in a median intake of 445 ng BPA/day for the 

general population, which corresponds to an exposure of 6.4 ng/kg bw/day for a person 

of 70 kg. The exposure of those people who come occupationally in contact with thermal 
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paper can be much higher. Biomonitoring studies shall be required in the future so that 

influences of BPA on human health can be revealed completely.  

 

Table 1.BPA concentrations in 12 thermal paper receipts according to the type of store 
(n=3). 

Type of store BPA (mg/g paper±SD) 

Fax paper 7.26±0.58 

Bank account receipt 0.40±0.11 

Bank card receipt 14.96±0.54 

ATM receipt 15.00±0.72 

Lottery ticket 0.11±0.05 

Gift store receipt 12.94±0.66 

Gas station receipt 8.47±0.33 

Restaurant receipt 10.78±0.67 

Supermarket 1 7.59±0.61 

Supermarket 2 19.52±0.71 

Supermarket 3 20.14±1.23 

Supermarket 4 21.65±0.83 
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Türkçe Öz ve Anahtar Kelimeler 
 

Termal Kâğıt Fişlerde Bisfenol A’nın Tayini 

M.Serkan Yalcin*, Cihan Gecgel, Dilek Battal 

 

*Corresponding author: M.SerkanYalcin. E-mail: serkanyalcin@mersin.edu.tr. 

Öz: Bisfenol A (BPA) dünya çapında büyük miktarlarda üretilen ve bağışıklık sistemine 
ciddi negatif etkide bulunduğundan şüphelenilen bir kimyasal maddedir. Bu madde termal 
kâğıtlarda renk geliştirici olarak yaygın şekilde kullanılmaktadır. Bu amaçla kullanılan BPA 
serbest ve bağlanmamış bir haldedir ve insanlardaki BPA maruziyetinin potansiyel 
kaynaklarından biridir. Bu çalışmada, 12 termal kâğıt örneği, rasgele seçilen çeşitli 
çalışma yerlerinden toplanmış ve analiz edilmiştir. BPA bütün örneklerde bulunmuştur. 10 
örnekten elde edilen yüksek BPA derişimlerinin ortalama değeri 13,83±0,69 mg BPA/g 
kâğıt olarak tespit edilmiştir. Aynı zamanda, diğerleriyle karşılaştırıldığı zaman iki örnekte 
sırasıyla 0,40±0,11 mg BPA/g kâğıt ve 0,11±0,05 mg BPA/g kâğıt olarak düşük değerler 
bulunmuştur.  

Anahtar kelimeler: Bisfenol A, BPA, Termal kâğıt, insanda maruziyet. 
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Optical Properties of Al:ZnO Thin Film Deposited by Different Sol-
Gel Techniques: Ultrasonic Spray Pyrolysis and Dip-Coating 

Ebru Gungor1* and Tayyar Gungor1  

1Mehmet Akif Ersoy University, 15030 Burdur, Turkey 

Abstract: Undoped and Al-doped ZnO polycrystalline thin films have been fabricated on 
glass substrates by using a computer-controlled dip coating (DC) and ultrasonic spray 
pyrolysis (USP) systems. The film deposition parameters of DC process were optimized 
for the samples. In this technique, the substrate was exposed to temperature gradient 
using a tube furnace. In the study, the other solvent-based technique was conventional 
USP. The zinc salt and Al salt concentrations in the solution were kept constant as 0.1 M 
and 2% of Zn salt’s molarity, respectively. The optical properties were compared for the 
films deposited two different techniques. The optical transmission of 
Al:ZnO/Glass/Al:ZnO sample dip coated and the optical transmission of Al:ZnO/Glass 
sample ultrasonically sprayed were determined higher than 80% in the visible and near 
infrared region. Experimental optical transmittance spectra of the films in the forms of 
FilmA/Glass/FilmA and FilmA/Glass were used to determine the optical constants. It was 
observed that the optical band gaps of Al doped ZnO films onto glass substrate were 
increased with increase of Al content and the absorption edge shifted to the shorter 
wavelength (blue shift) compared with the undoped ZnO thin film. 
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INTRODUCTION  

 

In 1742, a method of coating iron by dipping it in molten zinc was described by Malouin 

[1]. Nowadays, this technique has different applications fields such as coating the surface 

of the materials with protective agents or coloring materials. Materials in almost any 

geometry can be coated using this technique. In addition to coating of large-scale 

material, this technique was used to deposit to the metal oxide semiconductors (ZnO, 

TiO2, SnO2 and WO3). Investigation of compound semiconductor-focused work has gained 

momentum [2]. It is possible to coat the surface of the material using the liquid phase 

growth techniques. These techniques are generally divided into three groups such as sol-

gel, chemical baths, and electrochemical methods. The sol-gel method is widely used in 

thin film coating. In the sol-gel process, the precursor solution can be coated on the 

substrate by dip coating, spray pyrolysis, and spin coating techniques. In recent years, 

ZnO, prepared by various deposition methods such as reactive evaporation [3], RF 

sputtering [4], chemical vapor deposition [5], ultrasonic spray pyrolysis [6-8], sol-gel 

method [9], and dip coating method [10], have found very different application areas for 

optoelectronics and sensor technology applications. In addition to changes of the optical 

constants, the change in the band gap may be advantageous in the technological use of 

the films. While the increase in the band gap can be useful in poly-crystalline solar cells, 

the decrease in the band gap can be applicable for gas detection such as CO [11]. The 

number of studies that examined the changes in the optical and electrical properties due 

to the elements to be incorporated into the ZnO lattice is increasing. The substrate 

temperature is an important parameter for the formation of the thin film. For example, 

the substrate temperature is kept at a given temperature in USP technique. However, 

substrate is kept at room temperature and dip number is increased for the formation of 

the film for the DC technique. However, during DC process pre-heating or after the 

deposition-post heating can be done. The samples were exposed to temperature gradient 

from the room temperature to set temperature then subject to post heating using DC 

system. 

 

In this study, using the modified dip coating system (MDC) pre-heating and post-heating 

features are added using the tube furnace, which was used in the vertical geometry. 

Undoped and Al-doped ZnO polycrystalline thin films have been fabricated on glass 

substrates using dip coating (DC) and ultrasonic spray pyrolysis (USP) systems. In this 

way, although a small number of dip process to be done the film formation on the 

substrate becomes more prominent. Substrate temperature was kept at 400 °C for USP 
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system. In order to compare the samples deposited by DC, post heating temperature set 

at 400 °C. Moreover, the changes in optical transmittance of Al doped ZnO thin films 

were examined. 

 

MATERIALS and METHODS  

 

Experimental details 

The home-made computer-controlled dip coating system was modified by adding the 

heating facilities after the withdrawing process (Figure 1). In this system, the tube 

furnace which was used in the vertically was added to the system for pre-heating and 

post-heating up to 400 °C for the dipping process. The details of the previous dip coating 

system are given in the reference [10]. The vertical movement distance is also expanded 

about up to 40 cm using the modified mechanical unit. Stepper motor and threaded 

spindle is provided with a 5 µm precision movement. Another modification is changing 

the home-made stepper motors driver unit with a commercial one (Leadshine step motor 

drive unit M542 model). This unit has a micro-step feature. Thus, a number of steps for 

one revolution can vary from 400 to 25000 steps. The step control is made by means of 

the computer's printer port. M542 stepper motor drive unit can be controlled by two data 

bits such as D1 and D0. Using a suitable computer program such as LabView, dipping 

time, dwell time, withdrawal rate, and pre-heating time of the substrate can be adjusted 

to the desired value.  

 

Figure 1. The schematic diagram of modified dip coating (MDC) system.  

The salts zinc acetate dehydrate (Zn(CH3COO)2.2H2O, 99.9%-Merck) and Al chloride 

hexahydrate (AlCl3.6H2O, 99.9%-Merck) as the metal sources were dissolved in 

methanol. In order to produce a clear and homogeneous solution, monoethanolamine 

(MEA) was added into the precursor solution which was stirred at 60°C at a moderate 
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speed for 1 h. Al and Zn concentrations were kept at 0.002 M and 0.1 M in the starting 

solutions, respectively. This precursor solution was used to deposit ZnO and Al:ZnO 

(AZO) thin films on to ultrasonically cleaned glass substrates using the conventional USP 

and MDC systems. 

The ZnO and AZO thin films (2 layers) were deposited on both sides of the glass 

substrate, withdrawal speed fixed at 1 cm/min
 

and the deposition time at 30 s. In USP 

method, the position of substrates was fixed and precursor solution was sprayed over a 

hot substrate. The substrate temperature was kept at 400°C. The solution flow rate was 

held constant at 5 mL/min. The nozzle (100 kHz oscillator frequency) used in this study 

was in a downward vertical configuration. A more detailed description of the USP system 

was reported in previous papers [8]. X-ray diffraction (XRD) spectra were collected with 

a D-Max X-ray diffractometer (Rigaku International Corp. Japan) with CuKα (λ=1.5405Ǻ) 

to obtain the structural information of the films. The optical measurements of the Al:ZnO 

thin films were carried out at room temperature using T70 Model Spectrophotometer (PG 

Instrument)  in the wavelength range 300–900 nm.  

Table 1. Calculated film thickness of the single sided (t) and double sided (t1 and t2) thin 
films deposited by DC. Calculated refractive index n for 700nm wavelength and optical 

band gap values Eg (eV). 

Thin film profile Dip number 
t1 

(nm) 
t2 

(nm) 
n  

(700nm) 
Eg  

(eV) 

ZnO/Glass/ZnO 2 138 120 1.66 3.29 

Al:ZnO/Glass/Al:ZnO 2 95 133 1.46 3.33 

Table 2. Calculated film thickness of the single sided (t) thin films deposited by USP. 
Calculated refractive index n for 700nm wavelength and optical band gap values Eg (eV). 

Thin film profile 
t1 

(nm) 
n  

(700nm) 
Eg  

(eV) 

Al:ZnO/Glass 104 1.67 3.32 

ZnO/Glass 602 2.00 3.23 

 

RESULTS and DISCUSSION 

 

Structural Characterization 

The X-ray patterns for ZnO and Al:ZnO thin films deposited by USP and DC films at room 

temperature are presented in Figures 2 and 3, respectively. The hexagonal wurtzite 

structure of ZnO seems to be protected for both samples group. It was observed that the 
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(002) peak indicating a strong orientation along the c-axis for USP type undoped ZnO 

film. For the USP type Al:ZnO film (200) and (101) as well as (110) and (103) peaks 

were observed. But the intensities of peaks are decreased when a small amount of Al was 

inserted into the ZnO lattice structure. There was no impurity and/or unreacted phase of 

Zn and Al for the DC type ZnO and Al:ZnO thin film. The peaks (100), (200), (101), 

(102), (110) and (103) were observed. But there are no dominant peaks considering 

(100), (002) and (101). In addition, detection of (102), (110) and (103) peaks were hard 

for the DC type Al:ZnO thin film. 

  

Figure 2. XRD patterns of Al:ZnO and 
ZnO thin films deposited by USP 
technique. 

Figure 3. XRD patterns of Al:ZnO and 
ZnO thin films deposited by DC 
technique. “|”indicates the reference 
peaks for ZnO (JCPDS file no. 03-065-
3411). 
 

Optical characterization 

The optical transmission spectra of undoped ZnO and Al-doped ZnO thin films are shown 

in Figure 4. The effects of Al doping into the ZnO lattice is clearly observed in the optical 

transmission spectra. First, optical transmittance increased rapidly due to the 

incorporation of Al. Because Al incorporation decreases the refractive index that can 

cause increases for the transmittance. This result is clearly observed in the optical 

transmission spectrum. Optical band gaps of the thin films can be determined using this 

wavelength with the relation, ������ = 1240.8/����. Where λinf is the defined as the inflexion 

wavelength where the second derivative of the transmission curve is zero. The optical 

band gap (Eg), was estimated from the second derivative of the T(λ) (Table 1). The 

optical band gaps of Al doped ZnO films onto glass substrate are increases with increase 

of Al content and the absorption edge shifted to a shorter wavelength (blue shift) 

compared with the undoped ZnO thin film. 
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Figure 4. Transmittance spectra of Al:ZnO and ZnO films deposited by (a) DC technique 
and (b) USP technique. 

  

Figure 5. Experimental and calculated optical transmittance spectra of (a) double sided 
Al:ZnO and (b) double sided ZnO films deposited by dip coated technique. 

The estimated thicknesses of thin films were obtained using the optical transmittance 

spectra in the range 300-900 nm. The optical constants such as thickness and refractive 

indexes of thin films in the form of Film A/Glass/Film A or Film A/Glass can be obtained 

using a method called Pointwise Unconstrained Minimization Algorithm (PUMA) developed 

by Birgin [12]. The main advantage of this method is that it does not need the 

interference fringes in the optical transmission spectrum. There is excellent agreement 

between the experimental spectra and theoretical spectra for all the 

Al:ZnO/Glass/Al:ZnO, ZnO/Glass/ZnO and Al:ZnO/Glass and ZnO/Glass samples. Two of 

the experimental and computed optical transmission spectra for the Al:ZnO/Glass/Al:ZnO 

and ZnO/Glass/ZnO thin films are shown in Figure 5. Calculated film thickness and 

refractive index for 700 nm are given in Tables 1 and 2. Decreasing the refractive index 

that is indicates the band gap shift and increase in transmittance. 
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CONCLUSION 

 

We have demonstrated an effective dip-coating method for synthesis of undoped ZnO 

and Al:ZnO thin films. In this method, although a small number of dip process to be 

done, the film formation on the substrate becomes more prominent. It is because the 

samples were exposed to temperature gradient between the dipping periods. As a result, 

considerable changes were observed in the optical transmission spectra of the films. 

Optical transmittance spectra of the films in the form of Film A/Glass/Film A were used to 

determine the film thickness and optical band gaps. The optical transmission of 

Al:ZnO/Glass/Al:ZnO samples was higher than 80% in the visible and near infrared 

region. The optical band gaps of Al doped ZnO films onto glass substrate are increases 

with increase of Al content and the absorption edge shifted to a shorter wavelength (blue 

shift) compared with the undoped ZnO thin film. According to the results an increases of 

the band gap for AZO films prepared by both DC and USP techniques. The hexagonal 

wurtzite structure of ZnO seems to be protected for Al:ZnO thin film. However, there is 

no preferential orientation such as (002). In addition, the peaks intensities are decreased 

when a small amount of Al was inserted into the ZnO lattice structure. 
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Türkçe Öz ve Anahtar Kelimeler 

Farklı Son-Gel Teknikleri ile Biriktirilmiş Al:ZnO İnce Filmlerinin 
Optik Özellikleri: Ultrasonik Sprey Pirolizi ve Daldırmalı Kaplama 

Ebru Gungor* and Tayyar Gungor  

Öz: Aşılanmamış ve Al ile aşılanmış çok kristalli ince filmler cam substratlar üzerinde 
bilgisayarla kumanda edilen daldırmalı kaplama (DC) ve ultrasonik püskürtmeli piroliz 
(USP) sistemleriyle üretilmiştir. DC sürecinin film biriktirme parametreleri örnekler için en 
uygun hale getirilmiştir. Bu teknikte, substrat bir tüp fırını kullanılarak sıcaklık gradyanına 
maruz bırakılmıştır. Çalışmada, diğer çözücü esaslı teknik ise geleneksel USP’dir. 
Çözeltide çinko tuzunun ve alüminyum tuzunun derişimleri sırasıyla 0,1 M ve çinko 
tuzunun molaritesinin %2’si olarak sabit tutulmuştur. Optik özellikler iki farklı teknikle 
biriktirilen filmler için karşılaştırılmıştır. Daldırmayla kaplanmış Al:ZnO/Cam/Al:ZnO 
örneğinin ve ultrasonik yöntemle püskürtülmüş Al:ZnO/Cam örneğinin optik geçirgenliği 
görünür alanda ve yakın kızılötesi alanda %80 daha yüksek bulunmuştur. Optik sabitleri 
belirlemek için FilmA/Cam/FilmA ve FilmA/Cam biçimlerinde filmlerin deneysel optik 
geçirgenlik spektrumları kullanılmıştır. Cam üstüne Al ile aşılanmış ZnO filmlerinin 
kaplandığı örneklerde optik band aralıkları Al içeriğinin artması ile yükselmiştir ve 
aşılanmamış ZnO ince filmleriyle karşılaştırıldığı zaman soğurma eşiği daha düşük 
dalgaboyuna (maviye) kaymıştır.  

 

Anahtar kelimeler: Sol-jel, daldırmalı kaplama, ultrasonik püskürtmeli piroliz, Al aşılı 
çinko oksit, optik sabitler.  
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Characterization of Magnetic Polymeric Microparticles 

Kazım Köse 

Hitit University, Scientific Technical Research and Application Center, Çorum, Turkey. 

Abstract: The separation process is very important in a variety of scientific fields, 
especially in biochemistry and biotechnology. The separation performance of a method can 
be determined by the separation time and the purity of the separated molecule, which is 
directly proportional with the ligand chosen for the target molecule. The separation time is 
actually a very important step for the cost and the time-dependent analysis, especially in 
medical applications. Magnetic separation is a very advantageous technique because it 
eliminates the time-consuming sample preparation and centrifugation steps. However, the 
magnetic performance of adsorbent may not be strong enough to respond the magnetic 
force applied externally. Therefore, in nanoparticle studies, magnetic performance of 
nanoparticles is highly important. In this study, the magnetic performance of polymeric 
microparticles synthesized using different magnetic cores (Fe2O3 & Fe3O4, Fe & Ni, Ni & Co, 
Fe & Ni & Co) with a solid support, HEMA (2-hydroxyethylmethacrylate), and a functional 
monomer, AdeM (adenine methacrylate), were compared. Some other properties such as 
size, zeta potential, surface morphology, etc. were also studied.  
 

Keywords: Microparticles; magnetic microparticles; polymeric materials. 
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INTRODUCTION 

 

There are a variety of applications in the fields such as high-density data storage, ferro-

liquids, magnetic resonance imaging, wastewater treatment, protein purification, 

biomedical (1-7), and especially clinical (8, 9) areas (10, 11). The classical separation and 

purification techniques have been replaced by magnetic separation methods in terms of 

the removal of the long steps, including filtration and centrifugation (12, 13) or 

disadvantages like decomposition, inactivation, or deformation of biomolecules (14). The 

magnetic separation techniques, as expected, requires magnetic particles to satisfy some 

vital features such as colloidal sustainability, equality in size, low poly dispersity index, the 

high and equal amount of magnetite content, superparamagnetic behavior, and effective 

surface functional groups to interact with active biological ligands (15). There is a variety 

of methods to synthesize magnetic polymeric spheres like emulsion (16) and multistep 

swelling polymerization (17), solvent evaporation (18), etc. In contrast to these methods, 

providing very complex or broad polydispersity index, the dispersion polymerization has 

been suggested as an alternative method to synthesize micron-sized magnetic particles 

(19). The most crucial advantage of this method is being simple: It is a single-step 

technique providing mono-size particles under desired conditions (20). The polymeric 

magnetic particles are quite available candidates in terms of and due to the high 

mechanical resistance, insolubility and wonderful shelf-life (21), having a variety of surface 

functional groups, (22-26), good mechanical features, easy preparation, and 

biocompatibility developed for bio-friendly components (27). Poly(2-hydroxyethyl 

methacrylate) [Poly(HEMA)] has been considered as a suitable matrix for enzyme 

immobilization due to being a biocompatible synthetic polymer with a good mechanical 

strength for several biomedical and biotechnological applications (28). Magnetic separation 

techniques have a number of applications in biosciences especially in laboratory scale (29). 

The magnetic separation is very fast and simple with the requirement only a simple 

apparatus, namely magnetite (30). The magnetic carriers also decrease the cost of 

operation and supply (31-34). Beside the providing solution for diffusion limitation, 

nanoparticles providing the increase of the adsorption capacity of the solid support are 

alternative for the macroporous microparticles (3, 21, 35, 36). High surface area and lack 

of carrying limitations make the magnetic nanoparticles the desired choice for the 

purification of biomolecules (37). However, the main problem in the use of nanoparticles 

is agglomeration. In this aspect, researchers should be very careful while using 

nanoparticles.  
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Spinel ferrite (SF) magnetic materials are an important class of metal oxide composites 

including iron ions with the structural formula of M2+Fe2
3+O4 (M = Mg2+, Co2+, Ni2+, Zn2+, 

Fe2+, Mn2+, etc.). SFs have unique properties such as perfect magnetic characteristic, high 

surface area, surface active sites, surface chemical stability, controllable size, and easy 

functionalization and modification. Because of multi-functionality, being cost effective, and 

high capacity of magnetic separation, SF adsorbents are the first as a choice for the 

purification process with the requirement of high adsorption effectivity and fast kinetics 

(38). 

 

Iron-oxide based materials are at the center for the nanostructured magnetic materials 

and because of the being naturally abundant, cost-effective and environmentally friendly, 

they are studied in a large spectrum of research (38). 

 

Iron(III) oxide (Fe2O3) or iron(II-III) oxide (Fe3O4) (39) and also Fe & Ni (40) and Fe & Co 

(41, 42) double salts were used to get magnetic polymeric materials in some studies up to 

now. There is almost not yet any research with the double salt in the literature. In this 

study, the salts of Fe2O3 and Fe3O4, Fe & Ni, Fe & Co, Ni & Co and Fe & Ni & Cu structures 

were synthesized and the polymeric particles with these salts were compared in terms of 

size, magnetism, etc. 

 

MATERIAL AND METHODS 

 

Material 

The chemicals [cobalt(II) nitrate hexahydrate, iron(II) nitrate nonahydrate, toluene, 

sodium nitrite and potassium carbonate] needed for the double salt synthesis process were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). The polymerization of microparticles 

was run using polyvinyl alcohol (PVA) (cold water soluble, MW 31,000–50,000), ethylene 

glycol dimethacrylate (EGDMA), 2-hydroxyethyl methacrylate (HEMA), and methacryloyl 

chloride obtained from Aldrich (Munich, Germany). The initiator [azobis(isobutyronitrile) 

(AIBN)] used in this experiment obtained from Fluka (St. Gallen, Switzerland). Fe2O3 and 

Fe3O4 N-methacryloyl adenine (43) and double and triple salts [Fe(II)-Co(II), Fe(II)-Ni(II), 

Ni(II)-Co(II), Fe(II)-Co(II)-Ni(II)] (44) used were synthesized in the laboratory according 

to the literature (42). Monomers were maintained in a refrigerator at 4 ºC until use. The 

remaining chemicals not mentioned above are of analytical grade.  
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Methods 

First step, synthetic process of poly(HEMA-AdeM) microparticles with magnetic core: The 

suspension polymerization technique was used to obtain m-poly(HEMA-AdeM) 

microparticles (45). 50 mg of adenine methacrylate (AdeM) was added to the mixture of 2 

mL of 2-hydroxyethyl methacrylate and 4 mL of ethylene glycol dimethacrylate. After AdeM 

was totally dissolved, toluene (6 mL) was added as a diluent. 200 mg of polyvinyl alcohol 

and 50 mL of distilled water were mixed to have dispersion medium. Before treatment with 

nitrogen gas, the two media were mixed with each other. The polymerization process was 

started with the addition of 50 mg azobis(isobutyronitrile) and also 1 g of the magnetic 

core (Fe2O3 and Fe3O4 for mc-Fe2O3 & Fe3O4-poly(HEMA-AdeM), Fe-Ni double salt for mc-

Fe & Ni-poly(HEMA-AdeM), Fe-Co double salt for mc-Fe & Co-poly(HEMA-AdeM), Ni-Co 

double salt for mc-Ni & Co-poly(HEMA-AdeM) and Fe-Ni-Co triple salt for mc-Fe & Ni & Co-

poly(HEMA-AdeM)). The polymerization process was completed at the end of stirring (the 

conditions; 500 rpm, 65°C, 6 h and 650 rpm, 85°C, 2 h) for 8 hours. All microparticles 

were washed to get rid of the unreacted chemicals and other contaminants, and they were 

remained under vacuum at 45–50 °C for a day.  

 

Second step, characterization process: The magnetic properties owned by the 

microparticles were determined using vibrating sample magnetometer (VSM) (Quantum 

Design, Physical Properties Measurement System (PPMS), USA). The hysteresis curves for 

all particles were obtained under the external magnetic field of 20,000/+20,000 G at room 

temperature. The surface morphology of microparticles was determined using scanning 

electron microscopy (SEM; Carl Zeiss AG - EVOR 50 Series, Germany). The microparticles 

were dried at 50 °C overnight before the analysis. The Fourier transform infrared 

spectroscopy (FT-IR, Thermo Scientific Nicolet 6700 FT-IR spectrometer, USA) was used 

in the wavenumber range of 400–4000 cm−1 to identify the characteristic peaks obtained 

from structures, especially nitrogen containing AdeM molecules. 98 mg of IR-grade KBr 

was mixed with the microparticles of approximately 1 g. The Brunauer-Emmett-Teller 

(BET), (Quantachrome Autosorb® iQ-Chemi, USA) analysis was performed to investigate 

the specific surface area of microparticles. Carefully dried microparticles using vacuum 

oven under the conditions of 20 mbar, 6 h were run the adsorption of nitrogen gas at 

200°C, but the desorption process at room temperature. 
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RESULTS AND DISCUSSION 

 

Characterization Data  

The structure of microparticles synthesized in this study was assumed as given in Figure 

1. As can be understood from the figure, there is a magnetic core in the center and the 

polymerization of HEMA and the monomer form of adenine were polymerized by 

surrounding of the magnetic core. As a result of this polymerization, spherical 

microparticles were obtained. 

 

Figure 1. Expected polymeric structure of mc-M1&M2-poly(HEMA-AdeM) microparticles. 

 

From the FTIR spectral data, the synthesis of m-poly(HEMA-AdeM) microparticles was 

proved by the bands obtained especially at 1636.03 cm-1 for amide (I and II), at 1558.17 

cm-1 and 1456.44 cm-1 for ester, at 1730.94 cm-1 for carbonyl (C=O) stretching and at 

1071.84 cm-1 for C-N=C stretching (Figure 2). 
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Figure 2. FTIR spectra of microparticles. 

 

The perfect spherical structure and rough surface of microparticles can be seen in the SEM 

images of the m-poly(HEMA-AdeM) microparticles (Figure 3). The roughness is actually 

advantageous in terms of the existence of functional groups and the attachment of target 

molecules. Moreover, some of the microparticles like in Figure 3.b are equidimensional, 

but some are not. The reason for this may be the slight daily changes in environmental 

conditions, personal error or the characteristics of the magnetic core. After all, the 

polydispersity indexes of all microparticles obtained are almost <0.5. 

 

Figure 3. SEM images of microparticles: a) mc-Fe2O3 & Fe3O4-poly(HEMA-AdeM), b) mc-Fe & Ni-
poly(HEMA-AdeM), c) mc-Fe & Co-poly(HEMA-AdeM), d) mc-Ni & Co-poly(HEMA-AdeM), e) mc-Fe & 

Ni & Co-poly(HEMA-AdeM). 
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The theoretical sizes of the magnetic core were calculated as given in Table 1. The 

polymeric microparticles with Fe & Co magnetic core have the lowest ionic radii, in parallel 

with this the highest is Fe & Ni & Co magnetic core as expected due to the number of the 

metallic cores which is one more than the former. However, in the light of Brunauer-

Emmett-Teller (BET) analyses (the specific surface areas given in Table 2), it is obvious 

that the molecular size and also the double salt character affect the size construction of 

microparticles and thus specific surface area. From the data, the lowest particle size and 

thus the highest surface area are owned by the mc-Fe & Ni-poly(HEMA-AdeM) 

microparticles. The reason for this contradiction may be attributed to the interaction 

between the metals and the polymeric structure, i.e. the interaction between Fe & Ni is 

somewhat higher than that of Fe & Co or the polymerization process around the metallic 

core. Moreover, the microparticles with the large surface area will have a high amount of 

adsorption capacity. This is also proof of a thin polymer layer surrounded over magnetic 

core.  

 

Another useful data given in Table 2 is the zeta potential, providing the degree of 

intermolecular interaction. As can be seen from the table, all microparticles have good zeta 

potential values indicating the existence of almost no intermolecular interaction 

microparticles have. 

 

Table 1. The theoretical size of magnetic cores formed by double and triple salts. 

 Fe Ni Co Total 

Ionic radius     

Fe-Ni 0.55 0.69  1.24 

Fe-Co 0.55  0.65 1.20 

Ni-Co  0.69 0.65 1.34 

Fe-Ni-Co 0.55 0.69 0.65 1.89 
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Table 2. Some specific properties of microparticles. 

Microparticles 
Size  

(µ) 

S. Area 

(m2/g) 

BJH S. Area 

(m2/g)  

Pore Volume 

(cc/g) 

Pore Radius Dv 

(r) (Å) 

Zeta Pot. 

(mV) 

Ligand Incorp. 

(N%) 

1) mc-Fe2O3 & Fe3O4-poly(HEMA-

AdeM) 
2.745 39.178 35.647 0.155 17.078 -24.9 1.08 

2) mc-Fe & Ni-poly(HEMA-AdeM) 1.534 113.478 91.376 0.380 21.566 8.06 1.08 

3) mc-Fe&Co-poly(HEMA-AdeM) 2.545 51.216 36.687 0.084 17.063 -24.1 0.79 

4) mc-Ni&Co-poly(HEMA-AdeM) 3.452 6.884 5.367 0.040 15.280 -23.8 0.82 

5) mc-Fe & Ni&Co-poly(HEMA-AdeM) 4.446 4.103 3.248 0.026 17.082 -22.9 0.53 
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The hysteresis curves of m-poly(HEMA-AdeM) microparticles are given in Figure 4. 

According to these curves, it is obvious that all microparticles have significant 

paramagnetic character. There was a loss observed in the magnetic behavior, which may 

be because of the oxidation during the process causing the iron oxide, nickel oxide, and 

cobalt oxide molecules, actually nonmagnetic, in the chain of polymeric materials. The 

main reason for this phenomenon is the oxidizing initiator fragment. In the light of the 

Mrs/Ms values of microparticles (0.1-0.3), it can be concluded that the microparticles 

synthesized in the scope of this study all have almost natural magnetism due to the 

pseudo-single-domain grains (46). These particles are irregularly-shaped and thus they 

have domain imbalance resulting in stability to thermal demagnetization and alternating 

field. Consequently, as can be seen from the figure, the mc-Fe & Ni-poly(HEMA-AdeM) 

microparticles have the highest and regular magnetism. However, the magnetism of Fe & 

Co double salt incorporated polymeric material should be higher than that of Fe & Ni 

because of smaller size and higher electron delocalization resulting higher magnetic field, 

but it is not. The explanation may be the negative effect of Co(II), d7 metal with 3 

paramagnetic d orbitals but Ni(II), a d8 metal, has two paramagnetic orbitals diminishing 

the magnetic power of iron, on the d orbitals of the Fe which is the source of Fe magnetism, 

and thus the magnetic power of iron may be diminished but less for the nickel case. As a 

conclusion, the magnetism of Fe & Ni is a little bit higher than that of Fe & Co double salt 

incorporated polymeric material. 

 

 

Figure 4. The magnetic hysteresis curves for microparticles. 
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The application of an external field to the sample may create an internal field which may 

be added to or subtracted from external field. To produce local magnetic effective field 

(Heffective) produced by electronic magnetic moment, it should be done vector addition to 

the external magnetic field (Hexternal).  

 

���������� = ��	��
�� +����    (Eq. 1) 

 

The molecules with an unpaired electron can be analyzed using an electron spin resonance 

device (ESR, Bruker ELEXSYS E580, Germany), indicating whether these molecules have 

a magnetic feature or not. This method also proves the incorporation of magnetic double 

salts into the polymeric structure.  

 

An external magnetic field applied to a material with an unpaired electron pair produces 

energy levels with the energy difference known as ΔE depending on magnetic moments. 

The difference between these energy levels is equal to ∆� = �. �. �. The magnetic field at 

the time of equivalence of the energy difference to the microwave energy is defined as the 

resonance field (Hr). The resonance field is the value of magnetic field at the point that the 

signal intensity in the ESR spectrum is zero, i.e., the maximum microwave energy was 

absorbed. The g factor indicates the characteristic amount of molecules on which the 

unpaired electron pairs are located. For example, the g values for iron, nickel, and cobalt 

are 2.09, 2.21, and 2.18 (47). For the identification of an unknown signal, it is better to 

determine the g factor. The g factors for the mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe2O3 

& Fe3O4-poly(HEMA-AdeM) microparticles were calculated as 2.3 and 2.68, respectively, 

according to the formula given. Moreover, the magnetic field value, Hr, obtained from the 

graph was 3023 and 2582 gauss for the mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe2O3 & 

Fe3O4-poly(HEMA-AdeM) microparticles, respectively, which are the sufficient values for 

the stimulation of all dipole moments in the mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe2O3 & 

Fe3O4-poly(HEMA-AdeM) microparticle samples of 1 g each (Figure 5). 

 

� =
�.�

�.��
      (Eq. 2) 

 

Wherein h is the Planck’s constant (6.626 x 10-27 erg x s-1), � is the frequency (9.707 x 

109 Hz), β is the universal constant (9.274 x 10-21 erg x G-1) and the Hr is the magnetic 

field resonance (G).  
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Figure 5. The ESR spectra of mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe2O3 & Fe3O4-poly(HEMA-
AdeM) microparticles. 

 

On the contrary to mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe2O3 & Fe3O4-poly(HEMA-AdeM) 

microparticles, there were no Hr points observed for other microparticles synthesized in 

this study. The reason for this result may be the same with the cause given above about 

the d orbitals and overlapping of energies. This result does not mean that other 

microparticles have no magnetic behavior but very minor as compared to the both of mc-

Fe & Ni-poly(HEMA-AdeM) and mc-Fe2O3 & Fe3O4-poly(HEMA-AdeM) microparticles. 

 

The microparticles synthesized in this study have also significant water swelling ability. The 

porous structure of microparticles is very convenient to uptake water. In the adsorption 

process, the water swelling ratio is very important; because of that, the more water 

diffuses to the pores, the more interaction between ligand and target molecules occurs. 

According to Figure 6, the water uptake ability of mc-Fe & Ni-poly(HEMA-AdeM) 

microparticles is almost the same with that of the mc-Fe & Ni-Co-poly(HEMA-AdeM) 

microparticles, which is the highest in the group. If these data are compared with those in 

Table 2, it can be inferred that the mc-Fe & Ni-poly(HEMA-AdeM) microparticles are also 

highly adequate for water swelling.  
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Figure 6. The water swelling ability of microparticles. 

 

It can be concluded as a summary of all characterization steps that the mc-Fe & Ni-

poly(HEMA-AdeM) microparticles are almost equidimensional with the lowest size (which 

is important for the surface area and effectivity) and thus the highest surface area 

(important for the interaction number and thus the amount to be adsorbed) as compared 

to other microparticles according to the SEM images. According to the theoretical size of 

double salts, the lowest theoretical size belongs to the Fe-Co magnetic core, but this does 

not mean the polymeric material in which the Fe-Co magnetic core was incorporated will 

have the lowest particles size; actually the size of polymeric microparticles is directly 

related with the polymerization conditions which are all the same for all polymeric 

microparticles and also the interaction of the magnetic core with the monomers and other 

chemicals needed in polymerization step. This interaction, according to the results, was 

happened as highly effective for Fe-Ni magnetic core and thus mc-Fe & Ni-poly(HEMA-

AdeM) microparticles. Moreover, the pore volume and also the water swelling ability 

obtained as a result of polymerization step is the highest for mc-Fe & Ni-poly(HEMA-AdeM) 

microparticles meaning that the diffusion of the matrix into the pores of mc-Fe & Ni-

poly(HEMA-AdeM) microparticles will be the highest and thus interaction and adsorption. 

In this point, the water swelling of mc-Fe & Ni & Co-poly(HEMA-AdeM) microparticles is a 

tiny little bigger than the mc-Fe & Ni-poly(HEMA-AdeM) microparticles, but it does not 

make sense because of other characterization results. With respect to the results, all 

polymeric microparticles have ideal zeta potentials, meaning the lowest inter- and intra-

molecular interactions with each other are present. In the light of the characterization of 

magnetism, the mc-Fe & Ni-poly(HEMA-AdeM) microparticles have the highest magnetic 

moments as compared to even mc-Fe2O3 & Fe3O4-poly(HEMA-AdeM) microparticles which 

is the only structure having the Hr value other that mc-Fe & Ni-poly(HEMA-AdeM) 

microparticles. Therefore, one should compare these to structure in terms of magnetism 

and also applicability. As seen, the magnetic hysteresis curve of mc-Fe2O3 & Fe3O4-
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poly(HEMA-AdeM) microparticles is very low as compared to mc-Fe & Ni-poly(HEMA-AdeM) 

meaning the magnetic moment of former is very low as compared to latter, i.e., 

magnetism. As given above, The ESR spectrum was obtained only for both mc-Fe2O3 & 

Fe3O4-poly(HEMA-AdeM) and mc-Fe & Ni-poly(HEMA-AdeM) microparticles and thus Hr 

value needed for the stimulation of dipole moments in the molecule which is bigger for mc-

Fe & Ni-poly(HEMA-AdeM) microparticles (better if it is low). Overall, a researcher may 

choose the Fe-Ni magnetic core for the synthesis of magnetic polymeric micro- or 

nanoparticles for a separation process due to the promising features of this double salt 

core.  

 

CONCLUSION 

 

The polymeric microparticles are very good materials used in a wide variety of fields from 

the cleaning of wastewater to isolation of DNA as indicated above. Therefore, in this 

respect, the efficiency of microparticles is very important. Up to date, there are so many 

studies about the improvements of the functionality of microparticles and also there have 

been lots of ligands developed to interact with these microparticles. Especially, magnetic 

microparticles are very good at the magnetic separation of biomolecules in almost single 

or double steps. The double salts or microparticles containing double salts are very new in 

the literature and also very effective. The magnetism of these double salts or other features 

affects the microparticle formation, composition, and also the structure. Which double salt 

or which magnetic core is promising for the isolation, removal or purification of 

biomolecules is very vital in terms of time, efficiency, labor or purity of biomolecules 

obtained. In this study, some double salts and iron oxide structure were used to synthesize 

microparticles for the investigation of the effect of double salt on the functionality or 

performance of microparticles obtained. As noted in the text, mc-Fe & Ni-poly(HEMA-AdeM) 

microparticles passed all steps in success. The reason for this may be attributed to the Fe 

& Ni ionic radius, Fe & Ni magnetism, and the efficient interaction with polymeric structure 

because of their useful orbitals pulling negatively charged structures of polymeric material 

around them. The researchers studying polymeric materials for the removal, isolation, or 

purification of biomolecules may consult these data prior to their studies. 
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Türkçe Öz ve Anahtar Kelimeler 

Characterization of Magnetic Polymeric Microparticles 

Kazım Köse 

Öz: Ayırma işlemi, özellikle biyokimya ve biyoteknolojide olmak üzere, bir çok bilim dalında 
çok önemli bir işlemdir. Bir yöntemin ayırma performansı ayırma zamanı ve hedef molekül 
için seçilen ligandla doğrudan ilişkili olan, ayrılacak molekülün saflığı ile belirlenebilir. 
Ayırma zamanı,özellikle tıbbi uygulamalarda olmak üzere zamana bağlı analizlerin ve 
maliyetin çok önemli bir bileşeni olmaktadır. Manyetik ayırma çok avantajlı bir tekniktir, 
çünkü zaman alan örnek hazırlama ve santrifüjleme adımlarını ortadan kaldırır. Ancak, 
adsorbanın manyetik performansı, dışarıdan uygulanan manyetik kuvvete cevap verecek 
kadar kuvvetli olmayabilir. Bu sebepten ötürü, nanoparçacık çalışmalarında 
nanoparçacıkların manyetik performansı son derece önemlidir. Bu çalışmada, farklı 
manyetik çekirdeklerin (Fe2O3 & Fe3O4, Fe & Ni, Ni&Co, Fe & Ni&Co) HEMA (2-hidroksil 
etilmetakrilat) ve fonksiyonel bir monomer olan AdeM (adenin metakrilat) kullanılarak 
sentezlenen polimerik mikroparçacıkların manyetik performansı karşılaştırılmıştır. Boyut, 
zeta potansiyeli, yüzey morfolojisi gibi diğer bazı özellikler de çalışılmıştır.  
 

Anahtar kelimeler: Mikroparçacıklar, manyetik mikroparçacıklar, polimer malzemeler. 

Gönderme: 16 Ağustos 2016. Düzeltme: 25 Ağustos 2016. Kabul: 27 Ağustos 2016. 
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Alginate/Gum Arabic Beads 
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Abstract: Melatonin containing alginate-gum arabic beads were produced by ionotropic 
gelation. The most suitable alginate-gum arabic ratio for bead production was optimized. 
To the optimized beads the loading of changing amounts of melatonin was conducted to 
produce the beads with the best melatonin entrapment and release. Entrapment efficiency 
of the beads as melatonin carrier was calculated to be approximately 70%. Release profiles 
of melatonin from the beads were generated using in vitro gastric fluid (pH 1.5) and 
intestinal fluid (pH 7.4). According to results obtained, following a burst in the first half 
hour, melatonin release from the beads in pH 1.5 medium was approximately 45% in the 
first 5 hours whereas the release was approximately 50% in pH 7.4 medium. The results 
indicate that the beads manufactured may be used as carriers for controlled release of 
melatonin. 
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INTRODUCTION 

 

Conventional application of drug doses for treatment of diseases involves repetitive 

introduction of the medicine with equal intervals (1). However, this method may cause 

fluctuation of the drug concentration and this may lead to low non-treating or high toxic 

levels. Controlled drug release systems aim to balance this fluctuation and provide a 

constant level of drug for a certain period of time (2). Controlled drug release systems are 

accepted as more reliable and high therapeutic carriers compared to conventional drug 

pills. Polymeric beads are regarded as good candidates for controlled drug release systems 

since they serve high bioavailability and stability. They also offer advantages such as 

limited fluctuation in the therapeutic range, reduced side effects, decreased dosing 

frequency and improved patient compliance (3). 

 

Natural polymers have been widely used in controlled drug release formulations in view of 

their abundance and biocompatibility (3). Biopolymers are natural, biodegradable, and 

generally nontoxic materials. Due to these properties, they are often used in applications 

of pharmacology and food industry. Alginate is a natural polysaccharide which is mainly 

obtained from brown algae and is easily gelled when contacts with multivalent cations, 

especially Ca2+, forming small pores which enable to entrap and release the desired 

molecule. The gelling and release profile of alginate beads differ depending on the 

conditions like the type and concentration of gelling agents, curing time, release medium, 

and the drug itself (4). Gums are naturally occurring polysaccharides which increase the 

viscosity of the solutions in which they are added even at very low concentrations. Gum 

arabic is the most frequently used one among them. It is also known as acacia gum since 

it is the leakage of acacia tree. Alginate and gum arabic are used in drug release 

formulations in several studies (5). 

 

Melatonin (N-acetyl-5-methoxy tryptamine) (Figure 1) is a tryptophan-derived hormone 

which is synthesized and secreted from pineolacites of pineal gland during night in human 

body. The most important task of melatonin molecule is to regulate circadian rhythm and 

sleep-wake cycle in humans. Melatonin also provides positive effects on immune system, 

reduction of tumor growth, antioxidative protection, and homeostasis (6). Low melatonin 

release may cause sleep disorder, tiredness, and memory impairment. In order to restore 

these disorders melatonin is available as over the counter supplement drug. Melatonin is 

excreted in urine as 6-sulphatoxymelatonin after metabolized by the liver (7). 
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Figure 1. Molecular structure of melatonin (8). 

 

In this work, entrapment of melatonin molecule in alginate-gum arabic beads (AG) and 

their melatonin release properties were investigated. In order to achieve this, first, the 

most suitable alginate/gum arabic ratio was optimized. Then, using the optimal 

combination loading of changing amounts of melatonin was conducted to produce the 

beads with the best melatonin entrapment and release. Release profiles of the melatonin 

loaded beads (AGM) in simulated gastric (SGF) and intestinal (SIF) fluids were obtained.  

 

MATERIALS AND METHODS  

 

Materials  

Melatonin, alginic acid sodium salt from brown algae (low viscosity), CaCl2, gum arabic, 

ethanol, and HCl were purchased from Sigma (Steinheim, Germany). Tween 80 was 

obtained from Merck (Darmstadt, Germany) and KCl was obtained from Carlo Erba 

(Ronado, Italy). Phosphate buffer tablets (PBS) were purchased from Oxoid (Hampshire, 

England). All chemicals were of analytical grade.  

 

Production of alginate-gum arabic beads and melatonin-loaded beads  

AG beads were prepared by ionic crosslinking method reported by Malakar et al. (9). 

Briefly, 10.0 mL of aqueous alginate solution (1.5%, w/v) was prepared by stirring the 

solution gently at 200 rpm at room temperature for 1 h. Fifty milligrams of gum arabic was 

added slowly and mixture was stirred for 30 min at 200 rpm and sonicated for 5 min. 

Alginate-gum arabic solution was added dropwise into continuously stirred (100 rpm) 5% 

CaCl2 solution. The resulting maturated beads were filtered and washed with distilled 

water. To produce AGM beads, 1.0 mL of melatonin solution (3 mg/mL in ethanol) was 

added slowly into alginate solution in order to achieve a homogenous mixture. Other steps 
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were employed as the same for production of AG beads (Figure 2). Optimization studies to 

determine the best bead formation were conducted using different alginate/gum arabic 

ratios. Also, the effect of initial melatonin concentration on entrapment efficiency was 

investigated at various drug quantities (1-10 mg). All experiments were employed in 

triplicate. 

 

Figure 2. Preparation of melatonin loaded alginate-gum arabic beads. 

 

Determination of melatonin entrapment efficiency of AG beads  

Entrapment efficiency (EE) of AG beads was calculated by measuring the absorbance of 

the supernatant obtained from the entrapment medium after centrifugation (Sigma 3-

30KS, Germany) at 18000 rpm for 30 min employing a UV spectrophotometer (Shimadzu 

UV-1601, Japan) at 278 nm and calculating the % EE from the equation below.  

 

Melatonin concentration was determined from the melatonin standard plot. 

�� =  
����� �	�
�� �� 	������� ������	�
�� �� �� 	������� ���� �����	��

����� �	�
�� �� 	������� ����
 � ���   (Eq. 1) 

 

In vitro release of melatonin 

In order to determine the release profile of melatonin from AGM, beads were transferred 

into 50.0 mL of SGF (mixture of 100 mL 0.2 M HCL and 82.8 mL 0.2 M KCl, pH 1.5) and 

allowed to stir at 150 rpm for 2 h. At each 30 min intervals, 2.0 mL of the medium was 

collected and centrifuged at 18000 rpm at 4ºC for 30 min and the absorbance was recorded 

at 278 nm. Then, beads were removed and transferred into 51.5 mL of SIF (50 mL PBS 

solution containing 1.5 mL of 1% Tween 80, pH 7.4) and stirred for 22 h more. The release 
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procedure was employed in intestinal medium for 22 hours. Release experiments were 

conducted at 37ºC in triplicate. The amount of released melatonin was calculated from 

melatonin concentration curve. 

 

RESULTS AND DISCUSSION  

 

Production of alginate-gum arabic beads and melatonin loaded beads 

There are few studies concerning on synthesis of alginate-gum arabic beads and their 

usage in controlled drug release studies. Alginate and gum arabic are anionic 

polysaccharides. When they are exposed to calcium ions, carboxylate groups of both 

polymers interact with positively charged calcium ions by electrostatic interactions (10). 

AG and AGM beads produced in this study were spherical, semi-opaque, and their sizes 

were approximately 3 mm (Figure 3).  

 

Figure 3. Melatonin loaded alginate-gum arabic beads. 

In order to study the best bead formation, ionically crosslinked alginate-gum arabic beads 

were produced using different amounts of alginate (0.5-2.0 w/v %) and gum arabic (0-

100 mg). The most suitable combination was chosen as 1.5 % alginate solution containing 

50 mg of gum arabic regarding to the stability, shape, and intensity of the beads. 

 

Melatonin concentrations in entrapment and release media were measured 

spectrophotometrically. The UV spectrum (Figure 4) of melatonin solution (dissolved in 

ethanol) was obtained in order to determine the wavelength at which the measurements 

would be performed. All spectrophotometric measurements were recorded at 278 nm. 
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Figure 4. UV spectrum of melatonin solution.  

 

Melatonin concentrations in the entrapment and release media were calculated using the 

plot (Figure 5) constructed with concentration dependent absorbance values at 278 nm.  

 

Figure 5. Melatonin standard curve. 

 

Melatonin entrapment efficiency of AG beads  

The effect of melatonin concentration on entrapment efficiency was evaluated and 

maximum EE% was calculated to be 77.82±4.47% with the optimized bead formulation 

(1.5 mg alginate-50 mg gum arabic) at the drug concentration of 3.0 mg in the entrapment 

medium (Table 1). Entrapment efficiency increased in the range of 1-3 mg melatonin and 

decreased beyond probably due to the saturation of the beads. Findings of Dubey et al. 

(2006) were consistent with our results where they loaded different amounts of melatonin 

into elastic liposomes (11).  
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Table 1. Effect of melatonin concentration on EE%. 

Alginate-Gum Arabic   
(% / mg) 

Melatonin 
concentration (mg) 

Entrapment 
 (%) 

1.5 - 50 1.0 58.45 ± 2.56 

1.5 - 50 2.0 70.70 ± 5.41 

1.5 - 50 3.0 77.82 ± 4.47 

1.5 - 50 4.0 60.41 ± 4.60 

1.5 - 50 5.0 60.73 ± 6.36 

1.5 - 50 6.0 59.44 ± 3.62 

1.5 - 50 7.0 62.58 ± 6.34 

1.5 - 50 8.0 64.52 ± 3.63 

 

In vitro release of melatonin from alginate-gum arabic beads  

The solubility and stability of drugs as well as increased pharmacologic efficiency can be 

enhanced by entrapping them in drug carriers (6). Melatonin has a short half-life, 

therefore, developing a controlled release system may be useful (12). Controlled release 

systems should release melatonin over 8-10 h to mimic the endogenous release of 

melatonin. Lee and Min (1995) have reported alginate beads for sustained release of 

melatonin for oral administration (13). 

 

In this work, release experiments were carried out exposing the AGM beads to SGF for 2 

h and SIF for 3 h consecutively to simulate the way that drugs pass in the human body. In 

SGF, totally 45.6% of the entrapped melatonin was release in 2 hours with a burst in the 

first 30 min. The cumulative percentage shifted to 51% when the beads were transferred 

to SIF (Figure 6). This increase may be explained by the tendency of alginate to erode and 

disintegrate in SIF. A burst release was also reported for melatonin loaded into stearyl 

alcohol microspheres. Drug release was retarded by coating the spheres with chitosan and 

alginate (14).  

 

Figure 6. Consecutive melatonin release in SGF and SIF, respectively. (37°C, stirring 

rate: 100 rpm). 
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It was stated that melatonin had a solubility of 3.11±0.90 mgmL-1 and 2.76 mgmL-1 in 

gastric and intestinal fluids, respectively. Entrapment efficiency was 60.6±4.5%. 

Approximately 80% of melatonin was released in gastric medium whereas 90% in intestinal 

medium (4). 

 

Generally, relatively low release is observed in gastric fluid compared to intestinal fluid due 

to the stability and low swelling of alginate beads in acidic conditions. Solubility, passive 

diffusion, and hydrogen bonding properties of the drug were suggested as the major factors 

that influence the drug release (4, 15, 16).  

 

CONCLUSION 

 

Entrapment efficiency of melatonin in beads was calculated to be approximately 70%. 

Release of melatonin from the beads was measured using in vitro gastric fluid and intestinal 

fluid (pH 1.5 and pH 7.4; respectively) and release profiles were plotted. According to 

results obtained, melatonin release from the beads in pH 1.5 medium was approximately 

45% in the first 5 hours whereas the release was approximately 40% in pH 7.4 medium. 

Melatonin release from alginate-gum arabic beads demonstrated an initial burst profile 

since the drug on the outer surface of the beads were able to be released easily. The results 

indicate that the beads manufactured may be used as carriers for melatonin. 
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Türkçe Öz ve Anahtar Kelimeler 

Melatonin Yüklü Aljinat/Gam Arabik Boncukların Üretimi ve İlaç 
Salım Özelliklerinin Değerlendirilmesi 

Bernis Girgin, Onur Korkmaz, Rukiye Yavaşer, A. Alev Karagözler 

Öz: Melatonin içeren aljinat-gam arabik boncuklar iyonotropik jelleşme ile üretilmiştir. 
Boncuk üretimi için en uygun aljinat - gam arabik oranı tespit edilmiştir. En iyi melatonin 
tutuklama ve salım özelliğine sahip boncukları üretebilmek için, değişen miktarlarda 
melatonin yüklenmiştir. Melatonin taşıyıcısı olarak boncukların tutuklama etkinliği yaklaşık 
%70 olarak hesaplanmıştır. Melatoninin boncuklardan salım profilleri in vitro mide özütü 
(pH 1,5) ve bağırsak özütü (pH 7,4) kullanılarak oluşturulmuştur. Elde edilen sonuçlara 
göre, ilk yarım saatte ani bir yükselmeyi takiben, boncuklardan melatonin salımı pH 1,5 
ortamında ilk 5 saat için yaklaşık %45 olmuştur ve pH 7,4 ortamında ise salım yaklaşık 
%50 olarak tespit edilmiştir. Sonuçlara göre melatoninin kontrollü salım için, üretilen 
boncukların taşıyıcı olarak kullanılabileceği anlaşılmaktadır.  

Anahtar kelimeler: Melatonin, aljinat, gam arabik, boncuk, kontrollü ilaç salınımı. 

Gönderme: 4 Temmuz 2016. Düzeltme: 29 Temmuz 2016. Kabul: 24 Ağustos 2016.  
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Abstract: Cherry laurel (Prunus laurocerasus) fruits including phenolic and flavonoid 
contents are consumed as fresh, dried or prepared in marmalade and its leaves 
containing cyanogenic glycosides have healing activity of a well-known Anatolian folkloric 
remedy. Herein, Cherry laurel fruits were boiled in water for 2 h, then extracted with 
hexane, EtOAc, and BuOH successively. Antiproliferative activities of extracts were 
evaluated on HeLa (Human Cervix Carcinoma), HT29 (Human Colorectal 
Adenocarcinoma), C6 (Rat Brain Tumor Cells), and Vero (African Green Monkey Kidney) 
cell lines. All extracts exhibited slightly antiproliferative effects on various cancer cell 
lines at high concentration. We assessed the ability of extracts of cherry laurel fruit to 
devastate the membrane of cells. Results indicated that cherry laurel fruit extracts 
slightly destroys the cellular membrane in tumor cell lines at merely high concentrations. 
The results of this study does not support the efficacy of cherry laurel fruit extracts as an 
anticancer agent for cancer cells, but it suggests that cherry laurel fruit extracts may be 
used through reducing cytotoxicity, a potential adjuvant therapy to current 
chemotherapeutic agents. Fatty acids of hexane extract were also determined by GC-MS 
analysis and found out that linoleic acid, palmitic acid, and oleic acid were the major 
products.  
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INTRODUCTION  
 
Plants have been used for treatment of various diseases from ancient times. Drug 

discovery and development process from natural products for confronting cancer has 

taken in the reasonable opportunity to achieve most new clinical applications of plant 

secondary metabolites and their derivatives (1, 2). Cancer, occurring from 

heterogeneous diseases, is an excruciating illness and constitutes a significant medical 

problem. Despite promising progress in cancer epidemiology, cancer treatments are still 

not a good medicine without serious side effects, persistent drug resistance, and limited 

effect due to their ADME properties. Because of the need for more effective anticancer 

agents, natural products can be considered as suitable anticancer drug candidates. The 

natural products acquiring significance in the treatment of malady have contributed to 

health care worldwide through the isolation of bioactive compounds. Nearly 60% of drugs 

approved for cancer treatment are of natural source represent more than 50% of all the 

drugs in clinical use of the world (3, 4). Several of them, namely taxol, camptothecin, 

and etoposide, are in clinical use all over the world. Many cancer research studies have 

been currently performed using extracts or isolate from plants in an effort to discover 

new therapeutic agents. Prunus laurocerasus (cherry laurel) is an evergreen species of 

cherry (Prunus), a shrub, which grows in southwestern Asia, and the Balkans. Ethanolic 

extraction of the fresh leaves of cherry laurel has a long traditional use as a homeopathic 

mother tincture. In Anatolian folk medicine, the leave extract is used in the therapy of 

coughs, hemorrhoids, eczemas, asthma, digestive system complaints as well as in the 

treatment of stomach ulcers (5-13). Traditionally it is also used in analgesic, 

antispasmodic, and sedative effects and furthermore, according to latest research, its 

aqueous and ethanolic extracts showed antifungal, antinociceptive and antiinflammatory 

activity without inducing any gastric lesions (5-13). Overall, leaves, fruit, and seed of 

cherry laurel are a valuable herbal medicine and used for various health complaints. 

However, cherry laurel containing cyanogenic glycosides and amygdalin (Laetrile) can be 

toxic due to using dosage. According to our knowledge, there are no literature data on 

fruit of cherry laurel biological activities, especially the antiproliferative effect, to date. 

The topic of this study was to assess pharmacological activity, cell cytotoxicity, and 

morphological alteration of valuable extracts from cherry laurel used traditionally in 

Anatolia. The antiproliferative activity of the extracts was conducted following the 

European Pharmacopoeia 8.0 protocol. According to this protocol, we investigated the 

antiproliferative and cytotoxic activity of fruits of cherry laurel in various solvent systems. 

Aqueous (WEPL), hexane (HEPL), n-butanol (NBEPL) and ethyl acetate (EAEPL) extracts 

of cherry laurel (25 to 500 μg/mL) were investigated for their antiproliferative and 

cytotoxic activity against HT29, HeLa and C6 cancer cells and nontumorigenic Vero cells 
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using ELISA BrdU Cell Proliferation assay and LDH cytotoxicity assay as well as 

morphological analysis.  

 

MATERIALS and METHODS 
 
Extraction 

Cherry laurel fruits were boiled in water for 2 h then extracted with hexane, EtOAc, and 

n-butanol. After filtration and evaporation process, water, hexane, ethyl acetate, and n-

butanol extracts were acquired to execute the antiproliferative activities (Table 1).  

Table 1. Cherry laurel fruits extracts. 
Solvent system Fruits 

Water WEPL 

Hexane HEPL 

EtOAc EAPL 

n-butanol NBEPL 

 

Preparation of cell culture  

The anticancer potential of cherry laurel extracts was investigated on cancerous HT29 

(ATCC® HTB-38™), HeLa (ATCC® CCL-2™), and C6 cells (ATCC® CCL-107™) and 

nontumorigenic Vero cells (ATCC® CCL-81™). The cell lines were cultured in a cell 

medium (Dulbecco’s modified eagle’s) enriched with 10% (v/v) fetal bovine serum and 

2% (v/v) Penicillin-Streptomycin (10,000 U/mL). First, old medium was removed out of 

the flask while cells had reached approximately 80% confluence. Next, cells were taken 

from the flasks surface using 4-5 mL of trypsin-EDTA solution and then subjected to 

centrifugation. Following, the cell pellet was suspended with 4 mL of DMEM working 

solution and was counted to obtain a final concentration of 5 × 104 cells/mL, and 

inoculated into wells (100 μL cells/well).  

 

Cell proliferation assay (CPA) 

A cell suspension containing approximately 5 × 103 cells in 100 µL was seeded into the 

wells of 96-well culture plates. The cells were treated with cherry laurel extracts and 

control drug, 5-fluorouracil (5FU), dissolved in sterile DMSO (max 0.5% of DMSO) at final 

concentrations of 25, 50, 100, 150, 200, 250, 375, and 500 µg/mL at 37°C with 5% CO2 

overnight. The final volume of the wells was set to 200 µL by medium. Cell proliferation 

assay was evaluated by ELISA BrdU methods as described previously (14).  

 

Calculation of IC50 and % inhibition 

IC50 value is a concentration that inhibits half of the cells in vitro. The half maximal 

inhibitory concentration (IC50) of the test and control compounds was calculated using 

XLfit5 or excel spreadsheet and represent in µM at 95% confidence intervals. The 
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proliferation assay results were expressed as the percent inhibition according to the 

following formula:  

��ℎ������� 	%� = 1 − ����������� �� ����������
���������� �� ��� ! "100    (Eq.1) 

 

Cytotoxic activity assay  

The cytotoxicity of the compounds and of 5 fluorouracil on HeLa, C6, HT29, and Vero 

cells was determined through a Lactate Dehydrogenase Assay Kit according to the 

manufacturer’s instructions. Approximately 5 x 103 cells in 100 µL were placed into 96-

well plates as triplicate and treated with IC50 (µg/mL) concentrations of test compounds 

at 37°C with 5% CO2 for 24 h. LDH activity was obtained by determining absorbance at 

492 - 630 nm using a microplate reader. The cytotoxicity assay results were noted as the 

percent cytotoxicity according to the following formula:  

$%����"�&��% 	%� =  '	()*��+�����, -�,.�/0�1 2�����,�
3+45 2�����,/0�1 2�����, "1006   (Eq. 2) 

 

Cell imaging 

Cells were plated in 96-well plates at a density of 5.000 cells per well and allowed 24 h. 

IC50 values of the test compounds were administered and morphology alters of the cells 

were screened by phase contrast microscopy for 24 h every 6 h. Images of control and 

test compounds treated cells were photographed at the end of the process using a digital 

camera attached to an inverted microscope.  

 

GC-MS analysis 

A Perkin Elmer Clarus 500 instrument with FID flame ionizing detector (Rtx-2330) and 

column (30 m × 0.25 mm × 0.2 µm) was used for fatty acid analysis. Methyl esters of 37 

fatty acids were applied for standards. Temperature of the detector was 250°C and 

injection temperature was 250°C. Injection splitting was 50/1 and carriage gas flow was 

1 mL/min.  

 

RESULTS and DISCUSSION 
 
Antiproliferative effect of the Prunus laurocerasus extracts 

Here, different extracts of cherry laurel were conducted for their antiproliferative activity 

against cancer and normal cell lines using 5FU as a control anticancer drug. The 

medicines from natural sources such as plant, algae or fungi are used in the 

management and treatment of various diseases including cancer (15). For example, the 

fresh leaves of Prunus laurocerasus (British Pharmaceutical Codex, 1949) have been 

used as a flavoring agent (Cherry Pits, Extract (Prunus spp.)) in bad odor drugs and as a 

sedative for nausea or vomiting. With regard to the antiproliferative potential of cherry 
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laurel, the data suggest that the growth of the cell lines was slightly inhibited by using 

cherry laurel extracts and among different extracts were not found any difference (Figure 

1). The IC50 values of cherry laurel extracts could not be calculated by using ELISA data. 

The data revealed that all cells were more durable than 5FU to cherry laurel extracts. 

Also, the proliferation of the cancerous cells of the cherry laurel extracts treatment was 

not statistically significant, compared with that of control cells (P > 0.05). It is known 

that natural products including various metabolites exhibit a strong pharmacological 

activity due to interact with cell type. Therefore, the antiproliferative activity of cherry 

laurel extracts mostly consisting of glycosides (amygdalin, prunasin, and sambunigrin) 

can be conducted using other type cell lines.  

  

 

Figure 1. The Antiproliferative activity of cherry laurel extracts and positive control 
compound, 5FU on HeLa, HT29, C6, and Vero cell lines. Percent inhibition was noted as 
mean values ± SEM of three independent assays (P < 0.05). Each experiment was 
repeated at least three times for each cell line. *P < 0.05 in comparison with the control. 
 

Cytotoxic activity of the Prunus laurocerasus extracts 

The cytotoxic activity of cherry laurel extracts on HeLa, HT29, C6, and Vero cell lines 

were tested using an LDH cytotoxicity assay kit and were determined by treating cells 

with varying concentrations of the cherry laurel extracts (25, 50, 100, 150, 200, 250, 

375, and 500 µg/mL), which showed concentration-dependent collapse of cell membrane. 

The findings of % cytotoxicity delineate that treatment of cells with higher concentrations 

of cherry laurel extracts resulted in significant corruption of cell membrane integrity, but 

its low concentrations did not same effect on the cell membrane (Figure 2). The cell line 

showed no cytotoxic situations in response to cherry laurel extract treatment up to 375 
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µg/mL, which confirms that cherry laurel extracts have no cytotoxicity in cells, but it 

exhibits slightly antiproliferative activity at 375 µg/mL and higher concentrations (Figure 

2). Therefore, it is suggested that cherry laurel extracts may have a cytostatic potential 

towards the cells. Cherry Laurel contains flavonoids like kaempferol and quercetin, and 

caffeic and coumaric acid along with hydrocyanic acid. Quercetin is known to regulate the 

expression of apoptosis-related genes and to inhibit lymphocyte tyrosine kinase activity 

(16-18). Quercetin has also been shown to exhibit strong antiproliferative effects towards 

hepatocarcinoma in vivo experiments (19). 

 

Figure 2. Cytotoxic activity of cherry laurel extracts on HeLa, HT29, C6, and Vero cell 
lines. Percent cytotoxicity was noted as mean values ± SDs of three independent assays. 
*P < 0.05 in comparison with the control.  
 
In a clinical trial, quercetin exhibited outstanding antitumor activity with safely i.v. usage 

(18). According to National Cancer Institute (20), however, laetrile (amygdalin) has 

displayed poor anticancer effect in animal experiments and no anticancer effect in clinical 

phase trials. Laetrile is not approved by FDA because of its side effects like hepatic 

damage, difficulty of walking, fever, coma, and death which are commonly dangerous. As 

demonstrated in above mentioned similar studies, cherry laurel extracts acting as an 

adjuvant agent in cancer treatment.  

 

Morphological assessment of the cytotoxic activity of the Prunus laurocerasus 

extracts  

The effect of the cherry laurel fruit extracts on the morphology of the cells were 

visualized by digital camera attached inverted microscope (Leica IL10, Germany). Picture 

shows inverted microscopic images of the morphology of treated cell lines with different 

concentrations of cherry laurel fruit extracts as compared to respective controls. The 

morphology of cherry laurel fruit extracts-treated cells at merely high concentration 

(>375 µg/mL) changed from a cell rounding to floating cells, an indication of cell death. 

The cherry laurel fruit extracts were not able to inhibit growth of the cells in the culture 

at low and medium dosages. The control groups displayed integrity confluent growth with 
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normal proliferating cells. Similar to control cells, the majority of the treated cells was 

kept astrocyte-like or fibroblast-like appearance. Generally, at 375 µg/mL and higher 

doses, the numbers of cells seem to be less and separate from one another and they look 

small. Treatment with cherry laurel fruit extracts also delineated slightly degradations on 

the cells, as the cell growth affected and cellular morphology was similar to that of 

apoptotic situations only at high concentrations. However, the numbers of cells in low 

and medium concentrations of cherry laurel fruit extracts have not reduced and 

structurally, they look similar untreated cells.  

 

 

Figure 3. Effect of cherry laurel extracts on the morphology of HeLa, HT29, C6 and Vero 
cells. DMSO treated cells as controls. Asterisks point to the exposed surfaces from which 
cells have removed. All scales 100 µm. 

 
Fatty acid analysis 

Linoleic acid (18:2), palmitic acid (16:0) and oleic acid (18:1) were detected as fatty 

acids of hexane extract by GC-MS analysis. The human body cannot synthesize linoleic 

and oleic acids, both of which play an important role in the life. leading to regulate the 

blood homeostasis, the immune and inflammation response. In a similar study, main 

fatty acids constituents of cherry laurel were reported as linoleic, oleic, palmitic and 

stearic acid (21) which may be attributed to its pharmacological effects. Main ethereal 
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oils (0.5%) of Cherry Laurel were noted as the benzaldehyde, benzyl alcohol, and 

hydrocyanic acid (22). Plant oil originated seed or fruit has been used as a healing agent 

for various diseases. The protective biological activity of cherry laurel extracts is possibly 

attributed to its high linoleic acid, palmitic acid, and oleic acid contents. It is speculated 

that these fatty acids may protect DNA, RNA and other macromolecules by modulating 

oxidative damage in cells (23). On the other hand, these fatty acids use their receptors 

such as G-protein receptors to exhibit its immunomodulatory effect. However, we should 

be considered that palmitic acid is generally cytotoxic to cells, whereas oleic acid and 

linoleic acid are cytoprotective in some certain concentrations in cells (23).  

 

CONCLUSION 

 

In this study, we have displayed biological effects of cherry laurel fruit extracts against 

HT29, HeLa, C6 and Vero cell lines. The fatty acid-rich bioactive components of cherry 

laurel fruit extracts that is responsible for the chemoprotective effect. We found that, 

cherry laurel fruit extracts exhibited considerable protective activity against cell lines at 

even the highest concentration. Overall, we speculate that cherry laurel fruit extracts 

could be an important natural source of adjuvant chemotherapeutic formulary. 
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Türkçe Öz ve Anahtar Kelimeler 

Taflan Ağacının Antiproliferatif Etkisi 

Ali Aydın, Ramazan Erenler, Bülent Yılmaz, Şaban Tekin 

 

Öz: Taflan ağacı (Prunus laurocerasus) meyveleri fenolik ve flavonoid içerikler 
barındırmakta olup taze, kurutulmuş veya marmelat şeklinde tüketilirken yaprakları 
siyanojenik glikozidler içerir ve Anadolu folklorik tıbbında iyi bilinen iyileştirici etkilere 
sahiptir. Burada, taflan ağacı meyveleri suda 2 saat kaynatılmış, heksan, EtOAc ve BuOH 
ile ayrı ayrı ekstrakte edilmiştir. Ekstraktların antiproliferatif etkisi HeLa (İnsan Rahim 
Boynu Kanseri), HT29 (İnsan Kolorektal Adenokarsinoma), C6 (Sıçan Beyin Tümör 
Hücreleri) ve Vero (Afrika Yeşil Maymun Böbreği) hücre çizgileri üzerinde incelenmiştir. 
Bütün ekstraktlar yüksek derişimde çeşitli kanser hücre çizgilerinde hafif antiproliferatif 
etki göstermiştir. Taflan ağacı meyvesinin ekstraktlarının hücre zarını parçalama 
yeteneğini değerlendirdik. Sonuçlara göre taflan ağacı meyvesi sadece yüksek 
derişimlerde tümör hücre çizgilerinde hücre zarını biraz parçaladığı görülmektedir. Bu 
çalışmanın sonuçları taflan ağacı meyvesinin ekstraktlarının kanser hücreleri için 
antikanser araç olarak etkinliğini desteklememektedir, ancak şu andaki kemoterapötik 
araçlara potansiyel destek tedavisi yaparak hücre zehirliliğini düşürecek şekilde 
kullanılabieceğini göstermektedir. Heksan ekstraktında GC-MS analizi ile yağ asitleri 
bulunmuştur ve ana ürünler linoleik asit, palmitik asit ve oleik asit içermektedir.  
 
Anahtar kelimeler: Taflan ağacı,, Laetrile, Antikanser aktivitesi, Sitotoksik aktivite. 
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Abstract: Electrochemical decolorization of textile dyeing wastewater containing Reactive Violet 5 
(RV5) were investigated at Pt/Ir electrodes in the presence of 75% NaCl + 25% Na2CO3 (w/w) 
supporting electrolyte mixture in a batch electrochemical reactor. Experimental parameters were 
operated in the range of 300-1500 mg/L textile dye concentration, 4-20 g/L 75% NaCl + 25% 
Na2CO3 electrolyte concentration, 5-15 mA/cm2 current density, and 20-60°C reaction 
temperature in 15 min electrolysis time. Reactive Violet 5 decolorization increased with increasing 
current density and electrolyte concentration, and decreasing the textile dye concentration. 
Although a slight increase obtained in color removal efficiency, the temperature did not show 
much significant effect on decolorization. Depending on electrochemical reaction conditions, 
Reactive Violet 5 textile dye decolorization were obtained between 42.8-100%. 
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INTRODUCTION 

 

Main processes in textile industry are singeing, desizing, sizing, bleaching, scouring, 

mercerization, dyeing, and finishing (1–3). Approximately 160 lb of water is required to produce 1 

lb of textile product. Therefore, large amounts of wastewater are produced in textile 

manufacturing industry. 

 

The application of color to the textile material is called dyeing and it may take place at any stage 

in the textile manufacturing process (2). In batch dyeing process, an amount of textile substrate 

is loaded into a dyeing machine and brings to the equilibrium with dyeing solution. In continuous 

dyeing processes, textile products are fed continuously into a dye solution at various speeds (2). 

Reactive and direct dyes are used for cotton, and disperse dyes are used for polyester in common. 

Dye molecules enter the fibers from the dye solution in a period of time depending on type of 

fabric and textile dye (2,4). The dye percentage in a bath that fixes to the textile fibers is called 

dye fixation. Direct and reactive dyes have a fixation rate of 90-95% and 60-90%, respectively 

(2,4). Dye fixation occurs more rapidly in continuous dying process than batch dyeing (2). Salt, 

auxiliary chemicals, and temperature controlled dye bath conditions enhance and optimize the 

fixation efficiency of the dyeing process (2). Typical cotton dyeing processes use sodium chloride 

and sodium carbonate as common salts (4). 

 

The main source of dyeing wastewater is rinsing processes and spent dye bath which typically 

contains auxiliary chemicals, salt and residual dye (4). Textile wastewater is a hard-to-treat one 

due to its strong color, large amount of suspended solids, high chemical oxygen demand (COD), 

variable pH, salt content, and high temperature. Wastewater from textile processes that can 

cause damage if not treated before discharging to the environment (3). The major problems in the 

dyeing process are decolorization, removal of pollutants, salt elimination, and water-use reduction 

(4).  

 

Electrochemical oxidation is a promising wastewater treatment method and replacing conventional 

processes in order to treat wastewater from industrial processes which are not easily 

biodegradable (4). Electrochemical technologies are novel treatment technologies for the 

elimination of broad-range of organic pollutants from water and wastewater including various 

types of textile dyes (5–8). Several advantages include easy operation and handling, automation, 

high efficiency, simple equipment, safety, operations under ambient temperature and pressure 

conditions. They can be applied to various types of effluents with chemical oxygen demand (COD) 

ranging from 0.1 g/L to about 100 g/L (5–8). 

 



Körbahti and Turan, JOTCSA. 2016; 3(3): 229-246.  RESEARCH ARTICLE 

231 
 

The strategies of electrochemical technologies include the treatment of effluents and wastes, and 

also the development of new processes or combined methods with less harmful effects (5–8). 

Electrolysis reactions involve electrical charges moving between the electrolyte and the 

electrodes. The process depends on the use of direct electric current for the chemical changes in 

non-spontaneous oxidation/reduction reactions. 

 

In the literature, the electrochemical treatment have been tested for textile dye degradation with 

a large variety of electrodes including iron, aluminum, boron-doped diamond (BDD), carbon, 

graphite, doped and undoped PbO2, mixed metal oxides of Ti, Ru, Ir, Sn and Sb, doped-SnO2, 

Ti/Pt, Pt/Ir and Pt, carbonaceous electrodes, dimensionally stable anodes (DSA), and three-

dimensional electrodes (5,6). The studies have utilized electrochemical systems for the treatment 

of synthetic and real textile dyeing wastewaters by three electrode cells with two or one 

compartments and divided or undivided two electrode cells or tank reactors equipped with 

monopolar and bipolar electrodes in batch and continuous modes (5,6). The influence of pH, 

pollutant concentration, current density, temperature, supporting electrolyte type and 

concentration, stirring rate and flowrate was investigated as main parameters for optimizing the 

degradation conditions (5–8). 

 

In this study, the electrochemical decolorization of Reactive Violet 5 (RV5) textile dye was 

investigated using Pt/Ir electrodes. The effects of process variables such as electrolyte 

concentration, current density, initial dye concentration and reaction temperature on textile dye 

removal were analyzed. 

 

MATERIALS AND METHODS 

 

Chemicals and Materials 

Reactive Violet 5 (RV5) textile dye (Sigma Aldrich) (Figure 1), Na2CO3 and NaCl (Merck) were 

purchased as extra pure grade. Textile dyeing wastewater was prepared synthetically using 

double distilled water, which was obtained using ultrapure water system (Millipore Simplicity® UV) 

and water still (GFL-2008) with the resistivity of 18.2 MΩ·cm@25°C, TOC < 5 ppb. 
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Figure 1. Molecular structure of Reactive Violet 5 textile dye (C20H16N3Na3O15S4). 
 

Experimental 

Electrochemical reactor (DURAN glass) used in this study has a heating and cooling jackets 

(Rettberg, Germany) as shown in Figure 2. Iron cathodes and Pt/Ir anodes were used as four 

pairs with 5 mm anode/cathode spacing. Total electrode surface area was 172 cm2. Pt/Ir anodes 

(Dr. Wieland, Germany) were in spiral shape with 90% Pt and 10% Ir composition (w=150 mm, 

φinternal=10 mm, φwire=1.10 mm). Iron electrodes were in cylindrical shape (φ=12.0 mm) and 

purchased from local sources. Pt/Ir and iron electrodes were used as received without further 

preparation and treatment. Batch electrochemical system was equipped with programmable DC 

power supply (Goodwill PST-3201), thermostat (Lauda RE 630 S), mechanical mixer (Heidolph 

RZR 2021), and peristaltic pump (Cole Parmer Masterflex RZ-77924-60). The reaction medium 

was mixed at 500 rpm. Influence of experimental parameters were operated as textile dye 

concentration, 300-1500 mg/L; electrolyte concentration, 4-20 g/L; current density, 5-15 

mA/cm2; and reaction temperature, 20-60°C in 15 min electrolysis time. 
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Figure 2. Batch electrochemical reactor system (1. programmable DC power supply, 2. 
heating/cooling tank, 3. batch electrochemical reactor, 4. reactor lid, 5. electrodes, 6. sampling 

cell, 7. thermometer, 8. heating/cooling pump, 9. mechanical mixer). 
 

Samples in 10 mL volume were withdrawn from the reaction medium at 5 min time intervals for 

the analysis. Decolorization yield was analyzed using UNICO 4802 model UV/Vis double beam 

spectrophotometer at 520 nm wavelength. 

 

RESULTS AND DISCUSSION 

 

Textile dye concentration, current density, electrolyte (75% NaCl+25% Na2CO3) concentration 

and reaction temperature parameters were investigated on electrochemical decolorization 

efficiency of Reactive Violet 5 (RV5) textile dye using Pt/Ir anodes. In this study, 75% NaCl+25% 

Na2CO3 (w/w) mixture was used as a supporting electrolyte in order to increase the ionic 

conductivity of the reaction medium which are also main components in real textile industry 

wastewater (1). 

 

Experimental results were analyzed using Design-Expert 10 software. Reactive Violet 5 textile 

dye decolorization were obtained between 59.7-98.7% depending on electrochemical reaction 

conditions as shown in Table 1. In the study, complete decolorization was also achieved over 15 

min electrolysis time. 
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Table 1. Influence of process parameters in electrochemical decolorization of textile dyeing 
wastewater containing Reactive Violet 5 (RV5) using Pt/Ir electrodes 

 

Parameter Reaction Conditions Decolorization 
(%) 

Textile dye 
concentration 
 

300-1500 mg/L 
(Electrolyte=12 g/L, J=10 mA/cm2, 

T=40°C, t=15 min) 

59.7 - 98.7  

Electrolyte 
concentration 
 

4-20 g/L 
(RV5=900 mg/L, J=10 mA/cm2, T=40°C, 

t=15 min) 

73.3 - 95.0 

Current density  
 

5-15 mA/cm2 

(RV5=900 mg/L, Electrolyte=12 g/L, 
T=40°C, t=15 min) 

65.0 - 96.7 

Reaction temperature 
  

20-60°C 
(RV5=900 mg/L, Electrolyte=12 g/L, 

J=10 mA/cm2, t=15 min) 

95.1 - 97.1 

 
In electrochemical treatment processes, organic pollutants could be removed from wastewater by 

indirect and direct mechanisms (5–7,9,10). Indirect oxidation occurs in the liquid bulk phase by 

the mediated oxidants, and direct oxidation at the anode surface (5–7,9,10). Most electrochemical 

processes are based on indirect oxidation because direct oxidation of organic pollutants are very 

slow on inert anodes due to limiting reactions and reaction kinetics (8,11).  

 

Hydroxyl radicals are produced by the anodic discharge of water in indirect electrochemical 

oxidation of organic pollutants at Pt/Ir anodes. Hydroxyl radicals adsorb on the anode surface [S], 

and oxidize the organic material (12,13). This reaction could also occur in acidic medium at high 

current densities (13). Oxidation process continues by the formation of hydroxyl radicals with 

anodic discharge of water molecules (12,13). 

 

[ ] −+• ++→+ eHOHSSOH2       (Eq. 1) 

[ ] −+• +++→+ eHROSOHSR      (Eq. 2) 

 

Chlorohydroxyl radicals are also produce with the presence of chloride ions, and adsorb on the 

active sites of the anode surface [S], and then oxidize the organic material (12,13). 

 

[ ] −+• ++→++ 2eHClOHSClSOH -
2     (Eq. 3) 

[ ] −+• +++→+ 2eHROSClOHSR      (Eq. 4) 

 

Therefore, electrochemical oxidation of textile dyeing wastewater results in decolorization with the 

formation of chlorohydroxyl and hydroxyl radicals. The reactions can also yield O2, H2O2, and Cl2 

(12,13). 
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[ ] −+• +++→+ 3e3HOSOHSOH 22     (Eq. 5) 

[ ] −+• +++→+ eHOHSOHSOH 222      (Eq. 6) 

[ ] −+• ++++→++ 4e3HOSClClClOHSOH 22
-

2    (Eq. 7) 

 

Indirect oxidation also occurs with the formation of HOCl/OCl− redox mediators by the presence of 

NaCl which provides the anodic evolution of Cl2 (12–16). The percentage distribution of HOCl/OCl− 

depends on the solution pH (16). Chloride-chlorine-hypochlorite-chloride cycle occurs in neutral to 

moderate pH solutions which maintain the initial concentration of chlorides stable (13). 

 

−− +→ 2eCl2Cl 2        (Eq. 8) 

−+ ++⇔+ ClHHOClOHCl 22      (Eq. 9) 

−+ +⇔ OClHHOCl        (Eq. 10) 

−+−− ++++→+ 6eO6H4Cl2ClOO3H6OCl 22
3-

32   (Eq. 11) 

−−− +→++ 2OHCl2eOHOCl -
2      (Eq. 12) 

 

The effect of textile dye concentration on decolorization efficiency, pH, and cell voltage can be 

shown in Figures 3-5. The decrease in Reactive Violet 5 concentration resulted in increased 

decolorization rates and removal efficiency. The rate of degradation could be related to the 

formation of OH radicals and HOCl/OCl- redox reagents. 

 

Figure 3. Effect of textile dye concentration on decolorization efficiency (Electrolyte=12 g/L, J=10 
mA/cm2, T=40°C). 
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It can be seen from Figure 3 that decolorization of RV5 dye exponentially decreases with time and 

almost disappears after 60 minutes resulting in complete decolorization of the solution. This 

exponential decrease of textile dye decolorization can be described by Equation (13): 

 

dye
dye kC

dt

dC
=−      (Eq. 13) 

 

Several studies in the literature indicated that textile dye degradation reaction follows pseudo first 

order kinetics. Generally, first-order kinetics is appropriate for the entire concentration range and 

several studies were reasonably well fitted to this kinetic model (5,6,17–25). In our study, the 

rate constants were obtained for pseudo first order reaction as 12.7×10-3 s-1, 3.1×10-3 s-1 and 

1.2×10-3 s-1 for 300 mg/L, 900 mg/L, and 1500 mg/L RV5 dye, respectively. Reaction rate 

constants decreased and reaction rate increased as the initial concentration of the textile dye 

increased. It is generally noted that the degradation rate increases with the increase in dye 

concentration (17). The rate of degradation relates to the probability of OH radicals formation on 

the electrode surface and production of oxidizing redox reagents. As the initial concentrations of 

the dye increase the probability of reaction between dye molecules and oxidizing species also 

increases leading to an enhancement in the decolorization rate (17,23–25). In this study, reaction 

rate constants were obtained in a good agreement with the data previously reported in the 

literature for the electrochemical treatment of various types of textile dyes (5). 

 

The pH of the reaction medium was changed between 10 and 11.5 as shown in Figure 4, which 

was observed in most of the runs and was most likely due to hydrolysis, ionization and HOCl/OCl− 

consumption reactions, and production of hydroxyl ions and oxygen evolution reaction as well 

(4,26). The effect of alkaline medium was also investigated in the literature for electrochemical 

and photocatalytic oxidation processes (5,17,21). Konstantinou and Albanis (23) reported the 

difficultness of the interpretation of pH effects on the efficiency of dye degradation process due to 

its multiple roles. The authors stated that in alkaline solution OH radicals are easier to be 

generated by oxidizing more hydroxide ions. Saquib and Muneer (17) indicated that the efficiency 

of degradation rate for the decomposition of textile dye was better at pH 3.5 and 11, whereas it 

was lower at pH values 5.8 and 9. In contrast, the degradation rate for the mineralization of the 

dye was found to decrease with the increase in pH from 3.5 to 9 and further increase in pH leads 

to increase in the efficiency of the degradation rate for TiO2-mediated photocatalytic degradation 

of a triphenylmethane dye. Gonçalves et al. (21) obtained complete decolorization in 

photochemical treatment of azo dye solutions with TiO2 catalyst after an irradiation period of 20 

hours at an optimum pH 13. The authors indicated that the decolorization efficiency was lower 

both at pH 11 (70%) and pH 14 (55%) (21). Neppolian et al. (24) indicated that acidic pH has not 
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shown much influence on the percentage degradation of dye whereas the presence of hydroxyl 

ions in alkaline medium (pH > 10) enhances the degradation efficiency for TiO2 assisted 

degradation of Reactive Blue 4 textile dye. 

 

 

Figure 4. Effect of textile dye concentration on pH change (Electrolyte=12 g/L, J=10 mA/cm2, 
T=40°C). 

 

In this study, the cell voltage was changed between 2-3% with changing initial RV5 concentration 

as shown in Figure 5. It can be assumed that there were no mass transfer limitations depending 

on pollutant concentration and increasing dye concentration did not show significant effect on cell 

voltage. The runs were conducted at constant current and therefore cell voltage was variable to 

maintain the constant current density. As a general trend cell voltage raised about 20-25% from 

its initial value during the electrochemical reaction. This behavior could be attributed to the 

consumption of electrolyte that decreased the ionic conductivity. Ionic conductivity of the reaction 

medium is a very important parameter in electrochemical cells. If the concentration of electrolytes 

changes in the solution, then the charge difference changes. Increasing electrolyte strength 

decreases the solution resistance. A decrease in electrolyte concentration decreases ionic 

conductivity of the reaction medium that results in increase of electrical resistance and cell 

voltage as well (4,27–29). 

 



Körbahti and Turan, JOTCSA. 2016; 3(3): 229-246.  RESEARCH ARTICLE 

238 
 

 

Figure 5. Effect of textile dye concentration on cell voltage (Electrolyte=12 g/L, J=10 mA/cm2, 
T=40°C). 

 

Figures 6-8 shows the effect of process parameters on textile dye decolorization that was obtained 

by the quadratic model in Equation 14 using Design-Expert 10. Equation 14 evaluated with 

regression coefficients of R2 and R2
adj as 0.919 and 0.849, respectively, and signal/noise ratio 

value as 16.573 (≥4) indicating that the model is adequate and can be used for the mathematical 

analysis. In Equation 14, x1, x2, x3, and x4 are Reactive Violet 5 concentration (mg/L), 75% NaCl 

+ 25% Na2CO3 electrolyte concentration (w/w) (g/L), current density (mA/cm2), and reaction 

temperature (°C), respectively.  

 

123.34789 + x107.76927 +

 0.38817x - 0.12276x - x102.43265 - x0.11345x + x0.052851x +

x0.28736x - xx101.39549 +xx107.11715 + xx101.94681 +

 1.85973x -3.59660x+3.11857x+-0.088883x(%) tionDecoloriza

2
4

5-

2
3

2
2

2
1

5-
4342

3241
4-

31
3-

21
3-

4321

×

×

×××

=

 

(14) 

 

In Figure 6, dye decolorization was obtained as 42.8-100.0% between 300-1500 mg/L Reactive 

Violet 5 concentration and 4-20 g/L 75% NaCl+25% Na2CO3 (w/w) electrolyte mixture. Increase 

in Reactive Violet 5 concentration decreased the decolorization efficiency as shown in Figure 6. 

Textile dye decolorization obtained with the degradation of azo group in the dye molecule by 

formation of HOCl/OCl− redox reagents and weakly adsorbed hydroxyl and chlorohydroxyl radicals 

at the anode surface. In Figure 6, higher than 95% decolorization was achieved below 915 mg/L 

initial textile dye concentration. It can be concluded that mass transfer limitations have 
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predominant effect at low pollutant concentrations (7). Increasing electrolyte concentration 

increased the decolorization efficiency as shown in Figures 6 and 7. In Figure 6, higher than 95% 

decolorization was achieved between 14.5-18.8 g/L electrolyte concentration. Increasing NaCl 

concentration increased the decolorization efficiency by generation of HOCl/OCl− redox reagents 

(4). 

 

 

Figure 6. Effect of textile dye concentration and electrolyte concentration on electrochemical 

decolorization of Reactive Violet 5 textile dye using Pt/Ir electrodes (J=10 mA/cm2, T=40°C, t=15 

min). 

 

In Figure 7, dye decolorization was obtained as 56.2-100% between 5-15 mA/cm2 current density 

and 4-20 g/L 75% NaCl+25% Na2CO3 (w/w) electrolyte mixture. Increasing current density 

increased the decolorization efficiency as shown in Figures 7 and 8. In Figure 7, higher than 95% 

decolorization was achieved between 14.5-18.8 g/L electrolyte concentration. Increasing NaCl 

concentration increased the decolorization efficiency by generation of HOCl/OCl− redox reagents 

(4). Degradation efficiency increased with increasing current density that resulted in formation of 

OH radicals at Pt/Ir anode, and increased formation rate of HOCl/OCl− oxidants in the bulk phase. 

It is very well known that current density is one of the effective parameters for controlling the 

mass transfer and reaction rate in electrochemical processes (4). Although increasing current 

density increases electrochemical oxidation efficiency, applied current may be consumed by 

secondary reactions at high cell potentials (10,30). Therefore, optimum current density was 

determined as 12.8 mA/cm2 for the highest electrochemical decolorization efficiency. 
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Figure 7. Effect of electrolyte concentration and current density on electrochemical decolorization 
of Reactive Violet 5 textile dye using Pt/Ir electrodes (RV5=900 mg/L, T=40°C, t=15 min). 

 

Dye decolorization was obtained as 62.3-100% between 5-15 mA/cm2 current density and 20-

60°C reaction temperature in Figure 8. In Figure 8, higher than 95% decolorization was achieved 

above 10.2 mA/cm2 current density and 30°C reaction temperature. Therefore, optimum reaction 

temperature was determined in the mid of the experimental conditions as 40°C.  
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Figure 8. Effect of current density and reaction temperature on electrochemical decolorization of 
Reactive Violet 5 textile dye using Pt/Ir electrodes (RV5=900 mg/L, Electrolyte=12 g/L, t=15 

min). 
 

The optimum operating region was determined for the highest electrochemical decolorization 

efficiency of Reactive Violet 5 textile dye using Pt/Ir electrodes in Figure 9. The shaded region in 

Figure 9 shows the decolorization efficiency of higher than 95% for Reactive Violet 5 concentration 

and 75% NaCl+25% Na2CO3 electrolyte mixture at optimum operating values of 40oC reaction 

temperature and 12.8 mA/cm2 current density. The optimum operating region was found to be 

applicable for the electrochemical treatment of industrial textile wastewater. 
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Figure 9. Optimum operating region for electrochemical decolorization of Reactive Violet 5 textile 
dye using Pt/Ir electrodes (J=12.8 mA/cm2, T=40°C, t=15 min). 

 

CONCLUSIONS 

 

Electrochemical textile dye decolorization were investigated using Pt/Ir anodes in the presence of 

75% NaCl+25% Na2CO3 supporting electrolyte mixture. Reactive Violet 5 decolorization increased 

with increasing current density and electrolyte concentration, and decreasing the textile dye 

concentration. Although a slight increase obtained in color removal efficiency, the temperature 

was not show much significant effect on decolorization. Reactive Violet 5 textile dye decolorization 

were obtained between 42.8-100% depending on electrochemical reaction conditions in 15 min 

reaction time without any further treatment. The optimum operating region at higher than 95% 

decolorization efficiency was determined for the Reactive Violet 5 textile dye. It can be concluded 

that Reactive Violet 5 textile dye decolorization obtained with the degradation of azo group in the 

dye molecule by the formation of redox reagents and weakly adsorbed hydroxyl and 

chlorohydroxyl radicals at the anode surface. Experimental findings showed that electrochemical 

oxidation could be an alternative for the decolorization of textile wastewater effluent.  
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Türkçe Öz ve Anahtar Kelimeler 

Pt/Ir Elektrotları Kullanarak Reaktif Viyole 5 Tekstil Boyasının Renginin 
Elektrokimyasal Olarak Giderilmesi 

 
Bahadır K. Körbahti* ve Kezban Meltem Turan 

 

Öz: Reaktif Viyole 5 (RV5) içeren tekstil boyama atık sularının elektrokimyasal olarak renginin 
giderilmesi, Pt/Ir elektrotlarda %75 NaCl + %25 Na2CO3 (w/w) destek elektrolit karışımında 
kesikli bir elektrokimyasal reaktörde incelenmiştir. Deneysel parametreler 300-1500 mg/L tekstil 
boyarmadde derişiminde, 4-20 g %75 NaCl + %25 Na2CO3 elektrolit derişiminde, 5-15 mA/cm2 
akım yoğunluğunda ve 20-60 °C tepkime sıcaklığında ve 15 dakika elektroliz zamanı içinde 
yürütülmüştür. Reaktif Viyole 5’in renginin giderilmesi artan akım yoğunluğu ve elektrolit derişimi 
ile artarken tekstil boyarmadde derişiminin azalması ile de artmaktadır. Renk giderme etkinliğinde 
hafif bir artışa rağmen, sıcaklığın renk giderme üzerinde belirgin bir etkisinin olmadığı 
saptanmıştır. Elektrokimyasal tepkime koşullarına dayanarak, Reaktif Viyole 5 tekstil boyarmadde 
renk gidermesi %42,8-100 arasında değişmiştir.  
 

Anahtar kelimeler: Renk giderme, Elektrokimyasal Atık Su Terbiyesi, Pt/Ir Elektrotlar, Reaktif 
Viyole 5, Tekstil Boyarmaddesi. 
 

Gönderme: 29 Haziran 2016. Düzeltme: 29 Temmuz 2016. Kabul: 24 Ağustos 2016. 
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Co-Pyrolysis of Göynük Oil Shale with Polypropylene and Structural 
Characterizatıon of Pyrolysis Liquid 

 
Pınar Acar Bozkurt1,*, Nagehan Merve Kutlu1, Muammer Canel1 

 
1Ankara University, 06100, Ankara, Turkey. 

 
Abstract: This study is based on the purpose of obtaining high yields of liquid product by 
subjecting the oil shale sample taken from one of our country's important oil shale deposits 
and polypropylene (PP) mixtures to co-pyrolysis process. In this study, the oil shale sample 
and the polypropylene were firstly subjected to pyrolysis process, and then the mixture 
obtained by mixing of these at certain ratios was subjected to pyrolysis process. Pyrolysis 
experiments were performed at three different mixture ratios of 33%, 50% and 67% PP in the 
mixture, and in the temperature range of 600 – 800 °C. The gas, liquid, and solid product 
yields obtained as a result of the experiments were calculated, and the effect of PP which was 
added to oil shale and the changed pyrolysis temperature on the yield of liquid product was 
examined. As a result of the experiments, the highest liquid product yield was achieved in the 
mixture ratio containing 67% PP at 800 °C. Various catalysts were added to the medium in 
which the highest liquid product yield was achieved, and the effect of catalysts on the liquid 
product yield obtained from pyrolysis was examined. The structure of the obtained liquid 
products was investigated by various spectroscopic methods such as GC-MS and FTIR, and the 
effects of experimental conditions on the structure of the liquid product were analyzed. 
Consequently, a noticeable synergistic effect was observed in the yield of the liquid product 
which was obtained as a result of the co-pyrolysis of PP and oil shale, and this effect further 
increased with the catalyst added to the medium. The results in this study also showed that 
co-pyrolysis of oil shale with PP could be an environmentally friendly method for the 
conversion of hazardous waste into valuable chemicals and fuels. 

 

Keywords: Co-pyrolysis, oil shale, polypropylene, characterization. 

Submitted: July 14, 2016. Revised: August 08, 2016. Accepted: September 01, 2016. 

Cite this: Acar Bozkurt P, Kutlu N, Canel M. Co-Pyrolysis of Göynük Oil Shale with 
Polypropylene and Structural Characterizatıon of Pyrolysis Liquid. JOTCSA. 2016;3(3):247–64. 

DOI: 10.18596/jotcsa.73561. 

*Corresponding author. E-mail: p3acar@hotmail.com, tel: +90 0312 2126720/1268. 

  



Acar Bozkurt, Kutlu and Canel, JOTCSA. 2016; 3(3): 247-264.  RESEARCH ARTICLE 

248 
 

INTRODUCTION  

 

The increasing energy and petroleum need has pushed researchers towards studies related to 

sustainable energy technologies. On the other hand, a rapid decrease in energy resources such 

as petrol and natural gas has made making use of asphaltite, oil shales, and especially coal as 

the potential energy and chemical raw material resources of the future a current issue again. 

Oil shales take the second place in terms of reserve compared to other resources such as 

petrol, coal and natural gas [1]. 

 

Oil shale is defined as a sedimentary rock which contains an organic substance called kerogen, 

a fine-grained, lamellar structure [2]. Kerogen has a high hydrogen/carbon ratio that provides 

superior potential use as a liquid fuel source than coal or heavy oil. Oil shale is usually used as 

a fuel, solvent, and chemical resource after a thermal conversion process [3, 4]. 

 

Oil shale is the second largest fossil fuel after lignite in Turkey and has a significant value in 

the country's economy [5]. Göynük and Seyitömer oil shales have the largest share in the 

distribution of oil shale deposits according to reserve status. Since the kerogen in the oil shale 

structure is rich in hydrogen, the ratio of giving a distillable liquid and gas yield is greater than 

coal when it is subjected to heat treatment. However, it is not possible to make use of these 

resources by burning them as in the coal. Because during burning, some portion of the rapid 

decay products occurring in the organic structure at temperatures reaching up to 450 ˚C are 

released with combustion gases without finding an opportunity to burn. Therefore, making use 

of it by burning is not approved in terms of environmental pollution. Based on this aspect, 

pyrolysis method can be used in making use of oil shales which are the most important fossil 

resources that can be considered after coal. Pyrolysis process can be defined as the conversion 

process of oil shales into liquid and gas products by subjecting to thermal degradation in an 

inert medium. 

 

In the studies carried out in recent years, it has been determined that the liquid and gas 

product yield obtained by subjecting coals through mixing with polymers to processes such as 

co-pyrolysis, extraction, and gasification is higher than the products obtained by singly 

subjecting both coal and polymers to these processes, and the distribution of products has far 

more superior characteristics in the co-pyrolysis process in terms of quality [6-8]. During the 

co-pyrolysis of coal with polymers, radicals formed at high temperatures are saturated with 
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hydrogen, released from the polymers, increasing the liquid yield [9]. Thus, it was revealed 

that a synergistic effect appeared during the co-pyrolysis of polymers with coal, and the 

polymers served as a hydrogen source [10, 11]. 

 

In the co-pyrolysis process, plastic wastes are the main polymer sources to be processed with 

coal. All over the world, plastics are the indispensable material of the future which are used as 

an alternative material instead of materials such as glass, metal, rubber, wood, inorganic 

substances, or together with these materials. The fact that it is economic and easily applicable 

is rapidly increasing the plastic consumption compared to other materials. The increasing use 

of plastics leads to an increase in plastic wastes, as well; and this situation emerges as a major 

environmental problem that needs to be solved. Plastic wastes are disposed by waste burial 

and waste incineration or utilized by using various recycling techniques. Pyrolysis, one of the 

methods of recycling plastics, is the most advantageous method from many aspects. Plastic 

wastes are converted into energy and chemical raw materials by pyrolysis. 

 

Plastics are named in several ways depending on the type of the polymer used in production. 

Some types of plastic which are commonly used can be listed as polyethylene (PE), 

polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyamide (PA), 

polyester, polyvinyl chloride (PVC), and polyurethane. When the plastic demands of 2010 in 

the world and Turkey are analyzed, it is seen that PE and PP have the largest share [12, 13]. 

 

In this study, the effect of co-pyrolysis of Göynük oil shale with polypropylene waste was 

investigated with the aim of understanding its effect of liquid formation and fuel or raw 

material characteristics. In the experiments, the oil shale and polypropylene mixtures were 

subjected to pyrolysis process at different temperatures, and the gas, liquid and solid (residual 

coke) yields obtained at each temperature were determined. The effect of experimental 

conditions and catalysts on yields was investigated by using different catalysts such as 

bentonite, zeolite, and red mud under optimum conditions specified. This study is significant in 

terms of use co-pyrolysis of oil shale and PP with catalyst to obtain the liquid products with 

high heating value. An attempt to investigate the structure of the obtained liquid products was 

made by various spectroscopic methods such as GC-MS and FTIR. 
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MATERIALS AND METHODS 

 

Oil shale sample was obtained from Bolu-Göynük located in Turkey. Pretreatments of samples 

were carried out before the experiments. The samples were ground to obtain the desired 

particle size of 1-2 mm and were subsequently dried at 105°C for 24 h. Polypropylene (PP) was 

provided from the Özuğur-Akçim Plastic Company (Izmir, Turkey). Elemental analysis and 

higher heating value (HHV) of the oil shale and PP were performed with an elemental analyzer 

(LECO 932 CHNS elemental analyzer) and bomb calorimeter (Parr 6200 calorimeter). The 

characteristics of the samples are given in Table 1. 

 

Table 1. Main characteristics of the oil shale and PP. 

 Elemental Composition, wt%, daf Calorific value (MJ/kg)  
C H N O  

Oil shale 57.50 3.50 0.70 38.30 5.90  
PP 75.90 5.40 - 18.70 39.50  

 

Characterization of products 
GC–MS analysis for liquid samples (tar) were performed using an AGILENT 6890 Model gas 

chromatograph coupled to a HP 5973 mass selective quadrupole detector using a 50 m ×0.32 

mm × 0.52 mm capillary column. Chromatographic peaks were identified by means of NIST 

mass spectral data library and from their retention times using standard compound when 

available. The percentages of the peaks were calculated from the TIC (total ion chromatogram) 

peak area. FTIR spectra of the liquid samples as KBr disks of the samples were recorded by a 

MATTSON 1000 Model FTIR spectrometer. 

 

Pyrolysis procedure 

All pyrolysis experiments were performed in a fixed bed pyrolysis system shown schematically 

in Figure 1 [7]. Oil shale and PP were firstly pyrolyzed, then oil shale and PP mixtures in weight 

percent of 33% (wt), 50%(wt) and of 67% (wt) of polymer were co-pyrolyzed at temperatures 

between 600°C and 800°C. Oil shale and PP were mixed together in weight percent of 33 wt% 

(6.66 g of oil shale and 3.33 g of PP), 50 wt % (5 g of oil shale and 5 g of PP), and 67 wt % 

(3.33 g of oil shale and 6.66 g of PP) of PP. In order to evaluate the effect of catalyst on 

product yield, different amounts of catalysts were added to 67 wt% oil shale / PP mixture and 

these mixtures are pyrolyzed.  
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The catalysts used are red mud, zeolite, and bentonite. The red mud is supplied by Seydisehir 

Aluminum Company, Turkey. It is filtered and then dried at 110 °C. Linde type A-zeolite is 

supplied by CWK Chemiewerk Köstritz Company, Germany. Zeolite is activated by heating for 

2 h at 200°C and then drying for 2 h at 500 °C. Bentonite from the Kütahya region, Turkey, is 

used in the experiments. Bentonite is activated by heating for 6 h at 97°C in a H2SO4 solution 

(40 wt%). The specific surface area of red mud, zeolite, and bentonite are 16 m2g-1, 300 m2g-

1, and 134 m2g-1, respectively. 

 

 

Figure 1. The schematic diagram of the experimental set-up for the co-pyrolysis. (A) nitrogen 
bottle, (B) float flowmeter, (C) thermocouple, (D) the temperature controller, (E) tube furnace, 
(F) reactor, (G) sample, (H) condenser, (I) cooling unit, (J) liquid collecting vessel, (K) gas 
collecting vessel. 

 

In a typical run, the sample was placed in a stainless steel reactor. The reactor was heated by 

an electrical furnace in which the temperature was measured by a thermocouple inside the 

reactor. The air of the reactor was removed with nitrogen flow of 30 mL min-1 and reactor was 

heated to a desired temperature with a heating rate of 10 °C min-1. The outlet of the reactor is 

connected to a round-bottomed flask with a reflux condenser where condensation of the 

pyrolyzate occurred. The reaction products are classified into three groups: gas, liquid 

hydrocarbons (tar) and residual coke. The yield of tar collected in the round-bottomed flask, 

and the yield of residual coke as the char remaining inside the reactor after the experiment 

were calculated. The gas products collected by a receiver vessel connected to the end of the 

reflux condenser.  
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RESULTS and DISCUSSION  

 

Product yields  

It is known that temperature has a significant effect on the yield of pyrolysis products [14-16]. 

The changes in product yields with temperature (600 °C, 700 °C and 800 °C) during the co-

pyrolysis of PP and oil shale are given in Figure 2.  

 

 

Figure 2. Effect of weight percentage of PP in the mixtures on product yields at a temperature 
of: (a) 600°C, (b) 700°C, and (c) 800°C. 

 

As seen in the figure, the highest liquid yield was found to be 36.5% at the mixture ratio of 

67% and at 800°C. The use of sweeping gas in the pyrolysis processes provides an inert 

atmosphere and helps to prevent secondary cracking reactions by removing the hydrocarbon 

vapors formed in during pyrolysis, and leads to an increase in the yield of the liquid product 

[17]. In pyrolysis processes performed at different mixture ratios and temperatures, a 
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decrease was observed in the yield of the solid product although an increase was observed in 

the yields of liquid and gas products. This situation can be explained by the fact that the bonds 

in the structure of samples are easily broken along with the effect of increasing temperature, 

and this affects the pyrolysis yield positively. 

 

According to the co-pyrolysis results, higher ratios of liquid and gas product yields were 

obtained when compared to the values of oil shale yields. It is considered that an increase was 

observed in the liquid yield by bringing free radicals that formed during pyrolysis into steady 

state and by reducing the crosslinks in the structure of the polymer and oil shale. The 

crosslinks in the both of sample mixtures structures can be broken by effect of the increasing 

temperature. However, the amount of hydrogen in the oil shale structure is not sufficient to 

stabilize the radicals. Therefore, hydrogen should be directly provided to pyrolysis medium or 

the oil shale should be co-pyrolyzed with the compounds containing abundant hydrogen in 

their structure [18, 19]. The main reason for choosing PP as the second component in the co-

pyrolysis process is the fact that it is an environmental waste and contains sufficient hydrogen 

to saturate the free radicals formed during the pyrolysis of the oil shale. 

 

Conversion values (%) obtained by the addition of increasing PP ratios in the oil shale during 

the co-pyrolysis process and the changing with temperature are given in Figure 3. As it is seen 

in the figure, the conversion values also increase with increasing PP content of the mixture and 

temperature. This is because, as it was explained previously, the bonds in the oil shale 

structure are broken with increasing the temperature. These radicals are stabilized by the 

hydrogen provided from polypropylene. As a consequence, the liquid product yield was 

increased, and the gas product yield was also increased by the disintegration of the products 

into smaller molecular products with the temperature increase. 
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Figure 3. The effect of the percentage conversion of the PP content in the mixture. 

 

Catalyst effect  

It is known that various catalysts have an effect on the rate of some complex reactions in the 

pyrolysis process. In this study, the effects of three different catalysts selected on the co-

pyrolysis of oil shale-PP mixture were examined. The red mud obtained during the production 

of aluminum; bentonite which is abundant in our country and zeolite which is applied in 

various heterogeneous reactions were selected as the catalysts. The co-pyrolysis experiments 

with catalyst were carried out at the mixture ratio of 67% at 800°C in which the liquid product 

yield was the highest. The red mud, bentonite, and zeolite were separately added to mixtures 

at the ratios of 0.5%, 2%, and 4% by mass to further improve the liquid product yield. The 

change of the liquid, gas, and solid product yields with catalytic pyrolysis is shown in Figure 4. 

 

Any significant changes have been found when red mud is used as a catalyst (Figure 4). The 

surface area of red mud is smaller compared to other catalysts and therefore it does not 

interact sufficiently with the products during pyrolysis process. Although zeolite catalyst caused 

a decrease in the gas product yield, it did not cause a considerable change in the liquid 

product’s yield. The solid product yield also increased. This is because more aromatic 

hydrocarbons are formed in zeolite which has greater pore opening, and the amount of 

residual coke increases because aromatic compounds are inclined to coke formation with 

hydrogen transfer and cyclization reactions [20]. It is seen that the highest liquid product yield 

was obtained in the pyrolysis experiments with 4% bentonite was used as a catalyst. The 

reason of increasing of liquid products is the catalytic effect of metal oxides in the structure of 

bentonite and the large pore structure of bentonite. 
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Figure 4. Effect of weight percentage of different catalyst on the yields at a temperature of 
800°C and 67 wt% PP in the mixture a) 0.5 wt %, catalyst, b) 2 wt %, catalyst, c) 4 wt %, 

catalyst. 

 

Characterization of pyrolysis liquid  

The liquid products which were obtained from the separate pyrolysis of oil shale and PP at 

800°C, the pyrolysis of 67% mixture at the same temperature, and the pyrolysis made with 

the addition of 4% bentonite under these conditions were given in Table 2. The substances 

detected in the GC-MS analysis are given as % peak area in the total chromatogram. GC-MS 

chromatograms of these products are shown in Figure S1-S4. During the pyrolysis process, the 

organic structure lost their H atoms and alkane radicals were directly converted into alkene 

radicals. In the pyrolysis process performed at 800°C and at the mixture ratio of 67%, alkene 

content is decreased when compared to the pyrolysis of oil shale and PP. This can be explained 

by the fact that the bonds are easily broken with increasing temperature, and consequently, 

free H radicals’ concentration in the medium reacts with alkenes and converted to alkanes 

[21]. The phenol and phenol derivatives which are formed in significant amounts in the oil 
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shale pyrolysis are not formed in the pyrolysis of oil shale and PP mixtures. The formation of 

phenol and its derivatives lead to a decrease in liquid and gaseous products. This is an 

undesired event in the pyrolysis process [22]. When polypropylene is added to oil shale, 

phenolic structures converted to cyclohexene structure as a result of the ring hydrogenation. 

This conversion is due to the hydrogen content in the PP structure. PP plays a role as the 

hydrogen donor for the oil shale under the experimental conditions studied. Although the 

addition of bentonite catalyst to co-pyrolysis medium under optimum conditions leads to an 

increase in the amount of alkane in the liquid product content, and it leads to a decrease in the 

amount of alkene. 

 

Figure 5 shows the FTIR spectrum for the liquid products obtained from the pyrolysis 

processes. In the spectrum of PP, the peaks observed between 2850-2956 cm-1 indicate the 

presence of aliphatic hydrocarbon compounds in the structure. In the spectrum of oil shale, the 

peaks observed around 3000 cm-1 and at 732 cm-1 indicate the presence of aromatic 

hydrocarbon groups. When GC-MS results are considered, especially the presence of the 

excessive amounts of phenol and benzene derivatives in the structure of oil shale supports this 

situation. In the spectrum obtained from the co-pyrolysis of oil shale and PP mixture, it was 

observed that the aromatic groups were decreased but the aliphatic groups were increased. 

This also means that polypropylene served as the hydrogenation medium in the co-pyrolysis 

process [23]. The C-H stretching observed in the range of 2950–2850 cm−1 and 1460-1370 

cm−1 in the spectrum indicates that this liquid has more aliphatic structures. When GC-MS 

results are considered, it is seen that liquid products of the mixture are rich in alkane and 

alkene compounds. In the spectrum obtained with the catalyst, the peak range of 2925-2957 

cm-1 indicates the aliphatic C-H stretching and the functional groups including –CH3, -CH2 and 

–CH. The catalysts caused an increase the amount of aromatic hydrocarbon by saturating the 

functional groups with hydrogen. The increase of the peak at 1265 cm-1 and the increased 

peak group at 2950 cm-1 indicate increasing aliphatic hydrocarbon compounds. 

 

HHV is one of the important parameters in determining the energy content of a fuel. The 

elemental analysis results showed that PP was better materials for producing fuels because of 

its high carbon and hydrogen contents and low oxygen content (Table 1). Therefore, the 

addition of PP in the pyrolysis oil shale is expected to improve the calorific value of the liquid 

product. In present study, obtained liquid products from different mixture ratio at 800°C had 

HHV of 40.1 MJ/kg for the mixture ratio of 33%, 40.8 MJ/kg for the mixture ratio of 50% and 

41.3 MJ/kg for the mixture ratio of 67%. HHV values of liquid products showed their potential 

as an alternative of conventional diesel. As shown in these results, the addition of PP in oil 

shale pyrolysis obviously contributed to the increase in HHV value of the liquid products.  
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Table 2. GC-MS analysis results of the tars (% of total chromatogram). 

   67 wt % Oil shale / 
PP 

Compound name PP 
800°°°°C 

Oil shale 
800°°°°C 

800°°°°C 4 wt % 
bentonite 

800°°°°C 

ethylbenzene - 0.22 - - 

1,3dimethyl benzene - 1.06 1.05 1.85 

1,2,3trimethyl benzene - 0.80 - 0.40 

1,2,3 trimethyl cyclohexane 4.20 0.81 - 3.72 

2,4 diethyl-1-methyl 
cyclohexane 

- 2.24 - 1.74 

1,2 dimethyl-3-methyl 
cyclohexane 

19.82 9.17 3.69 - 

1,1,3,5 tetramethyl 
cyclohexane 

4.02 30.75 5.47 1.69 

1,2,4,5 tetramethyl 
cyclohexane 

4.28 - 4.35 1.47 

1,2,4 trimethyl cyclohexane 2.53 - 1.43 3.98 

1 ethyl-2-propyl cyclohexane 3.87 - 4.84 1.76 

4,8-nonane dimethyl-1,7-
nonadien 

- - - 1.23 

n-decane - 0.32 - - 

4-methyl-2-decene 0.48 - 0.58 - 

dodecane - 1.29 - - 

tetradecane - 0.67 - - 

n-dodecene - - - 0.63 

7-methyl-6-tridecene 3.38 - 0.73 - 

pentadecane - 0.34 - - 

hexadecane - 0.43 - - 

heptadecane - 0.26 - - 

nonadecane - - 0.32 - 

1,1,2-trimethyl cyclodecane - 1.07 - - 

4 methyl decane 0.50 - - 0.70 

octadecane  0.71 0.23 0.51 - 

1 methyl-3-propyl cyclo octane 7.26 - 2.64 7.42 
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Table 2 (Continued) 

3 methyl-2-pentene 0.66 - 1.16 1.37 

1,2,4,4-tetramethyl 
cyclopentene 

- - 0.18 - 

3,3 dimethyl-1-hexene 0.33 - 0.12 - 

3,3,5 trimethyl-1-hexene - - 0.47 1.39 

2-methyl--3-heptene 3.80 - 6.41 1.89 

2,4dimethyl--1-heptene 7.09 - 11.40 10.70 

eicosane - 2.13 0.18 1.51 

heneicosane - 0.34 - - 

docosane 0.23 0.38 - - 

tetracosane - 0.29 - - 

pentacosane 0.12 0.43 - - 

hexacosane - 0.34 - - 

heptacosane - 0.52 - 0.35 

octacosane - 0.38 - - 

nonacosane - 0.55 - - 

Triallysilane 12.44 9.09 14.36 9.52 

Indene - - 0.29 - 

biphenyl - - 0.36 - 

phenol - 5.17 - - 

4 methyl phenol - 4.18 - - 

2,4dimethyl phenol - 0.96 - - 

3 ethyl phenol - 0.83 - - 

naphthalene 0.29 0.26 1.63 1.50 

2 methyl naphthalene - 0.48 0.64 1.26 

2,3 dimethly thiophene - 0.53 - - 

octadecanamide - 3.18 - - 

benzoic acid - - 0.63 1.47 
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Figure 5. FTIR spectra of the tars. 

 

CONCLUSIONS 

 

The aim of the study is co-pyrolysis of a Turkish oil shale with PP. The conversion of oil shale 

and PP mixture into liquid product and other valuable chemicals using pyrolysis process is 

getting significant attention both as waste management and alternative energy technology.  

- As a result of the experiments, precious liquid products could be obtained and the use of 

polypropylene as a raw material to achieve liquid products. 
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- In the co-pyrolysis processes, the liquid products were obtained at higher yields than the 

pyrolysis of the oil shale alone. During the co-pyrolysis process, PP acted as a hydrogen 

source, and saturated the free radicals formed as a result of breaking the crosslinks and made 

positive contributions to the liquid product yield by creating a positive synergistic effect.   

- In the co-pyrolysis process, although the alkene structures in the liquid product decreased, 

the alkane structures gradually increased. This situation indicated that the hydrogen which is 

released in the presence of PP caused to convert alkanes into alkenes.   

- The catalysts such as bentonite, zeolite, and red mud were added to the medium to further 

increase the liquid product yield at the mixture ratio of 67% and this mixture is pyrolyzed at 

temperature of 800 °C. Bentonite caused to increase the liquid product yield better than the 

other catalysts.   

- GC-MS spectra showed that the obtained liquid products were similar to fossil-based liquid 

fuels, and also different types of chemicals were obtained.  

- FTIR spectra showed that the aliphatic groups are predominant in all liquid products. This 

situation is supported in all spectra with the stretching and bending vibrations of C-H bond. 
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Türkçe Öz ve Anahtar Kelimeler 
 

Göynük Bitümlü Şistinin Polipiren ile Birlikte Pirolizi ve Piroliz Sıvısının 
Yapısal Karakterizasyonu 

 
Pınar Acar Bozkurt*, Nagehan Merve Kutlu, Muammer Canel 

 

Öz: Bu çalışma, ülkemizin önemli bitümlü şist yataklarının birinden alınan bitümlü şist 
numunesi ile polipropilen (PP) karışımlarının birlikte piroliz işlemine tabi tutularak yüksek 
verimde sıvı ürün elde edilmesi amacına dayanmaktadır. Çalışmada öncelikle bitümlü şist 
numunesi ve polipropilen ayrı ayrı, daha sonra da bunların belli oranlarda karıştırılmasıyla elde 
edilen karışım piroliz işlemine tabi tutulmuştur. Piroliz deneyleri karışım içerisinde %33, %50 
ve %67 PP olacak şekilde üç farklı karışım oranında ve 600 – 800 °C sıcaklık aralığında 
gerçekleştirilmiştir. Deneyler sonucunda elde edilen gaz, sıvı ve katı ürün verimleri 
hesaplanarak bitümlü şiste eklenen PP’nin ve değişen piroliz sıcaklığının sıvı ürün verimi 
üzerine etkisi incelenmiştir. Deneyler sonucunda 800 °C’de ve %67 PP içeren karışım oranında 
en yüksek sıvı ürün verime ulaşılmıştır. En yüksek sıvı veriminin elde edildiği şartlarda ortama 
çeşitli katalizörler ilave edilmiş ve katalizörlerin pirolizden elde edilen sıvı ürün verimine etkisi 
incelenmiştir. Deneyler sonucunda elde edilen sıvı ürünlerin yapısı GC-MS ve FTIR gibi çeşitli 
spektroskopik yöntemler ile aydınlatılmış ve deney koşullarının sıvı ürün yapısı üzerindeki 
etkileri incelenmiştir. Sonuç olarak PP ve bitümlü şistin birlikte pirolizi sonucu elde edilen sıvı 
ürün veriminde fark edilir sinerjik etki gözlenmiş ve bu etki, ortama eklenen katalizör ile daha 
da artmıştır. Çalışmadan elde edilen sonuçlar PP ve bitümlü şistin birlikte piroliz işleminin 
tehlikeli atıkların değerli kimyasallar ve yakıtlara dönüşümü için çevre dostu bir yöntem 
olabileceğini göstermiştir. 

Anahtar Kelimeler: Birlikte piroliz, bitümlü şist, polipropilen, karakterizasyon. 

Sunulma: 14 Temmuz 2016. Düzeltme: 08 Ağustos 2016. Kabul: 01 Eylül 2016. 
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Abstract: Zeolitic imidazolate framework (ZIF) based metal organic framework (MOF) 
photocatalytsts were prepared and the effect of silver (Ag+) doping on the photocatalytic 
activity of ZIF-8 and ZIF-L crystals was investigated. Ag+ doped ZIF-8 and ZIF-L crystals 
were prepared and their activities in the photocatalytic removal of methylene blue (MB) 
dye under UV irradiation were determined for the first time in the literature. Doped ZIF-8 
and ZIF-L crystals showed better photocatalytic activities compared to the undoped 
crystals. Almost 100% of MB was removed with 5 mole% Ag+ doped ZIF-8 in 40 min. The 
magnitude of the calculated 2nd order reaction rate constants changed in the order of 
5%>10%>2%>1%>undoped ZIF-8. The photocatalytic activity decreased beyond 5 
mole% doping level since Ag+ ions may have segregated due to a possible solid state 
solubility limit of Ag+ ions in the crystal lattice of ZIF-8. ZIF-L crystals possessed a lower 
photocatalytic activities compared to ZIF-8 crystals. 
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INTRODUCTION 

 

Photocatalysis is expected to contribute to the solution of environmental problems such 

as water and air pollution in the near future. The design of photocatalysts with high 

electron-hole generation rates, high surface areas and high light absorption capacities is 

crucial in producing sustainable and cost-effective photocatalytic processes. Titania, 

zirconia, copper oxide, zinc oxide, and iron oxide are widely used photocatalysts which 

have good light absorption capacities with moderate surface areas depending on the 

synthesis conditions. Intense research and advances in nanoscience and nanotechnology 

improved the preparation techniques and expanded the application area of 

nanostructured photocatalytic materials. Fujishima and Honda conducted the pioneering 

studies in 1970s to produce renewable energy via photocatalytic processes by using solar 

energy (1, 2). Since then many photocatalytic materials were prepared to be used in 

various photocatalytic processes. There are many examples in the literature and there is 

a huge variety of photocatalytic materials to be used in many different photocatalytic 

processes (3). 

 

In the last decade, metal organic frameworks (MOFs) have been used in photocatalytic 

applications due to their very high surface areas up to 3000s of m2/g, tunable 

ligand/metal clusters, and adequate light absorption capacities. MOFs are the porous 

crystalline hybrid materials with well-ordered pores and cavities which are mostly used in 

adsorption, catalysis, and separation processes where the molecular sieving and the 

preferential adsorption is important. Their use in photocatalysis is promising since they 

have high porosity and surface areas compared to oxide photocatalytic materials 

prepared at high temperatures. However, thermal and chemical stability of MOFs during 

the photocatalytic reaction is still an important issue.  

 

Since MOFs contain organic linker with inorganic subunits they can show semiconducting 

properties with tunable band gap. Diversity on the metal ions and the organic linkers, 

and easily controlled synthesis steps make MOF materials with tailorable capacity to 

absorb light. Although these desirable properties open exciting opportunities to use them 

in photocatalytic applications, comprehensive studies on the use of MOF crystals in 

photocatalytic processes has not been explored widely. 

 

Zeolitic imidazole frameworks (ZIFs) are the sub-family of MOFs, which can be 

synthesized by solvothermal/hydrothermal, and microwave assisted reactions at 

temperatures in the 298-423 K range. ZIF-8 and ZIF-L are the topologically isomorphs of 
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zeolites with tetrahedrally coordinated zinc metal and imidazole rings (4, 5) and they can 

be easily synthesized in aqueous medium at room temperature. ZIF-8 has SOD topology 

exhibiting 3D structure with cages 11.6 Å in diameter, which are accessible through 3.4 Å 

windows. Leaf-shaped 2D ZIF-L crystals have the same building units with those for ZIF-

8 and have cushion-shaped cavity with dimensions of 9.4 Å x 7.0 Å x 5.3 Å (6). These 

materials have high surface area and high CO2 adsorption capacities. These properties 

make them promising photocatalytic materials to be used in artificial photosynthesis (CO2 

photoreduction). 

 

Photocatalytic removal of methylene blue (MB) dye was performed successfully under UV 

light irradiation with pure ZIF-8 nanocrystals by Jing et al. (7). They reported ~85% 

degration of MB with undoped ZIF-8 crystals under UV light irradiation. After 3.5 h, the 

conversion of MB was reported as 50% for polyoxometalate (POM) based MOF type 

photocatalyst (8). 

 

Studies on photocatalytic applications have shown that combining ZIF-8 with 

semiconductors having different band structures or introducing impurity levels can 

increase light absorption capability, decrease the recombination rate of electron-hole 

pairs; hence increase the photocatalytic activity.  

 

The photocatalytic activities of TiO2, Zn2GeO4, and ZnO were increased by the 

incorporation of a ZIF-8 layer (10-12). Benzyl alcohol was oxidized with Au nanoparticles 

encapsulated ZIF-8 nanocrystals (13) under visible light. Ag+/AgCl was synthesized on 

ZIF-8 nanocrystals with different weight ratios and their photocatalytic activities in the 

removal of RhB dye were evaluated (14). Ni substitute ZIF-8 photocatalysts were 

prepared for alcohol sensing and photocatalytic removal of methylene blue activities of 

the prepared photocatalysts were evaluated under visible light illumination (15). Studies 

on Ag+ doped ZIF-8 and ZIF-L including their photocatalytic performances are currently 

limited to the best of our knowledge. 

 

In this study, Ag+ doped ZIF-8 nanocrystals with different Ag+ contents were prepared 

and their photocatalytic activities under UV light irradiation towards methylene blue dye 

removal were evaluated. Doped and undoped ZIF-L crystals were also prepared and their 

activities were compared with those of ZIF-8 crystals for the first time in the literature.  
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MATERIALS AND METHODS 

 

Materials 

Zinc nitrate hexahydrate (98%, Aldrich), silver nitrate (99+%, Alfa Aesar), 2-

methylimidazole (Hmim, 99%, Aldrich) and methanol (≥99.9%, Aldrich) were used as 

received without any further purification. DI water (18.2 MΩ cm) was also used in the 

synthesis of ZIF-L crystals. 

 

Synthesis of Undoped/Doped ZIF 8 and ZIF-L Crystals 

Undoped ZIF-8 crystals were synthesized as reported before (16). Methanol (47.52 g) 

solutions of Zn(NO3)2.6H2O (1.286 g) and Hmim (2.811 g) were prepared separately and 

then mixed by dropwise addition of the Hmim solution to the Zn2+ solution. The synthesis 

solutions were stirred at room temperature for 1.5 h. The crystals were separated by 

centrifugation (8000 rpm, 15 min) and washed with methanol (3 × 30 mL). The obtained 

white powders were dried at 80ºC overnight before characterization and photocatalytic 

experiments. Doped ZIF-8 crystals were synthesized by following the same route. AgNO3 

was added to the Zn2+ containing solution for the preparation of Ag+ doped ZIF-8 

crystals. AgNO3 amount was calculated by keeping the total metal amount as 1 mol. The 

Metal:Hmim:MeOH molar ratios were 1:8:700 for the undoped/doped ZIF-8 crystals. 

 

Undoped ZIF-L crystals were synthesized as described elsewhere (5,6). Aqueous (50 mL) 

solutions of Zn(NO3)2.6H2O (0.662 g) and Hmim (1.642 g) were mixed by the dropwise 

addition of the Zn2+ solution to the Hmim solution. The mixture was stirred at room 

temperature for 4 h and then subjected to centrifugation at 10000 rpm for 20 min (5). 

The obtained white powder was washed with water three times. The final powder product 

was stored in an oven at 105 °C. Doped ZIF-L crystals were synthesized by following the 

same route. AgNO3 was added to the Zn2+ containing solution for the preparation of Ag 

doped ZIF-L crystals which was the same as in the synthesis of doped ZIF-8 crystals. The 

Metal:Hmim:H2O molar ratios were 1:8:2241 for the undoped/doped ZIF-L crystals. 

 

Characterization of ZIF-8 and ZIF-L Crystals 

The prepared ZIF-8 and ZIF-L crystals were characterized by using X-Ray Diffraction 

(XRD, Rigaku Ultima-IV) equipment with monochromated high-intensity (λ=1.54 Å) CuKα  

radiation. The scanning step size and time were 0.02 (o) and 411.2 (s), respectively, in 
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the 5 and 80o 2theta range. Morphology and particle sizes were characterized by 

Scanning Electron Microscopy (SEM, QUANTA 400F) in the 20-50 kx magnification range. 

 

Photocatalytic Removal of Methylene Blue 

Photocatalytic experiments were conducted by using a home-made inner-irradiated 

photoreactor. The prepared powders (0.05 g) were dispersed in 10 ppm, 60 mL 

methylene blue solution. The suspensions were kept in an ultrasonic bath for 5 min to 

provide well dispersion. A 9W UV lamp was used as the irradiation source. Samples were 

withdrawn from the suspension by using a syringe with 10-minute time intervals. The 

samples were centrifuged and analyzed with a UV-Vis Spectrophotometer (Shimadzu UV-

1600). The spectra of the samples were recorded in the 300-800 nm range and 664 nm 

(maximum absorption wavelength for methylene blue) was selected for the calculation of 

dye concentration. Methylene blue removal (%) was calculated by using the relation, MB 

removal % = 100-(C/C0)*100, where C is the concentration of the sample and C0 is the 

initial methylene blue concentration. The data were fitted to second order reaction rate 

expression, 1/C0-1/C =  -k*t, where k is the second order reaction rate constant and t is 

time.  

 

RESULTS AND DISCUSSION 

 

Characterization of ZIF-8 and ZIF-L Crystals 

XRD patterns of undoped/10% Ag+ doped ZIF-8 and ZIF-L crystals are given in Figure 1 

along with the reference simulated XRD patterns (4, 5). The peak positions belonging to 

the prepared crystals coincide with reference peak positions as shown in the figure, which 

also showed that ZIF-8 and ZIF-L crystals were successfully synthesized. Although 

random orientation was observed for the powder samples, XRD patterns of both undoped 

and 10% Ag+ doped ZIF-L exhibit intensity ratios different than that of the reference. 

Since ZIF-L has a 2-D layer network along the ab plane stacking along the c direction 

(6), packing of 2-D morphology may affect the orientation for the powder. The results 

given in Figure 1 also show that the presence of Ag+ ion in the synthesis medium did not 

cause any framework change during the crystallization. The relative crystallinities have 

decreased upon addition of Ag+ ion to the both structures. There were no peaks of 

impurity phases other than ZIF-8 phase in the XRD pattern of 10 mole % Ag+ doped ZIF-

8 and ZIF-L. This indicated that no Ag+ phases were formed during the synthesis. Ag+ 
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ions may substitute Zn2+ ions, accommodate in the interstitial voids of ZIF-8 lattice or 

segregate as small clusters with the sizes which are out of XRD detection limit.  

 

Figure 1. XRD patterns of the prepared crystals. 

 

SEM images of undoped/10% Ag+ doped ZIF-8 and ZIF-L crystals are shown in Figures 2 

and 3, respectively. The size of the synthesized ZIF-8 crystals was estimated as ~60 nm 

for undoped ZIF-8 crystals and the size slightly decreased with Ag+ doping and the SEM 

images also indicated that individual undoped/doped ZIF-8 crystals were successfully 

synthesized. The SEM images of ZIF-L crystals indicated that 2-dimensional crystals (5 

µm x 2 µm) with a thickness of ~100 nm were successfully synthesized (Figure 3a). The 

dimensions of the doped ZIF-L crystals were estimated to be 3 µm x 1 µm with the same 

thickness. SEM-EDX analysis of the 10% Ag+ doped ZIF-8 and ZIF-L crystals were also 

performed. SEM-EDX indicated that silver clusters were not formed at relatively high 

doping levels (10%) and Ag+ ions were well dispersed in the crystalline structure (data 

not shown here). 
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Figure 2. SEM images of (a) undoped and (b) 10% Ag+ doped ZIF-8 crystals. 
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Figure 3. SEM images of (a) undoped and (b) 10% Ag+ doped ZIF-L crystals. 

 

Photocatalytic Removal of Methylene Blue 

The photocatalytic activities of the prepared ZIF-8 and ZIF-L crystals in the removal of 

methylene blue under UV irradiation were determined. 4% MB was photocatalytically 

decomposed without ZIF-8/ZIF-L catalyst upon UV-light irradiation for 40 min. Time-

dependent MB removal (%) and the plots of 1/C-1/C0 vs time obtained with ZIF-8 

crystals are given in Figures 4 and 5. Methylene blue was nearly 100% removed in 40 

min with 5 mole % Ag+ doped ZIF-8. In comparison with the previously reported 
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performances, 5%-Ag+ doped ZIF-8 exhibited better photocatalytic activity towards MB 

(7-9). 

 

Undoped and 1 mole% Ag+ doped ZIF-8 crystals showed the lowest activities towards the 

photocatalytic removal of methylene blue (Figure 4). Ag+ doping increased the 

photocatalytic activity of ZIF-8 for all doping levels. Doping may have increased the light 

absorption capability and decrease the recombination rate of electron-hole pairs which 

may lead to an increase in the photocatalytic activity of ZIF-8. The photocatalytic activity 

decreased beyond a certain doping level (5%) since Ag+ ions may have segregated due 

to a possible solid state solubility limit of Ag+ ions in the crystal lattice of ZIF-8. It is 

possible for Ag+ ions to substitute for the Zn2+ ions in the lattice or accommodate in the 

interstitials. Segregation, hence, would block the reactive surface of ZIF-8, which results 

in a decrease in the photocatalytic activity.  

 

The photocatalytic removal of methylene blue kinetics was best fitted to 2nd order 

reaction rate expression. The plots of 1/C-1/C0 vs time are given in Figure 5. The 

magnitude of the calculated 2nd order reaction rate constants changes in the following 

order: %5>10%>2%>1%>undoped ZIF-8 (Table 1). A pseudo-first-order kinetics was 

reported for MB degradation over the ZIF-8 undoped photocatalyst (7). Differences in 

kinetics for MB removal might be due to the smaller particle size of ZIF-8 (60 nm) which 

may affect the adsorption rate of MB.  

 

 

Figure 4. Time dependent MB removal (%) of undoped/doped ZIF-8 crystals.   
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Figure 5. Reaction kinetics of undoped/doped ZIF-8 crystals.   

 

The photocatalytic activities of the undoped/5 mole% Ag+ doped ZIF-L crystals were also 

determined. Time dependent MB removal (%) and the plots of 1/C-1/C0 vs time obtained 

with undoped/doped ZIF-L (and the corresponding values for ZIF-8 for comparison) are 

given in Figures 6 and 7, respectively. Methylene blue removal activities of ZIF-L crystals 

were very low when compared to those of ZIF-8 crystals. ZIF-L and ZIF-8 are both 

composed of Zn metal center and imidazole linker in their structures but differ in crystal 

morphology. Compared to ZIF-8, ZIF-L has a lower porosity and surface area (N2 

adsorption at 77K) (6).  Therefore, the significantly lower surface area of ZIF-L could be 

the reason for low photocatalytic activities. Ag+ doped ZIF-L crystals possessed slightly 

higher photocatalytic activity compared to the undoped ZIF-L crystals. Ag+ doping may 

increase the light absorption capability and decrease the recombination rate of electron-

hole pairs, hence increase the photocatalytic activity of ZIF-L crystals. 
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Figure 6. Time dependent MB removal (%) of undoped/doped ZIF-8 and ZIF-L crystals.  

 

Figure 7. Reaction kinetics of undoped/doped ZIF-8 and ZIF-L crystals.   

 

UV-Vis absorption spectra of the MB solution during the reaction under UV irradiation in 

the presence of 5%-Ag+ ZIF-8 and 5%-Ag+ ZIF-L are given in Figure 8(a), and Figure 

8(b), respectively. The results shown in this figure, indicated that both crystals exhibit 

different behavior towards photocatalytic decomposition of MB. MB concentration 

decreased dramatically within 10 min in the presence of 5%-Ag+ ZIF-8. However, the 

absorbance of MB decreased gradually with the increase of irradiation time, and 49% of 

MB was removed after 40 min under UV irradiation in the presence of 5%-Ag+ ZIF-L. 
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Figure 8. UV-Vis absorption spectra of the MB solution during the reaction under UV 
irradiation in the presence of (a) 5%-Ag2+ ZIF-8, (b) 5%-Ag2+ ZIF-L. 

 

MB adsorption experiments (without UV light) were also conducted in order to determine 

whether the MB removal was achieved by adsorption or photocatalysis. MB removal % of 

the prepared photocatalysts by adsorption and photocatalysis in 40 minutes are given in 

Figure 9. The results have shown that the prepared undoped/doped ZIF-8 and ZIF-L 

crystals are photocatalytically active materials. MB adsorption was determined to be the 

highest for 2% Ag+ doped ZIF-8 crystals. These results also supported that 5% Ag+ 

doped ZIF-8 crystals have the highest photocatalytic activity since the photocatalytic 

removal % and adsorption % difference is more compared to the other crystals. 

Reusability test was conducted with 5% Ag+ doped ZIF-L crystals. MB removal % slightly 

decreased from 49% to 42% in the second run.  

 

 

Figure 9. MB removal by adsorption and photocatalysis. 
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Table 1. Calculated 2nd order reaction rate constants. 

Photocatalyst 2nd order reaction rate 
constant (1/ppm.min) 

Undoped ZIF-8 0.0304 

1% Ag+ doped ZIF-8 0.0522 

2% Ag+ doped ZIF-8 0.0833 

5% Ag+ doped ZIF-8 0.4724 

10% Ag+ doped ZIF-8 0.1487 

Undoped ZIF-L 0.0151 

5% Ag+ doped ZIF-L 0.0167 

10% Ag+ doped ZIF-L 0.0196 
 

Overall, we report that Ag+ doping in certain amount into the ZIF-8 and ZIF-L crystals 

facilitated the MB removal under UV-light irradiation. This allowed almost complete 

removal of MB for ZIF-8 crystals. These findings may contribute to the development of 

simple, environmentally friendly, and highly efficient photocatalyst for degradation of MB. 

Further research on influence of parameters on degradation kinetics and detailed 

characterization of these promising photocatalyst may significantly develop our 

understanding of photocatalytic mechanism towards MB degradation. 
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Türkçe Öz ve Anahtar Kelimeler 
 

Ag+ Doplanmış ZIF-8 ve ZIF-L Kristallerinin Fotokatalitik 
Aktiviteleri 

Hüsnü Arda Yurtsever, Melis Yağmur Akgünlü, Tuğçe Kurt, Ali Semih Yurttas, 

 Berna Topuz* 

 

Öz: Zeolitik imidazolat yapısı (ZIF) esaslı metal organik yapı (MOF) fotokatalizörleri 
hazırlanmış ve ZIF-8 ile ZIF-L kristallerinin fotokatalitik aktivitelerine gümüş (Ag+) 
doplamanın etkisi incelenmiştir. Ag+ doplanmış ZIF-8 ve ZIF-L kristalleri hazırlanmış ve 
literatürde ilk kez UV ışıması altında metilen mavisinin (MB) fotokatalitik giderilmesinde 
kullanılmıştır. Doplanmış ZIF-8 ve ZIF-L kristalleri doplanmamış kristallerle 
karşılaştırıldığında daha iyi fotokatalitik aktivite göstermiştir. 40 dakika içinde 5 mol % 
Ag+ ile doplanmış ZIF-8 ile neredeyse %100 MB giderilmiştir. Hesaplanan ikinci mertebe 
tepkime hız sabitlerinin büyüklüğü %5 > %10 > %2 > %1 > doplanmamış ZIF-8 
sırasında değişmiştir. Fotokatalitik aktivite 5 mol % doplama seviyesinden sonra 
düşmüştür, çünkü Ag+ iyonları, ZIF-8 örgüsü içinde belli bir katı hal çözünme sınırına 
ulaşmış olabilir. ZIF-L kristalleri ZIF-8 kristallerine oranla daha düşük fotokatalitik aktivite 
göstermiştir.  

Anahtar kelimeler: Fotokataliz, metal organik yapı, ZIF-8, ZIF-L, doplama. 

Gönderme: 4 Temmuz 2016. Düzeltme: 28 Temmuz 2016. Kabul: 01 Eylül 2016. 
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Effect of the Sizing Compound on the Electropolymerization of 
Pyrrole and the Impedance of Carbon Fiber Coated with 

Polypyrrole 
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Abstract: Carbon Fiber (CF) is used as a strengthening material in resin composites 
having high performance in most industrial areas due to the fact that it has mechanical 
properties such as low weight, high durability, and toughness. The mechanical 
performances of composite materials depend on the features of fiber and matrix which 
composed them. The one of methods which improves the features of fiber surface is the 
coating on fiber surface with thin film. When the fiber was coated with electropolymer, 
the mechanical durability of the composite was increased. In this study, carbon fibers 
were electrochemically coated with polypyrrole (PPy) in the presence of sizing compound 
(SC) based on epoxy. During the process, it was investigated that how current, obtained 
coating weights and impedance data, especially capacitance, changed by the amount of 
SC. For this reason, different amounts of SC (%0; % 0.18; %1.8 v/v) was added into the 
electrolyte solution (0.1 M NaClO4-ACN) including 0.1 M Pyrrole (Py). Coating process 
was carried out by using Constant Potential or Cyclic Voltammetry Techniques. Other 
techniques for investigations were gravimetrical analysis, electrochemical impedance 
spectroscopy, Fourier Transform Infrared Spectroscopy (FT-IR) and Light Microscopy. At 
the end of the coating, the weight of coating and specific capacitance (Csp) values were 
0.8 mg/g and 114 µF for % 0 of SC 10 mg/g and 57 µF for %0.18 of SC and 1.73 mg/g 
and 166 µF for %1.8 of SC, respectively. As a result, the coating weight and capacitance 
data (especially, Csp,) of carbon fiber coated with PPy were inversely changed with the 
amount of SC added into electrolyte. 
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INTRODUCTION 
 
Carbon Fiber (CF) is used as a strengthening material in resin composites having high 

performance which is mostly used in the fields of industry, space, and textile due to 

having mechanical properties such as low weight, high durability, and strength [1-4]. The 

mechanical properties of composite materials are based on the properties of fiber and 

matrix which constitute it. Developing these properties is possible the control of 

intermediate surface formed between fiber and matrix. Intermediate surface plays an 

important role for controlling the mechanical properties such as the shearing inter layers 

and impact resistance of composite. A strong and durable intermediate surface can 

effectively transfer the load from matrix to fiber. Fiber/matrix interaction depends on 

chemical bonds formed from interaction between active groups existing in matrix resin 

and polar group such as hydroxyl and carboxyl on the surface of fiber [5-7]. Various 

methods were developed for raising the wettability of and functional group number on 

fiber surface [8-11]. Methods such as the electrochemical oxidizing [12-14], the oxidizing 

in acidic medium using nitric or phosphoric acid [15-19], plasma [20-22], and radiation 

[23, 24] were used for developing the performance of intermediate surface between fiber 

and matrix. Another method is coating with thin polymer film [25-27]. The film thickness 

and functionality of the formed coating can control with electrochemical coating method 

using method parameters (current density, potential, monomer concentration, and 

temperature, etc. ) [28-33]. It is well known that while CF is obtained, it is sized with 

various adding (sizing) compounds. Also, the effect of sizing compound (SC) on the 

surface roughness, surface reactive group number, and wettability of the fiber were 

investigated [34]. When CFs based on polyacrylonitrile (Poly(AN), PAN) was treated with 

J4 and A436 emulsion type sizing compound, it was observed the decreasing on the 

average surface roughness (Ra) [35]. Acidic filling materials demonstrate more 

interaction durability with epoxy matrix [36]. It is considered that Ra decreased because 

of the filling of hollow between strains on surface of the fiber [37]. As CF was sized by 

electropolymerization, the mechanical strength of composite was increased. The impact, 

bend and shear strength of phenolic resin-based composite respectively were 44%, 68% 

and 87% when CF was reinforced with m-phenylenediamine. During mechanical test, 

composite including unsized CF possessed holes due to getting out the CF [38]. This 

behavior is caused that unsized CF surface does not carry convenient groups to hold on 

to matrix. This problem could be decreased when CFs are sized by electropolymerization. 

As a result, electropolymerization is a convenient method for CF sizing process [38].CF 

were electropolymerized with monomers including groups such as –OH, –NH2 or –COOH 

by using Cyclic Voltammetry (CV) or Chronoamperometry to develop surface features. At 

the end of this process, CFs were sized [38].CF was electrochemically coated with 

polyethylendioxythiophene (PolyEDOT) [39], PolyAN [40, 41], Polypyrrole (PolyPy) [42], 
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and their derivatives (43, 44). The capacitivity and roughness of CF were increased by 

using this method [45]. Also it was reported that Poly(Py) contribute to the strength of 

composite [42]. Electrochemical Impedance Spectroscopy (EIS) was used as a 

spectroscopic technique to analyze electrochemical process occurring at the 

electrolyte/electrode interface and to investigate the charge transfer, ion diffusion and 

capacitor behavior of conducting polymer modified electrodes [46-48]. In the literature, 

the capacitive features of carbon fiber (CF) electrodes modified by conducting polymer 

such as poly(N-methyl pyrrole) [45], polythiophene and poly(N-methylpyrrole) [49], N-

pyrrole, N-phenylpyrrole, and 1[4-methoxyphenyl]-1H-pyrrole homopolymers [50], 

poly(3-dodecylthiophene) [48], poly(3-methylthiophene) [51], poly(thiophene-imidazole) 

[52], were characterized by EIS. It was signed that the value of impedance for the 

electrode coated poly(3-methylthiophene) was affected with the morphology of coating 

and also the morphology was affected with the present electrolyte [51]. In this study, we 

aimed to investigate how SC affects on and the electropolymerization of Py and the 

impedance data of PolyPy coated CF. For this reason, CFs was electrocoated with 

polypyrrole (PolyPy) conducting polymer by using constant or cyclic potential in the 

presence of epoxy based sizing compound (SC) in electrolyte solution. The coating 

thickness (as weight) and capacitive features of obtained coated CF and the current flown 

through system were investigated.  

 

EXPERIMENTAL 
 

In this study, we used CFs that were coated electrochemically with Py monomer (0.1 M) 

by using Constant Potential (1.5 V) in three electrode system, Ag wire (calibrated with 

0.1 M ferrocene) as reference electrode, Pt wire as counter electrode and CF (0.003 ± 

0.0005 g and 6 cm) as the working electrode. Electrolyte solution contained different 

amounts (0%; 0.18% and 1.8%) of epoxy based SC (Chemetylen AK-2 (SANYO Chemical 

Industries, Ltd.) in 0.1 M sodium perchlorate (0.1 M NaClO4)-acetonitrile (ACN) [48-50]. 

 

The Constant Potential Electropolymerization (CPE) of Fibers 

The aim of this part was to investigate the effect of SC on current which is flown in the 

circuit, so to follow the change of weight of coating with amount of SC in the electrolyte 

solution. During 60 min, the current flown through the system was recorded in CPE. 

Obtained data vs. time were given in Table 1.  

Table 1: Obtained from CPE the current-time data. (NaClO4/ACN; 0.003 g CF; 1.5 V) 

Current/µA 18 17.94 17.65 17.65 17.21 17.14 17.21 17 17 16.6 

Time/min. 0.1 3.52 9.86 16.1 28 33 41 47 58 60 
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In the first experiment, SC was not added into the electrolyte to see the difference of SC. 

Other experiments were carried out by adding 0.18% (w/v) and 1.8% (w/v) of SC to 

compare and find the convenient amount of SC. Obtained data were given Table 2 and 

Table 3.  

Table 2: Obtained from CPE the current-time data. (SC: 0.18%; NaClO4/ACN; 0.003 g 

CF; 1.5 V) 

Current/µA 10.9 11.28 12 13.09 13.59 13.52 13.45 13.67 13.74 13.59 13.59 

Time/min. 1.71 5.88 9.86 17 27 32 40 46 50 54 60 

 

When the amount of SC was 0%, current changing was not observed during process, at 

60 min and its value was about 17 µA. This current value was recorded as 13 µA for 

0.18% of SC. This result pointed to the finding that the SC decreased current value. 

However, the current increased during the process and the weight of coating reached 10 

mg/g for 0.18% SC. It was, however, 0.8 mg/g for 0% SC. 

 

Table 3: Obtained from CPE the current-time data. (SC: 1.8%; NaClO4/ACN; 0.003 g CF; 
1.5 V) 

Current/µA 10.7 0.6 0.4 0.42 0.49 0.49 0.42 0.63 0.7 0.63 0.63 

Time/min. 0.1 4.07 9.6 14 19 28 36 45 53 57 60 

 

According to Table 3, in these conditions the current passed from circuit was 10.7 µA 

within the first minute. Then the value decreased to 0.4 µA. The weighed amount of 

coating was 1.73 mg/g. As a result, the coating came true in the first minute. The 

amount of SC promoted the coating. It was however seen that the excess amount of SC 

was inhibited the current passing. When coating weight was 0.8 mg/g for 0% SC, it was 

10 mg/g for 0.18% SC. Surprisingly, while the weight was decreased to 1.73 mg/g, the 

current was decreased 0.63 µA for 1.8% SC. When compared with 0.18% SC, the reason 

of this decrease was thought that the current passing and coating were blocked by the 

excessive amount of SC.  

 

Gravimetric Analysis 

To see how the adding of various amount of SC in electrolyte solution affected on the 

amount of coating, after CPE, CFs coated with PolyPy were weighted by using a five-digit 

analytical balance. The obtained data were given in Table 4.  
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Table 4: The amount of coating as compared the different amount of SC.  (0.003 gr CF; 
1.5 V) 

SC (%) 0 0.18 1.8 

Weight (mg/g) 0.8 10 1.73 

 

According to obtained data, as SC was added in electrolyte solution during electrocoating, 

a decrease in the coating amount was observed. When SC amount was 0.18%, coating 

amount was 10 mg/g. This increasing was attributed to including into the structure of 

coating. But it was determined that the increasing in the amount was inhibited, while the 

amount of SC added in electrolyte solution was more than 0.18%, the increasing of 

coating amount was inhibited. Also, this increase was supported with the current rise 

(Table 2 and 3). Depended on these results, it is concluded that the current and SC 

amount were important parameters on the controlling of the thickness or amount of 

coating. 

 

Structural Analysis (FTIR-ATR) 

In the data, FT-IR peaks were investigated to understand whether if SC was included into 

the structure of the coating. The FT-IR spectra of CF coated with PPy in the presence of 

the various ratios of SC were compared in Figure 1. When we look at the figure, it was 

considered that the characteristic peaks of CF were covered with coating (PolyPy) and the 

characteristic peaks of coating were seen in the spectrum. The peak of PPy was seen in 

3800-3600 cm-1, and the ones of SC in 2900-2800cm-1. The related peak assignments 

were given in Table 5. 

Table 5. The FTIR-ATR peak assignments. 

Peak (cm-1) Peak Type 

3748 N-H stretching[53] 

2872, 1682, 1711 SC 

1537, 1452,  PolyPy ring vib.[53] 

1312, 1089, 1072, 1040 and  889 =CH band vib. of PPy[53] 
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Figure 1. The FTIR-ATR spectra of CF coated with PolyPy in presence of SC (0.18%; 
1.8%). 

 

Peaks at 1452 and 1537cm-1 were assigned to Py ring vibration. The ones at 1312 and 

1040 cm-1 were presented as the =C-H band vibrations. The N-H stretching vibration was 

observed at 3745 cm-1. The peaks at 1178, 1089, 1072 and 889 cm-1 were characteristic 

peaks of =C-H out of plane vibration, demonstrating the polymerization of Py [53]. It 

was considered that the peaks at 2872, 1682 and 1711 cm-1 belonged to SC.  

 

The Cyclic Voltammetry-Induced Electropolymerization of Fibers: 

To investigate the effect of SC on the impedance values (or capacitance values), it was 

required to prepare CFs thin layer coated with PolyPy. For this reason, cyclic voltammetry 

technique was used. A three-electrode system consisted of Ag wire as a reference 

electrode, Pt wire as a counter electrode, and single CF as a working electrode like CPE. 

SC was added in 0.1 M Py including electrolyte solution (NaClO4-ACN) in various ratios, 

which were 0%; 0.18% and 1.8%. So, obtained CV graphs were given in Figure 2. 
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Figure 2. The CVs showing the effect of SC on polymerization of Py in NaClO4-ACN 

including various ratios of SC. 
 
It was seen clearly that adding SC affected the shape of CV. Py was oxidized at 0.9 V and 

current value was 0.04 mA (Figure 2a). As SC was added in electropolymerization 

medium, the value was decreased at 0.005 mA for %0.18 SC and 0.02 mA for 1.8% SC. 

It was thought that the cause of raising value at 1.8% SC might be due to the increasing 

amount of SC. To determine the electrical properties and if the mechanism of 

polymerization reaction is controlled by diffusion or not, it is required that CFs coated 

with PolyPy are investigated under CV conditions. Used electrolyte solution cannot 

include the monomer (here Py). For this reason, various scan rates were applied to CF 

coated with PPy and obtained CV graph, which were monomer-free graphs. The current 

responses to the scan rate from the polymer, oxidation (ox.) and reduction (red.) of the 

polymer peak current potentials and oxidation and reduction of the polymer peak current 

values were obtained from the graphs. Figure 3 illustrated scan rate vs. oxidation-

reduction peak current values. 
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Figure 3. The monomer-free graphs of CFs coated with PPy in different conditions. 
 

As the curve obtained from this data is approximated to a linear form, it could be 

concluded that the mechanism of polymerization reaction was controlled by diffusion. It 

can however be seen clearly that this control was destroyed by using of 1.8% SC in 

electrolyte medium. 

 

The Electrochemical Impedance Analysis of Coated Fibers 

To show and compare the effect of SC on electrochemical impedance, namely 

capacitance, the CFs obtained from related experiments were used. The measurements 

were taken in NaClO4-ACN solution by using Electrochemical Impedance Spectroscopy 

(EIS). Figure 4 illustrated EIS graphs (Nyquist, Bode-Phase, Bode-Magnitude, and 

admittance).  
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Figure 4. The EIS graphs of CFs coated with PPy in different conditions. 

 

Different Capacitance values were obtained from these impedance graphs [54]. One of 

them was specific capacitance (Csp) calculated from Nyquist graph by using Zim at lowest 

frequency. The other was Double Layer Capacitance (Cdl) calculated from Bode-

Magnitude graph by using IZI at 1 Hz. Calculated Csp and Cdl values were 114 µF and 45 

µF ; 57 µF and 19 µF; 166 µF and 17 µF for 0%; 0.18%; 1.8% of SC, respectively. Phase 

angle and admittance values were changed as 36o and 32 µS; 61o and 26 µS; 29o and 11 

µS for 0%; 0.18%; 1.8% of SC, respectively.  
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In the light of this information, values obtained from these impedance graphs were given 

in Table 5. According to the values Csp value was changed by adding SC in electrolyte 

solution. This change was shaped bell curve reversely, but the changing of the coating 

weight was shaped bell curve.  

Table 5. The changing of Csp and coating weight vs. the ratio of SC. 

SC (%) 0 0.18 1.8 

Csp (µF) 114 57 166 

Weight  (mg/g) 0.8 10 1.73 

 

Light Microscopic Images 

CF was coated with PolyPy in the presence of various ratios (0%, 0.18%, and 1.8%) of 

SC in the electrolyte. CF was used as brush (in CPE technique) or single (in CV 

technique) form. The images captured from light microscopy of CFs coated with PolyPy 

were shown in Figure 5. Single CF was illustrated in Fig.5a, brush CF in Fig.5b and the 

comparison of coated and uncoated of CFs in Fig5c. As seen in the figure, the coatings 

were homogenous. 
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c) 

Figure 5. The images of light microscopy of Single CF (a), brush CF (b) and the 
comparison of uncoated and coated CFs (c). 

 

DISCUSSIONS 

 

In this study, it was proved that SC presented in electrolyte affected to the 

electropolymerization of Py, the weight of coating, the electrical, impedance, and 

capacitance properties of CF coated with PPy by using convenient techniques (CPE, 

Analytical Balance, CV, EIS and Light Microscopy). As a result, the weights and the 

capacitance values of CFs coated with PolyPy in conditions such as 0.1 M NaClO4-ACN 

electrolyte solution including 0.1M Py and various ratios of epoxy based SC (0%; 0.18% 

and 1.8%) was changed with the SC ratios. 
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Türkçe Öz ve Anahtar Kelimeler 

Pirolün Elektropolimerleşmesi Üzerine Boyutlandırıcı Bileşiğin 
Etkisi ve Polipirol ile Kaplanmış Karbon Lifinin İmpedansı 

Hacer DOLAS, Digdem GIRAY and A.Sezai SARAC 

 

Öz: Karbon Lifi (CF), düşük ağırlık, yüksek dayanırlık ve sertlik gibi mekanik 
özelliklerinden ötürü pek çok endüstri alanında yüksek performansa sahip reçine 
kompozitlerinde kuvvetlendirici malzeme olarak kullanılmaktadır. Kompozit malzemelerin 
mekanik performansları, onu oluşturan lif ve matrisin özelliklerine dayanır. Lif yüzeyinin 
özelliklerine etkide bulunan yöntemlerden biri, lif yüzeyinin ince filmle kaplanmasıdır. Lif 
elektropolimer ile kaplandığı zaman, kompozitin mekanik dayanıklılığı artmıştır. Bu 
çalışmada, karbon lifleri polipirol (PPy) ile elektrokimyasal olarak kaplanmış olup ortamda 
epoksi esaslı boyutlandırıcı bileşik (SC) vardır. Süreç boyunca SC’nin miktarı ile akımın, 
elde edilen kaplama ağırlıklarının ve impedans verisinin, özellikle kapasitansın, nasıl 
değiştiği incelenmiştir. Bu sebeple, farklı miktarda SC (%0, %0,18, %1,8 v/v) elektrolit 
çözeltisi olan ve 0,1 M pirol (Py) içeren 0,1 M NaClO4-ACN’ye ilave edilmiştir. Kaplama 
işlemi Sabit Potansiyel veya Döngülü Voltammetri teknikleri ile yürütülmüştür. Diğer 
inceleme teknikleri gravimetrik analiz, elektrokimyasal impedans spektroskopisi, Fourier 
Transform İnfrared Spektroskopisi (FT-IR) ve Işık Mikroskopisidir. Kaplamanın sonunda, 
kaplamanın ağırlığı ve özgül kapasitansı (Csp), %0 SC için 0,8 mg/g ve 114 µF, %0,18 
SC için 10 mg/g ve 57 µF ve %1,8 SC için 1,73 mg/g ve 166 µF olarak bulunmuştur. 
Sonuç olarak, PPy ile kaplanmış karbon lifinin kaplanma ağırlığı ve kapasitans verisi 
(özellikle Csp), elektrolite ilave edilmiş SC’nin miktarı ile ters orantılı olarak değişmiştir.  
 
Anahtar kelimeler: Elektropolimerleşme, Boyutlandırma, İmpedans ve Kapasitans. 
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Factorial Design 
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Abstract: Successive impregnation and calcination processes were performed in order to 
produce TiO2/perlite composites. 23-1 fractional factorial design was first applied to optimize 
the production conditions of TiO2/perlite photocatalysts. Seven TiO2/perlite composites 
(including three central point experiments) were produced by manipulating three process 
parameters (amount of TiO2 used in impregnation process, particle size of perlite and 
calcination temperature). Prepared TiO2/perlite photocatalysts were characterized by X-
Ray Diffraction Spectrometry and SEM. XRD patterns indicated that anatase was the main 
crystalline phase for all produced samples. Degradation capacities of produced TiO2/perlite 
composites were investigated in methylene blue degradation process. The linear models of 
TiO2 loading (%) and methylene blue degradation (%) of TiO2/perlite composites were 
developed by regression analysis of the experimental data. As a result of analysis of 
variance, it was found that developed models were statistically significant with the p-value 
of 0.0040 and 0.0003, for TiO2 loading (%) and methylene blue degradation (%), 
respectively. According to the coefficient of determination (0.9821 and 0.9970 for the 
models of TiO2 loading and methylene blue degradation, respectively) and error analysis, 
developed models fit well to the experimental data. Effect of process parameters was 
investigated by using response surface plots. Amount of TiO2 and particle size were found 
as the most effective parameters on both TiO2 loading (%) and degradation efficiency (%). 
Calcination temperature did not affect TiO2 loading but methylene blue degradation 
capacity.  

 

Keywords: 23-1 factorial design, photocatalyst, TiO2, perlite. 
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INTRODUCTION  

 

TiO2 is considered the most suitable photocatalyst due to its higher degradation capacity 

against to the numerous organic pollutants. However, TiO2 nanoparticles require very 

expensive microfiltration processes for separating them from water after their use in water 

treatment. This problem can be solved by attaching nanoparticles onto a support material 

[1]. However, photocatalytic efficiency of TiO2 may decrease by immobilizing it on a support 

material due to the different reasons like properties of support material and production 

conditions.  

 

Expanded perlite, a kind of glassy volcanic rock, can be used as photocatalyst support due 

to its high silicon content, porous structure, and be found easily in low-cost in nature. 

Moreover, comparing to other porous materials like activated carbon, zeolite, and clays, 

lower density and higher light transparency make perlite a promising photocatalyst 

support. TiO2 can be strongly attached to the perlite surface with Ti-O-Si bonds effectively, 

hence, stable photocatalysts could be developed. Expanded perlite, has been widely used 

as photocatalyst support in recently published works in order to photocatalytic degradation 

of different pollutant like ammonia [2,3], sulfamethoxazole [4], ethylbenzene [5], phenol 

[6,7], and furfural [8]. None of them investigated the effect of preparation conditions onto 

degradation efficiency by any experimental design approach. In the literature of 

photocatalysis and photocatalytic degradation, experimental design techniques have been 

just focused on the optimization of degradation process conditions [9, 10] except a few 

[11, 12]. However, systematic investigation of optimum preparation conditions is very 

important to develop effective photocatalysts. Applying experimental design techniques 

would have great significance in designing and developing high performance photocatalysts 

for environmental remediation [11].  

 

By means of experimental design methods, higher amount of information can be obtained 

by performing less amount of experiments. There are many types of experimental design 

techniques such factorial design (Full and Fractional Factorial Design), response surface 

methodology (Central Composite Design, Box-Behnken Design, Doehlert Design), Plackett-

Burman Design, Mixture Design, Taguchi Design, etc [13]. In a Full Factorial Design, 

coefficient of linear interactions, two-term and three-term interactions can be examined 

[14]. However, full factorial experiments cannot always be conducted because of economy, 

time, or other constraints [15]. Especially, in case of material development, by considering 
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the cost of raw materials and characterization, conducting Fractional Factorial Design would 

be more efficient. Moreover, Fractional Factorial Design gives enough information if there 

is only main effects, and a small number of low order interactions are important [16]. 

 

23-1 Fractional Factorial Design matrix is subtracted from the matrix of 23 Full Factorial 

Design [13]. 23 Full Factorial Design requires eight experiments and mathematical model 

of it is given below: 

Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b123X1X2X3  (Eq. 1) 

However, in 23-1 Fractional Factorial Design, only four experiments are performed. Two-

term interactions are reduced according to following relations:  

 

X1 = X2X3 ; X2 = X1X3 ; X3 = X1X2 ; I= 1 = X1X2X3   (Eq. 2) 

 

Consequently, mathematical model for 23-1 Fractional Factorial Design is given as follows: 

 

Y = β0 + β1X1 + β2X2 + β3X3     (Eq. 3) 

 

Where β0 = b0 + b123, β1 = b1 + b23, β2 = b2 + b13, β3 = b3 + b12.  

 

Variation of each parameters involves the effect of two-term interactions of other two 

parameters.  

 

In order to carry out as possible as less amount of experiment, 23-1 Fractional Factorial 

Design was chosen for investigation of preparation conditions on ultimate TiO2/perlite 

composites and methylene blue degradation efficiency. Amount of TiO2, particle size of 

perlite and calcination temperature were chosen as independent process variables; both 

TiO2 loading percentage and methylene blue degradation percentage were investigated as 

responses. 
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MATERIALS and METHODS  

 

Titanium dioxide (Degussa P-25®), as photocatalyst, was supplied from Evonik Company. 

The ratio of anatase:rutile phases in Degussa P-25 is about 3:1 [17]. Expanded perlite, as 

photocatalyst support, was obtained from TAŞPER Perlit Company, Turkey. Methylene blue 

(Sigma-Aldrich, >99%) was used as received and dissolved in distilled water in order to 

obtain the desired concentration.  

 

Preparation and characterization of perlite supported photocatalyst: After sieving desired 

particle size, expanded perlite was rinsed with distilled water under 5 mL/min air flow till 

no powder remains in the filtrate. Typical procedure given in [6], with some changes, was 

applied in order to prepare TiO2/perlite composites. According to that, a determined 

amount of TiO2 (Degussa P-25), then, 5 mL of diluted nitric acid (at pH 3.3), was added 

into 50mL absolute ethanol in an ultrasonic bath. Then, 5 g of prepared perlite was added 

to the mixture while stirring in a shaker at 130 rpm, successively, the mixture was kept in 

ultrasonic bath for 15 minutes to disperse possible agglomerated titanium dioxide powders. 

After impregnation in an oven at 120°C for 12 hours, the mixture was calcined at high 

temperature for 1 hour. Once again, TiO2/perlite composites were washed in distilled water 

with the assistance of air bubbling for few minutes in order to remove titania powders 

which had not been precipitated on perlite surface. After filtration and drying, TiO2/perlite 

composites were weighed, then used in photocatalytic degradation experiments.  

 

TiO2/perlite composites were investigated by Scanning Electron Microscopy (SEM, 

CamScan Apollo 300). Samples were attached onto stubs by using double-sided carbon 

tape, and, in order to obtain high resolution images, they were coated with gold powders 

using an automated sputter coater. The crystalline structures of TiO2/perlite composites 

were determined via X-ray diffractometer. XRD measurement was performed on Philips 

Panalytical X’Pert Pro X-ray diffractometer using Cu K-alpha radiation. TiO2/perlite 

composites were ground to have fine powders before analysis. Crystalline structure of 

prepared samples has been determined by using software of the instrument.  
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23-1 Fractional Factorial Design: TiO2/perlite composites were prepared according to the 

experimental design matrix given in Table 1. 23-1 fractional factorial experimental design 

was applied in order to investigate the effects of the selected parameters (amount of TiO2, 

particle size of perlite and calcination temperature) on both TiO2 loading and methylene 

blue degradation efficiency. Levels of selected parameters and responses for 23-1 fractional 

factorial design can be seen in Table 2. 

 

Table 1. 23-1 Fractional Factorial Experimental Design Matrix with central points. 

Sample No X1 X2 X3 

PT1 +1 +1 +1 
PT2 +1 -1 -1 
PT3 -1 -1 +1 
PT4 -1 +1 -1 
PT5  0  0  0 
PT6  0  0  0 
PT7  0  0  0 

Table 2. Factors and levels of 23-1 fractional factorial design. 

Independent variables Levels 

  Low (-1) Middle (0) High (+1) 
X1 Amount of TiO2 (g) 0.25 0.75 1.25 
X2 Mean particle size of perlite (mm) 1.5 2.5 3.5 
X3 Calcination temperature (°C) 300 450 600 

Dependent variables Constraints 

  Low High  Goal 
R1 TiO2 loading (%) 0 100 Maximize 
R2 MB Degradation (%) 0 100 Maximize 

Statistical analysis: The statistical significance of variables was evaluated using the 

analysis of variance (ANOVA). Model fitting was evaluated by coefficient of determination 

(R2) and error analysis. Design Expert 10.0 software package was used for evaluating 

model fitting and statistical significance of the developed model.  

 

Photocatalytic degradation study: 500 mL pyrex glass reactor was equipped with 2x6W UV 

lamps (365nm) and was used for methylene blue degradation experiments (Figure 2). The 

photoreactor was covered with aluminum foil to block transition of external light to the 

reactor. The temperature of the reaction medium was kept constant at 20 ºC by using 

cooling water recycling. Air flow (12 L/h) was fed into the reactor and flow rate was 

controlled by a flowmeter. In order to complete adsorption-desorption equilibrium, the 

reactor was kept in dark in the first 30 min, and then, air flow and UV source was turned 

on. The sample was collected from the reactor periodically, and methylene blue 
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concentrations were determined at 664 nm by using an Analytic Jena Specord 200 Plus UV 

Spectrophotometer. Experimental studies were carried with 4 g of PT samples in 500 mL 

methylene blue solution (initial conc: 20 ppm) and, the mixture was stirred at 500 rpm 

using a magnetic stirrer throughout the process.  

 

Figure 2. Experimental setup for photocatalytic degradation. 

 

RESULTS and DISCUSSION  

Characteristics of prepared TiO2/perlite composites: SEM images of prepared samples can 

be seen in Figure 3. Although during the preparation of both PT1 and PT2 the same amount 

of TiO2 was used, the amount of loaded TiO2 onto perlite is much more in case of PT2 

sample, which has the smaller particle size. Hence, it can be concluded that not only 

Ti/Perlite ratio is very important for impregnation process but also particle size is very 

effective.  

  
Perlite PT1 PT2 
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PT3 PT4 PT5 

Figure 3. SEM images of perlite and TiO2/perlite composites (x1000). 

An X-ray diffractometer was used in order to examine the crystalline structure of 

TiO2/perlite composites. As known that crystalline structure is mainly affected by 

calcination temperature, XRD patterns of TiO2/perlite composites, which were calcined at 

different temperatures, and pure TiO2 were given in Figure 4. Anatase diffraction peaks, 

which match well with the PDF table (01-084-1285), was observed for all samples, beside, 

the XRD pattern of PT2 sample, which was calcined at 300 °C, show also rutile diffraction 

peaks that match well with the PDF table (01-088-1175). As a conclusion, XRD patterns 

indicate anatase as the main crystalline TiO2 phase, and rutile crystalline phase in the 

precursor TiO2 was converted to the anatase at 450ºC and 600ºC of further calcination. 

 

Figure 4. XRD patterns of TiO2 (Degussa P25) and TiO2/perlite composites (calcination 
temperature for PT1, PT2 and PT5 were 600, 300 and 450ºC, respectively). 
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Photocatalytic degradation of methylene blue: Photocatalytic degradation of methylene 

blue by TiO2/perlite composites can be seen in Figure 5. At the first 30 minutes, all samples 

adsorbed different amounts of methylene blue (%13-%44) depending on their preparation 

conditions. Among the PT samples, the best photocatalytic efficiency was obtained with 

PT2 sample, which has a high amount of TiO2 and low particle size of perlite. PT3 and PT4, 

which has low amount of TiO2 during preparation, showed the worst degradation capacity, 

even though they had relatively high adsorption capacity. It can be concluded that amount 

of TiO2 is the most effective parameter in order to increase photocatalytic degradation 

efficiency of composites. 

 

Figure 6. Photocatalytic degradation of methylene blue. 

Experimental design approach, model fitting, and statistical analysis: 23-1 factorial design 

matrix with response values obtained from the experimental studies was given in Table 3. 

TiO2 loading (R1) and methylene blue degradation (R2) values were determined by using 

Eq.4 and Eq.5, respectively.  

���� loading %�  = [������ �� ���� ������ ��  �!���� "�
������ �� ���� "�  ] ∗ 100    (4) 

'( )*+,-)-.�/0 %� = 11 − 34 5675879:;9<67 ;9 �=>?<7 @A
B � 

<7<9<;C 34 5675879:;9<67 @A
B � D ∗ 100   (5) 

 

TiO2 loading values were found between 14% and 55%, while methylene blue degradation 

varied between 60.1% and 87.7%, at the studied conditions (Table 3). Increasing amount 

of TiO2 loaded on perlite surface did not increase degradation capacity at the same level. 
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This can be explained with the agglomeration of TiO2 particles on perlite surface in case of 

higher loading (Figure 3). In addition, it should be kept in mind that the other parameters 

like particle size of perlite particles and calcination temperature also affect degradation 

capacity.  

 

In order to create a relationship between synthetic parameters and responses (TiO2 loading, 

MB degradation), experimental data were transferred into Design Expert (10.0) and linear 

regression model for both TiO2 loading (R1) and MB degradation (R2) were developed as 

in Eq. 6 and 7, respectively. Significant factors contributing to the regression model can 

be identified by analyzing the coefficients. According to the coefficients, it is clear that X1 

(amount of TiO2) and X2 (particle size of perlite), respectively, are the main factors for both 

responses. Coefficient of particle size are almost the same magnitude for both responses, 

but amount of TiO2 is more effective for TiO2 loading than degradation capacity, as 

expected. Calcination temperature (X3) did not affect TiO2 loading, whereas there is a 

significant relation between calcination temperature and methylene blue degradation, due 

to the different crystalline structure of the samples calcined at different temperature 

(Figure 4). By looking at the coefficient of X3 in Eq.7, it can be concluded that increasing 

calcination temperature resulted in a decrease of MB degradation. Ramli and coworkers 

[18] had also observed the same trend on their work related to photodegradation of 

diisopropanolamine by Cu/TiO2. They indicated that calcination temperature was the least 

significant variable among the others (calcination time and amount of Cu).  

E1 = 36 + 17.50L= − 3.00L� + 1.33 × 10NOLP   (Eq. 6) 

E2 = 71.53 + 10.40L= − 3.40L� − 2.5LP     (Eq. 7) 

Predicted data in Table 3 were obtained by using developed models (Eq.6-7) for both 

responses. Fitting of model to the experimental data was examined with error analysis. 

Error values of models were measured by using Eq. 8.  As can be seen from Table 3, error 

values are between 2.70-10.71% and 0.15-1.42% for TiO2 loading and MB degradation, 

respectively. Consequently, it can be concluded that the developed models fit experimental 

data, very well.  

Error % = U�VW�!X�� ����N !���Y��� ����
�VW�!X�� ���� U ∗ 100  (Eq. 8) 

Significance of the developed models was examined with ANOVA (Table 4). According to 

ANOVA results, the model F-values were determined as 42.42 and 337.20 for R1 and R2, 

respectively, indicating that both models were significant. There is only a 0.44% and 0.03% 
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chance error in both models, respectively. p-values less than 0.500, indicate that 

parameters are significant in 95% confidence level. 

 

The correctness and goodness of the models were checked by the coefficient of 

determination values. The R2 values were found as 0.9821 and 0.9970 for both models, 

respectively.  

 

Table 3. Design matrix, independent, dependent variables, error analysis. 

 Independent 

variables 

Dependent variables 

X1              X2    X3     R1 (TiO2 loading,%) R2 (MB degradation,%) 

    Observed Predicted Error Observed Predicted Error 

PT1 +1 +1 +1 49 50.5 3.06 75.9 76.03 0.17 

PT2 +1 -1 -1 55 56.5 2.73 87.7 87.83 0.15 

PT3 -1 -1 +1 20 21.5 7.50 61.9 62.03 0.21 

PT4 -1 +1 -1 14 15.5 10.71 60.1 60.23 1.42 

PT5 0 0 0 39 36.0 7.69 71.9 71.53 0.51 

PT6 0 0 0 37 36.0 2.70 70.8 71.53 1.03 

PT7 0 0 0 38 36.0 5.26 72.4 71.53 1.20 

 
 

Table 4. Analysis of variance (ANOVA) of developed models for both responses. 

R
1
 (

T
iO

2
 l
o
ad

in
g
,%

) 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

Model 1261.00 3 420.33 54.83 0.0040 

X1 1225.00 1 1225.00 159.78 0.0011 

X2 36.00 1 36.00 4.70 0.1188 

X3 0.0000133 1 0.000 0.000 1.0000 

Residual 23.00 3 7.67   

Lack of Fit 21.00 1 21.00 21.00 0.0445 

Pure Error 2.00 2 1.00   

Cor Total 1284.00 6    

R
2
 (

M
B
 d

eg
ra

d
at

io
n
,%

) Model 503.88 3 167.96 337.20 0.0003 

X1 432.64 1 432.64 868.59 < 0.0001 

X2 46.24 1 46.24 92.83 0.0024 

X3 25.00 1 25.00 50.19 0.0058 

Residual 1.49 3 0.50   

Lack of Fit 0.15 1 0.15 0.23 0.6787 

Pure Error 1.34 2 0.67   

Cor Total 505.37 6    
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Effects of process parameters: Response surface plots, obtained by using Statistica 8.0, 

were used to evaluate the effects of process parameters on both TiO2 loading and MB 

degradation. In order to evaluate the effect of each parameter on the responses, the 

obtained regression surfaces were plotted as function of two process variables (Figure 6).  

 

Linear effects of particle size and amount of TiO2, and also their interactions can be seen 

in Figure 6a and 6d. Increasing amount of TiO2 caused a significant increase on both TiO2 

loading and MB degradation. Particle size of perlite was also effective on both responses; 

smaller particle size resulted in higher loading and degradation capacity. Due to the higher 

surface area of small size particles, more amount of TiO2 was impregnated on the perlite 

surface, hence, higher degradation capacity was obtained.  

 

Linear effects of calcination temperature and amount of TiO2, and also their interactions 

can be seen in Figure 6b and 6e. Calcination temperature (X3) did not affect TiO2 loading, 

whereas methylene blue degradation was negatively affected by increasing temperature. 

This result can be explained with the crystalline structure of TiO2 on perlite surface. Lower 

temperature resulted in both anatase and rutile phase (Figure 4) crystalline structure that 

it is similar to the commercial one (Degussa P-25). As can be seen from Figure 6f, smaller 

particle size and lower temperature gives higher degradation capacity.  

 

 

a b C 
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d e F 

Figure 6. Response surface plots. 

 

CONCLUSION  

 

Experimental design method was effectively used in order to prepare higher performance 

TiO2/perlite photocatalysts for methylene blue degradation. Effects of TiO2 amount, particle 

size of perlite, and calcination temperature on both TiO2 loading (%) and methylene blue 

degradation (%) were investigated by applying 23-1 Fractional Factorial Design. The linear 

models of TiO2 loading (%) and methylene blue degradation (%) of TiO2/perlite composites 

were developed by regression analysis of the experimental data. Amount of TiO2 and 

particle size were found as the most effective parameters on both TiO2 loading (%) and 

degradation efficiency (%). Optimum solution for the highest methylene blue degradation 

(%86.94) was obtained via Design Expert Software with 1.143 g of TiO2, 1.5 mm of perlite 

particle size and 300 °C of calcination temperature.  

 

As a conclusion, experimental design methods can be effectively used in order to prepare 

photocatalysts with higher capacity for degradation of target pollutant. 
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Abstract: This study describes the biological and anticancer properties of coordination 
compounds given in the text. FT-IR spectra, magnetic properties, thermal analyses and crystal 
structures of six cyanido-complexes derivatives with [MII(CN)4]2- (MII= Ni and Pd) and 
[Co(CN)6]3- anions and N,N-bishydeten (N,N-bis(2-hydroxyethyl)ethylenediamine) as a capping 
ligand have been reported previously. Here, we have investigated the pharmacological properties 
of these complexes denoted as [Ni(N-bishydeten)Ni(CN)4] (C1), [Zn2(N-bishydeten)2Ni(CN)4] 
(C2), [Ni(N-bishydeten)Pd(CN)4] (C3), [Cd(N-bishydeten)2][Pd(CN)4] (C4), [Ni2(N-

bishydeten)2Co(CN)6].3H2O (C5) and K[Cd(N-bishydeten)Co(CN)6].3 2� H2O (C6), tested for their 

anti-proliferative activity against human cervical cancer (HeLa), human colon cancer (HT29), rat 
glioma (C6) and African green monkey kidney (Vero) cell lines. The DNA/BSA binding affinities 
of these compounds were also elucidated by spectroscopic titrations, displacement experiments, 
and electrophoresis measurements. Studies on cancerous cells revealed that C1, C2, C4 and C6 
have exhibited the significant antitumor activity and inhibited tumor progression during testing 
cell lines and showed high solubility in the solvent. The results of absorbance and emission 
spectra data have revealed that the complexes interact with the DNA via groove binding mode 
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proliferative activity against the cancer cell lines, indicating that they are a potent candidate for 
preclinical or clinical studies. 
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INTRODUCTION 

 

Today, cancer is becoming a more life-threatening endemic disease throughout the world and 

new effective drugs are the main necessity. In the Middle East, cancer ranks the second most 

common cause of death, following cardiovascular diseases [1]. According to the IARC 

(International Agency for Research on Cancer), a substantive increase to 19.3 million new cancer 

cases per year by 2025 were predicted with deaths reaching to the number of 12 million [1]. 

Developing countries especially suffer from the burden of cancer incidence, morbidity, and 

mortality [1]. Efforts to reduce the economic burden caused due to the cancer on individuals, 

families and the healthcare system will increase [1]. Research efforts on the development of 

novel anticancer agents play an important role in the current treatment process for cancer. These 

investigations are focused on the goal to find effective drugs without side effects or drug 

resistance [2-7]. It is known that the metal complexes including copper, gold, germanium, iron, 

rhenium, rhodium, ruthenium, silver, tin, and titanium have shown anticancer activity. However, 

none of the compounds have demonstrated sufficient effectiveness to pursue past phase II or 

past phase III clinical trials except for cis-platin and its certain derivatives such as carboplatin, 

oxaliplatin, nedaplatin and satraplatin [8]. Only carboplatin is FDA-approved among them. CoII, 

NiII, PdII or ZnII have been used to obtain metal complexes in medicinal studies [9-10]. Nickel 

plays important roles in the biological functions of various enzymes in systems including electron 

transport system, together with zinc, sulfur, and iron to form a cluster. Zinc plays ubiquitous 

biological roles by coordinating amino acid side chains of the specific enzymes in signal 

transduction and gene expression metabolism. Cobalt is an essential component of vitamin B12 

that has a vital role in the normal functioning of the nervous system. Palladium is a metal with 

low toxicity and is like platinum. It is a component of cis-platin, which is an anticancer drug. 

Nickel, zinc, cobalt and palladium complexes have also shown DNA binding capacity and anti-

proliferative activity [11-15]. However, metal complex of cyanido and N-bishydeten (N,N-bis(2-

hydroxyethyl)-ethylenediamine) ligands have not been explored in terms of their chemical and 

chemotherapeutic usage. Our work in this area was concentrated on the use of these ligands to 

form C1-C6 compounds and test their activities against colon, cervix and glioma cancer. 

Korkmaz et al. [16-18] have explored the NiII and ZnII metal ions with a capping ligand N,N-

bishydeten. The in vitro biological activity of the metal complexes was estimated using the ELISA 

BrdU cell proliferation assay (CPA) and Lactate Dehydrogenase (LDH) cytotoxicity assay against 

the cancer cell lines HT29, HeLa, C6, and Vero. The morphology of cells was investigated using 

phase-contrast microscopy. These complexes have also been studied to determine the extent of 

their physicochemical properties regarding DNA/BSA binding, and inhibition of restriction in the 

endonucleases activity features. The interaction of these compounds with DNA/BSA is a 

significant property in the determination of the mechanisms of compounds because DNA/BSA is 

a significant chemotherapeutic target for many current anticancer agents. According to the 
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present literature, this is the first study investigating the biological activities of the N-bishydeten 

based complexes.  

 

MATERIALS and METHODS 

 

Materials 

NiCl2.6H2O, ZnCl2, KCN, K2[Ni(CN)4], K3[Co(CN)6] and N,N-bis(2-hydroxyethyl)-ethylenediamine 

(N,N-bishydeten) were obtained commercially (Merck, Germany) and used without further 

purification. 

 

Synthesis of C1-C6 

In our previous studies, we have reported the synthesis and characteristic properties of C1-C6 

coordination compounds [16-18]. These compounds were synthesized according to the 

procedure published before. The procedure is based on brick-and-mortar method. In this 

method, NiII and ZnII metal cations were coordinated with suitable ligand(s) to form the brick 

and with [MII(CN)4]2- (MII= Ni and Pd) and [Co(CN)6]3- anions to form the mortar.  

 

Cell culture 

The anticancer potential of these complexes was investigated on cancerous HT29 (ATCC® HTB-

38™), HeLa (ATCC® CCL-2™), C6 (ATCC® CCL-107™) and no tumorigenic Vero cells (ATCC® 

CCL-81™). The cell lines were cultured in a cell medium (Dulbecco’s modified eagle’s) enriched 

with 10% (v/v) fetal bovine serum and 2% (v/v) Penicillin-Streptomycin (10,000 U/mL). First, 

the old medium was removed out of the flask while cells had reached approximately 80% 

confluence. Next, cells were taken from the flasks surface using 4-5 mL of trypsin-EDTA solution 

and then subjected to centrifugation. Following, the cell pellet was suspended with 4 mL of DMEM 

working solution and was counted to obtain a final concentration of 5 × 104 cells/mL, and 

inoculated into wells (100 μL cells/well). 

 

Cell proliferation assay (CPA)  

A cell suspension containing approximately 5 × 103 cells in 100 µL was seeded in the 96-well 

culture plates. The complexes and cis-platin were dissolved in sterile DMSO (max 0.5% of DMSO) 

at final concentrations of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, and 1.00 mg/mL. The final volume 

of the wells was set to 200 µL using DMEM working solution. Cells were incubated with tested 

complexes at 37°C with 5% CO2 for overnight. Cell proliferation assay was analyzed using ELISA 

BrdU methods as described previously [7]. 
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Calculation of IC50 and percent inhibition 

IC50 value is a concentration value at which half of the cells are inhibited in vitro. The half 

maximal inhibitory concentrations (IC50) of the test and control compounds were calculated 

using XLfit5® or Microsoft Excel® spreadsheet and represented in µM at 95% confidence 

intervals. The proliferation assay results were expressed as the percent inhibition according to 

the following formula:  

 

% ��ℎ�	�
��� =  1 − ��	���	���� �� 
���
���
�
�	���	���� �� ���� � × 100  

 

Cytotoxic activity assay 

The cytotoxicity of the compounds and cis-platin was determined on HeLa, C6, HT29, and Vero 

cells through a Lactate Dehydrogenase Assay Kit according to the instruction given by 

manufacturer. Approximately 5 x 103 cells in 100 µL were placed in 96-well plate as triplicates 

and treated with IC50 (µg/mL) concentrations of test compounds at 37°C under 5% CO2 

atmosphere for 24 h. LDH activity was obtained at 492 - 630 nm absorbance wavelength using 

a microplate reader. 

 

Cell imaging 

Cells were plated in 96-well plate at a density of 5000 cells per well and allowed 24 h incubation. 

IC50 values of the test compounds were administered and morphology changes of the cells were 

screened via phase contrast microscopy every 6 h for 24 h. Images of control and test 

compound-treated cells were photographed at the end of the process using a digital camera 

attached on inverted microscope.  

 

DNA/BSA binding and gel electrophoresis studies  

The binding constants (!	) and the interaction of the compounds with Calf thymus-DNA (CT-

DNA) were examined using the UV spectrophotometry. A CT-DNA solution was prepared by 

dissolving 2.5 mg of CT-DNA in 10.0 mL of Tris–HCl buffer and it was used immediately after it 

was prepared. The concentration of CT-DNA was determined spectrophotometrically with the aid 

of Ɛ value of 6600 M−1 cm−1 at 260 nm. After dissolving the CT-DNA fibers in Tris–HCl buffer, 

the purity of this solution was checked through the absorbance ratio of A260/A280. The DNA 

was pure enough to use with respect to the result A260/A280 ratio of 1.83 obtained for the CT-

DNA solution in the buffer. These compounds dissolved in DMSO were re-diluted with Tris–HCl 

buffer to obtain the concentration of 25 µM. Test compounds in the solutions were incubated 

with CT-DNA solution at 20°C for about 30 min before measurements. The UV absorption spectra 

data were obtained without any change on the concentrations of both compounds with increasing 

the CT–DNA concentrations (0-100 μM). Absorption spectra were recorded using 1-cm-path 

quartz cuvettes at room temperature [19].  
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To evaluate the interaction of the compounds with BSA, a UV spectrophotometer was used. A 

solution of BSA was prepared by dissolving 2.5 mg BSA in 10.0 mL in Tris–HCl buffer and it was 

used immediately after it was prepared. The UV wavelength scans of the BSA solutions (0-100 

μM) with a fixed concentration of the complexes (25 μM) were screened in the wavelength range 

of 250-320 nm.  

 

The restriction on enzyme inhibition assay was conducted to determine the both specific and 

nonspecific binding and enzyme inhibition by the complexes. These complexes (25 μM) were 

added to reaction tubes containing supercoiled pTOLT (10 μM) plasmid DNA, and restriction 

enzymes KpnI and BamHI (2 units) in Tris–HCl/NaCl buffer (50/18 mM, pH 7.2) and incubated 

at 37 °C for 4 h. The digestion products were observed by using 1.5% (wt/vol) agarose gel with 

ethidium bromide.  

 

Statistical analysis 

The statistical significance of differences was determined through one-way analysis of variance 

(one-way ANOVA) tests. Post hoc analyses of group differences were performed using the Tukey 

test, and the levels of probability were noted. The SPSS® software for Windows was used for 

the statistical analyses. The results are reported as the mean values ± SEM of three independent 

assays, and the differences between groups were regarded as significant at P < 0.05. 

 

RESULTS and DISCUSSION 

 

FT-IR Spectra 

In the FT-IR spectra of the C1-C6 compounds, absorption bands arising from all characteristic 

functional groups of the N-bishydeten ligand (υOH and υNH2, υCH2, δNH2, δCH2, υC-N and υCO) 

vibrations were observed (Figure 1). Also, Figure 1 exhibits various characteristic absorption 

bands that confirm the presence of the N,N-bishydeten ligand, which coordinates to the metal 

centers via its NH2 and OH groups. The tentative assignments of the recorded wavenumbers of 

the C1-C6 compounds are in good agreement with the FT-IR spectra of the compounds 

synthesized and characterized in our previous studies [16-18]. 
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Figure 1. The FT-IR spectra of C1-C6 compounds. 

 

Anti-proliferative effects of the complexes against HT29, HeLa, C6 and Vero cells 

We firstly studied the in vitro anti-proliferative effects of six compounds using ELISA BrdU assay 

against three cancer cell lines (HT29, HeLa, and C6) and one non-cancerous cell line, namely 

Vero. The cis-platin, an anticancer drug, was used as a reference compound. The data obtained 

using the ELISA BrdU assay, % inhibition data of the compounds was shown in Figure 2. IC50 

values to be used in subsequent studies were calculated by XLfit 5 software and available in 

Table 1. Tumor specificity information was obtained by dividing the sum of the IC50 values 

obtained from the normal cells (Vero) to the sum of the IC50 values of the cancerous cells (HT29, 

HeLa, and C6) and given in Table 1. According to these information, the specificities of these 

compounds are not ideal because of poor selectivity. According to the Figure 1, in cis-platin case, 

each coordination polymer poorly inhibited the proliferation of cells as compared to the control 

compounds (P < 0.05). However, the compounds C2 and C6 have showed relatively strong anti-

proliferative activity to the cells while the compounds C1 and C4 have done slightly low. A 

gradient obtained from the percent inhibition values of these coordination polymers can be seen 
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for complexes in order of activity starting with the highest in activity: C2 > C6 > C4 > C1 > C3 

≈ C5 (Fig. 2).  

 

Figure 2. Effects of C1-C6 on the proliferation of cell lines. Percent inhibition was reported as 
mean values ± SEM of three independent assays (P < 0.05). 

 
The results of the cell proliferation assay have showed that the coordination compounds have 

less anti-proliferative effect than that of cis-platin (Fig. 2) on the cell lines indicating that their 

anticancer potential should be improved further. 

 

Table 1. IC50 values for C1-C6 compounds and Cis-platin. 

Complex 

IC50 (mM)   Tumor specificity 

HeLa HT29 C6 Vero  HeLa HT29 C6 
C1 -* 1.60±0.04 1.49±0.05 2.11±0.07  - 1.32 1.42 
C2 0.54±0.03 0.46±0.02 0.46±0.02 0.58±0.03  1.07 1.26 1.26 
C3 - 1.07±0.04 - 1.87±0.06  - 1.75 - 
C4 1.23±0.05 1.11±0.04 1.06±0.04 1.11±0.05  0.90 1.00 1.05 
C5 - - - -  - - - 
C6 0.68±0.03 0.52±0.03 0.51±0.02 0.62±0.03  0.91 1,19 1.22 
Cisplatin 0.80±0.03 0.40±0.02 0.57±0.03 0.57±0.03  0,71 1.43 1.00 

* not available. 

 

Cytotoxic activity of the complexes on HT29, HeLa, C6 and Vero cells 

The results obtained for the LDH assay are expressed in terms of percent cytotoxicity values and 

presented in Figure 3. Findings showed that the test compounds possess approximately percent 

nonselective toxicity values from 40% to 85% against the cells investigated.  
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Figure 3. Cytotoxic activity of C1-C6 compounds on HeLa, HT29, C6 and Vero cells. Data are 

presented as the percent cytotoxicity of cells with respect to the control cells where only DMSO 
in cell culture media was administered. Cells were tested for 24 h. The percent cytotoxicity 

values of test compounds were ranged from 40% to 85%, and percent cytotoxicity value of 
cis-platin was approximately 5%. The test compounds were the most cytotoxic (P < 0.05) 

against all cell lines tested. The percent cytotoxicity values were reported as mean values ± 

SDs of three independent assays. * Not available. 
 

According to another result, the cytotoxicity of each coordination polymer was significantly 

higher than that of cis-platin, at their IC50 concentrations against any of the four cell lines. This 

means that a safety usage concentration of the test compounds does not exist in the tested 

cells. It is suggested that these compounds may have cytostatic potential similar to cytotoxicity 

i.e., these coordination polymers are promising candidates for potential anticancer therapy for 

cancerous diseases. In our study, a variety of novel metal complexes were synthesized with the 

hopes of developing a useful drug candidate to use in cancer treatments.  

 

The effect of test compounds on the morphology of HT29, HeLa, C6 and Vero cells 

To determine the effect these complexes on the morphology of HeLa, HT29, C6 and Vero cells 

in culture, phase contrast pictures were taken for cell cultures analyzed. The pictures given 

above indicate that all the compounds tested possess considerable effects such as disruption of 

membrane integrity on the morphology of the cells. As shown in Figure 4, obvious morphological 

dose-dependent changes were observed in treated cells as compared to those of the untreated 

cells. The compounds clearly showed characteristic apoptotic changes in the surface morphology.  
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(A) 

 

(B) 

 

(C) 

 

(D) 

Figure 4. The effect of C1-C6 compounds on the morphology of HeLa (A), HT29 (B), C6 (C), 
and Vero (D) cells. Exponentially growing cells were incubated with IC50 concentrations of test 

compounds at 37°C overnight and visualized by digital camera attached on an inverted 
microscope (Leica IL10, Germany). 

 

These changes observed as rounding up, shrinking, and detaching from the well surface indicate 

that the cells were undergoing apoptosis which is a necessity for anticancer agents (Fig. 4) [20, 

21]. The findings indicate that these morphological alterations are unlike necrotic situations 
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which are usually characterized by cell swelling and eventual cell lysis. These results were 

somewhat similar with those of the previous studies by Korkmaz et al. [4], Aydın et al., [2, 6]. 

Thus, based on the observations in the literature, the appearance of cell lines treated with test 

compounds has indicated the anti-proliferative but high cytotoxic effect of these complexes 

clearly. 

 

DNA/BSA binding and gel electrophoresis studies  

Complex–DNA interactions can be investigated by comparing the UV–Vis absorption spectra of 

the free complex with that of complex–DNA adducts. The binding constant (K) of the complexes-

DNA interaction can be determined according to Benesi–Hildebrand equation, A0/A-A0=ƐG/ƐH–G-

ƐG+ƐG/ƐH–G-ƐGx1/K[DNA], where K is the binding constant, A0 and A are the absorbance values 

of the complexes and their adducts with DNA, respectively, and ƐG and ƐH–G are the absorption 

coefficients of the complexes and the complex–DNA adducts, respectively. The binding constant 

can be obtained from the ratio of intercept to slope of A0/(A - A0) vs. 1/[DNA] plot. Figure 5A 

describes the interaction of the complexes with CT-DNA. According to Benesi–Hildebrand 

equation, the data obtained from the plot of A0/(A–A0) vs. 1/[DNA] yielded the binding constant 

(K) seen in Table 2. With the increase in CT-DNA concentration resulted in hyperchromic effect, 

a strong interaction between these complexes and DNA can be explained. This hyperchromic 

effect on the spectra of the complex-DNA adduct might be indication of the groove binding.  

 
Table 2. The binding constants (Kb) 
Complex UV titration (x 103 M-1) 

C1 1.7 
C2 5.9 
C3 0.79 
C4 9.4 
C5 2.0 
C6 0.75 

 

The interaction of these complexes with BSA can be determined via comparison of UV–Visible 

absorption spectra of the free metal complex and the complex–BSA adduct. The absorption 

spectra of the BSA solutions (0-100 μM) in the absence and presence of the complexes (25 μM) 

are shown in Figure 5B. The complexes have caused an increase in the absorbance of BSA and 

exhibited a blue shift indicating the Van der Waals interaction or hydrogen bonds through 

interaction with BSA. Isosbestic points near 265 - 266 nm were observed for the C3, C5, and 

C6 compounds (Fig. 5B). 
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Figure 5. (A) UV–Visible absorption spectra of the complexes (25 µM) in the absence (a) and 

presence (b-e) of CT-DNA (0-100 μM) in Tris–HCl buffer. Note: The direction of arrow 
demonstrates the increasing concentrations of DNA. Inset is the plot of A0/(A–A0) vs. 1/[DNA] 

to find the binding constant of the complex – DNA adduct. (B) Absorption spectra of the 
complexes (25 µM) in the absence (a) and presence (b-e) of BSA (0-100 μM) in Tris–HCl 

buffer. Note: The direction of arrow demonstrates the increasing concentrations of BSA. 
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After KpnI and BamHI digestion of pTOLT plasmid DNA (patented plasmid vector, US 7348408 

B2), digestion products were identified by two DNA bands in the absence of the complexes (Lane 

7), whereas in the presence of the C1, C3 and C5 compounds have produced three bands (Lanes 

2, 4, and 6) and the C2, C4 and C6 compounds have displayed four bands of DNA fragments 

seen near the well at the top of the lanes (Lanes 1, 3, and 5) (Fig. 6). In the presence of the 

complexes, DNA digestion was incomplete and new bands were observed. Treatment of KpnI 

and BamHI with the complexes inhibits partly the restriction endonucleases activity of these 

enzymes, and therefore more bands were seen on the gel. The results indicated that the 

complexes probably bound to pTOLT plasmid DNA or to these enzymes, and thus this situation 

has resulted in inhibition of KpnI and BamHI enzyme activity to a certain degree. 

 

Figure 6. Inhibition of KpnI and BamHI restriction endonucleases activity. At the end of 4 h at 

37°C digestion of the 14µL with 10 U KpnI and BamHI, these digestion products were resolved 
with 1.5% agarose gel containing ethidium bromide. Lanes 1-6: enzyme + DNA + C1-C6, 

Lane 7: Positive control (enzyme + DNA), Lane 8: Negative control (plasmid DNA + water); 
lane 9: DNA marker (1Kb). 

 

The goal of this study is to find new metal complexes active in vivo and possess lowered toxicity 

and resistance factors as compared to current chemotherapeutic drugs. In conclusion, in vitro 

anticancer activity of [Ni(N-bishydeten)Ni(CN)4] (C1), [Zn2(N-bishydeten)2Ni(CN)4] (C2), [Ni(N-

bishydeten)Pd(CN)4] (C3), [Cd(N-bishydeten)2][Pd(CN)4] (C4), [Ni2(N-

bishydeten)2Co(CN)6].3H2O (C5) and K[Cd(N-bishydeten)Co(CN)6].1.5H2O (C6) coordination 

compounds were investigated and determined. The binding of the complexes to CT-DNA and 

BSA resulted in significant changes in spectral characteristics. The complexes have showed 

hyperchromic absorption spectra and interacted directly with CT-DNA through a groove binding 

mode. The complexes have the tendency to possess Van der Waals contacts or hydrogen bonds 

during interaction with BSA. The complexes caused partial inhibition of KpnI and BamHI 

restriction endonucleases activity indicating that the complexes could interact with CT-DNA or 

these enzymes or both. On the contrary, C5 and C3 compounds were nearly ineffective against 

all four cell lines. All remaining metal complexes have showed impressive anticancer activity 

against all cancer cells tested. However, in a preliminary in vitro study, these metal complexes 

appear to be nonselective against HT29, HeLa, C6 and Vero cells. These preliminary results are 

important because they indicate that these complexes have affected normal Vero cells. For these 

reasons, we believe that these complexes need to be developed by making a more rational 
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design. Therefore, they may be a future replacement to the chemotherapeutic drugs in the 

clinical usage. As a conclusion, it seems substantial to continue to improve these chemical 

complex compounds to further help the problem of cancer. 
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Türkçe Öz ve Anahtar Kelimeler 

 

Altı Koordinasyon Bileşiği: Sitotoksik Etki Modu ve Biyolojik 
Değerlendirme 

Ali Aydın, Şengül Aslan Korkmaz 

 

Öz: Bu çalışma metinde verilmiş koordinasyon bileşiklerinin biyolojik ve antikanser özelliklerini 
anlatmaktadır. Altı adet siyanido kompleks türevinin FT-IR spektrumları, manyetik özellikleri, 
termal analizler ve kristal yapıları verilmiştir, burada [MII(CN)4]2- (MII = Ni ve Pd) ve [Co(CN)6]3- 
olup “şapka” ligand olarak N,N-bishydeten (N,N-bis(2-hidroksietil)etilendiamin) olarak daha 
önce çalışılmıştır. Bu çalışmada, söz konusu komplekslerin (C1-C6) farmakolojik özellikleri 
incelenmiş ve insan rahim ağzı kanseri (HeLa), insan kalınbağırsak kanseri (HT29), sıçan glioma 
(C6) ve Afrika yeşil maymun böbrek (Vero) hücre soylarına karşı anti-proliferatif aktiviteleri 
incelenmiştir. C1-C6 komplekslerinin açılımı şöyledir: [Ni(N-bishydeten)Ni(CN)4] (C1), [Zn2(N-
bishydeten)2Ni(CN)4] (C2), [Ni(N-bishydeten)Pd(CN)4] (C3), [Cd(N-bishydeten)2][Pd(CN)4] 
(C4), [Ni2(N-bishydeten)2Co(CN)6].3H2O (C5) and K[Cd(N-bishydeten)Co(CN)6].H2O (C6). Bu 
bileşiklerin DNA/BSA bağlanma istekleri de spektroskopik titrasyonlar, yer değiştirme deneyleri 
ve elektroforez ölçümleri ile ortaya konmuştur. Kanserli hücreler üzerindeki çalışmalar C1, C2, 
C4 ve C6 bileşiklerinin belirgin antitümör aktivitesini göstermiş ve test edilen hücre soylarında 
tümör gelişimini azaltmıştır. Bu bileşiklerin çözücü içindeki çözünürlüğü de son derece yüksektir. 
Absorbans ve emisyon spektrum sonuçları, komplekslerin DNA ile groove-bağlanma etkileşimi 
gösterdiğini ortaya çıkarmıştır. Bütün bunların sonucunda, söz konusu bileşiklerin kanser hücre 
soylarına karşı etkili anti-proliferatif aktivite gösterdiği bulunmuştur, dolayısı ile pre-klinik veya 
klinik çalışmalar için potansiyel adaylar olarak gösterilebilir.  

Anahtar Kelimeler: Koordinasyon bileşikleri, Antikanser aktivitesi, Sitotoksik aktivite, Apoptoz, 
DNA bağlanması. 

Gönderme: 26 Haziran 2016. Düzeltme: 06 Ağustos 2016. Kabul: 06 Eylül 2016.  

 



Çetinkaya, Demir and Bölgen-Karagülle, JOTCSA. 2016; 3(3): 329-348. RESEARCH ARTICLE 

329 

 

  

(This article was presented to the 28th National Chemistry Congress and submitted to 

JOTCSA as a full manuscript) 

Fish Skin-Isolated Collagen Cryogels for Tissue Engineering 
Applications: Purification, Synthesis, and Characterization 

 

Zeynep Çetinkaya1, Didem Demir1, Nimet Bölgen Karagülle1,* 

1Mersin University, Engineering Faculty, Chemical Engineering Department, 33343, 
Mersin, Turkey 

Abstract: Tissue engineering aims regenerating damaged tissues by using porous 
scaffolds, cells, and bioactive agents. The scaffolds are produced from a variety of 
natural and synthetic polymers. Collagen is a natural polymer widely used for scaffold 
production because of its being the most important component of the connective tissue 
and biocompatibility. Cryogelation is a relatively simple technique compared to other 
scaffold production methods, which enables to produce interconnected porous matrices 
from the frozen reaction mixtures of polymers or monomeric precursors. Considering 
these, in this study, collagen was isolated from fish skin which is a non-commercial waste 
material, and scaffolds were produced from this collagen by cryogelation method. Pore 
morphology and protein structure of collagen was proven by SEM and UV-Vis analysis, 
respectively. Iso-electrical point of the protein was determined by zeta potential analysis. 
Amide A, Amide B, Amide I, Amide II and Amide III characteristic peaks of collagen was 
demonstrated by FTIR analysis. The yield of isolated protein was 14.53% and 2.42% for 
acid-soluble and pepsin-soluble collagen, respectively. Scaffolds were produced by 
crosslinking isolated acid soluble collagen with glutaraldehyde at cryogenic conditions. 
With FTIR analysis, C=N bond which belongs to the reaction between glutaraldehyde and 
collagen was found to be at 1655 cm-1. It was demonstrated by SEM analysis that 
collagen and glutaraldeyhde concentration had significant effects on the pore 
morphology, diameter, and wall thickness of the cryogels, which in turn changed the 
swelling ratio and degradation profiles of the scaffolds. In this study, synthesis and 
characterization results of a fish skin isolated collagen cryogel scaffold that may be 
potentially used in the regeneration of damaged tissues are presented.  
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INTRODUCTION 

 

Tissue engineering is a discipline which aims to regenerate damaged tissues by using 

porous scaffolds and cells. Porous scaffolds that are produced from various polymers are 

used in regeneration of various organs and tissues. Interconnected pore structure of the 

scaffolds supports cell attachment, homogeneous cell distribution, differentiation, and 

proliferation [1]. Many natural polymers such as collagen have shown potential to be 

used in the fabrication of tissue engineering scaffolds [2]. Collagen is a natural polymer 

which is present in the extracellular matrix. Because of its being the most important 

component of extracellular matrix, and its biocompatibility and biodegradability, collagen 

is widely used in the preparation of tissue engineering scaffolds [3]. In recent years, 

researchers are searching for alternative natural sources of collagen and improved 

technologies for collagen isolation. Fish skin is a potential source of collagen. Therefore, 

skin collagen from several fish species have been extracted and characterized recently. 

Examples of those species are Baltic cod (Gadus morhua) [4], silvertip shark 

(Carcharhinus albimarginatus) [5], deep-sea redfish (Sebastes mentella) [6], striped 

catfish (Pangasianodon hypophthalmus) [7] and carp (Catla catla and Cirrhinus mrigala) 

[8]. Cryogelation is a rather simple scaffold production technique compared to other 

techniques. Cryogels produced by this technique have interconnected macropores that 

allow diffusion of nutrients and wastes as well as mass transport of nano- and 

microparticles, microorganisms and cells [9].  

The aim of this study is extraction and characterization of acid-soluble collagen (ASC) 

and pepsin-soluble collagen (PSC) from the skin of shark fish and fabrication and 

characterization of collagen cryogel scaffolds for tissue engineering applications. 

Extracted collagens (ASC and PSC) were characterized by fourier transform infrared 

spectroscopy (FTIR), ultraviolet visible spectroscopy (UV-Vis), scanning electron 

microscopy (SEM) and Zeta potential analysis. Cryogels were synthesized by using ASC 

as the natural polymer and glutaraldehyde as the crosslinker. The chemical structure, 

swelling ratio, degradation profile, pore morphology, and pore size of collagen cryogels 

were demonstrated.  
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MATERIALS AND METHODS 

 

Chemicals 

KOH, NaOH, acetic acid (Glacial), and pepsin (from porcine gastric stomach mucosa) 

were purchased from Sigma Aldrich, USA. NaCl powder was obtained from Emsure, 

Germany. Butyl alcohol was obtained from Laba Chemie, India. Spectra/Por (12-14.000 

Da, Cellulose) dialysis membrane was purchased from Spectrum Laboratories, USA. A 

cheese cloth used in filtration process was obtained from a local market in Gaziantep, 

Turkey. Distilled water was used in all experimental steps. 

 

Isolation of collagen 

ASC and PSC were isolated by using the method demonstrated by Benjakul et al., with 

some modifications [10]. 

 

Fish skin preparation 

Shark skin was a gift from a local fish market in Mersin, Turkey. The skin was washed 

with cold distilled water and then cut into small pieces (approximately 0.5 x 0.5 cm2) by 

a pair of scissors. 50 grams of shark skin was treated with 0.1 M NaOH solution at 4 °C 

for 6 hours with continously stirring at 250 rpm in order to remove the non-collagenous 

compounds. The solution was replaced every two hours. 

 

Isolation of ASC 

After separating the non-collagenous proteins, the skin samples were mixed with 10% 

(v/v) butyl alcohol solution at a ratio of 1:10 (w/v) and continiously stirred for 48 hours 

at 4 °C to remove fat. The solution was replaced every 12 hours. After washing with cold 

water, fat-free skin was treated with 0.5 M acetic acid solution (skin/solution ratio was 

1:15, w/v) for 24 hours and the extract was filtered by using the cheese cloth. The 

residue was re-extracted with 0.5 M acetic acid solution. Filtrates, which were very 

viscous, were combined. The filtrate was stirred for 24 hours, after addition of NaCl 
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powder to a final concentration of 2.6 M. The resultant precipitate was collected by 

centrifuging at 6000 rpm for 30 minutes and dissolved in a minimum volume of 0.5 M 

acetic acid solution, and dialyzed against 50 volumes of 0.1 M acetic acid solution for 24 

hours at 4˚C. It was then dialyzed against 50 volumes of distilled water for 24 hours. The 

dialyzate was freeze-dried by using a lyophilizer. The ASC was obtained. 

 

Isolation of PSC 

The remaining skin after ASC filtration was mixed with 0.5 M acetic acid solution [ratio of 

solid/solution 1:15 (w/v)] at 250 rpm for 24 hours after adding pepsin from porcine 

gastric stomach mucosa (20 units/g residue). The PSC was obtained followed by the 

same steps (filtration, centrifugation, dialysis and lyophilization) which were used in the 

isolation of ASC.   

 

Characterization of isolated collagen 

FTIR analysis 

The obtained ASC and PSC samples were analyzed by FTIR. FTIR spectra in the range of 

400- 4000 cm-1 with automatic signal gain were collected in 32 scans at a resolution of 4 

cm-1. 

 

UV-Vis Analysis 

The ultraviolet spectra were recorded by using a UV-Vis (Specord 210 Plus, Analytik 

Jena, Germany). 1 mg of collagen (ASC or PSC) was dissolved in 2 mL of 0.5 M acetic 

acid solution and centrifuged at 5000 rpm for 10 minutes. The measurement was done in 

the wavelength range of 200-420 nm. 

 

ζ - Potential Analysis 

The zeta potential of ASC and PSC solutions was measured by zeta potential analyzer 

(Zeta sizer, Malvern, UK) [10]. The samples were mixed with 0.5 M acetic acid solution 

to a final concentration of 0.05% (w/v) and stirred at 4 °C until they were completely 
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dissolved. The ζ-potential of ASC and PSC solutions at different pH values (2, 3, 4, 5, 6) 

were recorded. 

 

SEM Analysis 

The surface morphology of platinium coated ASC, PSC and cryogel samples was 

examined by SEM (Supro 55, Zeiss, Germany). The avarage pore sizes of the samples 

were calculated after measuring the size of ten pores. 

 

Cryogel synthesis 

Cryogels were prepared by using ASC as the polymer and glutaraldehyde as the 

crosslinker. The calculated amount of collagen was dissolved in distilled water at three 

different concentrations (3.0 - 6.0 - 8.0; w/v). The prepared collagen solutions were 

mixed with varying concentrations (0.5 - 1.0 - 2.0% ; v/v) of aqeous glutaraldehyde 

solution (25%; v/v) and then poured into plastic syringes (2 mL). The solution was 

immediately immersed in cryostat, incubated at -12 °C for 2 hours and then placed in the 

freezer (at -16˚C) for 24 hours. After the crosslinking reaction was completed, the frozen 

samples were thawed at room temperature and washed with distilled water until the 

unreacted ingredients were removed. The prepeared cryogels were then dried overnight 

at room temperature. Schematic illustration of collagen isolation and cryogel production 

is demonstrated in Figure 1. The effect of collagen and glutaraldehyde concentration on 

the properties of the cryogels was evaluated. When the collagen concentration changed, 

the glutaraldehyde concentration was kept constant at 0.5% (Table 1). And when the 

glutaraldehyde concentration changed the collagen ratio was kept constant at 8% (Table 

2).  
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Figure 1. Schematic illustration of collagen isolation and cryogel production. 

 

Table 1. Cryogels synthesized with different amounts of collagen. 

Concentration of 
Collagen 
(%, w/v) 

Concentration of 
Glutaraldehyde (%, v/v) 

3.0 0.5 
6.0 0.5 
8.0 0.5 

 

Table 2. Cryogels synthesized with different amounts of glutaraldehyde. 

Concentration of 
Collagen 

 (%, w/v) 

Concentration of 
Glutaraldehyde (%, v/v) 

8.0 0.5 
8.0 1.0 
8.0 2.0 

 

Swelling ratio 

The swelling behavior of collagen cryogels were determined according to a previously 

demonstrated method [11]. The dried cryogels were weighed (Wd). Then dried cryogels 

were kept in 50 mL distilled water at room temperature for 360 minutes. The excess 
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water on the surface of the cryogels was removed with a filter paper and the cryogels 

were then weighed (Ww). The ratio of swelling (SR%) was calculated using equation (1). 

SR% = [(Ww-Wd)/Wd]*100          (Eq.1) 

 

Degradation studies 

Collagen cryogels were incubated at 37°C in 10 mL of distilled water at static conditions 

to measure their degradation rate. The samples were taken out from incubation after 42 

days, dried at room temparature and weighed. The weight loss of samples were obtained 

according to equation (2): 

Weight Loss% =[(W0-Wt)/W0]*100    (Eq.2) 

where W0 and Wt are the weights of cryogels’ initial dry weight and dry weight after 

degradation, respectively. 

 

RESULTS AND DISCUSSION 

 

Yield of ASC and PSC  

The yields of ASC and PSC calculated directly based on the initial weight of skin were 

14.53% and 2.42%, respectively. The following analyses were conducted in order to 

characterize the properties of the collagen.  

  

FTIR analysis of collagen 

The FTIR spectras of ASC and PSC were shown in Figure 2 and depicted in Table 3. 

According to Wang et al. [12] the Amide A band of ASC and PSC occurs at wavenumbers 

of 3314.82 cm-1 and 3315.81 cm-1, respectively, were associated with NH stretch coupled 

with hydrogen bond. Amide B band of those collagens at 2940.72 cm-1 and 2940.80 cm-1, 

respectively, corresponds to asymmetrical stretch vibration of CH2 [10]. Amide I, Amide 

II, and Amide III bands of ASC were found at 1652.10, 1550.21 and 1238.64 cm-1, 

respectively. Those bands of PSC were found at 1658.30, 1552.90 and 1239.16 cm-1.  

Amide I band that occurs in the range of 1600 - 1700 cm-1 shows the existence of 

stretching vibration of C=O or hydrogen bond coupled with COO-  group. The result of 
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Amide II and Amide III bands were presumed that there were stretching N-H bending 

vibrations and C - H stretching. 

 

Figure 2. FTIR spectra of ASC and PSC. 

 

Table 3. FTIR spectras peak wave numbers and assigments for ASC and PSC. 

Region 
Peak Wave 

Number (cm-1) 
Assigment References 

 ASC PSC   

Amide A 3314.82 3315.81 NH stretch coupled with hydrogen bond Wang et al. [13] 

Amide B 2940.72 2940.80 Asymmetrical stretch of CH2 
Benjakul et al.  

[10] 

Amide I 1652.10 1658.30 
Stretching vibration of C=O or hydrogen 

coupled with COO- 
Zhang et al. [14] 

Amide II 1550.21 1552.90 Vibration of NH bending 
Benjakul et al. 

[10] 

Amide III 1238.64 1239.16 C-H stretching 
Kittiphattanabawon 

et al. [15] 

 

UV-Vis analysis  

The maximum absorptions of ASC and PSC, were determined at the wavelengths of 230 - 

240 nm region, as shown in Figure 3. This result is in agreement with the result of the 



Çetinkaya, Demir and Bölgen-Karagülle, JOTCSA. 2016; 3(3): 329-348. RESEARCH ARTICLE 

337 

 

study presented by Huang et al. Moreover the absorbances at near 280 nm is related to 

the tyrosine in collagen [16]. 

 

Figure 3. UV - Vis spectra of ASC and PSC. 

 

ζ - Potential analysis 

The zeta potential values of ASC and PSC solutions at different pH values (2, 3, 4, 5 and 

6) were determined as shown in Figure 4. The zeta potential was zero at pH 4.8 for ASC 

and 5.9 for PSC. This result can be explained by the balance between positive and 

negative charges as reported by Bonner [17]. According to Vojdani, a protein in an 

aqueous system (like collagen in acetic acid solution) has a zero net charge at its 

isoelectric point [18]. However, the differences of surface charges of ASC and PSC might 

be explained by their various amino acid compositions. 
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Figure 4. The zeta potential of ASC and PSC solutions at different pH values. 

 

SEM analysis of collagen 

The pore morphology of the lyophilized collagens (ASC and PSC) were quite similar when 

compared to each other. The average pore sizes of ASC and PSC samples were 61.071 ± 

27.51 and 50.308 ± 22.89 µm (Figure 5).  

 

Figure 5. SEM images of ASC (A) and PSC (B) (at 1000x magnification). 
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Synthesis and characterization of cryogels 

 

FTIR analysis 

The chemical structure of the cryogels were analyzed by FTIR and the resulting spectra 

were demonstrated in Figures 6 and 7. The Amide B bands which belong to the 

asymmetrical stretch of CH2 at near by 2400 cm-1 disappeared in FTIR of crosslinked 

collagen cryogels, compared to uncrosslinked collagen which may be due to the 

hindrance of the peak by glutaraldehyde crosslinking of collagen. The appearance of the 

peak at 1630 - 1648 cm-1 represents stretching vibrations of C=N in Schiff's base formed 

by the crosslinking reaction between the amide group of collagen and the aldehyde group 

of glutaraldehyde [7,19]. In addition, the peak at 2929 cm-1 of C-H streching are related 

to the aldehyde group of glutaraldeyde.  

 

Figure 6. FTIR spectrum of cryogels prepared at different collagen concentrations while 
the glutaraldehyde concentration was kept constant at 0.5% (v/v). 
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Figure 7. FTIR spectrum of cryogels prepared at different glutaraldehyde concentrations 
while the collagen concentration was kept constant at 8.0% (w/v). 

 

SEM analysis 

Cryogels were prepared with different ratios of collagen and glutaraldehyde, and the 

effect of those parameters (polymer and crosslinker concentration) on the final properties 

of the cryogel scaffolds were evaluated. Porosity and pore sizes are considered as 

important parameters in the design of scaffolds for tissue engineering applications. The 

adequate pore structure and pore size allow adhesion, migration, and differentation of 

cells and new tissue formation [20]. In this study, the morphological structure of collagen 

cryogels were examined by SEM analysis to assess the effects of polymer and 

crosslinking agent on the morphology. The results demonstrated that the cryogels 

exhibited interconnected porous morphology as shown in Figures 8 and 9. The pore sizes 

of the cryogels prepared with 3.0, 6.0 and 8.0% (w/v) concentration of collagen were 

123.302 ± 35.08, 145.79 ± 49.37 ve 217.4 ± 63.96 µm, respectively. It was observed 

that the pore size increased with increasing the collagen concentration. In addition to 

this, increasing the amount of collagen from 3.0 to 6.0 and to 8.0% (w/v) increased the 

wall thickness of prepared cryogels from 0.96 ± 0.06 to 1.38 ± 0.09 and to 1.71 ± 0.09 

µm, respectively.  
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Figure 8. SEM images of the cryogels’ porous structure and pore walls. The collagen 
concentration was changed while the crosslinker ratio was kept constant at 0.5% (v/v). 
Collagen concentration (w/v): (A) 3.0 %, (D) 6.0%, (G) 8.0%. Magnification: x400 in 

A,D,G ; x3000 in B,E,H ; x25000 in C,F,I. 

The pore sizes of the cryogels prepared with 0.5, 1.0 and 2.0% (v/v) concentration of 

glutaraldehyde were 217.4 ± 63.96, 180.88 ± 73.31, and 157.21 ± 32.05 µm, 

respectively. It was observed that the pore size decreased with increasing the crosslinker 

concentration. Increasing the amount of crosslinker from 0.5 to 1.0 and to 2.0% (v/v), 

the wall thickness of prepared cryogels changed from 1.72 ± 0.09 to 0.07 ± 0.03 and to 

1.61 ± 0.04 µm, respectively. 
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Figure 9. SEM images of the cryogels’ porous structure and pore walls. The 
glutaraldehyde concentration was changed while the collagen ratio was kept constant at 

8.0% (w/v). Glutaraldehyde concentration (v/v): (A) 0.5%, (D) 1.0%, (G) 2.0%. 
Magnification: x400 in A,D,G ; x3000 in B,E,H ; x25000 in C,F,I. 

 

Swelling ratio analysis 

The swelling ratios of cryogels are presented in Figure 10. All samples exhibited a 

swelling behavior and have the ability to retain more water than its own dry weight. It is 

observed that when the concentration of collagen increased from 3.0 to 6.0 and to 8.0% 

(w/v) swelling ratio of cryogels decreased from 4292.38 ± 446.68 to 2664.89 ± 227.85 

and to 2036.27 ± 51.95%, respectively, at 360 min (Figure 10A). A more rigid structure 

was formed as collagen concentration increased and higher wall thickness caused less 

water uptake, therefore the swelling ratio was decreased. As seen in Figure 10B, at 360. 

minute as the crosslinker ratio was increased the swelling ratio was decreased.  
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Figure 10C demonstrates the cryogel’s flexible behavior after swelling (a representative 

image). It was possible to squeeze and relax the scaffold easily after it swells the water, 

which showed the mechanical stability and elasticity of the cryogel.    

 

Figure 6. Swelling behavior of collagen cryogels: A) prepared at different collagen 
concentrations, B) prepared at different glutaraldehyde concentrations, C) cryogel’s 

flexible structure after swelling. 

 

In vitro degradation studies 

The degradation of a scaffold is an important point in the design of a tissue engineering 

application [21]. For determination of how far collagen cryogel scaffolds can withstand to 

support tissue formation or restoration of damaged or diseased tissues, the weight loss 

of the collagen cryogels was demonstrated (Figure 11A and B) by the in vitro degradation 

test during 42 days and the images of cryogels before and after degradation process are 

shown in Figure 11C.  

 

At the end of 42 days, as the collagen and glutaraldehyde concentration decreased, the 

degradation rate increased. The results were related to the results of swelling ratio 

studies. As the swelling ratio increased more water was uptaken by the scaffolds, which 

resulted in a faster degradation rate of the scaffold.  
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Figure 7. Degradation profiles of collagen cryogels: A) prepared at different collagen 
concentrations, B) prepared at different glutaraldehyde concentrations, C) cryogel 

images before and after degradation process. 

 

CONCLUSION 

 

In this study, acid-soluble collagen (ASC) with a yield of 14.53% and pepsin-soluble 

collagen (PSC) with a yield of 2.42% were successfully isolated from fish skin which is a 

waste material of the fish industry and characterized on the basis of SEM, UV-Vis, Zeta 

potentital and FTIR analysis. The cryogel scaffolds were produced from isolated collagen 

by applying the cryogelation technique which is a very unique technique in the design of 

a qualified scaffold with an interconnected porous structure that allows the three 

dimensional tissue growth and the diffusion of nutrients and wastes during tissue 

regeneration. Using different amounts of collagen and glutaraldehyde in the recipes 

resulted in properties of the scaffold such as having interconnected porosity, mechanical 

stability, spongy and elastic structure. Tailoring these properties of the cryogels with 

their swelling ability and degradation behavior would enable to design novel scaffolds for 

use in various applications in tissue engineering field. This study demonstrated extraction 
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of collagen and synthesizing cryogels from this collagen. For future tissue engineering 

applications, in vitro and in vivo biocompatiblity experiments would be performed. 
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Türkçe Öz ve Anahtar Kelimeler 

Doku Mühendisliği Uygulamaları için Balık Derisinden İzole Edilmiş 
Kolajenden Üretilen Kriyojeller: Saflaştırma, Sentez ve 

Karakterizasyon 
 

Zeynep Çetinkaya, Didem Demir, Nimet Bölgen Karagülle 

Öz: Doku mühendisliği gözenekli doku iskeleleri, hücreler ve biyoaktif araçlar kullanmak 
suretiyle zarar görmüş dokuları yenilemeyi hedefler. Doku iskeleleri bir çok doğal ve 
sentetik polimerden üretilir. Kolajen, bağ dokunun en önemli bileşeni olması ve 
biyouyumluluğu sebebiyle doku iskelesi üretiminde geniş bir kullanım alanına sahip olan 
bir doğal polimerdir. Kriyojelleşme, diğer yapı iskelesi üretimi yöntemlerine göre nispeten 
daha basit bir teknik olup polimer karışımı veya monomerik öncül maddeleri içeren 
donmuş tepkime karışımlarından birbiri ile bağlantılı gözenekli matrisler üretme olanağı 
sunar. Bunlar dikkate alındığında, bu çalışmada, kolajen balık derisi gibi ticari olmayan bir 
atık malzemeden izole edilmiş ve bu kolajenden kriyojelleşme yöntemiyle doku iskeleleri 
üretilmiştir. Kolajenin gözenek morfolojisi ve protein yapısı sırasıyla SEM ve UV-Vis 
analizi ile doğrulanmıştır. Proteinin izoelektrik noktası zeta potansiyel analizi ile 
belirlenmiştir. Kolajenin Amid A, Amid B, Amid I, Amid II ve Amid III karakteristik pikleri, 
FTIR analizi ile gösterilmiştir. İzole edilmiş proteinin verimi asitte çözünen ve pepsinde 
çözünen kolajen için sırasıyla %14,53 ve %2,42 olarak bulunmuştur. Doku iskeleleri izole 
edilmiş asitte çözünür kolajenin, kriyojenik koşullar altında, glutaraldehitle çapraz 
bağlanması ile üretilmiştir. FTIR analizi ile, glutaraldehit ile kolajen arasındaki 
tepkimeden oluşan C=N bağının konumu 1655 cm-1 olarak bulunmuştur. SEM analizi ile, 
kolajen ve glutaraldehit derişiminin kriyojellerin gözeneklerinin morfolojisi, çapı ve duvar 
kalınlığı üzerine belirgin etkide bulunduğu gösterilmiştir, bu etkiler doku iskelelerinin 
şişme oranını ve bozunma profillerini değiştirmiştir. Bu çalışmada, hasar görmüş 
dokuların yenilenmesinde potansiyel olarak kullanılabilecek, balık derisinden izole edilmiş 
kolajen kriyojel doku iskelesinin sentezi ve karakterizasyon sonuçları sunulmuştur.  

Anahtar kelimeler: Doku mühendisliği, kolajen, kolajenin izolasyonu, doku iskelesi, 
kriyojel. 

Sunulma: 04 Temmuz 2016. Düzeltme: 10 Ağustos 2016. Kabul: 06 Eylül 2016.  
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Abstract: This work describes the pharmacological activity of extracts of Papaver somniferum 
L., a poppy species. P. somniferum L. products are still considered as a unique source of drug 
for many diseases. The present study was designed to determine antiproliferative and 
cytotoxic effects of P. somniferum L. extracts on HeLa (Human Cervix Carcinoma), HT29 
(Human Colorectal Adenocarcinoma), C6 (Rat Brain Tumor Cells), and Vero (African Green 
Monkey Kidney) cell lines. Alkaloid-rich extracts of P. somniferum L. exhibited antiproliferative 
effects on various cancer cell lines, especially at high concentrations. We assessed the ability 
of extracts of P. somniferum L. to give harm to the membrane of the cells. Results indicated 
that P. somniferum L. extracts destroy cellular membrane in tumor cell lines at high 
concentrations. Remarkably, the LDH test results disclosed that cytotoxicity of P. somniferum 
L. on cells was low at middle concentrations. This may indicate its cytostatic potential. The 
results of this study support the efficacy of P. somniferum L. extracts as an anticancer agent.  
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INTRODUCTION  
 
Cervical and colon cancers are the most common form of human cancer in the world. There 

were over two million new cases of cervical and colon cancer diagnosed in 2012 [1]. Therefore, 

cancer is increasingly becoming a global burden on individuals and social health systems. 

However, complex pharmacological studies encompassing several disciplines showed that the 

natural products lead to a significantly decreased death rate, including cancer. This was mainly 

due to the protective or healing effects of natural products such as fruits, vegetables and 

spices [2, 3]. Almost every time when the diverse biological activities of natural products are 

studied intensively; the significant bioactive molecules of herbs and spices display antioxidant, 

antiinflammatory, immunomodulatory, anticarcinogenic, antithrombotic, and anticoagulant 

effects [4-6]. Especially the antitumor activity of natural products has recently attracted 

considerable attention by synthetic chemists. There have also been a variety of studies 

addressing chemotherapeutic usage for the adjuvant therapy. Natural products were shown to 

boost the antiproliferative effect of some clinic chemotherapeutics in certain cancer cells [7, 8]. 

P. somniferum L. (the opium poppy) belongs to the family Papaveraceae and is widely used for 

medicinal purposes because it contains various alkaloids such as morphine, noscapine, 

narcotine, codeine, papaverine, and others [9-11]. Current studies show that alkaloids 

obtained from Papaver species could not only be used as analgesic or sedative but also in 

other areas such as cancer treatment [12]. P. somniferum L. alkaloids that show promise in 

cancer treatment include noscapine, which interacts with α-tubulin and has anticancer and 

antiangiogenetic properties  [13, 14]; codeinone, an oxidative product of codeine which has 

apoptotic effects through fragmentation of DNA [15]; morphine, which shows anticancer 

activities by inhibiting NF-κB; and (-)-3-acetyl-6β-(acetylthio)-N-(cyclopropyl-methyl)-

normorphine (KT-90), a derivative of morphine [16]. To the best of our knowledge, 

pharmacological effects of P. somniferum L. extracts on HT29, HeLa, C6 cancer cell lines and 

Vero normal cell lines have not been investigated in detail. In the present work, extracts of P. 

somniferum L. from Turkey (Ofis 8 variety produced by Afyonkarahisar Agricultural Enterprise) 

was investigated for its antiproliferative and cytotoxic activities against HT29, HeLa, C6 and 

Vero cells. We conducted in-depth analysis of the inhibitory effect on proliferation, cytotoxicity 

and morphology.  

 

MATERIALS and METHODS 
 
Preparation of extracts 

A Turkish poppy (Papaver somniferum L.) cultivar, namely Ofis 98, was used in this study. The 

stem, leaf, capsule and root parts of the plant material were dried at shade and then extracted 

(each of 10 g) with hexane, ethyl acetate, and methanol (each of 150 mL) for 1 day. The 

solvents were dried to yield the hexane, ethyl acetate, and methanolic extracts (Table 1).  
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Table 1. Papaver somniferum L. extracts 

Solvent system/P. somniferum L. parts Root  Stem  Leaf Capsule  

Hexane HPSR HPSS HPSL HPSC 
Methanol MPSR MPSS MPSL MPSC 
Ethyl acetate EPSR EPSS EPSL EPSC 

 

Preparation of cell culture  

The anticancer potential of Papaver somniferum L. extracts was investigated on cancerous 

HT29 (ATCC® HTB-38™), HeLa (ATCC® CCL-2™), and C6 cells (ATCC® CCL-107™) and 

nontumorigenic Vero cells (ATCC® CCL-81™). The cell lines were cultured in a cell medium 

(Dulbecco’s modified eagle’s) enriched with 10% (v/v) fetal bovine serum and 2% (v/v) 

Penicillin-Streptomycin (10,000 U/mL). First, old medium was removed out of the flask while 

cells had reached approximately 80% confluence. Next, cells were taken from the flasks 

surface using 4-5 mL of trypsin-EDTA solution and neutralized by the addition of at least 15 mL 

supplemented DMEM and then subjected to centrifugation. Following, the cellular pellet was 

suspended with 4 mL of DMEM working solution and was counted to obtain a final 

concentration of 5 × 104 cells/mL, and inoculated into wells (100 μL cells/well).  

 

Cell proliferation assay (CPA) 

A cell suspension containing approximately 5 × 103 cells in 100 µL was seeded into the wells of 

96-well culture plates. The cells were treated with Papaver somniferum L. extracts and control 

drug, 5-fluorouracil (5FU), dissolved in sterile DMSO (max 0.5% of DMSO) at final 

concentrations of 25, 50, 100, 150, 200, 250, 375, and 500 µg/mL at 37 °C with 5% CO2 

overnight. The final volume of the wells was set to 200 µL by medium. Cell proliferation assay 

was evaluated by ELISA BrdU methods as described previously [17].  

 

Calculation of IC50 and % inhibition 

IC50 value is a concentration that inhibits half of the cells in vitro. The half maximal inhibitory 

concentration (IC50) of the Papaver somniferum L. extracts and control compounds was 

calculated using XLfit5® or Microsoft Excel® spreadsheet and represent in µM at 95% 

confidence intervals. The proliferation assay results were expressed as the percent inhibition 

according to the following formula: % Inhibition = [1 - (Absorbance of Treatments / 

Absorbance of DMSO) x 100].  

 

Cytotoxic activity assay  

The cytotoxicity of the Papaver somniferum L. extracts and 5 fluorouracil on HeLa, C6, HT29, 

and Vero cells was determined through a Lactate Dehydrogenase Assay Kit according to the 

manufacturer’s instructions (Roche, LDH Cytotoxicity Detection Kit). Approximately 5 x 103 

cells in 100 µL were placed into 96-well plates as triplicates and treated with IC50 (µg/mL) 

concentrations of Papaver somniferum L. extracts at 37°C with 5% CO2 for 24 h. LDH activity 

was obtained by determining absorbance at 492 - 630 nm using a microplate reader. The 
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cytotoxicity assay’s results were noted as the percent cytotoxicity according to the following 

formula: % Cytotoxicity = [(Experimental Value - Low Control / High Control - Low Control) x 

100].  

 

Cell imaging 

Cells were plated in 96-well plates at a density of 5.000 cells per well and allowed 24 h. IC50 

values of the Papaver somniferum L. extracts were administered and morphology alters of the 

cells were screened by phase contrast microscopy for 24 h every 6 h. Images of control and 

Papaver somniferum L. extracts treated cells were photographed at the end of the process 

using a digital camera attached to an inverted microscope.  

 

RESULTS AND DISCUSSION 
 
Antiproliferative effect of the Papaver somniferum L. extracts 

The inhibitory effects of stem, capsule, root, and leaf extracts of the opium poppy on cancer 

cell lines were determined according to anticancer activity tests performed by using ELISA 

BrdU cell proliferation kit. 

 

Table 2. IC50 (µg/mL) values of ethyl acetate (EPSR, EPSS, EPSL, and EPSC), hexane 
(HPSR, HPSS, HPSL, and HPSC), and methanol (MPSR, MPSS, MPSL, and MPSC) root, 
stem, leave and capsule extracts, respectively, of Papaver somniferum and positive 

control compound, 5FU on HeLa, HT29, C6, and Vero cell lines. 

IC50 (µg/mL) HT29 HeLa C6 Vero 

EPSR 

HPSR 

MPSR 

5FU 

225.62 

186.17 

128.90 

91.23 

120.52 

226.01 

118.76 

82.16 

170.60 

218.57 

203.49 

94.21 

113.98 

201.39 

170.30 

88.74 

EPSS 
HPSS 
MPSS 

5FU 

174.72 
219.97 
247.37 

88.24 

130.70 
209.60 
210.25 

83.80 

176.71 
271.50 
261.31 

95.09 

153.92 
190.82 
210.62 

84.57 

EPSL 
HPSL 

MPSL 
5FU 

195.17 
189.58 

212.95 
84.26 

264.40 
131.61 

174.62 
86.54 

146.69 
378.70 

155.38 
91.44 

134.34 
289.96 

143.25 
85.71 

EPSC 
HPSC 
MPSC 

5FU 

325.04 
348.79 
371.85 

87.06 

271.83 
290.18 
301.06 

82.37 

299.93 
323.67 
318.25 

83.79 

350.20 
376.11 
390.64 

85.43 

5-fluorouracil (5-FU) was used as a positive control for anticancer activity. Stem, root, and leaf 

extracts displayed significantly more anticancer activity than capsule extracts (Figure 1-2). 

IC50 values were determined by XLfit5 software using ELISA data (Table 2).  
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(A) 

 

(B) 

Figure 1. Antiproliferative effects of ethyl acetate (EPSS, EPSC), hexane (HPSS, HPSC), and 
methanolic (MPSS, MPSC) opium stem extracts (A) and opium capsule extracts (B), 
respectively, and positive control 5FU on HeLa, HT29, C6 and Vero cell lines. Cell proliferation 
measurement was carried out with BrdU cell ELISA kit. Inhibition percentage was reported as 
± SEM value of three independent measurements (P < 0.05). Each experiment was triplicated 
for each cell line and r2=0.85 to 0.97. 
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Figure 2. Antiproliferative effects of ethyl acetate (EPSR, EPSL), hexane (HPSR, HPSL), and 
methanolic (MPSR, MPSL) opium root extracts (A) and opium leave extracts (B), respectively, 
and positive control 5FU on HeLa, HT29, C6 and Vero cell lines. Cell proliferation measurement 
was carried out with BrdU cell ELISA kit. Inhibition percentage was reported as ± SEM value of 
three independent measurements (P < 0.05). Each experiment was triplicated for each cell line 
and r2=0.85 to 0.97.  

 

Data showed that cell lines were resistant to extracts up to at least 5FU. In addition, there was 

statistically significant difference (P < 0.05) among cancer cell lines compared to Vero cell 
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lines. According to IC50 values in Table 1, opium stem ethyl acetate extract (EPSS) displayed 

very strong anticancer activity on all cell lines. Opium stem hexane extract (HPSS) was 

effective only on Vero (190.82 µg/mL) cell line. Opium capsule extracts (EPSC, HPSC, MPSC) 

showed the least anticancer activity but low cytotoxicity. It is interesting to note that opium 

capsule displayed the lowest anticancer activity against the cells. The pharmacological activity 

of opium poppy is due to the major bioactive compounds such as morphine, codeine, tebaine, 

noscapine, papaverine and the capsule had the highest content of these bioactive compounds. 

However, one of them, noscapine, was responsible for their anticancer activity [18, 19]. Opium 

root ethyl acetate extract (EPSR) had anticancer activity on HeLa (120.52 µg/mL), C6 (170.60 

µg/mL) and Vero (113.98 µg/mL) cell lines. Opium root hexane extract (HPSR) was effective 

only on HT29 (186.17 µg/mL) cell line, whereas the opium root methanol extract (MPSR) had 

quite a strong effect on both HT29 (128.90 µg/mL) and HeLa (118.76 µg/mL) cell lines. Opium 

leaf ethyl acetate extract (EPSL) showed highest anticancer activity on HT29 (195.17 µg/mL), 

C6 (146.69 µg/mL) and Vero (134.34 µg/mL) cell lines, while opium leaf methanolic extract 

(MPSL) had high anticancer activity on HeLa (174.62 µg/mL), C6 (155.38 µg/mL) and Vero 

(143.25 µg/mL) cell lines. Opium leaf hexane extract (HPSL) was effective only on HT29 

(189.58 µg/mL) and HeLa (131.61 µg/mL) cell lines.   

 

Cytotoxic activity of the Papaver somniferum L. extracts 

Cytotoxic activities of various concentrations of opium plant extracts (25, 50, 100, 150, 200, 

250, 375, and 500 µg/mL) on HeLa, HT29, C6 and Vero cell lines were measured using the 

LDH cytotoxicity kit. It was determined that there was cell membrane damage on high 

concentrations. Cytotoxicity results showed that only membranes of cells treated with high 

concentrations sustained significant damage and the same effect was not observed in lower 

concentrations (Figure 3-6). Figure 3 shows that opium stem hexane and methanol extracts 

(HPSS, MPSS) were not cytotoxic against HeLa, HT29 and Vero cells, but may induce necrosis 

against C6 cells. Probably, opium stem ethyl acetate extract (EPSS) was necrotic against all 

cells at 150 µg/mL or above concentrations. However, there is a significant application 

opportunity below that dose (Figure 3). Opium capsule ethyl acetate extract (EPSC) showed 

therapeutic promise at 200 µg/mL and below doses. Opium capsule hexane extract (HPSC) 

was safe for HT29 cell line at 250 µg/mL, but was quite toxic for C6 cells. The opium capsule 

methanolic extract (MPSC) at 250 µg/mL was likely not cytotoxic for HeLa, HT29 and Vero cell 

lines but was cytostatic (Figure 4). Opium root ethyl acetate extract (EPSR) had a cytotoxic 

effect on HeLa, HT29 and Vero cells at 150 µg/mL and above doses, but was cytotoxic at 50 

µg/mL for C6 cell line. Opium root hexane and methanolic extract (HPSR, MPSR) were 

cytostatic at 100 µg/mL and below. It is possible that, they were necrotic for C6 cells at 150 

µg/mL while necrotic for HeLa, HT29 and Vero cells at 200 µg/mL (Figure 5). 
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Figure 3. Cytotoxic effects of opium stem extracts on HeLa, HT29, C6 and Vero cell lines. Cell 
lines were incubated with extracts of varying concentrations for 24 hrs and cytotoxicity was 

determined using the LDH cytotoxicity kit. Inhibition percentage was reported as ± SEM value 
of three independent measurements (P < 0.05). 
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Figure 4. The cytotoxic effects of opium capsule extracts on HeLa, HT29, C6 and Vero cell 

lines. Cell lines were incubated with extracts of varying concentrations for 24 h and 
cytotoxicity was determined using the LDH cytotoxicity kit. Inhibition percentage was reported 

as ± SEM value of three independent measurements (P < 0.05). 

 

It is known that the alkaloid contents of the opium poppy are very highly dynamic due to 

growth stages, environmental conditions and locations, plant diseases by fungi or bacteria, and 

parts and ages of plants. Our results showed that the opium extracts had high antiproliferative 

effects but caused toxic affects towards the cells (Figure 3-6). So it is not possible to evaluate 

opium extracts as a medical purpose. However, in the future, high noscapine (anticancer 

agent) and total antioxidant and phenolic content (protective agents) lines of opium poppy will 

be likely developed commercially to eliminate the alkaloid induced toxic effects.  
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Figure 5. The cytotoxic effects of opium root extracts on HeLa, HT29, C6 and Vero cell lines. 
Cell lines were incubated with extracts of varying concentrations for 24 h and cytotoxicity was 
determined using the LDH cytotoxicity kit. Inhibition percentage was reported as ± SEM value 

of three independent measurements (P < 0.05). 
 

Opium leaf ethyl acetate and methanolic extracts (EPSL, MPSL) were cytotoxic generally at 200 

µg/mL and above concentrations, whereas the opium leaf hexane extract (HPSL) was safe up 

to 375 µg/mL. C6 cell line was the most effected from leaf extracts (50-150 µg/mL) while Vero 

and HT29 cell lines were the least effected (Figure 6). The fact that opium extracts displayed 

not very high cytotoxic activities while showing quite high antiproliferative properties indicates 

that these extracts could be used for further studies such as bioactivity-guided isolation and 

identification of active metabolites, preclinical and nonclinical studies. 
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Figure 6. The cytotoxic effects of opium leaf extracts on HeLa, HT29, C6 and Vero cell lines. 
Cell lines were incubated with extracts of varying concentrations for 24 h and cytotoxicity was 
determined using LDH the cytotoxicity kit. Inhibition percentage was reported as ± SEM value 

of three independent measurements (P < 0.05). 
 
Morphological assessment of the cytotoxic activity of the Papaver somniferum L. 

extracts  

Effects of opium extracts on cell morphology were determined with a phase-contrast 

microscope with a digital camera attachment. The images show phase-contrast pictures of cell 

morphologies treated with various opium extracts compared to negative controls. Cell 

morphologies treated with opium extracts especially at high concentrations (>375 µg/mL) 

include cell rounding, mixing of cells with medium and then floating (indicates that the cells 

are dead), cytoplasmic bubbles, contraction, abnormal globular structures and apoptotic 

particles. Opium extracts could not inhibit cell growth at low concentrations (<75 µg/mL). At 
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these concentrations, normally growing cells and control cells display a confluent image with 

intact membrane integrity (Figure 7). Similar to control cells, a big majority of cells treated 

with opium extracts kept their starry or normal fibroblast looks. In general, 250 µg/mL and 

above doses caused separation of cells, smaller looking cells and decreasing cell numbers. In 

cells treated with opium extracts, medium and high concentrations resulted in cell 

morphologies similar to apoptosis and cellular damage seen in affected growth (Figure 7).  

 

Figure 7. Effects of opium capsule’s methanolic extracts on the morphologies of HeLa, HT29, 
C6 and Vero cell lines. Exponentially growing cells were incubated overnight with various 
concentrations of opium extracts at 37 °C. Control cells were treated with only DMSO. All 

measurements were 100 µm. 
 

In this study, we have evaluated the biological activity of P. somniferum L. extracts. The 

findings showed that these extracts can inhibit cell proliferation and thus may create a new 

opportunity for the treatment of cancer diseases. Similar to other reports using various 

methods [18, 19], P. somniferum L. extracts generally exhibited the outstanding 

antiproliferative effect. Necrosis is an unprogrammed cell death and is the undesirable 

increased LDH leakage of plasma membrane. Hence, LDH assay results may imply that opium 

extracts show a low necrotic effect on the cells at therapeutic concentrations. Our findings 

showed that opium extracts caused high antiproliferative and low cytotoxic activities towards 

cell lines at IC50 concentrations; indicating they have significant potential as a useful 

medicine. Previous studies reported that these extracts have a similar effect with current 

chemotherapeutics in various cell lines [20, 21]. These extracts induced decrease in cell 

growth in culture through causing cell shrinkage and changing their astrocyte-like and 
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fibroblast-like structures to globular shape. Results show that different extraction methods 

applied to different plant parts yield different antiproliferative and cytotoxic effects on cells. 

However, it is possible to say that the extract containing the most effective metabolites in 

general is methanol extract. If the extraction method is disregarded, then the plant part with 

the most active ingredients is roots, while capsule contains the least active substances. The 

extract HPSL, EPSC and HPSC showed a potent antiproliferative activity and low cytotoxic 

effects against HeLa cancer cells, compared with that of Vero normal cells. However, the 

effects could differ depending on the cancer cell line, due to metabolic differences. In addition, 

growth conditions, maturity levels, and presence of various stresses may affect the amount 

and content of alkaloids and therefore the pharmacological potency of Papaver species [22-

29]. Results of the present study exhibit extensive similarities with the results of similar 

studies in terms of statistics [30-32]. Other possible effects of these extracts are currently 

being investigated in our laboratory. Overall, we have demonstrated that these extracts may 

be used as chemotherapeutic and potentially valuable pharmacological agents. 
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Türkçe Öz ve Anahtar Kelimeler 

Papaver somniferum L.’nin Antikanser Aktivitesi 

Döne Aslı Güler, Ali Aydın, Mesut Koyuncu, İskender Parmaksız*, Şaban Tekin 

 

Öz: Bu çalışmada Papaver somniferum L. (bir haşhaş türü) ekstraktlarının farmakolojik 
aktivitesi tarif edilmektedir. P. somniferum L. ürünleri hâlâ pek çok hastalık için benzersiz bir 
ilaç kaynağı olarak düşünülmektedir. Bu çalışmada P. somniferum L. ekstraktlarının HeLa 
(İnsan Rahim Ağzı Kanseri), HT29 (İnsan Kolorektal Adenokarsinoma), C6 (Sıçan Beyni Tümör 
Hücreleri) ve Vero (Afrika Yeşil Maymun Böbreği) hücre dizilerinde sitotoksik etkisi ve 
antiproliferatif etkisinin belirlenmesi için tasarımlar yapılmıştır. Alkaloidçe zengin P. somniferum 
L. ekstraktları çeşitli kanser hücre dizilerinde, özellikle yüksek derişimlerde antiproliferatif 
etkiler göstermiştir. Hücre zarlarına zarar vermek için P. somniferum L. ekstraktlarının 
yeteneklerini inceledik. Sonuçlara göre P. somniferum L. ekstraktları yüksek derişimde tümör 
hücre dizilerinde hücre zarını yok etmektedir. Dikkat çekici şekilde, LDH test sonuçları P. 
somniferum L.’nin hücreler üzerindeki sitotoksisitesinin orta düzey derişimlerde düşük olduğu 
bulunmuştur. Bu da ekstraktların sitostatik potansiyelini gösteriyor olabilir. Bu çalışmanın 
sonuçları P. somniferum L. ekstraktlarının antikanser araç olarak etkinliğini 
desteklemektedir.  
 
Anahtar kelimeler: Papaver somniferum L., HT29, HeLa, Antikanser aktivitesi, Sitotoksik 

aktivite. 

Gönderme: 04 Temmuz 2016. Düzeltme: 08 Ağustos 2016. Kabul: 21 Ağustos 2016.  
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Non-Smokers by ICP-MS 
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Abstract: For at least 50 years, determination of the trace element levels in human hair 
has been used to assess environmental and vocational exposure to toxic elements. As 
compared to other biological matrices (e.g. blood, urine), human hair is stable and 
therefore useful as a matrix. In this study, analyses of toxic and essential trace elements, 
such as Cd, Pb, Cu, and Fe were done in hair samples which we collected from male 
smokers (10 people) and non-smokers (10 people) who live in Diyarbakır, Turkey and 
concentrations in hair samples were compared. Hair samples were washed by a standard 
procedure proposed by the International Atomic Energy Agency. Then the samples were 
dried for 16 h at 110°C in an oven. Solubilization procedure was carried out by nitric 
acid-hydrogen peroxide mixture (3:1) in closed vessels in a microwave oven. Trace 
element analyses were carried out by using inductively coupled plasma-mass 
spectrometry (ICP-MS) technique. In this study, while concentrations of Cd, Pb, and Fe 
elements were found to be considerably higher in smokers than non-smokers, similar 
results were observed in Cu concentrations. The accuracy of the method was evaluated 
by applying spike method to samples. There was a good agreement between added and 
found analyte content. Analytical recovery values were determined between 91.2% and 
104.6%. The values of R were found to be higher than 0.99.  
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INTRODUCTION 

 

In recent years, the increasing environmental and vocational awareness of toxic elements 

has been seen. Being exposed to heavy metals can cause to poisoning and this fact can 

reveal significant threats to the human health and all living organisms (1). The heavy 

metals are accumulated inside cells that can cause several pathological changes, 

affection or death in the case of excessive poisoning (1). 

 

Effect of environmental pollution on human health can be explained with some biological 

markers such as tooth, hair, and fingernail. Analyzing the hair samples taken from 

human ensured us the helpful information in order to analyze the changes in our bodies 

and it became successful in various applications. Analyzing the trace metals on hair 

samples has some advantages in comparison with the analyzing carried out by using 

blood or urine samples. The simplicity of matrix, presence of high concentration of trace 

elements, being collected, stored, and treated easily can be counted in the scope of 

mentioned advances of analyzing the trace metals on hair samples (2). Furthermore, 

precious information regarding our medical condition, the implementation of certain 

drugs and diagnosis about various diseases can be provided by the hair analysis. Thus, 

human hair analyzing became a significant method for understanding any of quantitative 

alterations about the certain elements within the human body (2).  

 

The heavy metals are absorbed by tobacco supposedly from the soil as the natural 

environment of it and from the fertilizers, or pesticides which are used to protect the 

plant. The alternative environmental effects that can create an impact on the removal of 

toxic elements by using the plant of tobacco that contains some substances as pH of the 

soil, and contaminated irrigated water and sewage sludge that is used as fertilizer. 

Smoking the tobacco takes 87 kinds of organic carcinogens to the lungs as well as the 

toxic elements that can be parted during the smoke phase of combustion. Some metals 

[cadmium (Cd), nickel (Ni), and lead (Pb)] easily mix with blood stream and can 

accumulate within the body of particular organs as the kidney and liver (3). There can be 

mentioned some studies which were notified on the great diversities about the toxic 

elements in the compositions of commercial tobacco products where smoking-related 

troubles have been tried to be connected with toxic elements arisen from the burning of 

tobacco (3, 4). 
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Many different techniques such as graphite furnace atomic absorption spectrometry (GF-

AAS) (5), flame atomic absorption spectrometry (F-AAS) (6), inductively coupled plasma 

optical emission spectrometry (ICP-OES) (7, 8), inductively coupled plasma mass 

spectrometry ICP-MS (9, 10) and X-ray fluorescence spectrometry (XRF) (11) are used in 

determining the levels of trace elements. ICP-MS, being one of these techniques, is used 

effectively and widely because of its high sensitivity, accuracy, wide dynamic range in 

determining of multiple elements at trace levels.  

 

The aim of this study was evaluating the trace toxic and nutrient elements concentrations 

in the hair of human groups consist of smokers and non-smokers living in urban parts of 

the city of Diyarbakır. Ten (10) smoker and ten (10) non-smoker male individuals were 

chosen as referents in order to perform a comparative study. Trace elements levels were 

determined by ICP-MS, prior to microwave acid digestion. The precision and accuracy of 

the method was evaluated by applying spike method to solutions. 

 

MATERIALS and METHODS  

 

Instrument 

Agilent 7700X model ICP-MS was used for finding the trace elements within the hair 

samples. The operating conditions for this device are shown in Table 1. The solubilization 

procedure of hair samples before the analysis was carried out in Milestone Start D brand 

microwave oven which has the PTFE vessels. 

 

Reagents and Solution 

18.2 MΩ deionized water was used in all experiments and also nitric acid (Merck) and 

hydrogen peroxide (Merck) were used in the procedure of solubilization. All used 

reagents were analytical grade. 6Li, 45Sc, 72Ge, 115In, and 209Bi in the concentration of 100 

mg/L were used as mix internal standard (Matrix: %10 HNO3, Agilent technologies) in 

ICP-MS measurements. The calibration graphs were prepared by diluting in the 

concentration range of 0-100 μg/L from the standard of mix about 10 mg/L for the 

metals.  
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Sample Collection 

The hair samples were collected from the male individuals live initially in the city center 

of Diyarbakır. Totally 20 healthy individuals consist of 10 smoker individuals and 10 non-

smoker individuals from the volunteers informed about the research were added to the 

research randomly. The hair samples (approximately 1 g) were taken from the points in 

nape which are near scalp area by cutting with steel scissors. Hair samples were washed 

with acetone/water (1:3) according to the International Atomic Energy Agency to remove 

external contamination (12). The washed samples were dried in an oven at 110 °C about 

16 hours.  

 

Table 1: Optimum operating conditions of ICP-MS for analyzing the samples. 

Instrument parameter Condition  

RF power 1550 W  

RF frequency 27.12 MHz  

RF Matching 1.80 V  

Carrier gas (inner) 1.1 L/min  

Makeup Gas 0.9 L/min  

Plasma gas Ar X50S 5.0  

Plasma gas flow (Ar) 15 L/min  

Nebulizer pump 0.1 rps  

Sample intake 0.5 mL/min  

Spray chamber temperature 2 °C  

Resolution m/z 244 amu  

Background <5 cps (9 amu)  

Short-term stability <3% RSD  

Long-term stability <4% RSD/2 h  

Isotopes measured 111Cd, 208Pb, 56Fe, 63Cu 

 

Analytical Methods 

The amount about 0.2 g from each of dried hair samples was weighed and concentrated 

nitric acid (6 mL) and hydrogen peroxide (2 mL) at analytical purity were added (3:1 

ratio) and it was made soluble in the microwave oven system. Afterwards, it was taken 

to the volumetric containers and last volumes of it were completed until 15 mL with 

deionized water. The samples were stored in refrigerator until the measurement was 

carried out. The trace elements measurements were carried out with the method of ICP-

MS.  
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Method Validation 

Known amounts of the analytes were spiked to the solutions in order to evaluate the 

accuracy of the method. The results are given in Table 2. Good agreement was obtained 

between added and found analyte contents using the recommended procedure and 

recovery values were between 91.2 and 104.6 percent, which is within expected ICP-MS 

performance. 

 

Table 2: Spike recovery values for Cd, Pb, Fe and Cu 

Elements Added (µg/L) Found (µg/L) Recovery (%) 

Cd 50.0 45.6 ± 1.37 91.2 

Pb 50.0 47.5± 1.42 95.0 

Fe 50.0 51.3± 2.05 102.6 

Cu 50.0 52.3± 2.61 104.6 

[mean ± SD, n=3] 

 

Analytical Figures of Merit 

The quantitation of the analytes was performed by using the calibration curve method for 

each analyte, the calibration curves were prepared from the standard solutions of the 

analytes. The correlation coefficients were obtained at least 0.9993. The limits of 

detection (LOD=3s) and limits of quantification (LOQ=10s) for four metals were also 

calculated by analyzing 3 blank solutions. The linear range of calibration graph drawn 

under the optimized conditions functioning for four elements and values of R, LOQ and 

LOD are shown in Table 3.  
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Table 3: Parameters of merit for ICP-MS. 

Elements Linear range 

(µg/kg) 

Regression R2 LOD 

(µg/kg) 

LOQ 

(µg/kg) 

Cd 0-100 y= 0.0344 x + 0.0280 0.9993 0.0103 0.0310 

Cu 0-100 y= 0.0662 x + 0.1028 0.9999 1.0200 3.0600 

Fe 0-100 y= 0.3359 x + 4.6289 0.9999 2.3108 6.9324 

Pb 0-100 y= 0.1861 x + 0.2314 0.9996 0.0832 0.2777 

R=Correlation coefficient , LOD= Limit of detection, LOQ=Limit of quantification 

 

RESULTS and DISCUSSION 

 

The metal analysis results of smokers and non-smokers hair samples are given in Figure 

1-4.  

 

Figure 1: Cd concentrations of smokers and non-smokers. 
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Figure 2: Pb concentrations of smokers and non-smokers. 

 

 

Figure 3: Fe concentrations of smokers and non-smokers. 

 

 

Figure 4: Cu concentrations of smokers and non-smokers. 

0,00

2,00

4,00

6,00

8,00

10,00

1 2 3 4 5 6 7 8 9 10

C
o

n
ce

n
tr

a
ti

o
n

 (
µ
g
/g
)

Number of People

Pb

Smoker

Non-Smoker

0

20

40

60

80

100

1 2 3 4 5 6 7 8 9 10

C
o

n
ce

n
tr

a
ti

o
n

 (
µ
g
/g
)

Number of People 

Fe

Smoker

Non-Smoker

0

5

10

15

20

25

1 2 3 4 5 6 7 8 9 10

C
o

n
ce

n
tr

a
ti

o
n

 (
µ

g
/g

)

Number of People

Cu

Smoker

Non-Smoker



Varhan Oral, JOTCSA. 2016; 3(3): 367-380.  RESEARCH ARTICLE 

374 

 

Mean values of the metal analysis of smokers and non-smokers hair samples are given in 

Table 4. 

Table 4: Comparisons between smokers and non-smokers in relation to levels Cd, Pb, Fe 

and Cu in hair samples. 

Individuals n Cd (µg/g) Pb (µg/g) Fe (µg/g) Cu (µg/g) 

Smokers 10 0.140 ± 0.04 1.85 ± 0.05 42.59± 1.28 16.59± 0.49 

Non-Smokers 10 0.037±0.001 0.79 ± 0.01 15.07 ± 0.45 13.55± 0.41 

Analyzed metals content [mean ± SD, n=3] 

 

Cadmium is one of very scarce metals within the soil as in the atmosphere. Cadmium 

enters the body through respiration and digestion. 15-30% of cadmium taken through 

respiration is absorbed. One of the most important cadmium sources is cigarette, in a 

single of which there is 1-2 µg of cadmium. 10% of this amount (0.1-0.2 µg) is taken 

through inhalation. Besides, cadmium is also present in the inhaled environmental 

atmosphere (13). Cadmium is able to affect kidney, lung, and gastrointestinal system. 

Long-term low-dose Cd exposure leads to bone loss. Low birth weight, skeletal 

abnormalities, behavioral and learning problems were observed in animals exposed to Cd 

during the prenatal period. It was observed in animal testing that Cd exposure during 

pregnancy period affected mostly the nervous system (14, 15). Hair is one of the tissues, 

where heavy metals such as cadmium are removed out of the body (16, 17). The 

differences were found significant while the cadmium levels in collected hair samples 

were compared between smokers and non-smokers in this study. Mean Cd levels of male 

smokers (0.140 μg/g) were found to be nearly 4 times higher than those of non-smokers 

(0.037 μg/g) as seen in Table 4. Sukumar and Subramanian found that the amount of Cd 

(1.7 µg/g) in the hair samples of smokers was higher than that of non-smokers (0.5 µg/ 

g) (18). Özden et al. found Cd level of hair high in children whose schools are near the 

main street and live in centrally heated houses. Furthermore, as the number of smokers 

in the house increases, they stated that the rate of determination of Cd level in hair 

increased, too (19). It was emphasized that the external environment activities, the 

season and the Cd amount in potable water are important exogenic sources determining 

the Cd level of hair (14, 20). 

 

Lead is an element existing naturally in nature. An important part of lead in the body is 

taken by means of foods. Potable water, old houses, and smoking may lead to exposure 
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to toxic lead. While the lead enters into the body, it mixes with blood stream and starts 

entering into bone tissues, soft tissues, and the brain (21, 22). Exposure to excessive 

lead reveals itself with lead poisoning. As symptoms, diagnosis is established with 

weakness, tiredness, stomachache, anaemia, and sensitiveness. Lead poisoning affects 

functions of central nervous system in children more (22). It was found in this study that 

the mean level of Pb (1.85 μg/g) accumulating in hair of smokers was 2.5 times more 

than mean level of Pb (0.79 μg/g) in hair of non-smokers (Table 4). Many studies, by 

supporting our study, show that Pb amount in hair samples of smokers is higher than 

that of non-smokers (19, 23, 24). In a study done on smoker mothers by Serdar et al. 

they expressed that there was a significant connection between smoking levels of 

mothers and concentrations of toxic element (especially Pb) in hair. Furthermore, it is 

found in the same study that although mothers said they did not smoke around their 

children, Pb amount in hair of their children was in high concentrations (23). In another 

study done on school children between the ages 11-13 by Özden et al. They determined 

higher levels of Pb in hair as the number of smokers in the house increased (25). When 

Mortada et al. compared levels of Pb in hair of smokers and non-smokers between the 

ages 25-35 in Egypt; they found the level of Pb in the hair of smokers significantly high 

(26).  

 

Iron is an essential trace element which exists in especially the structure of red blood 

cells in the human organism and is important in terms of being a functional part of 

hemoglobin. Besides, iron is a vital mineral present in the myoglobin of muscles, the 

cytochrome, peroxidase, and catalase systems. Iron has important tasks in terms of 

biochemical reactions especially in terms of respiratory system (22).  

 

Copper is an important element nutritionally and in terms of toxicity (23). The copper is 

the basic component of hair, skin flexible parts, bone and some internal organs as well as 

being important in terms of bodily functions. Copper, which is present by average 50-120 

mg in adult people, is essential element of reactions of amino acids, fatty acids and 

vitamins in metabolism under normal conditions. Copper, which exists in the structure of 

many enzymes and proteins, takes on a task of activator for iron to carry out its 

functions. In the event of copper deficiency, abnormalities, anemia, bone problems, and 

nervous system disorders were detected in animals (27).  

 

Metals tied to enzymes such as Cu and Fe exist in tissues with high rates (28). In this 

study, these elements were also found in high concentrations in hair samples as seen in 
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Table 4. When Fe and Cu levels were compared while the mean Fe level (42.59 µg/g) of 

smokers was found to be approximately 3 times higher than non-smokers (15.07 µg/g), 

the mean Cu level (16.59 µg/g) of smokers was found to be similar to that (13.55 µg/g) 

of non-smokers. In the study of Serdar et al., by supporting our study, Fe amount was 

found high in hair of children who live in smoking houses (23). Samanta et al. found Fe 

amount in hair samples as 69.50 µg/g and Cu amount as 14.76 µg/g in their study (28) . 

Szynkowska et al. found Cu level as 10.23 µg/g in hair samples of smokers and as 9.40 

µg/g in those of non-smokers in the study in 2015 (1); Sukumar and Subramanian found 

Cu level as 13.8 µg/g in hair samples of smokers and as 14.8 µg/g in those of non-

smokers in the study in 2007 (18).  

 

CONCLUSIONS 

 

In this study, while the concentrations of toxic trace elements (Cd, Pb) and essential 

element (Fe) were found to be considerably higher in smokers than non-smokers, Cu 

which is nutritionally and toxicologically important element concentration was found 

similar. Applying spike method to samples assured the accuracy of the method. Good 

agreement was obtained between added and found analyte contents using the 

recommended procedure. Recovery values were between 91.2% and 104.6%, thus it is 

possible to conclude that no analyte loss and no contamination were occured during the 

whole procedure. The value of R to be bigger than 0.99 was evaluated as “ the linearity 

of acceptability”. The analyte contents in the hair samples were clearly higher than the 

detection limits observed. 
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Türkçe Öz ve Anahtar Kelimeler 
Sigara İçen ve İçmeyen Kişilerde Eser Element Seviyelerinin ICP-

MS  ile Belirlenmesi 

Öz: En az 50 yıldır, insan saçındaki eser element seviyelerinin belirlenmesi çevresel ve 
mesleki anlamda zehirli elementlere maruziyetin değerlendirilmesi için kullanılmaktadır. 
Diğer biyolojik matrislere (örneğin kan, idrar) nazaran, insan saçı kararlıdır ve bu nedenle 
de bir matris olarak faydalıdır. Bu çalışmada Diyarbakır ilinde yaşayan, sigara içen (10 
kişi) ve içmeyen (10 kişi) erkeklerden topladığımız saç örneklerinde Cd, Pb, Cu ve Fe gibi 
toksik ve besleyici eser elementlerin analizleri yapıldı ve saç örneklerindeki  
konsantrasyonları karşılaştırıldı. Saç örnekleri, Uluslararası Atom Enerjisi Kurumu 
tarafından önerilen standart prosedüre göre yıkandı ve 16 saat 110 °C' de etüvde 
kurutuldu. Çözünürleştirme işlemi,  nitrik asit-hidrojen peroksit karışımı (3:1) ile kapalı 
tüplerde mikrodalga fırında gerçekleştirildi. Eser element analizleri ICP-MS tayin tekniği 
ile gerçekleştirildi. Çalışmada Cd, Pb, Fe elementlerinin konsantrasyonları sigara içen 
kişilerde içmeyenlere oranla önemli derecede yüksek bulunurken, Cu konsantrasyonunda 
benzer sonuçlar gözlendi. Örnek numunelere spike yöntemi uygulanarak metodun 
doğruluğu ve kesinliği kontrol edildi. Eklenen ve bulunan analit icerikleri arasında iyi bir 
ilişki bulundu. Analitik geri kazanım sonuçları % 91.2 ile % 104.6 arasında belirlendi. R 
değerleri 0.99'dan büyük bulundu.  
 

Anahtar Kelimeler: İnsan Saçı , Sigara İçen Kişiler, Sigara İçmeyen Kişiler, Eser 

Element, ICP-MS. 

Gönderme: 19 Temmuz 2016. Düzeltme: 09 Ağustos 2016. Kabul: 03 Eylül 2016.  
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Abstract: In this study, (E)-3-benzyl-4-((4-isopropylbenzylidene)-amino)-1-
(morpholinomethyl)-1H-1,2,4-triazol-5(4H)-one (1) was synthesized by the reaction of 
3-benzyl-4-(4-isopropylbenzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-one with 
morpholine and formaldehyde. The structure of compound 1 was determined by FT-IR, 
1H-NMR, 13C-NMR spectral data. Then, the synthesized compound 1 was optimized by 
using the B3LYP/6-31G (d,p) and HF/6-31G (d,p) basis sets. 1H-NMR and 13C-NMR 
isotropic shift values, IR absorption frequencies, bond angles, bond lengths, HOMO-LUMO 
energy, electronegativity, and Mulliken charges were calculated theoretically by using the 
program package Gaussian G09W. In addition, IR, 1H-NMR, 13C-NMR theoretical spectral 
data were compared with certain experimental data. 
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INTRODUCTION 
 
Mannich bases have applications the field of medicinal chemistry, the product synthetic 

polymers, the petroleum industry, as products used in water treatment, cosmetics, the 

dyes industry, etc [1]. On the other hand, quantum chemical calculation methods have 

widely been used to theoretically predict the structural, spectroscopic, thermodynamic, 

and electronic properties of molecular systems. The quantum chemical calculation 

methods provide support for experimental structural and spectroscopic studies [2–7]. 

 
In this study, (E)-3-benzyl-4-((4-isopropylbenzylidene)-amino)-1-(morpholinomethyl)-

1H-1,2,4-triazol-5(4H)-one (1) molecule, which was obtained from the reaction of 3-

benzyl-4-(4-isopropylbenzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-one with 

morpholine and formaldehyde (Scheme 1). The compound 1 was optimized by using the 

B3LYP/6-31G (d,p) and HF/6-31G (d,p) basis sets [8,9]. This optimized structure was 

used to research the other different theoretical properties of the main compound.1H-NMR 

and 13C-NMR isotropic shift values were calculated by the method of GIAO using the 

program package Gaussian G09W [9]. Experimental and theoretical values were inserted 

into the graphic according to equitation δ exp=a+b. δ calc. The standard error values 

were found via SigmaPlot program with regression coefficient of a and b constants. Then, 

they were compared with certain experimental data, which are shown to be accurate. The 

veda4f program was used in defining IR data calculated theoretically [10]. IR absorption 

frequencies of analyzed molecule were calculated by two methods. Infrared spectra were 

composed by using the data obtained from both methods. IR absorption frequencies were 

multiplied by the appropriate adjustment factors B3LYP / 631G(d,p) 0.9688 and HF/631G 

(d, p) 0.9059 [11]. Furthermore, bond angles, bond lengths, the highest occupied 

molecular orbital (HOMO) energies, the lowest unoccupied molecular orbital (LUMO) 

energies, electronegativity and Mulliken charges of this compound was found. 
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N
+ HN O HCHO+
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N
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Scheme 1 

 
MATERIALS AND METHODS 
 
Experimental: The synthesis of ((E)-3-benzyl-4-((4-isopropylbenzylidene)-

amino)-1-(morpholinomethyl)-1H-1,2,4-triazol-5(4H)-one (1): 3-Benzyl-4-(4-

ethylbenzylidenamino)-4,5-dihydro-1H-1,2,4-triazole-5-one (5 mmol) was dissolved in 



Kotan and Yüksek, JOTCSA. 2016; 3(3): 381-392.   RESEARCH ARTICLE 

383 
 

absolute ethanol and to this solution were added formaldehyde (%37, 10 mmol) and 

morpholine (6 mmol). The reaction mixture was refluxed for 4 hours. The mixture was 

left at room temperature overnight. Then, the mixture was cooled in the -18 0C 

refrigerator. The solid formed was obtained by filtration, washed with cold ethanol and 

recrystallized from ethanol. Melting points were checked on WRS-2A Microprocessor 

Melting-Point Apparatus. The FTIR spectra were measured on an Alpha-P Bruker FT-IR 

Spectrometer. 1H- and 13C-NMR spectra were recorded in deuteriated dimethyl sulfoxide 

with TMS as internal standard on a Bruker 400 MHz spectrometer, respectively. Yield 

89%; m.p: 120 0C; FTIR (KBr, cm-1): 1692 (C=O), 1602, 1586 (C=N), 835 (1,4-

disubstituted benzenoid ring), 731 and 696 (monosubstitued benzenoid ring) cm-1. 1H-

NMR (400 MHz, DMSO) δ (ppm): 1.22 (d, 6H, 2CH3 ; J=6.80 Hz), 2.58-2.60 (m, 4H, 

CH2NCH2), 2.95 (heptet, 1H, CH(CH3)2; J=6.80 Hz), 4.09 (s, 2H, CH2Ph), 4.57 (s, 2H, 

NCH2N), 3.55-3.58 (m, 4H, CH2OCH2), 7.21-7.25 (m, 1H, ArH), 7.30-7.35(m, 4H, ArH), 

7.37 (d, 2H, ArH; J=8.40 Hz), 7.72 (d, 2H, ArH; J=8.40 Hz), 9.62 (s, 1H, N=CH), 13C-

NMR: δ 23.53 (2CH3), 30.92 (CH2Ph), 33.45 (CH(CH3)2), 49.99 (CH2NCH2), 66.03(NCH2N 

+ CH2OCH2), [126.77, 126.99 (2C), 127.89(2C), 128.49(2C), 128.67(2C), 131.01, 

135.65, 144.91] (ArC), 150.30 (Triazole C3), 152.39 (N=CH), 154.21(Triazole C5). 

Methods: The quantum chemical calculations were carried out with density functional 

theory (DFT) and Hartree-Fock (HF) methods using 6-31G (d,p) basis set at the Gaussian 

09W program package on a computing system [9]. Firstly, the compound 1 was 

optimized by using the B3LYP/6-31G (d,p) and HF/6-31G (d,p) basis sets [8,9]. Thus, the 

most stable geometric conformer of compound 1 was obtained. Then, 1H-NMR and 13C-

NMR isotropic shift values were calculated with method of GIAO. The veda4f program 

was used in defining IR data [10]. Otherwise, bond angles, bond lengths, the HOMO-

LUMO energy, electronegativity and Mulliken charges of compound were calculated 

theoretically on the computer. 
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Theoretical Calculations 

 

Figure 1. Optimized geometry of the molecule 1. 
 

Table 1. The calculated and experimental 13C and 1H-NMR/NMR DMSO(B3LYP/ HF 6-
31G(d,p)) isotropic chemical shifts of the molecule (δ/ppm) 

No Exp. B3LYP Diff. 
B3LYP/ 
DMSO 

Diff./ 
DMSO 

HF Diff. 
HF/ 

DMSO 
Diff./ 
DMSO 

C1 144,91 149,46 150,46 -4,55 -5,55 144,48 146,67 0,43 -1,76 
C2 154,21 152,26 152,86 1,95 1,35 147,15 147,68 7,06 6,53 
C3 152,39 154,54 155,44 -2,15 -3,05 148,87 149,88 3,52 2,51 
C4 131,01 137,23 136,10 -6,22 -5,09 126,57 125,53 4,44 5,48 
C5 127,89 128,23 127,64 -0,34 0,25 123,30 122,85 4,59 5,04 
C6 126,99 128,62 129,24 -1,63 -2,25 123,38 123,44 3,61 3,55 
C7 150,30 154,39 156,54 -4,09 -6,24 148,11 149,77 2,19 0,53 
C8 126,99 131,66 132,17 -4,67 -5,18 120,69 121,07 6,30 5,92 
C9 127,89 136,06 136,44 -8,17 -8,55 130,22 130,63 -2,33 -2,74 

C10 33,45 47,66 47,50 -14,21 -14,05 29,47 29,23 3,98 4,22 
C11 23,53 33,10 32,44 -9,57 -8,91 20,27 19,81 3,26 3,72 
C12 23,53 32,90 32,66 -9,37 -9,13 20,27 19,81 3,26 3,72 
C13 30,92 42,49 42,18 -11,57 -11,26 27,94 27,49 2,98 3,43 
C14 135,65 140,47 140,64 -4,82 -4,99 130,02 130,35 5,63 5,30 
C15 128,67 132,30 132,42 -3,63 -3,75 126,49 126,42 2,18 2,25 
C16 128,49 131,27 131,74 -2,78 -3,25 124,57 124,81 3,92 3,68 
C17 126,77 129,55 129,82 -2,78 -3,05 123,26 123,53 3,51 3,24 
C18 128,49 131,38 131,47 -2,89 -2,98 124,62 124,86 3,87 3,63 
C19 128,67 130,71 130,57 -2,04 -1,90 126,45 126,39 2,22 2,28 
C20 66,03 74,30 74,05 -8,27 -8,02 56,28 56,12 9,75 9,91 
C21 49,99 58,50 58,28 -8,51 -8,29 41,27 40,95 8,72 9,04 
C22 66,03 73,89 73,73 -7,86 -7,70 55,76 55,61 10,27 10,42 
C23 66,03 74,50 74,40 -8,47 -8,37 55,65 55,48 10,38 10,55 
C24 49,99 59,16 58,86 -9,17 -8,87 40,74 40,48 9,25 9,51 
H25 9,62 10,99 10,93 -1,37 -1,31 10,31 10,27 -0,69 -0,65 
H26 7,72 9,14 9,16 -1,42 -1,44 8,89 8,95 -1,17 -1,23 
H27 7,37 8,35 8,56 -0,98 -1,19 7,75 7,95 -0,38 -0,58 
H28 7,37 8,01 8,20 -0,64 -0,83 7,90 8,11 -0,53 -0,74 
H29 7,72 8,07 8,21 -0,35 -0,49 8,06 8,25 -0,34 -0,53 
H30 2,95 3,58 3,72 -0,63 -0,77 2,76 2,92 0,19 0,03 
H31 1,22 2,89 2,05 -1,67 -0,83 1,48 1,41 -0,26 -0,19 
H32 1,22 2,11 2,19 -0,89 -0,97 1,49 1,56 -0,27 -0,34 
H33 1,22 2,14 2,20 -0,92 -0,98 1,55 1,61 -0,33 -0,39 
H34 1,22 2,06 2,01 -0,84 -0,79 1,49 1,42 -0,27 -0,20 
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H35 1,22 2,12 2,17 -0,90 -0,95 1,50 1,61 -0,28 -0,39 
H36 1,22 2,09 2,16 -0,87 -0,94 1,48 1,56 -0,26 -0,34 
H37 4,09 4,64 4,76 -0,55 -0,67 4,04 4,22 0,05 -0,13 
H38 4,09 4,64 4,80 -0,55 -0,71 4,00 4,19 0,09 -0,10 
H39 7,34 8,37 8,56 -1,03 -1,22 7,86 8,06 -0,52 -0,72 
H40 7,32 8,25 8,43 -0,93 -1,11 7,92 8,11 -0,60 -0,79 
H41 7,23 8,11 8,28 -0,88 -1,05 7,87 8,06 -0,64 -0,83 
H42 7,32 8,20 8,34 -0,88 -1,02 7,94 8,12 -0,62 -0,80 
H43 7,34 8,40 8,42 -1,06 -1,08 7,92 8,11 -0,58 -0,77 
H44 4,57 4,63 4,79 -0,06 -0,22 3,93 4,04 0,64 0,53 
H45 4,57 5,23 5,27 -0,66 -0,70 4,62 4,67 -0,05 -0,10 
H46 2,59 3,81 3,80 -1,22 -1,21 2,52 2,46 0,07 0,13 
H47 2,59 3,13 3,23 -0,54 -0,64 2,06 2,19 0,53 0,40 
H48 3,56 4,34 4,57 -0,78 -1,01 3,55 3,65 0,01 -0,09 
H49 3,56 4,48 4,35 -0,92 -0,79 3,29 3,30 0,27 0,26 
H50 3,56 4,51 4,61 -0,95 -1,05 3,38 3,46 0,18 0,10 
H51 3,56 4,51 4,49 -0,95 -0,93 3,64 3,72 -0,08 -0,16 
H52 2,59 3,33 3,46 -0,74 -0,87 2,46 2,49 0,13 0,10 
H53 2,59 3,27 3,37 -0,68 -0,78 2,45 2,46 0,14 0,13 
 
The relation between R2 values of the compound 1 

B3LYP/631G(d,p): 13C: 0.9977, 1H: 0.9853; HF/631G(d,p): 13C: 0.9960, 1H: 0.9867, 

B3LYP/631G(d,p) (DMSO): 13C: 0.9974, 1H: 0.9921; HF/631G(d,p) (DMSO): 13C: 0.9954, 

1H: 0.9874. There were such relationships between R2 values of the compound. Found 

standard error rate and a, b constants regression values were calculated according to 

formula exp =a +b. δ calc Eq. These values for compound were shown in Table 2.  

 
Table 2. The correlation data for chemical shifts of the molecule. 

 
  

13C 1H 
 R2   S. error a b R2    S. error a b 

 
DFT 0.9977 2.2456 1.0745 -13.6269 0.9853 0.3195 0.9766 -0.7337 
HF 0.9960 2.9582 0.9715 7.4501 0.9867 0.3035 0.9070 0.2378 

13C (DMSO) 1H(DMSO) 
 R2 S. error a b R2   S. error a b 

 
DFT 0.9974 2.4004 1.0650 -12.7398 0.9921 0.2346 0.9610 -0.7073 

 
HF 0.9954 3.0914 0.9629 8.1616 0.9874 0.2953 0.8937 0.2124 
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Figure 2. The correlation graphs for chemical shifts of the molecule. 
 

Vibration frequency of the compound 

Theoretical IR values were calculated with the Veda 4f program and scalar values were 

obtained. Negative frequencies were not found in the data. This shows that the structure 

of the compound is stable. IR spectra were drawn with obtained values according to HF 

and DFT method (Figure 3). Theoretical IR values were compared with the experimental 

counterparts. The result of this comparison were found to correspond to each other. 

Experimental carbonyl peak (C=O) was found in 1692 cm-1 and theoretical (C=O) peak 

was found in 1735 cm-1. 

 
Table 3. The calculated frequencies values of the molecule. 
Vibration Types Experimental Scaled dft Scaled hf 

τ HCOC(16) 626 602 560 
τ ONNC(12) 696 670 623 
τ HCCC(11) 731 704 685 
τ HCCC(50) 835 819 764 
ν NC(10) 1586 1419 1423 
ν NC(32) 1602 1614 1519 
ν OC(76) 1692 1735 1635 
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Figure 3. Experimental (a) and theoretical IR spectra and simulation with DFT/B3LYP/6-

31G(d,p)(b) and HF/B3LYP/6-31G(d,p)(c) levels of the molecule. 
 

Table 4. Calculated bond angles B3LYP/HF 6-31G(d,p) of the molecule. 

 Bond Angles B3LYP HF  Bond Angles B3LYP HF 
1 N(54)-C(1)-N(56) 111.37 111.11 45 C(7)-C(8)-C(9) 121.17 120.89 
2 N(54)-N(55)-C(2) 113.24 112.51 46 C(8)-C(9)-H(29) 119.87 119.46 
3 N(54)-N(55)-C(20) 122.00 121.29 47 C(8)-C(9)-C(4) 120.67 120.86 
4 C(20)-N(55)-C(2) 124.58 126.14 48 C(7)-C(10)-C(11) 111.84 111.87 
5 N(55)-C(2)-O(59) 129.07 128.82 49 C(7)-C(10)-C(12) 111.79 111.87 
6 O(59)-C(2)-N(56) 128.87 128.35 50 C(7)-C(10)-H(30) 106.97 106.92 
7 C(2)-N(56)-N(57) 130.61 131.01 51 H(30)-C(10)-C(11) 107.43 107.31 
8 C(1)-N(56)-N(57) 121.23 121.10 52 C(10)-C(11)-H(31) 111.27 111.47 
9 N(56)-C(1)-C(13) 124.00 121.98 53 C(10)-C(11)-H(32) 110.55 110.44 

10 N(54)-C(1)-C(13) 124.60 126.89 54 C(10)-C(11)-H(33) 111.32 111.11 
11 C(1)-C(13)-H(37) 106.28 107.85 55 C(10)-C(12)-H(34) 110.58 110.44 
12 C(1)-C(13)-H(38) 109.06 107.90 56 C(10)-C(12)-H(35) 111.28 111.47 
13 H(37)-C(13)-H(38) 107.85 105.83 57 C(10)-C(12)-H(36) 111.26 111.11 
14 H(37)-C(13)-C(14) 109.96 110.59 58 H(34)-C(12)-H(35) 107.65 107.69 
15 H(38)-C(13)-C(14) 109.53 110.62 59 H(34)-C(12)-H(36) 108.17 108.13 
16 C(13)-C(14)-C(15) 120.63 120.62 60 H(35)-C(12)-H(36) 107.73 107.84 
17 C(13)-C(14)-C(19) 120.46 120.57 61 H(31)-C(11)-H(32) 108.17 108.13 
18 C(14)-C(15)-H(39) 119.43 119.68 62 H(31)-C(11)-H(33) 107.76 107.84 

(b

(c

a) 
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19 C(14)-C(15)-C(16) 120.66 120.69 63 H(32)-C(11)-H(33) 107.60 107.69 
20 H(39)-C(15)-C(16) 119.89 119.62 64 N(55)-C(20)-H(44) 106.24 106.00 
21 C(15)-C(16)-C(17) 120.09 120.10 65 N(55)-C(20)-H(45) 106.58 106.44 
22 C(15)-C(16)-H(40) 119.76 119.78 66 N(55)-C(20)-N(58) 113.05 116.83 
23 H(40)-C(16)-C(17) 120.13 120.10 67 C(20)-N(58)-C(24) 112.57 115.07 
24 C(16)-C(17)-H(41) 120.20 120.19 68 C(20)-N(58)-C(21) 113.26 115.52 
25 H(41)-C(17)-C(18) 120.19 120.19 69 N(58)-C(21)-H(46) 109.17 112.00 
26 C(16)-C(17)-C(18) 119.60 119.61 70 N(58)-C(21)-H(47) 111.31 109.23 
27 C(17)-C(18)-H(42) 120.06 120.11 71 H(46)-C(21)-H(47) 107.63 107.60 
28 C(17)-C(18)-C(19) 120.20 120.10 72 H(46)-C(21)-C(22) 110.13 109.78 
29 H(42)-C(18)-C(19) 119.73 119.78 73 H(47)-C(21)-C(22) 109.12 109.32 
30 C(18)-C(19)-H(43 120.10 119.62 74 C(21)-C(22)-H(48) 109.41 109.60 
31 N(55)-N(54)-C(1) 105.17 105.65 75 C(21)-C(22)-H(49) 110.58 110.63 
32 N(56)-N(57)-C(3) 118.60 119.77 76 H(48)-C(22)-H(49) 108.70 108.61 
33 N(57)-C(3)-H(25) 121.93 122.12 77 C(21)-C(22)-O(60) 111.33 110.95 
34 H(25)-C(3)-C(4) 117.88 117.33 78 H(48)-C(22)-O(60) 106.54 106.93 
35 C(3)-C(4)-C(5) 122.70 122.78 79 H(49)-C(22)-O(60) 110.19 110.04 
36 C(3)-C(4)-C(9) 118.82 118.64 80 C(22)-O(60)-C(23) 110.78 112.39 
37 C(4)-C(5)-C(6) 120.45 120.31 81 O(60)-C(23)-H(50) 106.61 106.94 
38 C(4)-C(5)-H(26) 118.87 119.47 82 O(60)-C(23)-H(51) 110.27 110.04 
39 H(26)-C(5)-C(6) 120.66 120.21 83 H(50)-C(23)-H(51) 108.78 108.60 
40 C(5)-C(6)-H(27) 118.99 119.14 84 O(60)-C(23)-C(24) 111.35 111.00 
41 C(5)-C(6)-C(7) 121.37 121.46 85 H(52)-C(24)-N(58) 109.00 109.34 
42 H(27)-C(6)-C(7) 119.62 119.39 86 H(53)-C(24)-N(58) 112.21 111.83 
43 C(6)-C(7)-C(8) 117.85 117.89 87 C(23)-C(24)-N(58) 109.27 109.00 
44 C(7)-C(8)-H(28) 119.37 120.15 88 H(52)-C(24)-H(53) 107.98 107.62 

 

Table 5. The calculated bond lengths B3LYP/HF 6-31G(d,p) of the molecule. 

Bond Lengths B3LYP HF Bond Lengths B3LYP HF 
1 C(1)-C(13) 1.49 1.49 32 C(8)-C(9) 1.39 1.38 
2 C(1)-N(54) 1.30 1.26 33 C(9)-H(29) 1.08 1.07 
3 C(1)-N(56) 1.38 1.38 34 C(4)-C(9) 1.40 1.38 
4 N(54)-N(55) 1.39 1.37 35 C(7)-C(10) 1.52 1.52 
5 N(55)-C(2) 1.37 1.34 36 C(10)-H(30) 1.10 1.09 
6 C(2)-N(56) 1.41 1.38 37 C(10)-C(11) 1.54 1.53 
7 C(2)-O(59) 1.22 1.20 38 C(11)-H(31) 1.09 1.09 
8 N(56)-N(57) 1.37 1.36 39 C(11)-H(32) 1.10 1.08 
9 C(13)-H(37) 1.09 1.08 40 C(11)-H(33) 1.09 1.08 

10 C(13)-H(38) 1.09 1.08 41 C(10)-C(12) 1.54 1.53 
11 C(13)-C(14) 1.52 1.51 42 C(12)-H(34) 1.09 1.08 
12 C(14)-C(15) 1.40 1.39 43 C(12)-H(35) 1.09 1.08 
13 C(15)-H(39) 1.09 1.08 44 C(12)-H(36) 1.09 1.08 
14 C(15)-C(16) 1.39 1.38 45 N(55)-C(20) 1.44 1.42 
15 C(15)-H(40) 1.09 1.07 46 C(20)-H(44) 1.09 1.08 
16 C(16)-C(17) 1.39 1.38 47 C(20)-H(45) 1.10 1.08 
17 C(17)-H(41) 1.09 1.07 48 C(20)-N(58) 1.45 1.42 
18 C(17)-C(18) 1.39 1.38 49 N(58)-C(24) 1.46 1.45 
19 C(18)-H(42) 1.09 1.07 50 C(21)-H(46) 1.09 1.09 
20 C(18)-C(19) 1.39 1.38 51 C(21)-H(47) 1.10 1.08 
21 C(19)-H(43) 1.08 1.08 52 C(21)-C(22) 1.52 1.51 
22 N(57)-C(3) 1.29 1.26 53 C(22)-H(48) 1.09 1.08 
23 C(3)-H(25) 1.09 1.07 54 C(22)-H(49) 1.10 1.09 
24 C(3)-C(4) 1.46 1.47 55 C(22)-O(60) 1.42 1.40 
25 C(4)-C(5) 1.40 1.39 56 O(60)-C(23) 1.42 1.40 
26 C(5)-H(26) 1.08 1.07 57 C(23)-H(50) 1.09 1.09 
27 C(5)-C(6) 1.39 1.38 58 C(23)-H(51) 1.10 1.08 
28 C(6)-H(27) 1.09 1.07 59 C(23)-C(24) 1.52 1.52 
29 C(6)-C(7) 1.40 1.39 60 C(24)-H(52) 1.09 1.08 
30 C(7)-C(8) 1.39 1.39 61 C(24)-H(53) 1.10 1.09 
31 C(8)-H(28) 1.08 1.07 62 C(24)-N(58) 1.46 1.45 
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EHOMO (B3LYP) : -0.21472 Hartree EHOMO (HF) : -0.30768 Hartree 

ELUMO (B3LYP) : -0.05370 Hartree ELUMO (HF) : 0.08899 Hartree 
 

Figure 4. HOMO-LUMO energy calculated with DFT/B3LYP/6-31G(d,p) and 
HF/B3LYP/6-31G(d,p) levels of the molecule. 

 

Table 6. The calculated Mulliken charge data with B3LYP/HF 6-31G(d,p) of the molecule 

 
DFT HF  DFT HF  DFT HF 

C1 0.541 0.611 C21 -0.048 -0.028 H41 0.085 0.149 
C2 0.846 1.100 C22 0.052 0.110 H42 0.087 0.151 
C3 0.112 0.181 C23 0.054 0.118 H43 0.098 0.149 
C4 0.083 -0.086 C24 -0.045 -0.033 H44 0.138 0.155 
C5 -0.101 -0.111 H25 0.157 0.227 H45 0.105 0.167 
C6 -0.127 -0.176 H26 0.106 0.177 H46 0.123 0.120 
C7 0.151 0.022 H27 0.083 0.150 H47 0.082 0.123 
C8 -0.144 -0.156 H28 0.084 0.152 H48 0.092 0.122 
C9 -0.122 -0.144 H29 0.094 0.164 H49 0.102 0.102 

C10 -0.130 -0.154 H30 0.091 0.124 H50 0.101 0.103 
C11 -0.305 -0.314 H31 0.110 0.122 H51 0.095 0.124 
C12 -0.305 -0.314 H32 0.102 0.114 H52 0.084 0.135 
C13 -0.287 -0.272 H33 0.103 0.110 H53 0.108 0.108 
C14 0.126 0.002 H34 0.102 0.114 N54 -0.350 -0.334 
C15 -0.123 -0.141 H35 0.104 0.118 N55 -0.388 0.592 
C16 -0.085 -0.145 H36 0.110 0.122 N56  -0.436 -0.641 
C17 -0.085 -0.151 H37 0.130 0.168 N57 -0.322 -0.333 
C18 -0.084 -0.145 H38 0.141 0.167 N58 -0.425 -0.624 
C19 -0.115 -0.141 H39 0.082 0.140 O59 -0.550 -0.679 
C20 0.121 0.192 H40 0.085 0.150 O60 -0.485 -0.641 

 
RESULTS AND DISCUSSION 
 
In this work, geometric parameters and spectroscopic parameters such as IR, 1H-NMR 

and 13C-NMR spectra of (E)-3-benzyl-4-((4-isopropylbenzylidene)-amino)-1-

(morpholinomethyl)-1H-1,2,4-triazol-5(4H)-one were calculated by density functional 

theory (DFT) and Hartree-Fock (HF) methods with the 631G(d,p) basis set. Obtained 

spectroscopic parameters were compared with experimental data. The chemical shifts in 

the calculated 1H-NMR and 13C-NMR and IR vibrational frequencies were found to be 
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compatible with the experimental data. Theoretical and experimental carbon and proton 

chemical shifts ratios between according to a, b, and R2 values, a linear correlation were 

observed. Furthermore, IR vibrational frequencies for experimental carbonyl peak (C=O) 

in 1692 cm-1 and theoretically (C=O) peak in 1735 cm-1 were observed. The negative 

frequency in the IR data was not found. This result shows that the structure of compound 

was shown to be stable. In addition, the minimum-energy geometry structure in obtained 

optimization results was determined bond lengths of the molecule. The bond length of 

the molecule investigated theoretically to see the agreement with experimental data of 

the molecule C-C bond lengths and the C-H bond of length in the benzene ring in the 

literature was found to be registered in accordance with the data. Finally, bond angles, 

the HOMO-LUMO energy, electronegativity and Mulliken charges are calculated 

theoretically by using the B3LYP/6-31G (d,p) and HF/6-31G (d,p) basis sets. 
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Türkçe Öz ve Anahtar Kelimeler 

Theoretical and Spectroscopic Studies of  
(E)-3-Benzyl-4-((4-Isopropylbenzylidene)-Amino)-1-

(Morpholinomethyl)-1H-1,2,4-triazol-5(4H)-one Molecule 
 

Gül Kotan, Haydar Yüksek 

Öz: Bu çalışmada, (E)-3-benzil-4-((4-izopropilbenziliden)-amino)—(morfolinometil)-1H-
1,2,4-triazol-5(4H)-on (1) bileşiği, 3-benzil-4-(4-izopropilbenzilidenamino)-4,5-dihidro-
1H-1,2,4-triazol-5-on ile morfolin ve formaldehit arasındaki tepkimeden elde edilmiştir. 1 
bileşiğinin yapısı FT-IR, 1H-NMR, 13C-NMR spektral verileriyle aydınlatılmıştır. Bunun 
ardından, sentezlenen 1 bileşiği B3LYP/6-31G (d,p) ve HF/6-31G (d,p) baz setleri 
kullanılarak en iyi duruma getirilmiştir. 1H-NMR ve 13C-NMR izotropik kayma değerleri, IR 
soğurma frekansları, bağ açıları, bağ uzunlukları, HOMO-LUMO enerjisi, elektronegatiflik 
ve Mulliken yükleri teorik olarak Gaussian G09W programı ile hesaplanmıştır. Buna ilave 
olarak, IR, 1H-NMR ve 13C-NMR teorik spektrumları deneysel verilerle karşılaştırılmıştır.  

Anahtar kelimeler: Mannich bazları, HOMO-LUMO enerjisi, B3LYP 631G(d,p), HF 

631G(d,p), Gaussian 09W. 
Gönderme: 01 Temmuz 2016. Düzeltme: 19 Eylül 2016. Kabul: 20 Eylül 2016.  
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Oxovanadium(IV)-Containing N2O2 Chelate Complex; Crystal 
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Abstract: The stable oxovanadium(IV) complex was obtained by template condensation 
of 2-hydroxynaphthaldehyde S-methylthiosemicarbazone and salicylaldehyde in the 
presence of VOSO4. The structure of VO(II)-centered metal complex was confirmed by 
elemental analysis and was characterized by single crystal X-ray diffraction technique 
and the optimized geometry of the crystal structure was calculated by density functional 
theory (DFT/B3LYP) with LANL2DZ basis set. Theoretical data were compared with 
experimental data. The complex crystal is in the form of dark green-colored small sticks. 
The experimental data of the monoclinic crystalline structure belonging P 21/n space 
group was compared to those obtained with DFT-B3LYP-LANL2DZ. It was seen that 
experimental and theoretical values are in a good agreement.  
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INTRODUCTION  

 

Thiosemicarbazone compounds have long been known to show biological activities like 

antibacterial, antifungal, antimalarial, antitumor, antiviral, antitubercular, and anti-HIV 

activities. In general, biological activities of thiosemicarbazones have been shown to 

change depending on the metal complex infrastructure in which they are bound to. An 

important notice in the structure-activity relationship is that complexation not only 

enhances the strength of the bioactive ligands but also the metal center plays a role in 

the process (1, 2).  

 
Thiosemicarbazone compounds have the thione-thiol tautomerism (Scheme 1). Studies 

about metal complexes of the S-alkylated thiosemicarbazones have shown that the 

molecular geometries of S-alkylthiosemicarbazones and coordinated metal bonding type 

change and terminal nitrogen (N4) atom takes place in the coordination process instead 

of the sulfur atom whose donor property has been diminished significantly (3-5).  
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Scheme 1. Tautomerism of thiosemicarbazones. 
 
The antitumor and insulin-mimetic properties of vanadium-bearing complexes have 

increased the number of publications in the literature (6, 7). Vanadium 

thiosemicarbazone complexes have long been known to have potential anticancer activity 

toward renal tumor cells in vitro. In a study, some oxovanadium(IV) complexes were 

reported to employ DNA interaction through the intercalative mode and can cleave the 

plasmid pBR322 DNA efficiently (8). The chemical structures include V(IV) and V(V) 

species; therefore the reaction-based parameters like ligand structure, type of the 

solvent, and pH value of the medium have an effect on the actual structures: The species 

might be one or more of the following: [VO]2+, [VO]3+, [VO2]+, [V2O3]n+ (n = 2, 3, 4), 

and [V2O4]2+ (9).  

 
Nitrogen-fixing bacteria must acquire molybdenum or vanadium in order to form the 

nitrogenase structure. Since Mo and V are important metal ions, they were investigated 

in the acquisition mechanism by Azotobacter vinelandii and several siderophores (10). 
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Physicochemical characterization of vanadium complexes can be studied by researching 

the inorganic pharmacology of them. Oxovanadium(IV) complexes were synthesized 

containing ONS, N2O, N2O2, and S2O2 donor ligands (11). Administration of vanadium 

(IV) oxide-ligand complexes to the diabetic rats rendered them diabetic, which has had a 

significant effect over diabetes mellitus by regenerating the B cells of the pancreas (12). 

 

 
Figure 1. Crystal structure of the oxovanadium(IV) template. 

 
 

In our previous study, the oxovanadium(IV) complex was synthesized and characterized 

by electronic, Fourier-transform infrared, 1H-NMR, and electron paramagnetic resonance 

spectra (11). Here, the molecular and crystal structures of the oxovanadium(IV) complex 

were investigated by single crystal diffraction technique and the obtained experimental 

data of the crystal structure was compared to DFT-B3LYP-LANL2DZ results.  

 

EXPERIMENTAL SECTION 

 

Synthesis 

The oxovanadium(IV) complex (Scheme 2) was isolated by template condensation of 2-

hydroxynaphthaldehyde S-methylthiosemicarbazone and salicylaldehyde in the presence 

of VOSO4 (11). The structure of VO(II)-centered metal complex was confirmed by 

elemental analysis. 
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Scheme 2. Formation of the vanadium template complex. 
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Crystalline Structure Determination and Refinement 

A single crystal of compound with dimensions 0.010 x 0.200 x 0.400 mm was grown by 

slow evaporation of the ethanolic solution. Crystals were mounted on a cryoloop and 

attached to a goniometer head on a Bruker D8 VENTURE diffractometer equipped with 

PHOTON100 detector using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) 

and 1.0° Φ-rotation frames. Crystal parameters and refinement results of the complexes 

are summarized in Table 1. The structure of the complex has been solved by intrinsic 

method SHELXS-1997 (13) and refined SHELXL-2014/7 (14, 15). ORTEP drawings with 

the atom numbering schemes are given in Figure 1. Selected bond lengths and bond and 

torsion angles of compound are given in Tables 2-3. 

 

RESULTS AND DISCUSSION 

 

Template condensation resulted in a thiosemicarbazidato ligand having four functional 

donor atoms. The VO(II) center has a square pyramidal environment consisted of N1, N2 

(azomethine nitrogen) and O2, O3 (deprotonated oxygen) atoms of the 

thiosemicarbazidato backbone. The square pyramide is distorted because of relatively 

shorter V-O bond distances compared to V-N bond distances in Table 2. 

 

The optimized geometries of the monomeric and dimeric structures of the template 

complex were obtained at the DFT/B3LYP method combined with the LANL2DZ basis set 

by using Gaussian 09 software in order to determine the change in the geometric 

structure of the synthesized complexes (16). By comparing the theoretical values with 

the experimental ones, vanadium centered bond distances, vanadium-centered angles, 

selected torsion angles, and selected bond lengths were presented in Tables 2-3. 

Although the theoretical values of bond distances and angles are slightly larger, all of the 

data obtained both methods were seen to be harmonious with each other.  

 

Optimized geometric parameters are found to be nearly the same as those of 

experimental in solid state by X-ray single diffraction. The reason for the minor 

discrepancies are due to approximations, basis set incompleteness, and that the molecule 

is assumed to be isolated in gas phase in the theoretical calculation.  
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Table 1. Crystal data and structure refinement details for compound. 

CCDC number 1506865 

Chemical formula C20H15N3O3SV 

Crystal habit  Dark green rod 

Crystal size (mm) 0.01 x 0.20 x 0.40 mm 

Formula weight  (g/mol) 428.35 

Temperature (K) 299 

Wavelength (Å) 0.71073 

Crystal system  monoclinic 

Space group  P  21/n  

Unit cell parameters   

a, b, c (Å)   8.7158(8) , 12.2954(11), 17.0263(15) 

γ,  ß, V (Å)   90°, 97.593(2)°, 90° 

Cell volume ( Å3 ) 1808.6(3) 

Z 4 

Density (g/cm3) 1.573 

Absorption coefficient (mm−1) 0.692 

F000 876 

Index ranges -10<=h<=10, -14<=k<=14, -20<=l<=20 

Reflections collected 49049 

Independent reflections 3374 

Rint 0.1473 

Data reflections / parameters 3374 / 254 

Goodness of fit indicator 1.074 

Final R indices [I>2σ(I)] R1 = 0.0640, wR2 = 0.1009 

Δρmax , Δρmin (e/Å3) 0.314, -0.260 

 



İlhan Ceylan, JOTCSA. 2016; 3(3): 393-402.   RESEARCH ARTICLE  

398 

 

Table 2. Selected bond lengths of compound (Å). 
Experimental        Calculated 

1.583(3) 1.600 
1.923(3) 1.934 
1.917(3) 1.928 
2.030(3) 2.037 
2.047(3) 2.082 
1.750(4) 1.831 
1.797(5) 1.885 
1.322(4) 1.329 
1.300(5) 1.327 
1.300(5) 1.330 
1.408(4) 1.419 
1.306(5) 1.334 
1.403(5) 1.411 
1.279(5) 1.310 

 
Table 3. Selected angular values and torsion angles of compound (°). 

 
 Experimental Calculated 
O1-V1-O3 108.64(14) 109.20 
O1-V1-O2 109.01(14) 109.90 
O3-V1-O2 91.12(12) 91.50 
O1-V1-N1 105.51(14) 105.10 
O3-V1-N1 144.88(13) 143.60 
O2-V1-N1 85.35(12) 86.30 
O1-V1-N2 107.04(15) 106.10 
O3-V1-N2 87.75(13) 86.30 
O2-V1-N2 142.25(13) 143.70 
N1-V1-N2 74.57(13) 76.50 
C20-O2-V1 129.6(2) 131.80 
C9-O3-V1 131.0(3) 133.30 
C10-N1-V1 127.8(3) 129.1 
N3-N1-V1 118.3(2) 116.30 
C3-N2-V1 125.2(3) 125.90 
C2-N2-V1 113.4(3) 111.1 
V1-O2-C20-C11 27.85 18.27 
V1-O3-C9-C4 −15.38 -20.50 
V1-N2-C3-C4 9.39 11.06 
V1-N1-C10-C11 -6.86 -10.12 
O2-C20-C11-C10 -0.59 -1.96 
N1-N3-C2-N2 -0.20 0.79 
O3-C9-C4-C3 -5.40 3.89 

 



İlhan Ceylan, JOTCSA. 2016; 3(3): 393-402.   RESEARCH ARTICLE  

399 

 

 

Figure 2. Molecular packing of the complex. 
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Türkçe Öz ve Anahtar Kelimeler 
Oksovanadyum(IV) İçeren N2O2 Kelat Kompleksleri; Kristal Yapı 

Tayini ve DFT 
 

Berat İlhan Ceylan 

Öz: Kararlı oksovanadyum(IV) kompleksi, 2-hidroksinaftaldehit S-metiltiyosemikarbazon 
ve salisilaldehidin VOSO4 varlığındaki template kondensasyonu ile elde edilmiştir. VO2+-
merkezli metal kompleksinin yapısı elementel analiz ile doğrulanmış ve X-ışını saçılması 
tekniği ile karakterize edilmiştir, kristal yapının optimize geometrisi yoğunluk fonksiyonel 
teorisi (DFT/B3LYP) LANL2DZ baz seti kullanılarak hesaplanmıştır. Teorik veriler deneysel 
verilerle karşılaştırılmıştır. Kompleks kristali, koyu yeşil renkli küçük çubuklar halinde elde 
edilmiştir. P 21/n uzay grubuna bağlı olan monoklinik kristal yapısına ait deneysel veriler 
DFT-B3LYP-LANL2DZ ile elde edilenlerle karşılaştırılmıştır. Deneysel ve teorik değerlerin 
iyi bir uyum içinde olduğu bulunmuştur. 

Anahtar kelimeler: Oksovanadyum(IV) kompleksleri; tiyosemikarbazonlar; template 
tepkimesi; kristal yapısı; DFT. 

Sunulma: 17 Temmuz 2016. Kabul: 29 Eylül 2016. 
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Misens Device as a New Automated Biosensing Platform Based on 

Real-Time Electrochemical Profiling (REP) 

Yildiz Uludag*  

Bioelectronics Devices and Systems Group - UEKAE - BILGEM - The Scientific and 

Technological Research Council of Turkey (TUBITAK), 41470 Gebze/Kocaeli, Turkey. 

Abstract: In various fields like health, environmental control, food security, and military 
defense, there is an increasing demand for on-site detection, fast identification, and 
urgent response which bring about the necessity to employ laboratory detection 
procedures on standalone automatic devices. In response to that, TUBITAK BILGEM’s 
Bioelectronic Devices and Systems Group has been developing portable and fully 
automated biosensor devices using optical and electrochemical biosensor detection 
techniques. Here we describe a new integrated and fully automated lab-on-a-chip based 
biosensor device ‘MiSens’. The key features of the MiSens include a new electrode array, 
an integrated microfluidic system, and real-time amperometric measurements during the 
flow of enzyme substrate. While simple protocols can be controlled from the LCD display 
on the device, other main device control procedures can be run wireless by a tablet/PC 
using the MiCont™ software developed by the team. For the device, a new plug and play 
type sensor chip docking station has been designed that with one move it enables the 
formation of a ~ 7-10 µL capacity flow cell on the electrode array with the necessary 
microfluidic and electronic connections. The MiSens device has been developed by our 
multi-disciplinary team by integrating and automatising the earlier developed sensing 
platform REP™ (Real-time Electrochemical Profiling). The performance of the MiSens 
device has been tested using cyclic voltammetry and amperometry tests and the results 
were compared with an of the shelf potentiostat.  
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INTRODUCTION  

 

Biosensors are analytical devices that comprise a biological recognition element, a 

suitable transducer, and an appropriate data processing system (1-3). While one of the 

main application of the biosensors are in the research and development for biomolecule 

interaction analysis or drug discovery, it is also possible to design biosensors for end 

users in order to perform analytical measurements for environmental monitoring, quality 

assurance in agriculture/food and medical diagnostics (4). The number of biosensor-

related articles has exceeded 9000 / year; search on the term ‘‘biosensor*’’ for 2015 

yields 9226 articles, using the Web of Knowledge, 8 times more than that of the year 

2000. Compared with the numerous publications and patents available since the early 

1990's, the commercialisation of the miniaturised biosensor devices for end users has 

significantly lagged behind the research output. (2, 5). However, in recent years due to 

the advances in microelectronics, nanotechnology, bioengineering, and especially the 

microfluidic technologies, new on-site or point-of-care biosensor devices started to 

appear in the diagnostics market indicating a significant change (6). Currently, testing for 

in vitro diagnostics  is typically performed in centralised laboratories using large 

automated analysers in hospitals (7, 8). Similarly, tests for environmental monitoring 

and quality control of food/agriculture products typically performed in centralised 

laboratories using expensive laboratory equipment and trained personnel (2, 9-12). To 

eliminate sample transportation, to reduce the time spent between the sample 

acquisition to the results and hence for a rapid response to an emergency, fully 

automated on-site testing devices are promising tools. Portable biosensor devices 

connected through the Internet of Things may change the way we perform the analytic 

measurements not only in healthcare but also for other application areas of the 

biosensors. Therefore, for on-site testing, a biosensing platform needs to be able to work 

automatically with minimum user interference. The tasks that need to be automated may 

include sample preparation, separation, detection, waste collection, and data analysis. 

While it is reasonably easy to manipulate fluids using the bench top biosensor devices 

using automated pipetting and robotic arms, for portable devices that deals with 

microlitres or smaller amounts of liquids it constitutes a challenge. Recent advances in 

microfluidics have enabled the miniaturisation of the devices and multiplex testing of a 

range of analytes (13-15). Advanced micro fabrication techniques have facilitated 

integration of sensing functionalities with microfluidics on the same biochip enabling 

automated systems (14). To address the need in automated and on-site testing of 

analytes, a new electrochemical biosensor device has been developed by TUBITAK 
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BILGEM that relies of Real-time Electrochemical Profiling (REPTM) and novel electrode 

array based biochips. 

 

MATERIALS AND METHODS  

 

Materials 

Phosphate buffered saline (PBS, 0.01 M phosphate buffer, 0.0027 M potassium chloride 

and 0.137 M sodium chloride, pH 7.4) tablets, mercaptoundecanoic acid (MUDA), 

spectrophotometric grade ethanol, horseradish peroxidase (HRP), 3,3',5,5'-

tetramethylbenzidine (TMB) ready to use reagent (includes H2O2), potassium 

ferrocyanide (K4[Fe(CN)6]) and KCl were purchased from Sigma-Aldrich (Poole, UK).  

 

Electrochemical Analysis 

An integrated and fully automated electrochemical biosensor has been designed and 

fabricated (MiSensTM V01; Figure 1-A) by BİLGEM-Bioelectronic Devices and System 

Development Group. MiSens device is controlled wireless using a tablet/PC with the 

developed MiContTM software (TUBİTAK-BİLGEM, Kocaeli, Turkey). Cyclic voltammetry 

(CV) tests were performed using 1 mM potassium ferrocyanide solution in 1 M KCl. The 

MiSens biosensor chip includes an electrode array that is fabricated on a 10 x 20 mm 

glass slide. Each array consist of 8 working electrodes (d = 1 mm) with shared Au 

counter and quasi-reference electrodes (Error! Reference source not found.-B) (16). 

The design of the electrodes was formed on the glass slide by means of a Fine Metal 

Mask made of a laser cut patterned stainless steel and Au metal was deposited on the 

wafer using an electron beam evaporator (Torr EB-4P, New Windsor, US). Before the 

application of Au (200 nm), a 20 nm Ti layer is applied on to the wafer as an 

intermediary adhesive layer to increase the adhesion between the Au and the glass. For 

easy handling of the sensor chip, a holder has been designed and fabricated from 

poly(methyl methacrylate) (PMMA) (Figure 1-B).  
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Figure 1. Fully integrated and automated MiSens biosensor device (A) and its biochip 
(working electrode diameter 1 mm) (B). 

 

For comparison purposes, the tests has been replicated using an off-the-shelf screen 

printed electrodes (SPE) (Dropsens, Oviedo, Spain) . Using the SPEs, cyclic voltammetry 

and amperometric measurements were performed with a MicroStat 8000 Electrochemical 

Analyser with the general purpose electrochemical software Dropview 1.4 (Dropsens, 

Oviedo, Spain). The electrochemical analyser and the purpose built shielded cables 

enable simultaneous electrochemical measurements of 8 electrodes. Cyclic voltammetry 

(CV) tests were performed using 1 mM potassium ferrocyanide solution in 1 M KCl.  

 

Biochip Surface Modification   

Surface modification of the SPE and MiSens biochips with a self-assembled monolayer 

(SAM) has been achieved by plasma cleaning of the arrays and later immersing in an 

ethanolic solution of 2 mM MUDA for overnight. Later, the electrode arrays were rinsed 

with ethanol and water. After drying with nitrogen stream, the arrays were vacuum-

packed and stored at +4ºC till use.  

 

Enzymatic Assay 

For the MiSens assay, enzyme assays were performed by mixing HRP enzyme and TMB 

substrate, then injecting 150 µL of this solution to the biochip at 55 µL/min. The real-time 
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amperometric measurements were recorded by the MiContTM software (TUBITAK BILGEM) 

for analysis. The chronoamperometric responses obtained at -0.1 V potential at the 150 s 

of the measurements were used as assay response. For the SPE assays, 50 µL of the 

enzyme-substrate solution has been dropped on the inidividual electrodes and the 

amperometric signal has been recorded using the Dropview 1.4 software. The 

chronoamperometric responses obtained at -0.1 V potential at the 90 s of the 

measurements were used as assay response. For the MiSens assays, 8 data points, for 

the SPE assays, 3 data points were used to obtain the mean and standard deviation of 

the results. The limit of detection (LOD) was calculated as the signal obtained from the 

assays that is equivalent to 3 times the standard deviation of the signals obtained from 

the blank standards. 

 

RESULTS AND DISCUSSION  

 

Device Integration 

The MiSens device has been developed by TUBITAK BILGEM's multi-disciplinary team by 

integrating and automatising the earlier developed sensing platform REPTM (17). The key 

features of this platform include a new biochip (18), an integrated microfluidic system 

and real-time amperometric measurements during the flow of enzyme substrate. In 

earlier studies, an electrode array has been developed that utilises shared reference and 

counter electrodes to minimise the size of the sensor. Later, a new plug and play type 

sensor chip docking station has been designed. With one move, the chip docking station 

enables the formation of a ~ 7 µL capacity flow cell on the electrode array with the 

necessary microfluidic and electronic connections. The mechanical parts of the MiSens 

device include biochip docking station, a pump, microfluidic tubing connected sample pick 

up needle, sample/reagent carousel, and a waste bottle. The electronic parts of the 

device include an LCD display, multiplexed potentiostat, a digital control circuit and 

wired/wireless communication interface. MiContTM software enables user to create a list 

of assay steps that forms the test protocol of the MiSens device (Figure 2). The user can 

save and re-use the protocol created when needed. During data acquisition, the MiCont 

software shows the electrochemical measurements real time.  
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Figure 2. The MiContTM software developed by the team that enables fast and easy 
assay protocol formation prior to automated assay run. 

 

Sensor Surface Characterization 

To investigate the electrochemical behaviour of the designed electrode arrays, cyclic 

voltammetry technique has been utilised and voltammograms were recorded for a model 

electroactive species, potassium ferricyanide (19, 20). Application of alkanethiols on a 

gold electrode surface forms a self-assembled monolayer and hence insulates the 

electrode surface (21, 22). By comparing the cyclic voltammograms of a bare gold 

electrode and SAM coated gold electrode, it is possible to investigate the coverage of the 

monolayer. Cyclic voltammograms of bare Au and SAM coated MiSens biochip and SPE 

were obtained using K4[Fe(CN)6] as the electroactive marker. As it could be seen from 

the Figure 3A-C, the oxidation and reduction peaks of K4[Fe(CN)6] was visible and there 

was a larger redox area between positive and negative potential sweeps when cyclic 

voltammetry performed on bare gold surfaces. Whereas, the redox area between positive 

and negative potential sweeps of the SAM coated sensor chips were smaller in SPE, and 

non-existed in MiSens biochip. The SPE surface is formed using an ink containing Au and 

polymer, this surface shows a rough surface characteristic. While rough surface results in 

a larger electroactive area, the existence of polymer rather than pure Au results in lower 

coverage of SAM layer as seen from the cyclic voltammogram. However, MiSens biochips 

are made using pure Au that is sputtered on a flat glass slide. This surface is not as 

rough as the SPE, however as the electrode is formed using pure Au, the SAM coverage 

of the surface is higher as seen from the cyclic voltammogram (Figure 3B). 
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The surface coverage (θ) of the SAM can be calculated by comparing the charge (Q) 

during reduction/oxidation of cyclic voltammetry at a monolayer covered electrode with 

respect to a bare gold electrode (Equation 1) (23, 24). 

� =  1 −  (��	
/ ���� ����)                    (Eq. 1) 

The surface coverage of the SAM-coated MiSens biochip and the screen printed electrode 

has been calculated using Equation 1 as 0.96 ± 0.03 and 0.54 ± 0.06, respectively.  

 

 

Figure 3. Cyclic voltammetry has been performed with 1 mM K4[Fe(CN)6] / KCl at 100 
mV/s can rate, using bare and MUDA coated MiSens biochips (A, B) and SPE (C). 

 

Enzymatic activity measurement of HRP 

Horseradish peroxidase (HRP) is an enzyme label widely used in immunoassays. The 

enzymatic activity of HRP and its substrate TMB (3,3',5,5'-tetramethylbenzidine) can be 

determined by measuring the absorbance in the visible region, by fluorescence or by 

electrochemistry (25). During the enzyme-linked immunosorbent assay (ELISA), after 

the addition of the TMB substrate on to the enzyme-bound microwell plate, the reaction 

is allowed to take place around 15 minutes before stopping the reaction and measuring 

the colour formation by a spectrophotometer. The aim of 15 minutes reaction is to 

increase the colour formation and hence obtain a reasonable optical detection signal. As 

the electrochemical measurements are more sensitive than the optical detection, 15 

minutes reaction may not be needed for the measurement. During the Real-time 

Electrochemical Profiling (REP) assay, the HRP and TMB mixture is injected on to the 

electrode arrays of the MiSens biochip and a real-time amperometric signal is obtained at 

-0.1V potential (Figure 4).  
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Figure 4. The chemical reaction of TMB in the presence of the HRP enzyme has been 
measured as an amperometeric signal using both SPE and MiSens biochip. 

 

For the HRP enzymatic activity measurement assays, initially plasma cleaned bare Au 

SPE and MiSens biochips were coated with a SAM layer. The Au surface of the electrodes 
were coated with a self assembled monolayer (MUDA) to prevent the adsorbance of HRP 

on the electrode array surface and also to mimick a recognition element (antibody, DNA 
etc) immobilised electrode, in other words an electrode with a reduced electrochemically 
active area. Later, the enzyme assays were performed by mixing varying concentrations 

of HRP with a fixed concentration of TMB reagent, then injecting to the flow cell 
containing electrode arrays for MiSens, or dropping the solution on to the SPE surface. 
Later the chronoamperometric responses obtained at -0.1 V potential has been analysed 
(See Figure 4). In Figure 5, the raw data obtained from the enzyme assay using Misens 

biochips and device is shown. In Figure 6-A, the amperometric signals obtained from 
both SPE and MiSens biochip are compared. As seen from this figure, the results obtained 

from both SPE and MiSens biochips were comparable to each other with coefficient of 
determination of 1.0 and 0.98, respectively. Although similar amperometric results have 

been obtained from both sensor chips, as the electroactive area of both chips differ, a 
considerable difference was observed when current density is calculated. As MiSens 

biochips have 1 mm diameter with respect to 4 mm diameter of SPE chips, the current 
density of MiSens biochips are 14.4 times higher than the SPE (Figure 6-B,   
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Table 1). 

 

 

Figure 5. Enzymatic activity measurement assays were performed by mixing varying 
concentrations (2.5 - 50 ng/mL) of horseradish peroxidase (HRP) and TMB reagent, then 

injecting to the SAM coated electrodes in a flow cell for chronoamperometric 
measurements. The current measurements were taken at -0.1 V potential. The plot 

shows the raw data obtained from the MiSens device. 

 

 

Figure 6. A) The amperometric response from the enzymatic reaction of HRP and TMB 
has been plotted with respect to HRP concentration for MiSens and SPE electrodes. B) 

The current response obtained from the chronoamperometry results after the addition of 
25 ng/mL HRP and TMB reagent were used to assess the current density on MiSens 

biochip and Au SPE. 
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Table 1. The curreny density results for SPE and MiSens biochip. 

MUDA-coated 
Response for 25 ng/mL 

HRP (nA) 
Area (mm2)* 

Current density 
(nA/mm2) 

Dropsens Au SPE                 
(d  = 4 mm) 

125 12.56 9.98 

MiSens Biochip (Au)            
(d = 1 mm) 

113 0.79 143.75 

*The area calculation does not take into account the roughness of the SPE chip. If that is also 
considered, the current density of the SPE chip will further decrease. The MiSens chip is produced 
by sputtering Au on a glass slide surface, hence its roughness is minimal with respect to the SPE 
chips.  

The HRP and substrate reaction incubation time have direct effect to the detection limit of 

the assay and usually ranges from a few minutes to an hour. While in almost all studies 

minimum 15 minutes of HRP reaction time is allowed, in the current study the aim was to 

minimise the assay time since the biosensor device MiSens has been designed for on-site 

or point of care detection. As can be seen from Table 2, even without any incubation, a 

detection limit of 3.4 × 10-11 M has been achieved for the HRP enzyme activity using the 

MiSens biosensor device. Here, we have shown that MiSens device can be used as a flow 

injection analysis system for the detection of HRP enzymatic activity, hence an indication 

that it can be utilised as an electrochemical ELISA reader. In addition to that the easily 

programmable automated flow injection system of the device enables the injection of 

multiple analytes to the sensor surface in the required order hence immunoassays can be 

performed on the electrode surface directly with ease (26). 
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Table 2. HRP enzyme activity measurements using different electrochemical setups. 

MiSens biochip & 

device 
Au electrode  1 mm  Automated flow 

injection analysis 
None 3.4 × 10-11 M Current 

work 

SPE & Potentiostat Au SPE  4 mm x None 1.1 × 10-11 M Current 

work 

Disk electrode and 

potentiostat 

Glassy carbon 

electrode  
3 mm Flow injection analysis 30 min 2.6 × 10-12 M (27) 

Disk electrode and 
potentiostat  

Glassy carbon disk 
working electrode  

3 mm Flow injection analysis 15 min 8.5 × 10-14 M (25) 

SPE & potentiostat  

 

Carbon SPE  4 mm Flow injection analysis 30 min 2 × 10-14 M (28) 

1 System 2 Electrode type 3 Electrode 

diameter 

4 Microfluidics 5 Incubation before 

measurement 

6 Detection 

Limit   

7 (HRP 

Concentratio

n) 

8 Refere

nce 
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CONCLUSIONS 

 

The recent advances in electronics, bioengineering and lab-on-a-chip technologies results 

in the development of new generation bioanalytics devices for out-of-the-laboratory and 

on-site testing. By combining the device development capabilities of BILGEM TUBITAK 

with bioengineering and nanotechnology, the BILGEM Bioelectronics group has developed 

a new fully automated electrochemical biosensor device, MiSens and biochips. The 

performance of this new electrochemical device and biochips have been compared to a 

commercial potentiostat with its SPE chips. The results show that the smaller footprint of 

the MiSens biochip (d=1 mm) and integrated microfluidics enables similar amperometric 

responses to the HRP-TMB enzymatic assay with respect to the SPE (d=4 mm). However, 

when the current obtained with respect to the sensor surface area is compared, the 

current density of the MiSens chips has been found 14.4 times higher, showing the 

effectiveness of the biochip design and the microfluidic system. The fully automated 

format of the MiSens device and its microfluidic system enables electrochemical 

measurements to be performed with ease, hence provides a very effective tool for 

research and development of new biosensing assays. In the future, MiSens device has 

also a potential to be used for on-site testing of environmental / food toxins, and for 

biodefense. 
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Abstract: Because of the decrease in fossil fuel resources and the continuous increase in 
energy demands, clean energy requirements have become extremely important for future 
energy generation systems. Hydrogen is well known as an efficient and environmentally 
friendly energy carrier. Highly catalytic active and low-cost electrocatalysts for hydrogen 
production are key issues for sustainable energy technologies. Here we report an aluminum 
electrode modified with polypyrrole (PPy)-chitosan (Chi) composite film decorated with Pt 
nanoparticles for hydrogen production from water. Hydrogen evolution reaction (HER) is 
examined by cyclic voltammetry (CV), Tafel polarization curves and electrochemical 
impedance spectroscopy (EIS) in 0.5 M H2SO4. The structural properties of the modified 
surface analyses were investigated by scanning electron microscopy (SEM). The stability 
tests also performed for aluminum electrode coated with PPy-Chi/Pt composite film. 
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INTRODUCTION 

 
Increasing energy requirements due to industrial and population growth has rendered the 

fossil fuels insufficient. Hydrogen seems to be an ideal energy carrier as a carbon-free fuel 

due to its high energy density. The generation of molecular hydrogen by the electrolysis of 

water is an important part of clean energy technologies [1-5].  

 

Water dissociates into H+ ions and OH– ions; the H+ ions are attracted to the cathode and 

are reduced to a hydrogen atom (H+ + e- → H). This is highly unstable and immediately 

reacts with another hydrogen atom to produce H2, molecular hydrogen gas. 

 
A practical and sustainable way to produce hydrogen is by the electrolysis of water, but 

this has one disadvantage due to an over-potential occurring in the electrochemical 

system, which increases the cost of the method. Although some noble metals, such as Pt, 

Au and Rh, are known as good hydrogen evolving catalysts in acidic solutions, the high 

cost of these metals limits their large-scale application. Therefore, cost-effective materials 

for the electrochemical production of hydrogen are a central area of the research into 

renewable energy. In addition to being low-cost, it is a challenge to develop highly active 

catalysts that are stable for long periods. From this point of the view, due to the fact that 

it is electrochemically active, low-cost, and commercially available aluminum electrode is 

an appropriate material for hydrogen production as in many other electrocatalytic 

applications [6, 7]. 

 
Conducting polymers incorporating metal nanoparticles modified on various electrode 

materials have been widely used for electrocatalytic processes [8, 9]. The porous structure, 

and consequently high surface area, of conducting polymers has led to their use as 

supporting materials for the development of new electrocatalytic materials. The surface of 

thin films of the conducting polymers/composites can be a supporting material for metal 

nanoparticles, provides a much larger effective surface area than bare metal electrodes 

due to their rough surfaces [10]. 

 

On the other hand, chitosan is a natural biopolymer that has attracted great attention in 

recent decades, both in science and various areas of everyday life due to its interesting 

properties, such as excellent film forming ability, high mechanical strength, cheapness, 

and susceptibility to chemical modifications [11, 12]. 

 
Herein we present a method for the fabrication of an efficient catalyst for electrocatalytic 

hydrogen production from water by modifying a low-cost and low-technology aluminum 

electrode. The modification was performed by co-deposition of polypyrrole using the 

abundant natural biopolymer chitosan as the raw material. Then we used this porous 
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surface for the electrodeposition of platinum metal particles at the nano-scale, which 

exhibit high catalytic activity in hydrogen evolution. Using this efficient catalyst at the 

nano-scale considerably reduced the amount of Pt in the catalyst, resulting in the low cost 

of the prepared catalyst. The performances of both PPy-Chi and PPy-Chi/Pt were examined 

by electrochemical techniques.  

 
MATERIALS AND METHODS  

 
Aluminum rod (99.99%) with a 3 mm diameter was used as the working electrode. The 

outside of the rod was isolated with epoxy resin leaving only a geometric area of 0.07065 

cm2. Electrochemical measurements were performed in a standard electrochemical cell 

containing a Pt wire as an auxiliary electrode and Ag/AgCl as a reference electrode. All 

purchased reagents were of analytical grade and came from commercial sources. Medium 

molecular weight chitosan was used with a 75-85% deacetylation degree. Pyrrole was 

distilled under vacuum before use. Prior to modification, the surface of the aluminum 

electrode was polished with emery paper (180 to 2500 grit) and rinsed with distilled water. 

Polypyrrole-chitosan was deposited on the aluminum from 0.3 M oxalic acid solution 

containing 0.1 M pyrrole and 0.01 g of chitosan in a final volume of 10 mL, by 

chronopotentiometry at a constant current density of 2.5 mAcm-2. All electrochemical 

measurements were performed using a potentiostat/galvanostat (Gamry Interface 1000) 

and software (Gamry Framework and GamryEchem Analyst). 

 
The PPy-Chi modified electrode was immersed in a 0.5 M H2SO4 aqueous solution for five 

minutes to remove any surplus from its surface and was washed with double distilled water. 

For comparison, the electrochemical deposition of PPy was performed under the same 

conditions, but in a chitosan-free solution. The electrochemical measurements showed that 

the optimum film thickness is obtained after 15 minutes. The electrodeposition of the Pt 

nanoparticles was achieved on the PPy-Chi modified electrode by cyclic voltammetry from 

0.5 M H2SO4 aqueous solution containing 3 mM H2PtCl6 (hexachloroplatinic acid) in a 

potential range of -0.25 V and +0.65 V with 50 mV s-1 scan rate for two cycles. After 

washing the modified electrodes with 0.5 M H2SO4 solution, they were ready to be used in 

the electrochemical measurements. The electrode setup is illustrated in Fig. 1. 

 

 
 

Figure 1. Schematic illustration of experimental setup. 
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Spectrometric measurements of impedance were performed in a frequency range of 0.1 

Hz to 100 kHz. The amplitude of the applied sine wave potential was 10 mV with the direct 

current potential set at -1.0V. The EIS was obtained in 0.5 M H2SO4 solution and plotted 

in the form of complex planar diagrams (Nyquist plots). A FEIQuanta 250 FEGScanning 

Electron Microscope (SEM) was used for the morphological analyses. 

 
RESULTS AND DISCUSSION 

 
Morphological analyses were performed by SEM before performing electrochemical 

analyses (Figure 2). Polypyrrole coating displays a typically cauliflower-like image (Figure 

2a), the structure shows a more compact image in the case of PPy-Chi (b). The 

homogenous distribution of Pt particles (c) and their enlarged images (d) show that the Pt 

particles electrodeposited on PPy-Chi composite film in nano-scale. 

 

 

Figure 2. SEM images of a) PPy film, b) PPy-Chitosan composite film, c) PPy-Chitosan/Pt 
and d) Enlarged image of c). 

 
Voltammetric studies of the aluminum electrode coated with PPy film, PPy-Chi and PPy-
Chi/Pt composite films are shown in Figure 3. Cyclic voltammetry was performed in the 
potential range between -0.6 to -1.5 V with a scan rate of 20 mVs-1. 
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Figure 3. Cyclic voltammograms of PPy film, PPy-Chitosan and PPy-Chitosan/Pt 
composite films coated on the aluminum electrode. 

The current density for the hydrogen evolution was increased by loading chitosan in the 

PPy film. Chitosan contributes to the polypyrrole chains via hydrogen bonds, leading to a 

formation of a conductive composite film [13, 14] which has a more compact structure. A 

more compact film increases the ability of the electron transfer [15] and leads to an 

increase in the current density for the HER. After the electrochemical deposition of Pt 

nanoparticles on to the PPy-Chi surface, the current density obtained for the HER increased 

significantly. The enhanced current density for the HER of the PPy-Chi/Pt catalyst compared 

with the Pt-free composite can be explained by the well-known catalytic activity of the Pt. 

 

To obtain further insight into the HER on aluminium coated electrode, the Tafel 

extrapolation curves were also developed for PPy film, PPy-Chi and PPy-Chi/Pt composite 

films (Figure 4). 
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Figure 4. Tafel polarization curves of PPy film, PPy-Chitosan, and PPy-Chitosan/Pt 
composite films coated on the aluminum electrode. 

 
The obtained current densities were higher for PPy-Chi than the PPy film, consistent with 

the cyclic voltammetric results and the current densities increased noticeably after Pt 

electrodeposition. The data of Figure 4 may be considered more quantitatively by 

examining several kinetic parameters. Table 1 summarizes Tafel parameters for HER on 

prepared electrodes. The linear region of Tafel plots were fitted into the Tafel equation [16, 

17];  

 

η=a+b log j     (Eq. 1) 

 

where η(mV) represents the applied over-potential, b (mV/dec) is the Tafel slope and j 

(mA/cm2) is the resulting current density, and a (mV) is the intercept related to the 

exchange current density j0(mA/cm2).  

 

Table 1. The electrochemical parameters calculated from Tafel polarization curves for 
PPy film, PPy-Chitosan and PPy-Chitosan/Pt composite films coated on the aluminum 

electrode. 
Film -b/mV dec-1 io/mA cm-2 i/ mA cm-2 

(ηηηη= -1.2V) 

-ηηηη/V 

(10 mA cm-2) 
PPy 234 0.21 0.64 1.70 

PPy-Chitosan 192  0.54 2.45 1.37 

PPy-Chitosan/Pt 141  2.44 8.14 1.12 
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In general, a smaller Tafel slope and related higher current density is desired because it 

corresponds to less energy loss. The resulting Tafel slopes of PPy film, PPy-Chi and PPy-

Chi/Pt are respectively 234, 192 and 141 mV/dec. The smaller Tafel slope for PPy-Chi/Pt 

compared to PPy-Chi composite film explained by the fact that the catalytic activity of the 

Pt nanoparticles on hydrogen evolution. There was also an increase about 5 times in the 

obtained exchange current density in the case of Pt nanoparticles. 

 

A more practical parameter is the over-potential at a given current density. Aluminum 

electrode modified with PPy-Chi/Pt exhibited a lower over-potential of -1.12 V, at a fixed 

current density of -10 mAcm−2. Another important parameter calculated from the Tafel 

results is the resulting current density at a fixed applied potential (energy input). The 

obtained current density at a chosen applied potential (-1.2 V) for PPy-Chi/Pt increased 

more than that of PPy-Chi composite film (Table 1). 

 
Electrochemical impedance spectroscopy is a very powerful technique for studying the 

interface properties of the modified electrodes. The Nyquist plot of impedance spectra 

include a semicircle which corresponds to the electron-transfer limited process [18]. The 

diameter of the semicircle is equal to the electron-transfer resistance at the electrode 

surface and it can be used to describe the interface properties of the electrode. Figure 5 

exhibits the Nyquist plots of the impedance spectroscopy of the PPy, PPy-Chi and PPy-

Chi/Pt coated aluminum electrodes. 

 

 

Figure 5. Electrochemical impedance spectrum (Nyquist diagrams) of PPy film, PPy-
Chitosan and PPy-Chitosan/Pt composite films coated on the aluminum electrode. 
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The smaller charge transfer resistance, which indicates the catalytic performance of the 

catalyst. By the electrodeposition of the Pt nanoparticles on the PPy-Chi composite film the 

charge transfer resistance decreased from ≈0.85 kΩ  to ≈0.25 kΩ. 

 
In addition to the high electrocatalytic activity, the stability of an electrocatalyst is also 

important to accept it as an efficient material [19]. For this reason, the stability tests were 

carried out for PPy-Chi/Pt coating on hydrogen production (Figure 6). 

 

Figure 6. a) CVs of the PPy-Chi/Pt in 0.5 M H2SO4 at 1st cycle and 1000th cycle at a scan 
rate ν=100 mVs-1. b) Chronoamperogram of the PPy-Chi/Pt in 0.5M H2SO4 at applied 

potential -1.0 V. 

A remarkable durability obtained for over 1000 cycles in the potential range between -0.5 

and -1.5 V at 100 mV/s sweep rate and constant potential measurements for 8 hours. 

 

In conclusion, we have demonstrated the electrocatalytic activity of the aluminum 

electrode modified by PPy-Chi/Pt composite film for the production of hydrogen from water 

electrolysis. The aluminum electrode was easily modified by co-electrodeposition of 

polypyrrole and chitosan at a constant current density of 2.5 mAcm-2. The insertion of 

chitosan to the polypyrrole chains provided a more compact film which increased the 
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electron transfer to the H+ to produce H2. Then the electrodeposition of Pt particles was 

achieved on this porous surface at nano-scale to benefit both from its well-known high 

catalytic activity and to reduce the amount of this precious metal to prepare a low-cost 

electrocatalyst. 
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Abstract: In this study, it is aimed to investigate the chemical composition of the 
essential oil, polyphenol content, and antioxidant activity of Myrtus communis L. from 
Turkey. The plant, Myrtus communis L., was collected from Yalova, in the Marmara 
region of Turkey. The essential oil was prepared with 0.5% by hydrodistillation of its 
leaves in a Clevenger-type apparatus. The chemical composition of the essential oil was 
analyzed by GC and GC–MS, using two columns with stationary phases of different 
polarity (polar ZB-WaxMS/apolar ZB-5MS). On both columns, monoterpenes were 
determined to be the dominant compounds. The myrtenyl acetate, α-pinene, 1,8-cineole, 
linalool, and limonene were the remarkable substances. As polyphenolic compounds, the 
flavanoids and anthocyanidins in leaves and berries were detected by HPLC. The 
antioxidant activity was studied with DPPH, Cuprac and Folin–Ciocalteu methods.  
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INTRODUCTION  

 

Myrtus communis L., growing in several regions all over the world (1-3) is found in pine 

forests and all coastal zones in Turkey. Myrtle (Myrtus communis L.) is called as 

“hambeles”, “mersin” or “murt” in Turkish. 

Myrtus communis L., expecially its leaves and berries, is traditionaly used in folk 

medicine as antiseptic, antidiaretic, antibacterial, disinfectant drug, hypoglycaemic, and 

stomachic (4-6). The essential oils from leaves of this plant also have a private role in 

treatment of lung diseases (7), perfumery, beverages, candies, ice cream and bakery 

products (8-9) and show antimicrobial (10), antibacterial (11), and antioxidant activities 

(12-14). Isolation of some compounds from the leaves (15-16), the essential oil (10,17) 

and berries (18) has been reported in the literature. Some researchers indicated that the 

chemical composition of Myrtus communis L. essential oils showed a difference 

depending on the harvesting time, origin, and extraction method (12,19-21). Fatty acid 

composition of the plant from Erzurum and Muğla region in Turkey was determined in 

addition to nutritional and physical properties of myrtle fruits from Mersin in the previous 

studies (22-23). 

The human body has a complex system and free radicals produced from biochemical 

reactions in our body are responsible for chronic diseases. The antioxidant substances 

can prevent the damaging effects of these radicals to quench them and detoxify the 

organism (24). The studies in this field emphasize the importance of antioxidant 

nutrients for protection diseases.  

According to the literature, there is no study based on the antioxidant activity of the 

essential oil and polyphenolic contents of Turkish Myrtus communis L. leaves and berries. 

This work aims at analyzing the components of the essential oil of Myrtus communis L. 

leaves, determining as the anthocyanidin and flavonoid compounds and evaluating the 

antioxidant properties of methanolic extracts of Myrtus communis L. leaves and berries.  
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MATERIALS AND METHODS  

 

Reagents and Standards 

HPLC grade methanol, acetonitrile, trifluoroacetic acid and Folin - Ciocalteau reagent 

were purchased from Merck. Anthocyanidin standards of (delphinidin, peonidin, 

pelargonidin, malvidin, cyanidin chloride) and flavonoids (myricetin, quercetin, p-

coumaric acid) and DPPH (1,1-diphenyl-2-picrylhydrazyl), NDGA (Nordihydroguiaretic 

acid), ascorbic acid, pryrocatechol were obtained from Sigma-Aldrich.  

Standard stock solutions (1 mg mL-1 in methanol ) of each of anthocyanidin and flavonoid 

(1-8) were prepared (Figure 1a and 1b). 

 

Plant Material 

Leaves and berries of Myrtus communis L. from Yalova region of Turkey were dried, 

powdered, and stored at -20°C. 

 

Hydrodistillation 

The leaves of plant were hydrodistilled for 2h with a simple Clevenger- type apparatus. 

Yield of the oil was 0.5% based on dry plant weight. 

 

GC/MS Analysis of the Essential Oils 

Thermo Finnigan trace DSQ GC-instrument (FID) combined with MS system was used to 

analyze the chemical components. The capillary columns, ZB-WaxMS (polyethylene 

glycol, 60 m × 0.25 mm i.d., 0.25 µm film thickness) and ZB-5MS (5% polysilarylene, 

95% polydimethyl siloxane, 30 m × 0.25 mm i.d., 0.25 µm film thickness) were used. 

Operating conditions were chosen as injection temperature 250 °C, helium carrier gas 

flow (1,5 mL min-1), split flow: 10 mL min-1. Temperature programming 30-100 °C (2 °C 

min-1) (5 min)-240 °C at 5 °C min-1, hold 30 min. 

 

The results were determined by looking at the retention indices in the literature 

(10,12,17,25-26) and comparing with their MS spectra. 
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Qualitative Analysis of Phenolic Compounds by HPLC 

Preparation of Myrtus communis L. Extracts for HPLC Analysis: Dried leaves and berries 

(1 g) were extracted in flasks immersed into an ultrasonic bath firstly with 70% MeOH 

(15 mL) for 45 min, then 5 mL of the same solvent for second 45 min and minimum 5 

mL more of the solvent for last 15 min were added, the total extraction time was 105 

min (27). The plant extracts were filtered with a GF/PET 1.0 / 0.45 µm microfiber, and 

analyzed (Figures 2 and 3). 

 

HPLC / UV-vis Analysis 

The HPLC equipment employed in this study was a Shimadzu / DGU-20 A5 HPLC 

apparatus fitted with intertsil O DS-3 C18 column (4,6 × 150 mm, 5 µm particle size) 

according to the procedure described by literature (13). The elution program was used in 

the reversed- phase HPLC analysis.  

 

Compounds 1-7 could be detected between 350 and 520 nm, characteristics for 

flavonoids and anthocyanidin, respectively, according to the chromatographic conditions 

described in the literature above. The chromatograms can be seen in Figures 2-5. 

 

Hydrolysis of plant extracts have been done according to the literature (27). These 

extracts were also analyzed (Figures 4, 5a and 5b). 

 

In addition, all flavonoids and anthocyanidins were identified from their spectroscopic 

properties and their range of retention times. 

 

Antioxidant Activity 

DPPH Radical Scavenging Activity: The DPPH radical scavenging activity of the Myrtus 

communis L. extracts were defined by the procedure of Brand-Williams et al.(28). An 

appropriate dilution series (20 to 100 µg mL-1) were made for each methanolic extract in 

methanol, afterwards 0.1 mL of each sample was mixed with 3.9 mL of a 6 × 10-5 M 

methanolic solution of DPPH. The mixture was flattered fiercely and left in the darkness 

at room temperature (30 min) and then the absorbance was read at 517 nm against 

methanol. The equation given below represents the calculation of capability to scavenge 

the DPPH radical.  
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DPPH radical scavenging activity (%)= ( A0 – A1 / A0 ) × 100   (Eq.1) 

 A0 and A1 is the absorbance of control (without sample) and test sample, respectively. 

 

Determination of Total Phenolic Contents  

Determination of total phenolic content in Myrtus communis L. extracts was predicted 

using Folin - Ciocalteau method (29). The measured wavelength with maximum 

absorbance in a spectrophotometer was 760 nm. The total phenolic compound amount in 

the extract was calculated as mg of pyrocatechol equivalent from the calibration curve 

and as mg pyrocatechol equivalents per mg of extract. 

 

CUPRAC Method 

The proposed Cuprac method by Apak (30) was applied as follows: 1 mL of 1.0 × 10-2 M 

copper(II) chloride, 1 mL of 7.5 × 10-3 M neocuproine solution and 1 mL of 1 M 

ammonium acetate buffer at pH 7.0, x mL sample solution and ( 1- x) mL distilled water 

(total volume: 4.0 mL) were added to a test tube and mixed well. This mixture was 

stoppered and let stand at room temperature (30 min). The absorbance was recorded at 

450 nm against a reagent blank. 

 

RESULTS AND DISCUSSION  

 

Yield and Chemical Composition of Myrtus communis L. Essential Oil 

The essential oil of the plant leaves was prepared by hydrodistillation in a Clevenger-type 

apparatus in 0.5%. The plant collected from Yalova, Turkey was analyzed qualitatively 

and quantitatively via GC and GC / MS on two different columns, on a polar column ZB-

Wax MS and on a apolar column ZB-5MS (Table 1). The Relative Retention Indices (RRI) 

for all the compounds were calculated using a homologous series of n-alkanes. All 

components were identified by comparing their relative retention indices and also their 

mass spectras with the literature data.  

 

Thirty one and eighteen compounds were identified on the polar column and on the 

apolar column, respectively. The major components were myrtenyl acetate (22.26 %), α-

pinene (15.51%), linalool (14.91%), 1,8-cineole (14.30%) and limonene (13.63%) on 
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ZB-Wax MS. On the ZB-5MS, the main components were myrtenyl acetate (21.42%), 

1,8-cineole (16.78%), linalool (15.66%), limonene (15.59%) and α-pinene (15.07%).  

 

HPLC / UV-vis Analysis of Myrtus communis L. Leaves and Berries Extracts 

Myrtus communis L. leaves and berries were extracted according to the literature (27) for 

HPLC analysis. The hydrolysis of flavonoid glycosides in plant extracts to their parent 

aglycone was also identified using standarts (quercetin and kaempferol). 

 

Figures 1a and 1b show the chromatogram of synthetic mixture flavonoids and 

anthocyanidins, respectively. The chromatogram of 70% methanolic extract of Myrtus 

communis L. leaves and the chromatogram of the same extract after 4h hydrolysis are 

given in Figures 2 and 4, respectively. When Figure 3 represents the chromatogram of 

70% methanolic extract of Myrtus communis L. berries, Figures 5a and 5b give the 

chromatogram of the same extract after 4h hydrolysis. 

 

P.coumaric acid, myricetin, and quercetin in the Myrtus communis L. leaves and berries, 

cyanidin, malvidin, pelargonidin, and peonidin in the Myrtus communis L. berries have 

been specified according to their retention times and the spectral characteristics of their 

peaks against those of standards. 

 

Major peak in the flavonoid chromatogram was identified as myricetin 2 and minor peaks 

were characterized as compounds 1 and 3, respectively, p.coumaric acid and quercetin 

at 350 nm (Figures 4 and 5a). 

 

Major peak in the anthocyanidin chromatogram corresponded to compound 5 was 

defined as cyanidin and minor peaks were obtained as compounds 6, 7 and 8, 

respectively, malvidin, pelargonidin and peonidin at 520 nm (Figure 5b).  
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DPPH Assay 

DPPH assay is an antioxidant method based on a color change of the solution from violet 

to yellow upon reduction and this method supplies an easy and rapid way to determine 

antioxidants by spectrometry. 

Figure 6 shows the concentration-inhibition(%) curves for the DPPH radical scavenging 

activity of the methanolic extracts from Myrtus communis L. leaves and berries and 

standards. The scavenging activity of these extracts from Myrtus communis L. berries 

and leaves, tocopherol, ascorbic acid, butylated hydroxyanisole (BHA), 

nordihydroguiaretic acid (NDGA) on DPPH radicals increased between 20-100 µg mL-1 

and were 82.20 ± 1.237, 95.09 ± 0.305, 95.71 ± 0.3010, 96.93 ± 0.178, 94.48 ± 

0.352, 96.63 ± 0.178 at a concentration of 100 µg mL-1, respectively. Methanolic extract 

of leaves, BHA, tocopherol, ascorbic acid and NDGA displayed similar DPPH scavenging 

activities, while the effective DPPH scavenging activity of methanolic extract of berries 

was quite low (Figure 6). 

 

Total Phenolic Contents 

Phenols are good scavengers because of having hydroxyl groups of components found in 

plants. These antioxidants also exhibit different biological activities like 

antiatherosclerotic, antiinflammatory, and anticarcinogenic effects (31).  

 

The results of total phenolic content for the methanolic extracts from Myrtus communis L. 

berries and leaves, expressed as pryrocatechol equivalents, are presented in Table 2. 

Methanolic extract of leaves contains more phenolic compounds than the berry extract. 

 

CUPRAC Method 

The reducing power of antioxidant compounds was determined by the CUPRAC assay, 

which is a useful method and Cu2+ is reduced to Cu+ with antioxidants in the presence of 

neocuproin. In this method, a higher absorbance means a higher cupric ion reduction 

ability. The method is also cheap, and is suitable for a lot of antioxidants (32). 

 

The cupric ion (Cu2+) reducing abilities of the methanolic extracts from Myrtus communis 

L. leaves and berries are given in Table 3. Methanolic extract of leaves exhibited more 

reducing capacity than that of berries. 



Hasdemir et al., JOTCSA. 2016; 3(3): 427-438.  RESEARCH ARTICLE 

434 
 

 

CONCLUSION 

 

The chemical composition of Myrtus communis L. essential oil could be divided into 

subgroups according to the relative ratio of α-pinene and myrtenyl acetate or α-pinene 

and 1,8-cineole (19). Myrtenyl acetate content is high (22.26-21.42%) as Spanish, 

Moroccon, Portuguese, French, Albanian and Yugoslavian myrtle oils (20,33-34) in the 

essential oil of Myrtus communis L. leaves from Yalova region, Turkey. 

 

Phenolic compounds, flavonoids and anthocyanidins of Myrtus communis L. leaves and 

berries were determined qualitatively by HPLC method at 350 nm and 520 nm. The 

major component of flavonoids in leaves and berries was myricetin. The main compound 

of anthocyanidins in berries was cyanidin. However, the anthocyanidins have not been 

detected in the leaves. 

 

The findings of this study demonstrated that methanolic extracts of Myrtus communis L. 

leaves and berries possess antioxidant activity. The antioxidant activity of these extracts 

is similar to standarts of BHA, tocopherol, ascorbic acid and NDGA.  

 

The plant, Myrtus communis L. from Turkey together with its leaves and the berries is a 

rich antioxidant source due to its essential oil composition (Table 1) and flavonoid 

content (Figures 4, 5a and 5b) and can be used in food, pharmaceutical, cosmetic 

industries and against diseases with its good antioxidant ability tested in this study. 
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Türkçe Öz ve Anahtar Kelimeler 
Türkiye’den Myrtus communis L.‘nin Esansiyel Yağ Bileşimi, 
Polifenol İçeriği ve Antioksidan Aktivitesinin İncelenmesi 

 
Belma Hasdemir, Hasniye Yaşa, Hülya Çelik Onar ve Ayşe Sergüzel Yusufoğlu 

Öz: Bu çalışmada, Türkiye’den toplanmış Myrtus communis L.’nin esansiyel yağının 
kimyasal bileşimi, polifenol içeriği ve antioksidan aktivitesinin incelenmesi amaçlanmıştır. 
Bitki Türkiye’nin Marmara bölgesinde yer alan Yalova ilinden toplanmıştır. Esansiyel yağ, 
Clevenger tipi cihazda yaprakların hidrodestilasyonu ile %0,5 verimle hazırlanmıştır. 
Esansiyel yağın kimyasal bileşimi GC ve GC-MS ile analiz edilmiştir, farklı polariteye sahip 
durağan fazlar içeren iki kolon kullanılmıştır (polar ZB-WaxMS/apolar ZM-5MS). Her iki 
kolonda da monoterpenlerin baskın olduğu görülmüştür. Mirtenil asetat, α-pinen, 1,8-
sineol, linalool ve limonenin belirgin bileşikler olduğu tespit edilmiştir. Polifenolik bileşikler 
olarak, yapraklarda ve tanelerde flavanoidlerin ve antosiyanidinlerin varlığı HPLC ile tespit 
edilmiştir. Antioksidan aktivitesi DPPH, Cuprac ve Folin-Ciocalteau yöntemleriyle 
çalışılmıştır.  

Anahtar kelimeler: Myrtus communis L.; antosiyanidin; flavanoidler; esansiyel yağlar; 
antioksidan aktivitesi. 

Sunulma: 22 Ağustos 2016. Düzeltme: 03 Eylül 2016. Kabul: 28 Eylül 2016.  
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Abstract: A new acrylonitrile derivative, 2-(4-bromophenyl)-3-{5-[2-cyano-2-

phenylethenyl]furan-2-yl}acrylonitrile (BPCPFA, 3) which is a potential material for 
application in organic solar cells, was synthesized by a three-step reaction. The 
structures of the molecules synthesized in these steps were characterized by using 
various spectral analyses. BPCPFA was investigated as an electron acceptor molecule in 
next generation organic solar cells. Theoretical prediction and experimental studies for 
photovoltaic performance were also performed. Based on these results, it is concluded 
that BPCPFA with extended conjugated system has good and promising photovoltaic 
performance with Voc value as 0.96 V. 
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INTRODUCTION 

 

Organic photovoltaics (OPVs) are an encouraging field to produce energy as a renewable 

energy source. The simple processing, cost-effective fabrication, and device flexibility of 

organic solar cells make them superior as compared to the inorganic solar cells. Recently, 

the most popular and efficient way of fabricating organic solar cells is to use the bulk 

heterojunction concept in which an electron donor and an acceptor is blended in a 

solution and cast as a film from this solution. The development of bulk heterojunction 

organic solar cells has shown a fascinating increase in the power conversion efficiency [1-

4]. 

 

Despite all this increase, their power conversion efficiency is still low as compared to 

inorganic solar cells. The most efficient organic solar cells make use of small organic 

molecules and conjugated polymers in their structure. Most of the small molecules and 

conjugated polymers used in photovoltaics are mostly p-type (donor) materials [5, 6]. In 

this area, the number of materials exhibiting n-type (acceptor) properties is very 

restricted and among acceptor type molecules the most well-known molecules are 

fullerenes. For example [6, 6]-phenyl C61 butyric acid methyl ester (PCBM) is a fullerene 

derivative which has excellent acceptor characteristics. Unfortunately, PCBM also has 

some disadvantages such as air degradation and cost intensive synthesis [7, 8]. The 

need for new acceptor materials for organic photovoltaics is growing rapidly. 

Consequently, the importance of these materials increases dramatically day by day.  

 

We have synthesized a novel acceptor organic molecule which contains furan ring with 

electron-withdrawing cyano groups (BPCPFA) and investigated its photovoltaic 

properties. Until recently, various organic small molecules have been synthesized for 

solar cells. However, most of these molecules have commonly triphenylamine-based 

structure and are often symmetric [9]. The molecular structure containing heterocyclic 

system of these type diarylacrylonitriles has been synthesized to investigate their 

capacity in solar cells as acceptor elsewhere [7, 10-13]. 
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In this study, photovoltaic properties of a new compound was thoroughly investigated. 

We achieved comparably a higher Voc as compared to the reference device employing 

P3HT (poly(3-hexylthiophene-2,5-diyl)) and PCBM blends. 

 

MATERIALS AND METHODS  

 

All reactions were carried out under nitrogen atmosphere. The solvents were purchased 

from Merck and dried by standard methods (using anhydrous CaO and distillation). The 

reagents were used without further purification from commercial suppliers.  

 

The FT-IR spectra were collected on a Perkin Elmer, Spectrum One Bv 5.0 spectrometer. 

1H NMR and 13C NMR spectra were recorded on a Varian Unity Inova Spectrometer (500 

MHz) using CDCl3. The LC-MS spectra were measured on an Agilent 1200 Infinity HPLC 

with Agilent 6460 spectrometer.  

 

Melting points of synthesized compounds were determined with Gallenkamp melting point 

apparatus in open capillaries. 

 

As substrates, ITO (indium tin oxide) glass sheets of 1.5 cm x 1.5 cm, from Kintec 

Company, Hong kong which has a sheet resistance < 12 Ω.cm-2 were used. The ITO was 

patterned by etching with an acidic mixture of HCl:HNO3:H2O (4.6:0.4:5) for 30 min. The 

part of the substrate which forms the contact was covered with a scotch tape to prevent 

etching. The tape was removed after etching and the substrate was then cleaned using 

distilled water, acetone and isopropanol in an ultrasonic bath, respectively as described 

elsewhere [7]. 

 

The active layer with 1:0.5 wt ratio was prepared by blending 10 mg of P3HT and 5 mg 

of compound 3 (BPCPFA) in 1 mL of chlorobenzene (CB) and also blends for active layer 

with 1:1 wt ratio was prepared by dissolving 10 mg of P3HT and 10 mg of 3 (BPCPFA)  

in 1 mL of chlorobenzene (CB). 
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For the organic bulk heterojunction solar cells, poly(3,4-ethylenedioxythiophene)– 

poly(styrenesulfonate) (PEDOT:PSS) was deposited on to the ITO coated glass substrate 

by spin coating at 2000 rpm in air. The PEDOT:PSS layers were annealed in a furnace at 

150 °C for 4 minutes. Active layers of P3HT:CPCPFA were spin-coated onto PEDOT:PSS 

films at 800 rpm in a glovebox. For some of the devices, thermal annealing of the active 

layer was done on a hot plate at 120 °C for 3 minutes. Finally, 100 nm Al was thermally 

evaporated as top contact.  

 

All current–voltage (I–V) characteristics of the PV devices were measured (using a 

Keithley 2400) under nitrogen in a dry glove box just after production. Abet solar 

simulator, simulating AM1.5 conditions, was used as the excitation source with an input 

power of 100 mW/cm2 white-light illumination. 

 

The power conversion efficiencies of the organic solar cells were calculated according to 

the following equation:  

��� �.� �%
 = ����
İ�

� � 100 = �� ��� ���
��

 � 100    (Eq. 1) 

 

The percentage efficiency, ηAM 1.5, is given by the ratio of the power output (Pout), to 

the power input from the solar simulator (Pin, 100mW/cm2). The output power of a solar 

cell under illumination is the product of the fill factor (FF), the open-circuit voltage Voc (V) 

and the current density under short circuit conditions Jsc (mA/cm2). The fill factor is 

obtained using the following equation:  

          �� = ���� ����
��� ���

      (Eq. 2) 

 

where the maximum power point of the product of the voltage and the current density 

(Vmpp and Jmpp) is divided by the product of the open-circuit voltage and the short circuit 

current. 

 

The current–voltage curves (J–V) of the photovoltaic devices were created by a Keithley 

2400 under nitrogen atmosphere.  
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Synthesis 

The compound 3 (BPCPFA) studied in this paper was prepared via a three-step 

procedure (Scheme 1). 

The nitrile derivatives (1-3) were obtained by the reaction of appropriate starting 

materials and characterized by using FT-IR, 1H NMR, 13C NMR, and LC-MS spectral data. 

All data supported the structures of target molecules (Figure 1-4, see SI). 

 

O

H
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+
CN
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OO
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NC

(1)
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CN
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O
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+
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Scheme 1. Synthesis of compounds (1-3). 

 

Synthesis of 2-phenyl-3-(furan-2-yl)acrylonitrile (1) [7] 

Furan-2-carbaldehyde (1 mmol) and phenylacetonitrile (1 mmol) were dissolved in dry 

ethanol (10 mL). After that, sodium hydroxide (0.1 mmol) was added and stirred for 5 

min at room temperature under nitrogen atmosphere. The precipitated yellow solid was 

filtered, washed with ethanol, and recrystallized in CHCl3 to give pure product 1 as light 

yellow crystals [14]. Yield: 97%, mp 86-88 °C. FT-IR (ATR) v, 3098, 3057, 3045, 2214, 

1683, 1595 cm-1; 1H NMR (500 MHz, CDCl3): δ (ppm) 6.55 (m, 1H, furan), 7.32 (brd, J= 

7.0 Hz, 1H, furan), 7.53 (brs, 1H, =CH), 7.58 (brd, J= 3.2 Hz, 1H, furan), 7.64 (m, 3H, 
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ArH), 8.12  (d, J= 8.0 Hz, 2H, ArH); 13C NMR (125 MHz, CDCl3) δ (ppm) 112, 120, 128, 

129, 130, 134, 144, 147, 148, 163, 172. LC-MS m/z: 196 [M]+ (calculated for C13H9NO, 

195.22).   

Synthesis of 2-phenyl-3-(5-formylfuran-2-yl)acrylonitrile (2) [7] 

The freshly distilled DMF (3 eq) and POCl3 (5 eq) was stirred for 30 min at 0°C, under 

nitrogen. Compound 1 (0.5 g, 1.49 mmol) in CH2Cl2 (5 mL) was added to the mixture 

and stirred for 12 h at room temperature [15]. The obtained solid was collected by 

filtration and purified by column chromatography on silica gel using ethyl acetate/hexane 

(5:1). A dark yellow solid of compound 2 was obtained. Yield: 83%, mp 127-129 °C. FT-

IR (ATR) v, 3098, 3062, 3032, 2222, 1667, 1596 cm-1; 1H NMR (500 MHz, CDCl3): δ 

(ppm) 7.38 (d, J= 7.0 Hz, 1H, furan), 7.47 (brd, J= 3.2 Hz, 1H, furan), 7.49 (m, 3H, 

ArH), 7.50 (brs, 1H, =CH), 7.67  (d, J= 8.0 Hz, 2H, ArH), 9.73  (s, 1H, -CHO); 13C NMR 

(125 MHz, CDCl3) δ (ppm) 113, 115, 117, 122, 126, 129, 130, 132, 133, 152, 154, 178. 

LC-MS m/z: 224 [M]+ (calculated for C14H9NO2, 223.23). 

2-(4-Bromophenyl)-3-{5-[2-cyano-2-phenylethenyl]furan-2-yl}acrylonitrile (3, BPCPFA)  

The compound 3 (BPCPFA) synthesized from compound 2 and 4-

bromophenylacetonitrile starting materials according to the same procedure with 

compound 1 [7, 15]. Light-orange solid. Yield: 97%, mp 159-161°C. FT-IR (ATR) v, 

3088, 3051, 3029, 2209, 1675, 1596 cm-1; 1H NMR (500 MHz, CDCl3): δ (ppm) 7.42 (s, 

2H, 2 x -C=CH), 7.43-7.49 (m, 5H, ArH), 7.55-7.62 (m, 4H, ArH), 7.69 (d, J= 7.2 Hz, 

2H, ArH). 13C-NMR (125 MHz, CDCl3): δ (ppm) 109, 111, 117, 118, 126, 127, 129, 130, 

136, 152. LC-MS m/z: 402 [M]+ (calculated for C22H13BrN2O, 401.25).  

 

RESULTS AND DISCUSSION 

 

Theoretical calculation of HOMO-LUMO  

HOMO and LUMO energies of the compound 3 have been calculated. The calculations 

were saved using Gaussian 09 W software [16] by DFT/B3LYP method with 6-31 G(d) 

basis set. Optimized molecular structure and energy of the BPCPFA are given in Figure 

5.  
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E= -98.032 KeV 

Figure 5. Optimized molecular structure and energy of BPCPFA. 

 

HOMO-LUMO energies are crucial in order to explain the chemical reactivity and stability 

of molecule. Determination of the HOMO-LUMO level alignment between the donor and 

acceptor is crucial to designate whether there will be an efficient charge transfer or not 

[17, 18]. The HOMO-LUMO energy gap of BPCPFA is shown in Figure 6. HOMO-LUMO 

energy band for new compound 3 is 2.83 eV, so it is possible that charge transfer 

interaction may easily occur in the molecule. 

 

 

Figure 6. HOMO-LUMO energy diagrams for compound 3, BPCPFA. 

 

The theoretical HOMO-LUMO levels of P3HT are -4.32 eV and -2.3 eV, whereas the values 

of PCBM are -5.66 eV and -3.02 eV, respectively [19]. In calculations performed for 

BPCPFA, the HOMO and LUMO energies were calculated to be -5.74 eV and -2.91 eV. It 

can be concluded that since the LUMO level of P3HT lies above the BPCPFA, and there is 

an energy difference of 0.61 eV between their LUMOs which is more than 0.3 eV, a 

charge transfer can be possible between P3HT and BPCPFA. Therefore, P3HT was 
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evaluated as a donor whereas BPCPFA was generated as an acceptor in the organic solar 

cells. 

 

Photovoltaic Studies 

Photovoltaic performance of the devices employing active layers of P3HT:BPCPFA with 

different weight ratios (1:0.5 and 1:1 wt) have been studied. A reference device in which 

no BPCPFA employed was also studied to understand whether BPCPFA has an acceptor 

role in the device. As can be seen from Figure 7a, devices comprising of 1:0.5 wt donor 

acceptor ratio showed a short-circuit current density (Jsc) of 0.124 mA/cm2, an open-

circuit voltage (Voc) of 960 mV and a fill factor (FF) of 0.24 was calculated which led to a 

power conversion efficiency (PCE) of 0.029 %. 

 

We achieved a Jsc of 0.206 mA/cm2 and a Voc of 958 mV, and an FF of 0.26 which led to a 

PCE of 0.051 % for the devices containing of 1:1 wt donor acceptor ratio (Figure 7b). 

 

There is an ongoing debate on the nature of the open-circuit voltage in literature, 

however VOC value is known to be proportional to the difference between the HOMO of 

the donor and the LUMO of the acceptor. In the best case, we achieved a VOC of 0.960 V.  

 

VOC value can be calculated by the following equation [20, 21]: 

 

 VOC = (1/e)[(EdonorHOMO) – (EacceptorLUMO)]– 0.3 V   (Eq. 3) 

 

Figure 7c displays the J-V curves of the reference P3HT device (Jsc = 0.017 mA/cm2, VOC 

=105 mV and FF = 0.28). 
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Figure 7. J–V curves of (a) devices with active layers of 1:0.5 donor–acceptor ratio, (b) 1:1 donor–acceptor ratio, (c) J–V curves of a 

reference device.
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Briefly, the performance of the device created by using BPCPFA is approximately 7 times 

more than the performance of created by using P3HT reference. 

 

CONCLUSIONS 

 

In conclusion, a new diarylacrylonitrile derivative (BPCPFA) was used as an electron 

acceptor in organic solar cells and its synthetic and device performance characteristics 

were fully investigated. The photovoltaic performance of this compound was investigated 

using both theoretical and experimental techniques. The acceptor type molecules for 

photovoltaic use are off great interest. Polymer or small molecule acceptors have several 

advantages such as good absorption in the visible region and a higher LUMO energy level 

than PCBM, which in turn leads to a high open-circuit voltage (VOC). We achieved a VOC of 

960 mV, which is higher than that of the conventional bulk heterojunction organic solar 

cells comprising of P3HT and PCBM.  

 

The offset of HOMO and LUMO levels between donor and the acceptor is very important 

to get efficient charge transfer. The offset of HOMO-LUMO energy levels should be almost 

0.3 eV. The theoretical HOMO-LUMO energy levels of BPCPFA are very close to that of 

PCBM which is most used as an electron acceptor materials in organic photovoltaics.  

 

Based on all the data of our study, further studies will be carried on by changing the 

device parameters and molecular structure. 
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Türkçe Öz ve Anahtar Kelimeler 

Fotovoltaik Performans Gösteren Yeni bir Akrilonitril Türevi 

Çiğdem Yörür-Göreci*,Mehmet Kazici, Sinem Bozar, Zulal Demir, Abdullah Toraman, Fatih 
Ongul, Abid Ali, Serap Güneş 

Öz: Yeni bir akrilonitril türevi olan 2-(4-bromofenil)-3-{5-[2-siyano-2-feniletenil]furan-2-
il}akrilonitril (BPCPFA, 3) bileşiğinin organik güneş pillerinde uygulanma potansiyeli 
vardır ve üç kademeli bir tepkimeyle sentez edilmiştir. Bu adımlar sırasında sentezlenen 
moleküllerin yapıları çeşitli spektral analizler kullanılarak karakterize edilmiştir. BPCPFA 
yeni nesil organik güneş pillerinde elektron alıcı molekül olarak incelenmiştir. Teorik 
tahminler ve fotovoltaik performans için deneysel çalışmalar da yürütülmüştür. Bu 
sonuçlara dayanarak, BPCPFA’nın uzamış konjuge sistemiyle iyi ve ümit vaat eden bir 
fotovoltaik performans (Voc = 0,96 V) gösterdiği sonucuna varılmıştır.  

Anahtar kelimeler: Konjuge sistemler; nitriller; organik güneş pilleri; fotovoltaikler.  

Sunulma: 15 Temmuz 2016. Düzeltme: 19 Eylül 2016. Kabul:  30 Eylül 2016.  
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Influence of Aluminum Concentration on the Electrical and Optical 
Properties of ZnO Thin Films 

Ebru Gungor* and Tayyar Gungor  

Mehmet Akif Ersoy University, 15030 Burdur, Turkey 

Abstract: Al:ZnO (AZO) thin films having with different Al concentrations were deposited 
on glass substrates by a sol-gel technique. The effects of Al doping on the structural, 
optical, and electrical properties of Al:ZnO were investigated using with XRD, optical 
transmittance, and sheet resistance measurements. The concentration of zinc acetate 
was 0.1 M. Al content in the starting solution was varied from 0 to 20% as the molarity 
range. Optical transmittance spectra of the films in the form of Film/Glass were used to 
determine the film thickness and optical band gaps. The optical transmissions of Al:ZnO 
thin films were higher than 80% in the visible and near infrared region. The optical band 
gaps of Al:ZnO films decrease with increase of Al content. In order to obtain the average 
sheet resistance of the films the current and voltage through the probes have been 
measured for five different position by four-point probe method. The results showed that 
the sheet resistances of Al:ZnO thin films increased with the Al concentration. 
Considering the film thickness and geometric factor, the electrical resistivity values were 
computed. It was observed that the sheet resistance of AZO films up to 10% molarity of 
Al in the starting solution increased.  

Keywords: Aluminum doped zinc oxide; thin film; ultrasonic spray pyrolysis technique; 
electrical characterization; optical constants.  
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INTRODUCTION  

 

ZnO and ZnO-related compounds are suitable for many different applications, such as 

opto-electrodes, surface acoustic wave devices (SAW), and sensor materials. In order to 

meet these demands, various dopants such as group III-A elements of the periodic table 

(B, Al, Ga, In) can be used. These elements have been used to increase the electron 

density for conductivity of ZnO films [1, 2]. Considering these elements’ cost, nontoxic 

natures, good electrical conductivity, and availability in nature, Al comes to the forefront 

[3, 4]. It is possible to coat the substrate surface with the Al material using different 

growth techniques such as sputtering, metal organic vapor deposition (MOCVD), pulsed 

laser deposition, and ultrasonic spray pyrolysis technique (USP). The USP technique, 

among the various deposition techniques, is quite simple and the required setup is 

economic and flexible for process modifications such as large area coating for industrial 

applications. Dopant-induced optical band gap shift observed in Al doped ZnO thin films 

prepared by USP technique. The blue shift in the optical band gap of Al:ZnO films for low 

Al concentrations  is observed [5].  However, the optical band gap energy was decreased 

by doping process, which was finding in photoluminescence spectrum of Al doped ZnO 

film [6]. As seen there is a conflict about the optical band gap shifting for the Al-doped 

ZnO prepared by USP. 

In this study, undoped and Al-doped ZnO polycrystalline thin films were fabricated on 

glass substrates by using USP system. The effects of Al doping on structural, optical, and 

electrical properties of ZnO thin films were investigated by the X-ray diffraction, optical 

transmittance, and sheet resistance measurements at room temperature. 

 

MATERIALS AND METHODS  

 

Experimental details 

Undoped ZnO and Al-doped ZnO (labeled as Al:ZnO or AZO) thin films were deposited on 

to ultrasonically cleaned glass substrates using the ultrasonic spray pyrolysis (USP) 

technique. With conventional USP technique, the substrates were fixed and precursor 

solution was sprayed over a hot substrate. The substrate temperature was kept at 400 

°C. The salts of zinc acetate dehydrate (CH3COO)2.2H2O, 99.9%-Merck) and Al chloride 

hexahydrate (AlCl3.6H2O, 99.9%-Merck) as the metal sources which were dissolved in 

methanol. In order to produce a clear and homogeneous solution, monoethanolamine 
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(MEA) was added into the precursor solution which was stirred at 60 °C at a moderate 

speed for 1 h. In the starting solutions, Al contents were changed from 2% to %20 

according to Zn salt’s molarity and the films were labeled as AZO1-AZO20 (Table 1). Zn 

content (0.1 M) was held constant. The solution flow rate was held constant at 5 mL/min. 

Nozzle (100 kHz oscillator frequency) used in this study was in a downward vertical 

configuration. A more detailed description of the USP system were reported in previous 

papers [7]. X-ray diffraction (XRD) patterns were collected with a D-Max X-ray 

diffractometer (Rigaku International Corp. Japan) with CuKα1 (λ=1.5405Ǻ) to obtain the 

structural information of the films. The optical measurements of the Al:ZnO thin films 

were carried out at room temperature using T70 Model Spectrophotometer (PG 

Instrument)  in the wavelength range 300–900 nm. The sheet resistance of thin films 

was determined using 4-point probe method. 

Table 1. Calculated film thickness t (nm), refractive index n for 390nm and 700nm 
wavelengths, and Eg (eV) optical band gap values of the AZO thin films vs the molarity of 
Al in the starting solutions. 

Sample  
Molarity of Al  

(M) 
  t 

 (nm) 
     n  
(390nm) 

     n  
(700nm) 

     Eg  
(eV) 

ZO 0.00 602 2.22 2.00 3.23 

AZO2 0.02 104 2.00 1.67 3.32 

AZO3 0.03 118 2.19 2.00 3.30 

AZO4 0.04 88 2.21 1.88 3.32 

AZO5 0.05 81 2.47 1.88 3.32 

AZ010 0.10 104 2.05 1.55 3.32 

AZ020 0.20 220 1.74 1.48 3.35 

 

RESULTS AND DISCUSSION 

 

Structural characterization 

The X-ray patterns for Al:ZnO thin films at room temperature and reference peak 

positions are presented in Fig. 1.  All the films were polycrystalline with a structure that 

belongs to the hexagonal wurtzite type that of ZnO. It was observed that the (002) peak 

indicating a strong orientation along the c-axis for undoped ZnO film.  For Al with 2% 

molarity doped ZnO film, (200) and (101) as well as (110) and (103) peaks were 

observed. It was difficult to detect (101), (110), and (103) peaks for the increasing Al 

concentration. When a small amount of Al was introduced into the ZnO film, Al was 
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ionized into Al3+ and substitute for Zn2+ sites. The intensity of the (002) peak decreases 

and corresponding peak position moves to the lower angles up to 10% molarity of Al.  Zn 

and Al have different ion size such as 0.074 nm and 0.054 nm, respectively. This can 

cause a stress which affects to shift the peak position and change the peak 

characteristics (Fig 2). In the XRD patterns, it was observed that the full width half 

maxima values decreased. The reason of this is the increase of the crystallinity of films.  

 

Figure 1. XRD patterns of AZO and undoped ZnO films. “|”indicates the reference peaks 
for ZnO (JCPDS file no. 03-065-3411). 

 
Figure 2. (002) peak position as a function of Al doping concentration. 
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Optical characterization 

The optical transmission spectra T(λ) of ZnO and Al-doped ZnO thin film samples are 

shown in Fig 3. The optical transmission spectra were used to determination of the 

optical constants of the thin films. In cases where the refractive index does not change 

very fast with wavelength, and considering the thin film thickness, interference fringes 

could not be seen in the optical transmission spectrum. In this cases, one of the iterative 

method such as pointwise unconstrained minimization algorithm (PUMA) [8] that can be 

used as an alternative to the classical method developed by Swanepoel [9]. There is 

excellent agreement between the experimental spectra and theoretical spectra for all the 

samples and one of the experimental and theoretical optical transmission spectra for the 

Al:ZnO thin film are shown in Fig. 4.  Calculated film thickness and refractive index for 

390 nm and 700nm are given in Table 1. The effects of Al doping into the ZnO lattice is 

clearly observed in the optical transmission spectra. The results showed that the optical 

transmittance of Al:ZnO samples in the range of 550-1100 nm wavelength region 

increases with the Al concentration except for the samples containing 2% and 3%. As it 

is observed in the structural characterization of the films, the (002) peak intensity and its 

angular position changes clearly are seen in the XRD pattern for the Al concentration 

higher than 3%. This can be associated with a refractive index, which is an important 

parameter.  

The decrease of the refractive index that is indicating the optical transmission increases. 

This result is clearly observed in the optical transmission spectrum. It requires attention 

to calculate the band gap value using traditional methods. If the transmittance rapidly 

decreases in the UV region this means that absorption increases.  Then the optical band 

gap of the film can be calculated using the Tauc relation. After Al-doped in ZnO film two 

different behaviors at low wavelengths in the optical transmission spectrum can be 

observed. In this case, the optical band gaps of the thin films can be determined using 

this wavelength with the relation, ������ = 1240.8/����. Where λinf is the defined as the 

inflexion wavelength where the second derivative of the transmission curve is zero [10]. 

The optical band gap (Eg) was estimated from the second derivative of the T(λ)  (Table 

1). It is observed that Eg in the undoped ZnO thin film is 3.23 eV which is lower than 

value of bulk ZnO (3.37 eV). The change in the band gap value was observed in the AZO 

films prepared up to 10% molarity of Al. Then the band gap increased with doping over 

10% molarity of Al. For Al doped ZnO film (AZO20) which prepared with the 20% 

molarity of Al in the starting solution, the band gap was observed as a value of 3.35 eV. 

Similar type of Eg behavior have been reported for Al doped ZnO thin film that deposited 

by USP technique [11].  
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Figure 3. Optical transmittance spectra of Al:ZnO films. 

 

Figure 4. Experimental optical transmittance spectrum (solid line) for 2% Al molarity in 
starting solution for AZO2 sample: Also the theoretical optical transmission spectrum (“o” 
symbol) obtained using PUMA are shown for comparison. 

 

Electrical characterization 

In order to obtain the conductivity of the films, the resistance was determined by four-

point probe method. The current and voltage through the probes have been measured 

for five different positions. Then the average sheet resistance obtained (RSheet=GF*V/I). 
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Where GF is the geometric factor related with sample width and inter-electrode spacing. 

Considering the thin film thickness and geometric factor, the electrical 

resistivity/conductivity was computed. The results showed that while the sheet resistance 

of Al:ZnO thin film increases with the Al concentration (Fig 5) conductivity decreases with 

the Al concentration (Fig 6). The decrease in optical conductivity can be explained as 

increasing optical transmittance due to the low absorbance (α) of Al:ZnO thin films at low 

photon energies region using the relation [12] σ = αnc/4π, where c is the speed of light. 

In addition, the increase of Al concentration can cause some kind of neutral defect. 

Because of this case these neutralize Al atoms cannot contribute free electrons for the 

higher doping concentrations. 

 

Figure 5. The sheet resistance as a function of Al concentration (%) in the starting 
solution of AZO films. 

 

Figure 6. Electrical conductivity vs Al concentration (%) in the starting solution of AZO 
films. 
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CONCLUSION 

 

In this study Al:ZnO thin films having with Al at different concentrations were deposited 

on glass substrates by ultrasonic spray  pyrolysis  technique. The effect of doping on the 

crystalline structure was studied by the X-ray diffraction measurement. The wurtzite 

structure with preferred orientations of (0 0 2) retained for the Al:ZnO films.  Optical 

transmittance spectrum of the films in the form of film/glass was used to determine the 

film thickness and optical band gaps. The refractive index values decrease when Al 

concentration increased which makes the increase in the transmittance for the doped 

films. The optical transmission of Al:ZnO/Glass samples  was higher than 80% in the 

visible and near infrared region. After Al-doped in ZnO film, the shoulder observed at 

lower wavelengths in the transmission spectrum with increasing amounts of Al, is a sign 

that the band gap increases. The optical band gap energy obtained from second 

derivative of the transmission curve was increased by Al doping. So, the sheet resistance 

of Al:ZnO/Glass  samples increases with the Al concentration. Considering the film 

thickness and geometric factor, the electrical conductivity was computed and the results 

showed that the low Al concentration values had more important role for the electrical 

properties of AZO films. In other words, the increasing of the Al content will be effective 

on the neutral defects of semiconductor structure. Structural changes has been proved 

by XRD measurements for the ZnO films including the more Al concentration. This case 

means that the electrical conductivity decreases when Al doping is high. 
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Türkçe Öz ve Anahtar Kelimeler 
ZnO İnce Filmlerinin Elektriksel ve Optik Özellikleri Üzerine 

Alüminyum Derişiminin Etkisi 

Ebru Gungor ve Tayyar Gungor  

Öz: Al:ZnO ince filmleri, farklı Al derişimlerine sahip olacak şekilde, bir sol-jel tekniği 
kullanılarak cam substratlar üzerine kaplanmıştır. Al aşılamasının Al:ZnO’nun yapısal, 
optik ve elektrik özelliklerine etkileri XRD, optik geçirgenlik ve tabaka direnç ölçümleri ile 
incelenmiştir. Çinko asetatın derişimi 0,1 M olarak belirlenmiştir. İlk çözeltideki Al içeriği 
molarite aralığı bakımından %0 ile 20 arasında tutulmuştur. Film/Cam biçimindeki 
filmlerin optik geçirgenlik spektrumları, film kalınlığı ve optik bant aralığını bulmak için 
kullanılmıştır. Al:ZnO ince filmlerinin optik geçirgenlikleri görünür ve yakın kızılötesi 
bölgede %80’den daha yüksektir. Al:ZnO filmlerinin optik bant aralığı, Al içeriğinin 
artmasıyla azalmaktadır. Filmlerin ortalama tabaka direncini elde etmek için, dört noktalı 
prob yöntemi ile beş farklı konumdan akım ve gerilim değerleri ölçülmüştür. Sonuçlara 
göre Al:ZnO ince filmlerinin tabaka dirençleri Al derişimi ile artmaktadır. Film kalınlığı ve 
geometric faktörler düşünüldüğünde, elektriksel direnç değerleri hesaplanmıştır. AZO 
filmlerinin, başlangıç çözeltisinde %10 Al molaritesine kadar olan kısmında tabaka 
direncinin yükseldiği gözlenmiştir.  

Anahtar kelimeler: Alüminyum aşılı çinko oksit; ince film; ultrasonik püskürtme pirolizi 
tekniği; elektriksel karakterizasyon; optik sabitler.  

Sunulma: 09 Temmuz 2016. Düzeltme: 23 Eylül 2016. Kabul: 03 Ekim 2016.  



Akın Evingür, JOTCSA. 2016; 3(3): 463-478.  RESEARCH ARTICLE 

463 

 

  

The Graphene Oxide Effect on the Optical Properties of NIPA-GO 
Composites 

Gülşen Akın Evingür1* 

1Piri Reis University, 34940, İstanbul, Turkey 

Abstract: Poly (N-isopropylacrylamide) (NIPA)-Graphene oxide (GO) composites were 
polymerized radically with various contents of GO solution. The gelation process was 
performed by Steady State Fluorescence Spectroscopy. The results of gelation were 
modelled by Percolation and Classical Model, respectively. Our results show that the 
critical exponent of gel fraction that agrees with percolation model till 25 µL content of 
the GO solution. On the other hand, the optical energy band gap of the NIPA-GO 
composite was decided by using UV spectrophotometry from the absorbance 
measurement in the range of 200-800 nm. The effect of graphene oxide dopant on the 
gap has been examined for NIPA-GO composites. In conclusion, their gelation process 
and optical energy band gap behavior were investigated and correlated to the GO content 
in the composites. 
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INTRODUCTION 

 

Graphene oxide (GO) is a carbon-based material in two dimensions (2D) and has 

hydrophilic oxygenated functional groups including hydroxyl (-OH), epoxy (-C-O-C-), 

carbonyl (-C=O), and carboxyl (-COOH) groups (1). These groups also enable GO to be 

functionalized through covalent approaches (2). GO shows some heterogeneous optical 

transition and nonlinear dynamics because of its characteristic hybrid structure, in which 

the sp2 carbon nanoislands are isolated by the sp3 carbon matrix (3). In parallel with 

developments from the basic scientific perspective, many applications of GO have been 

proposed and are currently being explored. Thus, it can be used as a super capacitor, gas 

sensor, drug delivery system, and nano-electronic device (2-4), and also presents the 

behavior of high strength, and thermal stability (5). 

 

Poly (N-isopropylacrylamide) (NIPA) is well known as a temperature-sensitive gel (6) 

which is chosen and studied for various technological applications. NIPA structures with 

graphene oxide was prepared by click chemistry and RAFT polymerization (7). The 

swelling of stimuli-responsive polymers grafted of graphene oxide was performed for 

controlled drug release by changing temperature (8). And also, pH effect on the polyvinyl 

alcohol- graphene oxide was studied for the release performance (9). GO in the PVA-GO 

network behaves as a crosslinker and the network in the acid can be performed as a pH 

controlled drug. As a thermoresponsive hydrogel, NIPA contained graphene was prepared 

by frontal polymerization (10). The rheological and swelling properties were mentioned 

by SEM and Raman spectroscopy. On the other hand, NIPA grafted various graphene 

contents were produced to investigate the effect of thermoresponsive properties (11). 

When the temperature increases, the morphological properties were changed between 33 

and 40 °C. NIPA in aqueous solution was grafted by graphene oxide to be characterized 

by rheological experiments (12). The study includes the comparison of the behavior of 

PNI-GO and PNI-RGO (Reduced graphene oxide) composites. NIPA- GO (GPNM) hybrids 

were designed for both hydrophilic and hydrophobic drugs in aqueous medium, and 

investigated the origin of the enhanced fluorescence property (13). Previously, we 

studied the gelation of polyacrylamide (PAAm)-NIPA (14), PAAm-kC (kappa-carrageenan) 

(15), PAAm-MWCNT (multiwalled carbon nanotubes) (16), PAAm-GO (17). The 

universality of them was modelled by using Classical and Percolation theory. 
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In this article, graphene oxide (GO) has been used to prepare poly(N-

isopropylacrylamide) (NIPA)-GO composites with improvement to the universality on the 

gelation of the composite by a free radical copolymerization with various GO contents in 

the range between 0-35 μL. Steady-State Fluorescence Spectroscopy was performed for 

the gelation process of NIPA-GO composites. The gelation and its weight average degree 

of polymerization were monitored and tested as a function of GO contents. The critical 

exponent, β near the percolation threshold was calculated. And also, optical energy band 

gap was calculated from absorption spectrum fitting method (ASF). 

 

MATERIALS AND METHODS 

 

NIPA- GO composites were designed by using 1 M NIPA (N-isopropylacrylamide) with 

changing amounts of GO (Graphene Oxide) respectively; 0, 5, 15, 25, 30, and 35 µL 

were used at room temperature. GO was purchased from Graphenea (Spain). Its 

concentration is 4 mg/mL and is dispersed in 250 mL of water. The purity of commercial 

GO is higher than 95% (wt). The absorbance and SEM images of GO are given in Figure 

1(a) and (b), respectively (18). The composite was copolymerized radically including 

0.011 g of NIPA, 0.020 g of N, N’–methylenebisacrylamide (BIS, Merck), 0.016 g of 

ammonium persulfate (APS, Merck), and 6 µL of tetramethylethylenediamine (TEMED, 

Merck) were dissolved in 10 mL of distilled water (pH 6.5). The chemicals are given in 

Figure 2. GO was added to the solution just before the addition of TEMED. A Perkin-Elmer 

model LS-55 spectrometer, and UV spectrophotometry was performed in the gelation 

process. During the gelation experiment, the composite for each sample was at 90o 

position and was excited by 340 nm and the behavior of scattering at 340 nm, emission 

at 427 nm and 512 nm of light intensities were monitored as a function of time, and also 

optical band gap measurement by UV spectrophotometry was performed for each 

concentration. 
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Figure 1. (Top) Absorbance of GO and (bottom) SEM images of GO (16). 
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Figure 2. Chemicals of the composite in the experiment. 



Akın Evingür, JOTCSA. 2016; 3(3): 463-478.  RESEARCH ARTICLE 

468 

 

RESULTS AND DISCUSSION 

 

The fluorescence spectra of the behavior of pyranine in the composite by changing time 

for 15 μL GO content are shown in Figure 3(a). At the beginning of the gelation, the 

wavelength at 512 nm-peak is at the maximum, which shows the free pyranine in the 

composite. 

 

During the gelation process, the wavelengths behave to increase to the 427 nm-peak, 

and decrease to the 512 nm-peak, and also the short wavelength at 380 nm shifting 

through 427 nm which gives the information about the interaction between the 

monomer, GO and pyranine as defined in the previous studies (14-17, 19). Because 

pyranine is a fluorescent probe and its photophysical properties are well characterized 

and can be bound to polymeric structure because of having three functional groups (20). 

While polymerization, its three functional groups can bind to the polymeric system. 

 

Since the wavelengths shift from 380 nm to 427 nm as shown in Figure 3(b) because of 

the binding of SO3
- groups on pyranine to protonated amide groups on the NIPA 

electrostatically and binding -OH groups in pyranine to a vinyl group on the NIPA 

covalently, NIPA polymer chains grow (21). 
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Figure 3. (a) The fluorescence and (b) absorbance spectra of the NIPA- 15 µL of GO 
composites for a given reaction time during the gelation process, respectively. 

 

Figure 4 shows the behavior of the free pyranines referring to I free at 512nm peak in the 

composite versus time for 15 µL and 30 µL of GO contents, respectively. As seen in 

Figure 4, the intensity of the free pyranines at 512 nm first decreased and then increased 

until some point, and then descended at the end of the reaction for GO contents. 
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Figure 4 The intensity at 512 nm variations of free pyranine for 15 µL and 30 µL of GO 
contents, versus gelation time, respectively. 

 

Figure 5 presents the behavior of bonded pyranine at 427 nm peak with respect to the 

time for 15 µL and 30 µL of GO contents. When Icross refers for bonding between pyranine 

and monomers of NIPA shifting from 380 to 427 nm, the polymerization has been 

realized. Thus, the fluorescence spectra were monitored in the large periods of time in 

Figure 5. These data are used to decide the critical behavior of the gelation as shown in 

Figure 6. 

 

Figure 5. The fluorescence intensities at 427 nm variations of the pyranine, bonded to 
the NIPA for 15 µL and 30 µL of GO contents versus gelation time, respectively. 
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The assumption of gelation theory is given by the conversion factor, p, which decides the 

behavior of gelation process by changing temperature, concentration of monomers, and 

time (22-24). When the temperature and concentration are kept constant, then p will be 

directly proportional to the reaction time, t. This proportionality can be assumed that in 

the critical region. Therefore, p − pc  is linearly proportional to t −  tc  (25- 26).  

 

The fluorescence intensities in Figure 3 give the information about the weight average 

degree of polymerization and the growing gel fraction for below and above the gel point, 

respectively. It can be proven by using a Stauffer type argument under the assumption 

that the monomers occupy the sites of an imaginary periodic lattice (22-24). Therefore, 

the fluorescence intensity, I’, measures the weight average degree of polymers or 

average cluster size below tc as given in Eq.1. 

 

( ) γ−−+=∝ t
c
tCDPI w

'  
t <tc (Eq. 1) 

 

On the other hand, if the intensity from finite clusters distributed through the infinite 

network Ict (in Eq.2) is subtracted from the maximum fluorescence intensity,  

( ) γ ′−−−=∝ t
c
tCDP

ct
I w  

t>tc (Eq. 2) 

Then, the corrected intensity Ims measures only the gel fraction G, the fraction of the 

monomers that belong to the macroscopic network above tc as given in Eq.3.  

( )β
c
ttBG

ct
II −=∝−'  

t >tc (Eq. 3) 

 

C+, C-, and B are the critical amplitudes in Equations 1-3. The ratio C-/C+ has different 

values for mean-field versus percolation as discussed by Stauffer (22) and Aharony (27). 

The estimated values for C-/C+ are given in Table 1.  

Table 1. The ratio C-/C+ values by Stauffer (22) and Aharony (27). 
 

 Classical  Percolation   
  Direct  εεεε 

expansion 
γγγγεεεεexp=1.840 and 
ββββεεεεexp = 0.52 

γγγγ =1.7 and ββββ 
= 0.4 

Series and 
Montecarlo 

C-/C+ 1 1/2.7 1/3.5 1/4.3 1/10 
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Figure 6. Intensity at 427 nm versus during gelation of the composite gel of NIPA–15 μL 
of GO. The curve depicted by squares represents the mirror symmetry Ims of the intensity 

according to the axis perpendicular to time axis at t = tc. 
 

To determine the intensity Ict in Eqs. 2 and 3, we first choose the parts of the intensity-

time curves up to the gel points, then the mirror symmetry Ims of these parts according 

to the axis perpendicular to the time axis at the gel point were multiplied by the ratio 

−C / +C ,  so that Ict=
+

−

C

C
Ims. Thus, the intensity from the clusters above the gel point is 

calculated as Ict = (C−/C+) Ims. I’−Ict monitors the growing gel fraction for t > tc. The 

intensity from the lower part of the symmetry axis monitors the average cluster size for t 

< tc. Figure 6 shows that Ims and the fluorescence intensity at 427 nm. Using Eq. 3, and 

the values for tc summarized in Table 2. β exponents as a function of various GO contents 

for 1 M NIPA were calculated as a given in Table 2. 

 

Figure 7 shows the log-log plots of the intensity versus time data above the gel point for 

15 μL GO, where the slope produced the gel fraction exponent, β values for C-/C+ =0.1 

which are listed in Table 2 for changing GO in the NIPA-GO composites, respectively. 
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Figure 7. Double logarithmic plot of the intensity I versus time curves above tc for 15 µL 
of GO contents. The  β exponent was determined from the slope of the straight line 

(where C-/C+=0.1). 

Table 2. Experimental measured parameters for NIPA-GO composites. 

NIPA GO(µL) tc(s) β Eg(eV) 

1M 

0 620 0.98 1,02 
5 700 0.55 2,37 
15 1180 0.44 2,90 
25 1280 0.56 2,91 
30 980 0.94 2,93 
35 1040 0.85 3,04 

As given in Table 2, the gel fraction exponent,β, was agreed with the percolation for 

below 30 µL of GO content. On the other hand, the classical result was observed above 

30 µL of GO content. 

 

On the other hand, optical energy band gap is another important optical parameter of the 

composites doped by nanomaterials. The gap of the composite can be estimated for 

utilization of this composite in applications such as optical sensors, solar cells etc. The 

resulting absorbance spectrum obtained on NIPA- 15 µL of GO composite between 400- 

700 nm is shown in Figure 8. 
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Figure 8. The absorbance of composite of NIPA- 15 µL of GO between 400- 700 nm. 

Figure 9 shows that optical energy band gap was calculated from the absorption 

spectrum fitting method (ASF) (28-29) of NIPA - 5 µL and 15 µL of GO composites, 

respectively. The spectral data recorded showed the strong cut off wavelength, where the 

absorbance value is minimum. The optical energy band gap was decided from Eq. 4, and 

are given in Table II. 

 

λ
hc

g
E =  

(Eq. 4) 

where h is Planck’s constant (Joules.sec), and c is the speed of light (m/s), λ is cut-off 

wavelength (m), and 1 eV=1.6*10-19 Joules as a conversion factor, respectively. 

 

Figure 9. Optical energy band gap was calculated from the absorbance graph of NIPA - 5 
µL and 15 µL of GO composite, respectively. 
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CONCLUSION 

 

In this work, NIPA-GO composite was obtained by free radical copolymerization. The 

gelation and optical energy band gap were performed by Fluorescence and UV 

spectrophotometry, respectively. Firstly, the critical exponents, β for C-/C+= 0.1 were 

calculated from percolation and classical theory. The copolymerization kinetics obey the 

percolation picture for below 30 µL of GO content, and agree with classical theory above 

30 µL of GO content. Lastly, the absorption spectrum fitting method (ASF) was 

mentioned to estimate the optical energy band gap for the composite. The optical energy 

band gap of the composite increases with increasing GO content and the composite 

behaves as a semiconductor. Thus, it was found that even small amounts of GO strongly 

influence the optical behavior of the NIPA-GO composite. 
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Türkçe Öz ve Anahtar Kelimeler 

 

NIPA-GO Kompozitlerinin Optik Özellikleri Üzerine Grafen Oksidin 
Etkisi 

Gülşen Akın Evingür 

Öz: Poli(N-izopropilakrilamid) (NIPA)-Grafen oksit (GO) kompozitleri çeşitli GO çözeltileri 
içeriği ile radikal olarak polimerleştirilmiştir. Jelleşme süreci Durgun Hal Floresans 
Spektroskopisi ile gerçekleştirilmiştir. Jelleşme sonuçları sırasıyla sızma ve klasik modelle 
açıklanmıştır. Sonuçlarımıza göre GO çözeltisinin 25 µL içeriğine kadar sızma modeline 
uyan jel kısmının kritik bir örneği ortaya konmuştur. Diğer taraftan, NIPA-GO 
kompozitinin optik enerji bant aralığı, 200-800 nm aralığında soğurma ölçümlerinden UV 
spektrofotometrisi ile tespit edilmiştir. Grafen oksit katkısının enerji aralığı üzerindeki 
etkisi NIPA-GO kompozitleri için incelenmiştir. Sonuç olarak, kompozit malzemelerin 
jelleşme süreci ve optik enerji aralığı davranışı incelenmiş ve kompozitlerdeki GO içeriği 
ile ilişkilendirilmiştir.  

Anahtar kelimeler: Grafen oksit; NIPA; jelleşme; optik bant aralığı. 

Sunulma: 22 Ağustos 2016. Düzeltme: 23 Eylül 2016. Kabul: 30 Eylül 2016.  
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Abstract: Pesticides are among the most extensively used chemicals in the world today 
and they are also among the most hazardous compounds for the human. This study was 
designed to use the plasmid relaxation assay to describe the association of markers of DNA 
damage with pesticide exposure. The DNA damage activity of fluoxastrobin and imazamox 
were checked on pBluescript M13+ plasmid DNA (3.2 kb) in the absence and presence of 
Cu(II) ions. It has been found that the fluoxastrobin and imazamox can cleavage plasmid 
DNA in the absence and presence of Cu(II) ions. DNA cleavage was found to be 
concentration- and time-dependent. In conclusion, the present study showed that 
fluoxastrobin and imazamox can damage DNA, which warrants for further investigations to 
correctly evaluate the hazards of exposure to these chemicals. 
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INTRODUCTION 

 

Though extreme anthropogenic activities bring about innumerable accumulation of 

xenobiotics in biosphere (1, 2), especially pesticides are designed specifically to kill the 

organisms. Therefore, they are one of the most dangerous chemical compounds (3). 

Pesticides have to comply with a demand: a high degree of toxicity for only target 

organisms, but synthetic pesticides are quite inadequate in this respect (4). Pesticides 

consist of a heterogeneous class of chemicals, developed for the purpose of controlling 

pests, requisite in modern agriculture, but numerous studies available in the literature are 

with regard to their genotoxicity (5). 

 

The primary risk factor is the genotoxic potential for long-term effects such as carcinogenic 

and reproductive toxicology. Most of the pesticides have been tried in a wide range of 

mutagenicity assays covering gene mutation, DNA damage and chromosomal alteration 

(6). 

 
Fluoxastrobin is a new strobilurin-type fungicide and it has a broad spectrum of activity 

against many fungal diseases. It is known that Fluoxastrobin has been registered for foliar 

utilization on corn vegetables, peanuts, and tuberous, fruiting vegetables, leaf petiole 

vegetables, and turf, as well as peanut. 

 

Imazamox is a widely used herbicide in the imidazolinone herbicide family and inhibits the 

acetolactate synthase enzyme, which is critical for the synthesis of the amino acids valine, 

leucine, and isoleucine in plants. 

 
In field crops, imazamox is effective against a large variety of grass and broadleaf weeds, 

including downy brome, red rice, shattercanech, jointed goatgrass, wild mustards, common 

ragweed, common lambsquarters, and others. Pesticides tend to accumulate in the 

environment and organisms.  

 

It was reported that the amount of pesticide utilized was approximately 2.4 million tons in 

both 2006 and 2007, with herbicides calculating for the largest part of the total use, 

followed by other pesticides, fungicides, and insecticides (7). Distinct agriculture 

applications practised in agricultural areas of the extensive farming inside of hothouses 

(most especially close the seaboard) and another hand conventional agriculture, which 

accounts for a heterogeneous type of pesticide use (8). 
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Pesticides can be connected to each groove of the DNA double helix with various non-

covalent interactions. For example; pesticides can be linked in the wall/surface of each 

groove of DNA with hydrophobic interaction, specific hydrogen bonds or van der Waals 

interactions. 

 

Experimental input demonstrated that numerous pesticides had mutagenic qualities 

causing genetical chromosomal alteration, DNA damage, or mutation (9). 

 

Pesticides exposure caused increasing incidence of cancer, endocrine disorders, 

neurodegenerative disorders, birth defects, reproductive disorders, Parkinson, Alzheimer, 

diabetes, cardiovascular diseases, chronic nephropathies, and chronic respiratory disease 

(10). 

 

However, few in vitro studies focusing on effects of pesticides on DNA damage have been 

performed. A study of the genotoxicity of chemicals, such as fluoxastrobin and imazamox 

is important because of their possible consequences on human health and their relation 

with cancer and other diseases. Therefore, the aim of present study was to determine the 

effect of fluoxastrobin and imazamox on plasmid DNA in the absence and presence of ions 

Cu(II) ions.  

 

MATERIALS AND METHODS 

 

Chemicals 

Fluoxastrobin, Imazamox, acetone, agarose, bromophenol blue, copper(II) chloride, 

sodium chloride, ethylenediaminetetraacetic acid (EDTA), glacial acetic acid, and trisma 

base were purchased from Sigma-Aldrich (St Louis, MO) and ethidium bromide was 

obtained from Amresco LLC (Solon, OH). Plasmid miniprep kit was obtained from Qiagene 

(Valencia, CA). 

 

Purification of Plasmid DNA 

Genejet plasmid mini preparation kit was used to isolate the pBluescript M13+ plasmid 

DNA. U.V spectroscopy was used to checked the purity of plasmid DNA. DNA concentration 

is estimated by measuring the absorbance at 260 nm. (A260 = 1.0 for 50 µg/mL). 
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DNA Damage with Fluoxastrobin and Imazamox 

This study was designed to use the plasmid relaxation assay to describe the association of 

markers of DNA damage with pesticide exposure (11). DNA cleavege activity of 

fluoxastrobin and imazamox were checked in the absence and presence of Cu(II) ions on 

pBluescript M13+ plasmid DNA (3.2 kb) by agarose gel electrophoresis according to Çeken 

(12).  

 

0.5-mL Eppendorf tubes which were covered with aluminum foil were used for the reactions 

and for protecting the samples from light. All reactions were performed in a volume of 10 

µL, containing 200 ng of pBluescript M13+ plasmid DNA at room temperature, in phosphate 

buffer (pH 7.4; 14.29 mM NaCl, 7.14 mM phosphate). Fluoxastrobin and Imazamox (50, 

100, 150, 200, 250 μg/mL) were added in the absence and presence of (II) at a final 

concentration of 100 µΜ. Electrophoresis was performed in the presence of ethidium 

bromide (10 mg/mL), at 60 V for 90 minutes. 

 

In this experiment, we take advantage of the fact that double-stranded plasmid DNA 

molecules generally exhibit three conformations that reflect the integrity of the DNA: 

Supercoiled (sc), open circular (oc), and linear (l). 

 

Densitometric analysis  

Gel documentation system was used for scanning to the gel (Gel-Doc-XR; BioRad). 

 

RESULTS AND DISCUSSION 

 

In order to assess whether prolonged exposure to pesticides in the presence of metal ions 

could lead to an increase in genetic damage, plasmid DNA exposed to pesticides were 

evaluated using plasmid relaxation assay.  

 

Excessive use of pesticides in agricultural or domestic areas results in environmental 

contamination. Though pesticides have significant contributions for the elimination of the 

harmful effects of pests on plant, animal, and human, they have toxic effects on the non-

target organism. 
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It has been clearly demonstrated that pesticidal toxicity alters a variety of physiological 

functions. Additionally, evidence has shown that pesticide exposure can promote the risk 

of neurodegenerative diseases and cancer. 

 

Recent evidence also suggests that the pesticides which act as endocrine disruptors have 

the ability to cause diverse side effect regarded to developmental toxicity and reproductive. 

 

Therefore, it is now evident that research towards understanding how pesticides effect the 

progression and development of disease will cause to further improvements in public 

health. 

 

In the literature, chlorpyrifos, methyl parathion, and malathion were investigated for their 

DNA damage activities (13, 14). However, there is no study with new generation pesticides. 

Therefore, in this study we used the plasmid relaxation assay to describe the association 

of markers of DNA damage with fluoxastrobin and imazamox exposure. Plasmid relaxation 

assay is a cheap and fast method to explain the toxic effect of pesticide. Oxidative damage 

to DNA is one of the most important mechanisms in the initiation of cancer such damage 

is sometimes caused by pesticides. 

 

This study is the first to investigate the role of metal ion (copper) in the observed toxic 

action of pesticides. It is known that copper has the ability to capable of mediating the 

action of several phenolic compounds producing reactive oxygen and other radicals (15). 

Since copper exists in the nucleus and is closely associated with chromosomes and DNA 

bases, in this study we have investigated whether the activation of pesticides such as 

fluoxastrobin and imazamox by copper can induce strand breaks in DNA. Copper salts have 

been used extensively as fungicides for a long time so that it is very important to 

investigate the effects of the combination of copper with other pesticides (16). 

 

The role of fluoxastrobin and imazamox DNA damage was evaluated, and the exposure 

time is presented in Figure 1-4. As shown in Figures 1 and 3, fluoxastrobin at 

concentrations between 50-250 µg/mL has no significant effect on cleavage of plasmid 

DNA in the absence and presence of Cu(II) ions (Figure 1, lane 2-6; Fig 3, lane 3-7). On 

the other hand, at the concentration between 50-250 µg/mL imazamox can effectively 

promote cleavage of plasmid DNA in the absence and presence of Cu(II) ions (Figure 2, 

lane 2-6; Fig 4, lane 3-7).  
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In the presence of 100 µM concentration of Cu(II), imazamox (50-250 µg/mL) induced 

extensive DNA strand breaks as indicated by disappearance of supercoiled (sc) form and 

the formation of open circular (oc) and linear form (l).  

 

Copper is widely distributed in nature and is an essential element. Acute poisoning occurs 

most frequently from the ingestion of copper sulfate or other copper salts, and hepatic 

necrosis is characteristic of copper poisoning. The redox properties of copper and iron 

complexes of adriamycin, bleomycin, and thiosemicarbazones have been investigated by 

electron spin resonance spectroscopy (ESR) (17).  

 

A common property of these metal complexes is their ability to be readily reduced by thiol 

compounds and oxidized by iron or reduced species of iron to produce free radicals. Copper 

is also a common cofactor for many enzymes including oxidases and oxygenases (18). 

Similar to iron, copper acts as a catalyst in the formation of reactive oxygen species and 

catalyzes peroxidation of membrane lipids (19). The metal ions present in some pesticides 

and fertilizers (20) may interfere with DNA repair and produce reactive oxygen species 

(ROS), leading to oxidative damage (6). The pesticide-metal ion-DNA associations might 

contribute to genotoxicity. 

 

The individual and the combined toxicity of pesticides and metals were studied by 

Bhuvaneshwari et al. (2012). They observed that pesticides, metal ions, and a mixture of 

them caused DNA damage and this damage inducts mutation in the GADD45β gene (21).  

 

The cleavage of DNA was found to depend on both the concentration of pesticide and the 

reaction time (24-48 h). Our results indicate that both pesticides used in this study have 

the ability to damage plasmid DNA in the absence and the presence of metal ions. 

Therefore, further detailed evaluation of genotoxicity is thus required. 
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Figure 1. Gel electrophoresis diagram showing the cleavage of pBluescript M13+ plasmid 

DNA (3.2 kb) fluoxastrobin in the dark at different exposure times (A: 24h, B: 48 h). 

 

 

 

 

 

 

 

 

Figure 2. Gel electrophoresis diagram showing cleavage of pBluescript M13+ plasmid 
DNA (3.2 kb) by imazamox in the dark at different exposure times (A: 24h, B: 48 h). 
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Figure 3. Gel electrophoresis diagram showing cleavage of pBluescript M13+ plasmid 
DNA (3.2 kb) by fluoxastrobin in the presence of CuCl2 in the dark at different exposure 

times (A: 24h, B: 48 h). 

 

 

 

 

 

 

 

 

Figure 4. Gel electrophoresis diagram showing cleavage of pBluescript M13+ plasmid 

DNA (3.2 kb) by imazamox in the presence of CuCl2 in dark at different exposure times 
(A: 24h, B: 48 h). 
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Türkçe Öz ve Anahtar Kelimeler 

Pestisit-Kaynaklı Oksidatif DNA Hasarı üzerine in vitro Çalışmalar 

 

Özlem DEMİRCİ, Bircan ÇEKEN TOPTANCI ve Murat KIZIL 

Öz: Pestisitler dünyada bugün en çok miktarda kullanılan kimyasallar arasında olup 
insanlar için en zararlı bileşikleri oluşturmaktadır. Bu çalışma, pestiside maruz kalmakla 
beraber DNA hasarını gösteren işaretlerin toplamını tarif etmek üzere plazmid gevşeme 
çalışmasını kullanmaktadır. Fluoksastrobin ve imazamox pestisitlerinin DNA hasar aktivitesi 
pBluescript M13+ plazmid DNA (3,2 kb) incelemesi Cu(II) iyonlarının varlığında ve 
yokluğunda incelenmiştir. Fluoksastrobin ve imazamox’un plazmid DNA’sını Cu(II) 
iyonlarının varlığında ve yokluğunda parçalayabildiği bulunmuştur. DNA parçalanmasının 
derişime ve zamana bağlı olduğu bulunmuştur. Sonuç olarak, bu çalışma fluoksastrobin ve 
imazamox’un DNA’yı tahrip edebildiğini göstermiştir, bu da söz konusu kimyasalların 
maruziyetleri için zararlı etkinin doğru bir şekilde değerlendirilmesi için daha fazla çalışma 
yapılması gerektiğini göstermektedir.  

Anahtar kelimeler: DNA hasarı; Genotoksisite; Fluoksastrobin; Imazamox. 

Gönderilme: 17 Temmuz 2016. Düzeltme: 09 Eylül 2016. Kabul: 06 Ekim 2016.  
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Abstract: The target of this study is to determine the interrelation among serum Li level on bone 
metabolism (Ca, P, Parathormone, and Vitamin-D), sex and metabolic hormones (estrogen, FSH, 
LH and TSH), and some biochemical parameters in premenopausal and postmenopausal women. 
The study is carried out with 10 women, 5 of which is in the premenopausal period. The serum Li 
levels, bone metabolism indicators (i.e., ALP, Ca, P, Mg, Cu, and Zn) and some biochemical 
parameters such as serum triglyceride, alkalene phosphatase, total cholesterol, HDL, LDL, and 
cholesterol levels were determined. The estrogen blood level of women in menopause period was 
found to be lower than that of women in pre-menopause period (p<0.01) and the FSH level was 
found to be higher (p<0.01). In the lipid profile, the triglyceride level in the post-menopause 
period was found to be low (p<0.05) and HDL (p<0.001), LDL (p<0.001) and the cholesterol 
levels were found to be high (p<0.001). The alkalene phosphatase (p<0.001) and Vitamin-D 
levels (p<0.001) were found to decrease. When the mineral levels were investigated, no 
meaningful difference was observed in the serum magnesium and copper levels while zinc 
(p<0.01) and phosphorus (p<0.005) levels were observed to increase, the calcium levels 
(p<0.05) decreased and Li levels considerably decreased (p<0.0001). According to the results 
obtained it was determined for the first time that Li deficiency can be related with menopause and 
the related diseases and thus Li therapy can be used in developing new treatment protocols of 
menopause as an alternative method. 
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INTRODUCTION 

 

Menopause can be defined as decrease of hormones periodically secreted from the ovaries and 

full-stop of menstrual bleeding which is a natural consequence of aging. In the period when 

women try to adapt themselves from a period, when they are physiologically stimulated with 

estrogen and progesterone, to a period, when they are deprived of these hormones and decrease 

in estrogen levels, serious complications such as cardiovascular diseases, cancer, bone loss and 

osteoporosis arise [1]. 

 

Osteoporosis is a disease which leads to bone fractures due to decrease in the bone density. In 

osteoporosis, bones become sensitive due to decrease in bone mass caused by factors related 

with genetics, hormonal, environmental and diet and bone loss occurs in the endostal region of 

the skeleton [2]. One of the main reasons of osteoporosis is the deficiency in estrogen. Estrogen 

is necessary for the normal maintenance of the bone matrix and for incorporation of calcium in the 

matrix. Moreover, estrogen increases absorption and excretion of calcium and inhibits bone 

resorption [3].  

 

Today modern menopausal treatment is focused on developing therapy models which would 

eliminate the symptoms suffered during menopause period with the least side effects. Studies 

have shown that there is a relation between lithium and sex hormones and it affects these 

hormones [4]. In another study it was reported that lithium antagonizes the effects of estrogen 

[5]. Moreover it was shown that lithium affects the wnt path which plays an important role on 

development and differentiation of bone tissues and hair follicles. In an increased number of 

studies, it was shown that wnts are key regulators on osteogenic differentiation of mesenchyme 

stem cells and on bone formation. For example, while a change in the wnt signalization path can 

cause osteoporosis and osteopenia inactivating mutation of wnt inhibitors lead to hyperostotic 

skeleton formation and thus an increase in bone mineral density. Lithium blocks the wnt 

antagonist and decreases fracture risk of the patient [6]. It was shown that lithium can be related 

with hyperparathyroidism which is a risk factor for osteoporosis. However, the data regarding the 

relationship between lithium and bone mass is contradictory. Lithium can cause hypercalcemia 

and paratyroid function disorder [7]. Moreover, the therapeutic effect of lithium can be observed 

in a very narrow window and the concentrations above this level can cause poisoning or can be 

lethal. For instance, while its concentration in the plasma and in the serum is above 1.5 mmol.L-1 

poisoning can happen when its concentration in the serum is above 2-2.5 mmol.L-1 and when its 

concentration in the serum is above 3.5 mmol.L-1 in the serum it can be lethal. On the other hand, 

it is known that lithium therapy is successful only when lithium concentration in the plasma is 

above 0.050 mmol.L-1, and is in the range 0.5-1.5 M in the blood and 0.3-1.3 mM in the serum [8, 
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9].  

 

Therefore, in order to provide optimum benefit from therapeutic effect of lithium, its accurate, 

sensitive, selective, and reliable detection in blood, blood plasma, serum, and saliva is of great 

importance.  

 

Studies have shown that the toxic effect of lithium does not only depend on the amount of lithium 

administered but also other parameters such as sodium intake affect the mechanism. Therefore, 

in this study both determination of serum lithium levels in women in pre-menopause and 

menopause periods and also the relation among lithium levels, bone metabolism (Ca, P, 

Parathormone, Vitamin-D), sex and metabolic hormones (estrogen, FSH, LH, TSH) and some 

biochemical parameters were targeted for evaluating efficacy of lithium as a therapeutic agent in 

treatment of osteoporosis.  

 

MATERIAL AND METHODS  

 

This study is made on volunteering women who had visited Çankırı Karatekin Hospital Outpatient 

Polyclinics of Gynecology and Obstetrics. The study was carried out with two groups each of which 

were consisted of 5 female subjects. The first group (Pre-menopause Group) was under the age 

45 and had regular periods (menstrual cycle) and who was determined not to be in the 

menopause period by the doctor and the second group (Post-menopause Group) comprised of 

women, who were above the age 55 and did not have their periods and they were clinically 

diagnosed by the doctor to be in the menopausal period. The volunteer subjects were none-

smokers and did not have any systemic diseases such as renal failure, diabetes mellitus, heart 

diseases and who did not use any kind of estrogen preparative before. The subjects, who were 

included in the control group, were included in this group according to the diagnosis of the doctor 

and had estrogen value above 30 pg/mL. The subjects with estrogen value below 20 pg/mL were 

included in the menopausal group. Ethical board permission was obtained from Kirikkale 

University Faculty of Medicine and each patient was asked to offer their consent via "informed 

consent form". 

 

10 mL venous blood was taken from the subjects participating in the study into serum tubes and 

tubes containing anticoagulant for the biochemical analysis. The venous blood samples were 

centrifuged at 3000 rpm for 10 min.s and the sera were separated from the blood samples. Serum 

samples were placed in Eppendorf tubes and were kept at -80 ºC until they were analyzed.  
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Water used in the experiments was purified with a MilliQPLUS 185 system (Millipore, St Quentin-

en-Yvelines, France). Suprapur nitric acid 65 % and Triton X-100 were obtained from Merck 

(Darmstadt, Germany). Rhodium standard for ICP TraceCERT®, 1000 mg/L Rh in hydrochloric acid 

was obtained from Sigma Aldrich.  

 

Serum Ca, P, Zn, Cu, Mg, triglyceride, total cholesterol, HDL, LDL, ALP, FSH, estrogen, and 

Vitamin D levels were determined via commercial kits in the auto-analyzer. Serum lithium 

concentrations were determined by ICP-MS Thermo Elemental X7CCT series and PlasmaLab1 

software without a dynamic reaction cell. Plasma torch argon purity was higher than 99.9 %.  

 

Blood plasma samples (0.4 mL each) were diluted with purified water, acid, triton X100, and 

butanol and Rhodium was used as internal standard. The Li measurements showed linearity (from 

limit of detection to 25 ng/mL or to 250 ng/mL) with a correlation coefficient > 0.99. and also the 

intra-assay and inter-assay inaccuracy, which was measured as the variation coefficient, was < 5 

and 10% respectively.  

 

The data obtained in the study were evaluated via the statistical package program (SPSS 11.5 for 

Windows Standard Version) and were expressed as mean ± standard deviations. Normalization 

tests of the data obtained were made and in order for to determine the statistical differences 

among the groups one way variance analysis (ANOVA) and Duncan test were used as post-test. 

 

RESULTS AND DISCUSSION 

 

The serum estrogen and FSH values, according to which the menopause diagnosis is made, are 

presented in Table 1.  
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Table 1. Serum mineral, lipid, and hormone values of the female subjects. 

Parameters Pre-Menopausal Group Post-Menopausal Group 
Li (µg/dL) 22,6±0,40 7,58±0,21*** 

Ca (g/dL) 9,84±0,65 9,59±1,04* 
P (g/mL) 4,16±0,74 4,46±0,81* 
Zn (g/dL) 100±24,1 110±28,4** 
Cu 123±18,8 122±16,7* 
Mg (g/dL) 1,82±0,138 1,94±0,18 
HDL (mg/dL) 38,5±7,78 43,7±8,93*** 
LDL (mg/dL) 128±46,1 146±45,0** 
Triglyceride (mg/dL) 156±104 151±96,5* 
Alkalene phosphatase (U/L) 195±66,7 231±86,7** 
Cholesterol (mg/dL) 197±43,2 224±51,1** 
Vitamin D (25-OHD)  12,7±3,81 5,67±1,41*** 
Estradiol (pmol/L) 220,3 ± 59,7  88.2 ± 16,2*** 
FSH (IU/L) 19.7 ± 10.2 71.5 ± 15.8** 
LH (IU/L) 8.65 ± 6.21 35.02 ± 7.13** 
* sign indicates the statistical differences among the groups when p<0.05. 

** sign indicates the statistical differences among the groups when p<0.01. 

*** sign indicates the statistical differences among the groups when p<0.001. 

 

In the study, it was determined that the estrogen level of women in the menopausal period is 

lower than that of the women in the pre-menopausal period (p<0.01) while the FSH level was 

found to be higher (p<0.01). In the lipid profile, while the triglyceride level was found to be low in 

the post- menopausal period (p<0.05), the HDL (p<0.001), LDL (p<0.001) and the cholesterol 

levels (p<0.001) were found to be high. Alkalene phosphatase (p<0.001) and Vitamin D levels 

(p<0.001) were found to decrease in the post-menopausal period. When the mineral levels were 

investigated, it was observed that there was no significant change in serum magnesium and 

copper levels, but zinc (p<0.01) and phosphorus levels (p<0.005) increased, and calcium level 

(p<0.05) decreased. However, serum lithium level (p<0.0001) considerably decreased.  

 

Considerable physiological changes happen in the bodily functions of women in the period when 

sex hormones (estrogen and progesterone) are diminished and disappear and as a result of this 

they become prone to various diseases. Menopause causes important changes to take place in the 

metabolism and in the lipid profile. Since the protective effects of estrogen diminish in the post-

menopausal period the risk to osteoporosis and coronary diseases increase. Today modern 

menopause treatment works on therapeutic models which would eliminate the symptoms in this 

period with the least side effect. This study is important with regard to establishing basis for 

understanding the effect of lithium on treatment of symptoms of menopause (i.e., osteoporosis 

and coronary diseases).  

 

The target of this study is to determine lithium levels in women in the pre- and post-menopausal 

periods and to investigate the relation among lithium level, bone metabolism (Ca, P, 
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Parathormone, Vitamin D), sex and metabolic hormones (estrogen, FSH, LH, TSH) and some 

biochemical parameters to understand the efficacy of lithium as a therapeutic agent in treatment 

of osteoporosis.  

 

Although the lipid profile plays an effective role in menopause, it was shown that triglyceride level 

causes bone density to decrease in the post-menopausal women. However, it is known that the 

lipid profile alone cannot be effective on bone density, but estrogen level and the period of 

menopause would play important roles [10]. Also in our study, the HDL (p<0.001), LDL (p<0.01), 

and cholesterol (p<0.01) levels of women in menopausal period were found to increase as 

compared to the values of women in the pre-menopausal period. Considerable decrease was 

observed in the estrogen level (p<0.001) while the FSH (p<0.01) and LH levels (p<0.01) 

increased. Since the follicles in the ovaries of women in the menopause period are drained 

decrease in estrogen and progesterone hormone levels and as a consequence of this increase in 

the levels of luteinizing hormone (LH) and follicle stimulating hormone (FSH) is a part of the 

natural process. If the blood FSH level is > 30 mIU/mL and the menstrual period had not occurred 

for one year the subject can be diagnosed with menopause [10].  

 

When the lipid profile was investigated in the post-menopause period the blood triglyceride level 

(p<0.05) was found to be low but the HDL (p<0.001), LDL (p<0.001) and cholesterol levels 

(p<0.001) were found to be high. It is known that cholesterol level of osteoporosis patients is 

high [11].  

 

The latest studies have shown that in the menopausal period, total cholesterol and LDL cholesterol 

(p<0.001) levels increase. It was shown that although triglyceride level is high in women in the 

post-menopausal period, HDL level decreases (p<0.001). Thus, it is shown that menopause 

decreases total and LDL cholesterol levels via decreasing HDL cholesterol and it changes the 

triglyceride level is high the lipid profile [12]. High LDL values show that the protective effects of 

HDL decreases. It is shown that hyperlipidemia contributes to osteoporosis and the basis of this 

process is lipid oxidation. The oxidized lipids are inhibited in vitro osteoblastic differentiation [13]. 

Moreover, the in vivo studies showed that diets rich in fat and cholesterol decreases bone mineral 

density and increases alkalene phosphatase level (p<0.001). The increase in the alkalene 

phosphatase level, which is frequently seen in the menopausal period, shows the increase in the 

activity in the bone cells and thus the increase in the risk of bone loss [14, 15]. The decrease in 

level of estrogen hormone, which plays and important role in Vitamin D to be active, during 

menopausal period can cause serious problems regarding bodily functions in which Vitamin D acts 

as a mediator [16]. In our study, it was observed that Vitamin D level (p<0.001) decreases in the 

post-menopausal period. However, Vitamin-D and calcium levels and supplementation play critical 
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role in prevention of osteoporosis and in formation of healthy bone structure [16].  

 

Some minerals (Zn, Cu), hormones (estrogen) and Vitamin D are important factors affecting 

ligaments and bone matrix [17]. It is known that, in the fight with osteoporosis, calcium and 

Vitamin-D are the first strategic factors [18]. In the study it was observed that Vitamin D level 

(p<0.0001) was considerably low in subjects in the menopausal period. Moreover, serum estrogen 

level (p<0.001) of women in post-menopausal period was found to be lower, but their FSH and LH 

levels were higher and serum calcium level (p<0.05) was also lower than those in pre-

menopausal period. Regarding bone health these values indicate the risk of osteoporosis. Bone 

minerals are consisted of calcium phosphate. Therefore, regarding bone health, phosphorus is as 

important as calcium [20]. The typical adult diet contains phosphorus in abundance. It was 

observed that phosphorus level (p<0.5) in women in the menopausal period, who participated in 

our study, did not change much. This shows that the women who participated in this study do not 

take such supplementations. In the study made against the common view, the main cause of 

osteoporosis is not the deficiency in estrogen and calcium but the deficiency in the micronutrients 

[20]. Low serum ALP level which indicated weak bone formation is a sign of low serum zinc level 

[21]. In our study we found that in women in menopausal period serum ALP level (p<0.01) and 

thus zinc level (p<0.01) were found to be high. High zinc level causes copper level (p<0.5) to be 

low. Studies made indicate that low copper level can cause osteoporosis, anemia, and 

neurodegenerative disorders [21]. It was observed that serum copper level (p<0.05) was lower in 

women in menopausal period than those in pre-menopausal period. This indicates risk of 

osteoporosis in the patients in the menopause period who participated in our study.  

 

There is a positive correlation between magnesium level and bone mineral density. It is 

mentioned that serum magnesium level in women, who had osteoporosis, was lower than those 

who had osteopenia and who did not have osteoporosis or osteopenia [22]. No important 

difference was observed in serum magnesium levels of women who were in menopausal period 

and who were not in menopausal period.  

 

In most of the studies made, lithium was found to be related with sex hormones and affected 

these hormones. It was found that lithium therapy cause induced proliferative and morphogenetic 

changes induced by estradiol in the uterus. In another study, it was mentioned that lithium 

antagonizes the effects of estrogen [23]. Therefore, it is expected that women in menopausal 

period have low lithium levels. In this study, we obtained the data supporting this view and when 

serum mineral levels of women in menopausal period were compared with those who were not in 

menopausal period, it was observed that serum lithium level (p<0.0001) of women in pre-

menopausal period was much lower than all other mineral levels. Therefore, findings of our study 
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indicate that finding serum lithium levels to be much lower in subjects in the menopausal period 

compared to those who are not in menopausal period is an indicator for the possibility of using 

lithium to antagonize the effects of estrogen encountered in osteoporosis and thus lithium can be 

used as an effective therapeutic agent.  

 

As a result, in this study, together with hormonal changes in menopause, changes are observed in 

the mineral levels and lithium level was found to be considerably lower in women in menopausal 

period. Along with this, Vitamin D level was also found to be lower and all these were risk factors 

for osteoporosis. However, this also indicated that lipid profile alone would not play a role. Lithium 

deficiency was found to be related with menopause, and in relation with this, with osteoporosis. 

These results indicate that lithium therapy can be considered as an effective alternative method 

for treatment of menopause and of osteoporosis related with menopause which is a very risky 

period for women as they become prone to various diseases in this period.  
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Türkçe Öz ve Anahtar Kelimeler 

Menopoz Öncesi ve Sonrası Kadınlarda Serum Lityum Seviyeleri, Kemik 
Metabolizması ve Bazı Biyokimyasal Parametreler Arasındaki İlişkiler 

 

Ruken Esra Demirdogen, Fatih Mehmet Emen, Derya Kilic, Gokturk Avsar, Tuncay Yesilkaynak, 
Tunay Askar  

 
Öz: Bu çalışmanın hedefi, premenopozal ve postmenopozal kadınlarda serum Li seviyesinin kemik 
metabolizması (Ca, P, Parathormon ve D vitamini), cinsiyet ve metabolik hormonlar (estrojen, 
FSH, LH ve TSH) ve bazı biyokimyasal parametrelerin arasındaki ilişkiyi belirlemektir. Çalışma 10 
kadın üzerinde yürütülmüştür, bunlardan 5’i menopoz öncesi periyotta bulunmaktadır. Serum Li 
seviyeleri, kemik metabolizması göstergeleri (örneğin ALP, Ca, P, Mg, Cu, Zn) ve serum 
trigliserit, alkalen fosfataz, total kolesterol, HDL, LDL ve kolesterol seviyeleri gibi bazı 
biyokimyasal parametreler belirlenmiştir. Menopoz periyodunda bulunan kadınların estrojen kan 
seviyeleri pre-menopozal periyottaki kadınlara göre daha düşük çıkmıştır (p < 0,01) ve FSH 
seviyeleri ise daha yüksek bulunmuştur (p < 0,01). Lipid profilinde, menopoz sonrası dönemdeki 
trigliserit seviyeleri düşük çıkmıştır (p < 0,05) ve HDL (p < 0,001), LDL (p < 0,001) ve kolesterol 
seviyeleri ise yüksekir (p < 0,001). Alkalen fosfataz (p < 0,001) ve D vitamini seviyeleri (p < 
0,001) azalmaktadır. Mineral seviyeleri incelendiğinde, serumdaki magnezyum ve bakır 
seviyelerinde anlamlı bir değişme gözlenmezken çinko (p < 0,01) ve fosfor (p < 0,005) 
seviyelerinin yükseldiği, kalsiyum seviyelerinin (p < 0,05) azaldığı ve Li seviyelerinin de ciddi 
biçimde azaldığı (p < 0,0001) görülmüştür. Elde edilen sonuçlara göre, ilk kez Li azlığının 
menopoz ve bununla ilgili hastalıklarla ilişkili olabileceği ve bu sebeple Li terapisinin alternatif bir 
yöntem olmak üzere menopoz için yeni tedavi protokollerinin geliştirilmesinde kullanılabileceği 
bulunmuştur.  

 
Anahtar kelimeler: Kemik metabolizması; menopoz; osteoporoz; serum Li düzeyi. 

Sunulma: 05 Temmuz 2016. Kabul: 25 Ağustos 2016. 
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Nitroaromatic Compound Sensing Application of Hexa-Armed 
Dansyl End-Capped Poly(εεεε-Caprolactone) Star Polymer With 

Phosphazene Core 
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Abstract: Hexa-armed dansyl end-capped poly(ε-caprolactone) star polymer with 
phosphazene core (N3P3-(PCL-Dansyl)6) was prepared in a two-step synthetic procedure 
including ring opening polymerization (ROP) of ε-caprolactone (ε-CL) and esterification 
reactions. The obtained fluorescence-active polymer was employed as a fluorescent probe 
towards certain nitroaromatic compounds (2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene, 
2,6-dinitrotoluene, 2-nitrotoluene, 3-nitrotoluene, 2,4,6-trinitrophenol (picric acid), 2,4-
dinitrophenol, 4-nitrophenol, and 1,2-dinitrobenzene). Fluorescence intensity of N3P3-
(PCL-Dansyl)6 was decreased gradually upon the addition of nitroaromatic compounds 
and the highest quenching efficiency was found to be 100% with TNT. Besides, N3P3-
(PCL-Dansyl)6 gave exceptionally selective response toward nitroaromatic compounds, 
even in the presence of toxic metal cations such as Pb2+, Co2+, Hg2+, Mn2+, Cd2+ and Zn2+. 
 
Keywords: Nitroaromatic compounds; dansyl-functional star polymer; fluorescence 
spectroscopy. 
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INTRODUCTION 

 

Nitroaromatics are organic molecules which contain one or more nitro groups (NO2) 

attached to the aromatic ring. These compounds are registered as environmentally 

hazardous materials by U.S. Environmental Protection Agency [1, 2]. Among them, 2,4,6-

trinitrotoluene (TNT) and nitrophenols, such as 4-nitrophenol (4-NP), and picric acid 

(2,4,6-trinitrophenol, PA), are important pollution sources. TNT is best known as an 

explosive material for military and terrorist activities, industrial, and mining applications 

[3-5]. When it enters the environment, a small amount of it is enough to cause health 

problems such as headaches, anemia, and skin irritation. Picric acid is another explosive 

material which is even stronger than TNT. Since it is highly soluble in water, it can easily 

contaminate water and environment [6]. Meanwhile, 4-NP is one of the highly hazardous 

and toxic phenols which are used in the production of various analgesics, pesticides, dyes 

and processing of leather [2]. Besides their toxicities to humans, animals, and plants, and 

they give an undesirable taste and odor to drinking water, even in very low concentration 

[7-9]. Decontamination of wastewaters from these pollutants is very difficult since they 

are usually resistant to microbial degradation [9, 10]. Therefore, accurate, rapid and 

selective detection of nitroaromatics is very crucial in many areas, such as environmental 

science, public security, and forensics. 

 

Different methods have been reported for detection of trace amounts of nitroaromatic 

compounds [9-13]. Among them, fluorescence spectroscopic method has many 

advantages related to sensitivity, selectivity, and response time [11-14]. Therefore, 

fluorescence chemosensors were used for the detection of various analytes such as 

cations, anions, nitroaromatics, biological entities, etc. [15-18]. Dansyl-based polymers 

have been employed as fluorescent probes due to strong fluorescence and relatively long 

emission wavelength of dansyl unit in the visible region as well as its structural flexibility 

for derivatization [18-21]. Gorur et al. synthesized hexa-armed dansyl end-functional 

poly(ε-caprolactone) (PCL) star polymer with phosphazene core for the selective 

fluorescence detection of Pb2+ cation [18]. Murariu et al. prepared optically active dansyl-

labeled copolyacrylates for sensitive and selective detection of transition metal ions. They 

showed that the dansyl side-functional copolymers selectively responded the presence of 

Fe2+ cations [22]. Dansyl-containing polymers were mainly used for the fluorescent 

detection of ionic species. They were rarely used as fluorescence probes against 

nitroaromatic compounds. Buruiana et al. synthesized two acrylic copolymers containing 

dansyl groups by free radical polymerization to be used in fluorescence detection of Cu2+, 

Fe2+, Ni2+ metal ions as well as some of nitroaromatic compounds (picric acid, p-

nitrotoluene, nitrobenzene, etc.) in organic medium. They concluded that the fluorescence 
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emission of the polymer films were quenched by nitrobenzene vapors and the 

nitroaromatic compounds had a higher degree of fluorescence quenching [23]. To the best 

of our knowledge, there is no other report in the literature that uses dansyl-based 

fluorescent polymers for detection of nitroaromatic compounds. 

 

Star- shaped polymers consist of several linear chains connected to a central core and 

have many advantages due to their compact molecular shapes, highly branched structures 

and unique rheological properties [24-34]. They are highly soluble in organic solvents, 

have smaller hydrodynamic volume and radius of gyration, resulting in their lower solution 

and melt viscosities with respect to linear polymers with similar molecular weights [32]. 

Besides, star polymers demonstrate less chain entanglements than the linear ones [27, 

32]. There are two main approaches to synthesize star polymers: divergent (core-first) 

and convergent (arm-first). In the divergent method, the polymerization starts from 

multifunctional initiators and the number of arms of the star polymer is determined by the 

number of initiating functional groups on the initiator [26, 28-32]. On the other hand, the 

convergent method requires the preparation of polymer arms with suitable functional 

groups and followed by a coupling or terminating reaction with a multifunctional core 

compound [26, 30, 33, 34]. 

 

In one of our previous studies, we prepared dansyl end-functional PCL star polymer with a 

phosphazene core (N3P3-(PCL-Dansyl)6, see Scheme 1) via ring opening polymerization 

(ROP) of ε-caprolactone (ε-CL) and esterification reactions. Then, N3P3-(PCL-Dansyl)6 was 

used as fluorescent chemical probe for the detection of transition metal cations [18]. In 

this report, the same star polymer was employed as fluorescent chemical sensing agent 

for the determination of nitroaromatic compounds. Chemical structures of the obtained 

polymers were confirmed by FTIR and 1H-NMR spectroscopic techniques.  
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N3P3-(PCL-Dansyl)6 

Scheme 1: Hexa-armed dansyl end-capped poly(ε-caprolactone) star polymer with 

phosphazene core (N3P3-(PCL-Dansyl)6). 

 

MATERIALS AND METHODS 

 

Materials. All chemicals used were of analytical grade or of the highest purity available. 

2,4,6-trinitrotoluene (1 mg/mL TNT solution), 2,4-dinitrotoluene (2,4-DNT, 97%), 2,6-

dinitrotoluene (2,6-DNT, 98%), 2-nitrotoluene (2-NT, ≥99%), 3-nitrotoluene (3-NT, 99%), 

2,4,6-trinitrophenol (picric acid, PA, ≥98%), 2,4-dinitrophenol (2,4-DNP, ≥98%), 4-

nitrophenol (4-NP, ≥99%), 1,2-dinitrobenzene (1,2-DNB, ≥99%) were all purchased from 

Sigma-Aldrich. The molecular structures of nitroaromatic compounds used in the present 

study are given in Scheme 2. Tetrahydrofuran (THF) used as solvent was purchased from 

Sigma-Aldrich. 

 

Instrumentation. 1H- and 31P-NMR, FTIR spectroscopy techniques were used for 

characterization of the synthesized polymer. 1H and 31P-NMR spectra were measured on a 

Varian UNITY INOVA 500 MHz (202 MHz for 31P) spectrometer in CDCl3 and d6-DMSO 

solutions at 25 oC. ATR-FTIR spectra were obtained on Perkin-Elmer Spectrum TwoTM 

spectrometer equipped with Perkin Elmer UATR Two diamond ATR accessory and the 

results were uncorrected. The molecular weight of the polymers was characterized by 

Commented [BA1]: Please provide a picture having a better 

resolution. 250 DPI images are allowed. 
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Agilent 1260 Infinity GPC/SEC Instruments. Thermal properties of the obtained polymers 

were analyzed by Perkin Elmer DSC 8500 double-furnace differential scanning calorimeter 

and Perkin Elmer STA 6000 simultaneous thermal analyzer, respectively. UV-Vis and 

fluorescence spectra were measured using quartz cuvettes (1 cm path length) on 

Shimadzu UV-2600 and Agilent Cary Eclipse spectrophotometers, respectively. 

 

Synthesis of dansyl end-capped poly(ε-caprolactone) star polymer with 

phosphazene core (N3P3-(PCL-Dansyl)6). N3P3-(PCL-Dansyl)6 was prepared 

according to the method reported in the literature [18]. Details are given in Supporting 

Information.  

 

Nitroaromatic sensing applications of dansyl end-capped PCL star polymer via 

fluorescence spectroscopy. Nitroaromatic sensing applications of N3P3-(PCL-Dansyl)6 

were performed via fluorescence spectroscopy. Fluorescence emission spectra were 

obtained with Agilent Cary Eclipse spectrophotometers with an excitation wavelength 328 

nm in THF solutions. Firstly, definite amounts of N3P3-(PCL-Dansyl)6 were dissolved in 

THF at room temperature. Then, the fluorescent responses of star PCL polymer upon the 

addition of prescribed amount of targeted nitroaromatics were measured.  

 

RESULTS AND DISCUSSION 

 

The dansyl end-capped PCL star polymer with phosphazene core (N3P3-(PCL-Dansyl)6) 

was successfully synthesized in a two-step synthetic procedure reported in the literature 

(see Supporting Information for the detailed description) [18]. The dansyl fluorophore had 

strong fluorescence emission in the visible region with high quantum yields [18, 35]. It 

consists of two main parts in its molecular structure. Dimethylamino moiety works as the 

electron donor while sulfonic acid group acts as the acceptor. Because of these 

characteristics, dansyl fluorophore was widely used as fluorescent probe for the detection 

of various materials [18-22] or as a label for bio-imaging [36, 37].  
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Scheme 2. The molecular structures of nitroaromatic compounds used in the present 

study. 

 

The binding behavior and recognition characteristics of the dansyl end-capped PCL star 

polymer toward several nitroaromatic compounds were determined via fluorescence 

spectrophotometric measurements using 1-cm path length cuvettes. The solutions were 

prepared fresh in THF solution and the analysis performed at 328 nm excitation 

wavelengths at room temperature. The fluorescence emission spectra of dansyl end-

capped PCL star polymer with phosphazene core upon addition of 50 equivalent of 

nitroaromatic compounds are given in Figure 1. It can be seen from the figure that all 

nitroaromatic compounds in this study quenched fluorescence emission of dansyl 

fluorophore efficiently. The highest quenching efficiency was observed for TNT and 4-NP. 

The photographs of the 1.27x10-5 M bare N3P3-(PCL-Dansyl)6 solutions and with 50 

equivalent of 4-NP, 2,4-DNP, PA, and TNT under daylight and UV-light (λext-365 nm) were 

given in Figure 2. As seen in the figure, upon the addition of 50 equivalent of TNT, 

fluorescence emission of the dansyl unit were quenched completely. 
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Figure 1. The fluorescent emission spectra (λex= 328 nm) of N3P3-(PCL-Dansyl)6 

(1.27x10-5 M) in THF upon addition of 50 eq. of different nitroaromatic compounds. 

 

 
Figure 2. Photograph of N3P3-(PCL-Dansyl)6 (1.27x10-5 M) with 50 eq of 4-NP, 2,4-DNP, 

PA, and TNT (from left to right) under day light and UV light (λext-365 nm). 
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The evolution of fluorescence emission spectra of dansyl end-capped PCL upon titration 

with 4-NP at different equivalent ratios are given in Figure 3. The fluorescence intensity 

was found to decrease significantly as a function of concentration. 

 

 
Figure 3. Fluorescence emission spectra of N3P3-(PCL-Dansyl)6 (1.27x10-5 M) 

in THF in the presence of 4-NP at 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 

equivalent ratios. 

 

Quenching efficiency ratios (QE) were calculated using equation 1: 

 

�� = ������	��

 �100      (Eq. 1) 

 

where, Io is the fluorescence intensity without nitroaromatic compounds and I is the 

fluorescence intensity observed in the presence of the nitroaromatic compounds. The 

highest quenching efficiency was obtained for TNT as 100% and for 4-NP as 99.37%. It 

can be said that nitrophenols had high quenching values. The sensing performance was 

found to be selective toward nitroaromatic compounds, even in the presence of toxic metal 

cations such as Pb2+, Co2+, Hg2+, Mn2+, Cd2+ and Zn2+ as seen from Figure 4.  
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Figure 4. Quenching efficiency ratios for fluorescent emission intensities of N3P3-

(PCL-Dansyl)6 upon addition of 50 eq. nitroaromatic compounds and metal cations. 

 

CONCLUSION 

 

The dansyl end-capped poly(ε-caprolactone) star polymer with phosphazene core (N3P3-

(PCL-Dansyl)6) could serve as an alternative nitroaromatic compund sensor due to the 

strong sensitivity, selectivity, and synthetic simplicity. The fluorescent intensity of N3P3-

(PCL-Dansyl)6 was decreased gradually upon the addition of nitroaromatic compounds 

and the highest quenching efficiency was found to be 100% with TNT. The sensing 

performance was found to be selective toward nitroaromatic compounds, even in the 

presence of toxic metal cations such as Pb2+, Co2+, Hg2+, Mn2+, Cd2+ and Zn2+. 
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Türkçe Özet ve Anahtar Kelimeler 
 

Fosfazen Çekirdeği İçeren Altı Kollu Dansil Uçlu Poli(εεεε-Kaprolakton) 
Yıldız Polimerinin Nitroaromatik Bileşikleri Sensör Uygulaması 

 
Merve Dandan Doganci, Sümeyra Bayir, Erdinc Doganci, Mesut Gorur, Faruk Yilmaz 

Öz: Altı kollu, dansil uçlu ve fosfazen çekirdekli poli(ε-kaprolakton) yıldız polimeri (N3P3-
(PCL-Dansil)6) iki adımlı sentez prosedürü ile hazırlanmıştır. Yürütülen adımlar ε-
kaprolaktonun (ε-CL) halka açılması ve esterleştirme tepkimelerini içermektedir. Elde 
edilen floresans aktif polimer belli nitroaromatik bileşiklerin (2,4,6-trinitrotoluen, TNT; 2,4-
dinitrotoluen; 2,6-dinitrotoluen; 2-nitrotoluen; 3-nitrotoluen; 2,4,6-trinitrofenol, pikrik 
asit; 2,4-dinitrofenol; 4-nitrofenol ve 1,2-dinitrobenzen) sensoründe floresan prob olarak 
kullanılmıştır. N3P3-(PCL-Dansil)6 polimerinin floresans şiddeti nitroaromatik bileşiklerin 
ilavesiyle yavaş yavaş azalmaktadır ve en yüksek sönümleme etkinliği TNT ile %100 
oranında sağlanmıştır. Bunun yanında, ortamda Pb2+, Co2+, Hg2+, Mn2+, Cd2+ ve Zn2+ gibi 
zehirli metal katyonları varlığında olduğu gibi, N3P3-(PCL-Dansil) nitroaromatik 
bileşiklere karşı da çok seçici tepki vermektedir.  
 
Anahtar kelimeler: Nitroaromatik bileşikler; dansil fonksiyonlu yıldız polimer; floresans 
spektroskopisi. 
Gönderilme: 22 Temmuz 2016. Kabul: 26 Ağustos 2016.  
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Synthesis of Novel Fluoroquinolone-Triazole Hybrid Compounds as 
Antimicrobial Agents 

 

Serap Başoğlu Özdemir 

Karadeniz Technical University, Department of Chemistry, 61080, Trabzon, Turkey 

 

Abstract: The hydrazide compound (2) was synthesized starting from 1-(2-
fluorophenyl)piperazine via two steps. The reaction of compound (2) with different 
alkyl(aryl)isothiocyanates afforded the corresponding compounds (3a-c). 1,3-
Thiazolidine derivatives (4a-c) were synthesized from the treatment of (3a-c) with ethyl 
bromoacetate. Mannich bases (6a-d) were synthesized with the treatment of (5a-c) with 
various suitable amines in the presence of formaldehyde. Compound (3) derivatives were 
converted to 1,2,4-triazole as the starting material of fluoroquinolone analogues (11a-c). 
Finally, synthesized compounds were examined their biological properties and some of 
these showed potent activity. 
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INTRODUCTION  

 

Nowadays, bacterial strength towards used antibiotics has become a major worldwide 

problem [1]. Although new strategies have been developed for control and treatment of 

microbial infections, biological strength proceeds to be one of primary anxiety to the 

community welfare and academic society around the world. Due to the re-emergence of 

microbial threats with increased antibacterial resistance, high safety profile with novel 

and more active antibacterial agents are required [2]. 1,2,4-Triazole moiety is recognized 

to be a sophisticated molecule which is mainly used in the design of possible bioactive 

form. Its derived functions possess medicinal important activities [3-10]. Several drugs 

have fungicidal activity like fluconazole, consisting of 1,2,4-triazole nucleus [11].  

 

Quinolones are mostly used in the fight against serious hospital-acquired and 

community-acquired infections. Therefore, quinolones became an important class of 

antibacterial agents [12]. These agents possess excellent safety profile, favorable 

pharmacokinetic characteristics, and broad antibacterial spectrum, respectively. In this 

way, they are well tolerated with against genitourinary infections and common 

respiratory tract pathogens [13].  

 

Over the years, heterocyclic compounds have been attracted scientific attention because 

of their diverse biological activities [14]. Among them, 4-thiazolidinones are the 

derivatives of thiazole have been indicated to own a varied range of biological properties 

containing antitubercular, anti-inflammatory, antitumor, antihistaminic, antibacterial, and 

anticonvulsant activities [15]. In recent years, to overcome the drug resistance problem, 

the concept of hybrid molecules, which contain two or more pharmacophore groups 

binding together covalently in one molecular framework, has been introduced in the 

medicinal chemistry field. These compounds that are obtained by molecular hybridization 

of several pharmacophore groups, act by inhibiting two or more conventional targets 

simultaneously, and this multiple target strategy has resulted in the development of a 

number of bioactive hybrid molecules [1]. Mannich reaction involves condensation of a 

compound with active hydrogens with suitable amine and formaldehyde [16]. 

 

Mannich base functional group can increase the lipophilicity of essential amines and 

amides, which results in the increase of absorption through bio-membranes [17]. 

Lipophilic properties of fluoroquinolones affect their ability to cross bacterial membranes 

[18]. In light of these considerations, we reported here the synthesis and investigation of 

1,2,4-triazoles fused fluoroquinolone or Mannich bases as hybrid molecules own 

biological properties. 
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MATERIALS AND METHODS 

 

Chemistry 

Used chemicals were purchased from Fluka Chemie AG Buchs (Switzerland). Melting 

points were measured in open capillaries on a Büchi B-540 device. Reactions were 

determined by thin-layer chromatography (TLC) on silica gel 60 F254 aluminum sheets. 

FT-IR spectra were recorded using a Perkin Elmer 1600 series FT IR spectrometer. 1H 

NMR and 13C NMR spectra were recorded in DMSO-d6 on a BRUKER AVENE II 400 MHz 

(1H) NMR Spectrometer. The chemical shifts are given in ppm relative to Me4Si as an 

internal reference, J values are given in Hz. The elemental analysis was checked on a 

Costech Elemental Combustion System CHNS-O elemental device. All the compounds 

displayed C, H and N analysis within ±0.4% of the technical rates. The mass spectra 

were registered on a Quattro GC-MS (70 eV) apparatus. CEM Discovery monomode 

synthesis reactor was used for microwave synthesis.  

 

EXPERIMENTAL SECTION 

 
Ethyl [4-(2-fluorophenyl)piperazin-1-yl]acetate (1) 

To the mixture of 1-(2-fluorophenyl)piperazine (10 mmol) and triethylamine (15 mmol) 

in dry tetrahydrofuran, ethyl bromoacetate (10 mmol) was added at 0–5 °C. Then, the 

reaction mixture was taken to room temperature and stirred for additional 24 h. The 

precipitated salt was removed by filtration and the solvent was evaporated. The oily 

mass was purified with ethyl acetate. Yield 97%, mp 36-38°C. 1H NMR (DMSO-d6, δ 

ppm): 1.20 (t, 3H, CH3, J= 6.8 Hz), 2.68 (brs, 4H, 2CH2), 3.01 (brs, 4H, 2CH2), 3.40 (s, 

2H, CH2), 4.10 (q, 2H, CH2, J= 7.2 Hz), 6.94-7.04 (m, 2H, arH), 7.05-7.13 (m, 2H, arH). 

13C NMR (DMSO-d6, δ ppm): 14.57 (CH3), 50.44 (CH2), 50.47 (CH2), 52.43 (2CH2), 58.79 

(CH2), 60.33 (CH2), arC: [116.23 and 116.44 (d, CH, J= 21.0 Hz), 119.67 and 119.70 (d, 

CH, J= 3.0 Hz), 122.70 and 122.78 (d, CH, J= 8.0 Hz), 125.22 and 125.26 (d, CH, J= 

4.0 Hz), 140.24 and 140.32 (d, C, J= 8.0 Hz), 154.19 and 156.62 (d, C, JC-F= 243.0 

Hz)], 170.28 (C=O). FT IR (νmax, cm-1): 3066 (Aromatic CH), 2982 (Aliphatic CH), 1745 

(C=O). EI MS m/z (%): 267.01 ([M+1]+, 40), 256.98 (55), 125.82 (100). Anal. Calcd. 

for C14H19FN2O2 (266.31); C, 63.14; H, 7.19; N, 10.52%. Found: C, 63.21; H, 7.08; N, 

10.55%. 

 

2-[4-(2-Fluorophenyl)piperazin-1-yl]acetohydrazide (2) 

Hydrazine hydrate (2.5 mmol) was added to the solution of compound 1 (1 mmol) in 

ethanol and the mixture was irradiated in monomode microwave reactor in closed vessel 

at 125 °C for 20 min. After evaporation, a solid was obtained. This was purified with 
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ethyl acetate. Yield 95%, mp 84-86°C. 1H NMR (DMSO-d6, δ ppm): 2.58 (brs, 4H, 2CH2), 

3.01 (brs, 4H, 2CH2), 3.68 (brs, 2H, CH2), 4.25 (s, 2H, NH2), 6.94-6.96 (m, 1H, arH), 

7.02 (d, 1H, arH, J= 8.0 Hz), 7.07-7.13 (m, 2H, arH), 8.94 (s, 1H, NH). 13C NMR (DMSO-

d6, δ ppm): 50.40 (CH2), 50.43 (CH2), 53.25 (2CH2), 60.26 (CH2), arC: [116.25 and 

116.46 (d, CH, J= 21.0 Hz), 119.62 and 119.65 (d, CH, J= 3.0 Hz), 122.65 and 122.73 

(d, CH, J= 8.0 Hz), 125.24 and 125.27 (d, CH, J= 3.0 Hz), 140.27 and 140.35 (d, C, J= 

8.0 Hz), 154.17 and 156.60 (d, C, JC-F= 243.0 Hz)], 168.63 (C=O). FT IR (νmax, cm-1): 

3256 and 3225 (NH2), 3174 (NH), 3037 (Aromatic CH), 2819 (Aliphatic CH), 1692 

(C=O).  EI MS m/z (%): 252.80 ([M]+, 60), 225.09 (32), 180.23 (100). Anal. Calcd for 

C12H17FN4O (252.29); C, 57.13; H, 6.79; N, 22.21%. Found: C, 57.23; H, 6.69; N, 

22.09%. 

 

General procedure for preparation of compounds 3a-c 

The corresponding alkyl(aryl)isothiocyanate (1 mmol) was added to the solution of 

compound 2 (1 mmol) in ethanol and the reaction was irradiated in monomode 

microwave reactor in closed vessel at 150°C for 10 min. After evaporation, a solid 

appeared. This solid was purified with acetone:diethyl ether (1:2 v/v). 

 
2-{[4-(2-Fluorophenyl)piperazin-1-yl]acetyl}-N-phenylhydrazine 

carbothioamide (3a) 

Yield: 80%, mp 183-185°C. 1H NMR (DMSO-d6, δ ppm): 2.68 (brs, 4H, 2CH2), 3.05 (brs, 

4H, 2CH2), 3.14 (s, 2H, CH2), 6.95-7.11 (m, 5H, arH), 7.12-7.35 (m, 2H, arH), 7.43 (brs, 

2H, arH), 9.59 (brs, 2H, 2NH), 9.90 (brs, 1H, NH). 13C NMR (DMSO-d6, δ ppm): 50.42 

(CH2), 53.28 (2CH2), 60.22 (2CH2), arC: [116.28 and 116.48 (d, CH, J= 20.0 Hz), 

119.69  (2CH), 122.68 and 122.76 (d, CH, J= 8.0 Hz), 125.30 (2CH), 128.60 (3CH), 

140.36 (C), 140.94 and 141.03 (d, C, J= 9.0 Hz), 154.19 and 156.62 (d, C, JC-F= 243.0 

Hz)], 161.21 (C=O), 181.24 (C=S). FT IR (νmax, cm-1): 3223 (2NH), 3120 (NH), 3065 

(Aromatic CH), 2945 (Aliphatic CH), 1670 (C=O), 1237 (C=S). EI MS m/z (%): 410.45 

([M+Na]+, 17), 401.23 (43), 321.00 (56), 126.90 (100). Anal. Calcd. for C19H22FN5OS 

(387.47); C, 58.90; H, 5.72; N, 18.07%. Found: C, 58.70; H, 5.92; N, 18.37%. 

 

N-ethyl-2-{[4-(2-fluorophenyl)piperazin-1-yl]acetyl}hydrazinecarbothioamide 

(3b) 

Yield: 95%, mp 156-157°C. 1H NMR (DMSO-d6, δ ppm): 1.06 (t, 3H, CH3, J= 8.0 Hz), 

2.64 (brs, 4H, 2CH2), 3.03  (brs, 4H, 2CH2), 3.08 (s, 2H, CH2), 3.44 (q, 2H, CH2, J= 6.4 

Hz), 6.93-7.08 (m, 1H, arH), 7.10-7.12 (m, 1H, arH), 7.14 (s, 2H, arH), 7.85 (s, 1H, 

NH), 9.13 (s, 1H, NH), 9.65 (brs, 1H, NH). 13 C NMR (DMSO-d6, δ ppm): 14.91 (CH3), 

50.37 (CH2), 50.39 (CH2),  53.26 (2CH2), 60.16 (2CH2), arC: [116.26 and 116.47 (d, CH, 
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J= 21.0 Hz), 119.64 and 119.67 (d, CH, J= 3.0 Hz), 122.65 and 122.73 (d, CH, J= 8.0 

Hz), 125.26 and 125.29 (d, CH, J= 3.0 Hz), 140.27 and 140.36 (d, C, J= 9.0 Hz), 154.19 

and 156.62 (d, C, JC-F= 243.0 Hz)], 169.32 (C=O), 181.75 (C=S). FT IR (νmax, cm-1): 

3211 (2NH), 3152 (NH), 3078 (Aromatic CH), 2955 (Aliphatic CH), 1667 (C=O), 1235 

(C=S). EI MS m/z (%): 340.34 ([M+1]+, 55), 158.09 (100). Anal. Calcd. for C15H22FN5OS 

(339.43); C, 53.08; H, 6.53; N, 20.63%. Found: C, 53.23; H, 6.66; N, 20.87%. 

 

N-benzyl-2-{[4-(2-fluorophenyl)piperazin-1-yl]acetyl}hydrazinecarbothioamide 

(3c) 

Yield: 97%, mp 191-192°C. 1H NMR (DMSO-d6, δ ppm): 2.64 (brs, 4H, 2CH2), 3.09 (brs, 

2H, CH2), 3.36 (s, 4H, 2CH2), 4.73 (d, 2H, CH2, J= 5.6 Hz), 6.95-7.14 (m, 4H, arH), 

7.22-7.30 (m, 5H, arH), 8.40 (brs, 1H, NH), 9.33 (s, 1H, NH), 9.77 (s, 1H, NH). 13C NMR 

(DMSO-d6, δ ppm): 47.16 (CH2), 50.35 (CH2), 50.38 (CH2),  53.26 (2CH2), 60.17 (CH2), 

arC: [116.27 and 116.48 (d, CH, J= 21.0 Hz), 119.64 and 119.66 (d, CH, J= 2.0 Hz), 

122.66 and 122.74 (d, CH, J= 8.0 Hz), 125.26 and 125.30 (d, CH, J= 4.0 Hz), 127.07 

(2CH), 127.47 (CH), 128.50 (2CH), 139.73 (C), 140.27 and 140.35 (d, C, J= 8.0 Hz), 

154.18 and 156.61 (d, C, JC-F= 243.0 Hz)], 168.63 (C=O), 180.21 (C=S). FT IR (νmax, 

cm-1): 3221 (2NH), 3174 (NH), 3065 (Aromatic CH), 2918 (Aliphatic CH), 1666 (C=O), 

1232 (C=S). EI MS m/z (%): 402.43 ([M+1]+, 17), 190.25 (100). Anal. Calcd. for 

C20H24FN5OS (401.50); C, 59.83; H, 6.03; N, 17.44%. Found: C, 60.00; H, 6.23; N, 

18.00%. 

 

General procedure for preparation of compounds 4a-c 

Ethyl bromoacetate (1 mmol) and dried sodium acetate (5 mmol) were added to the 

solution of compound 3a-c (1 mmol) in ethanol and the medium was irradiated in 

monomode microwave reactor in closed vessel at 150°C for 45 min. With removal of 

solvent with evaporation, an oily mass occurred, then it was purified with ethanol:water 

(1:3). 

 
2-[4-(2-Fluorophenyl)piperazin-1-yl]-N'-[(4-oxo-3-phenyl-1,3-thiazolidin-2-

ylidene]acetohydrazide (4a) 

Yield: 60%, mp 150-151°C. 1H NMR (DMSO-d6, δ ppm): 2.38 (brs, 4H, 2CH2), 2.81 (brs, 

4H, 2CH2), 3.41 (s, 4H, 2CH2), 6.95 (d, 2H, arH, J= 8.0 Hz), 7.07 (t, 2H, arH, J= 8.0 

Hz), 7.44-7.54 (m, 5H, arH), 9.05 (brs, 1H, NH). 13C NMR (DMSO-d6, δ ppm): 33.19 

(CH2), 40.59 (CH2), 45.92 (2CH2), 50.58 (CH2), 60.39 (CH2), arC: [116.28 and 116.48 

(d, 2CH, J= 20.0 Hz), 119.60 (2CH), 122.75 and 122.83 (d, 2CH, J= 8.0 Hz), 127.99 

(CH), 128.29 (2CH), 136.30 (C), 140.21 and 140.28 (d, C, J= 7.0 Hz), 154.56 and 

156.60 (d, C, JC-F= 204.0 Hz)], 158.56 (C=N), 165.59 (C=O), 171.99 (C=O). FT IR (νmax, 

cm-1): 3277 (NH), 3071 (Aromatic CH), 2919 (Aliphatic CH), 1728 (2C=O), 1499 (C=N). 
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EI MS m/z (%): 450.01 ([M+Na]+, 23), 232.21 (100). Anal. Calcd. for C21H22FN5O2S 

(427.50); C, 59.00; H, 5.19; N, 16.38%. Found: C, 59.23; H, 5.00; N, 16.46%. 

 

N'-[3-ethyl-4-oxo-1,3-thiazolidin-2-ylidene]-2-[4-(2-fluorophenyl)piperazin-1-

yl]acetohydrazide (4b) 

Yield: 55%, mp 164-165°C. 1H NMR (DMSO-d6, δ ppm): 1.14 (t, 3H, CH3, J= 7.2 Hz), 

2.67 (brs, 2H, CH2), 3.05 (brs, 2H, CH2), 3.13 (s, 2H, CH2), 3.36 (brs, 4H, 2CH2), 3.68 

(d, 2H, CH2, J=7.2 Hz), 4.04 (s, 2H, CH2), 6.95-7.12 (m, 4H, arH), 10.05 (brs, 1H, NH). 

13C NMR (DMSO-d6, δ ppm): 12.56 (CH3), 32.21 (CH2), 37.96 (CH2), 50.60 (CH2), 50.63 

(CH2), 53.19 (2CH2), 60.19 (CH2), arC: [116.28 and 116.49 (d, 2CH, J= 21.0 Hz), 

119.67 and 119.70 (d, 2CH, J= 3.0 Hz), 122.74 and 122.82 (d, C, J= 8.0 Hz), 154.19 

and 156.61 (d, C, JC-F=242.0 Hz)], 158.38 (C=N), 165.47 (C=O), 171.54 (C=O). FT IR 

(νmax, cm-1): 3197 (NH), 3073 (Aromatic CH), 2979 (Aliphatic CH), 1713 (C=O), 1692 

(C=O), 1497 (C=N). EI MS m/z (%): 379.98 ([M]+, 11), 301.12 (45), 204.26 (56), 

128.80 (100). Anal. Calcd. for C17H22FN5O2S (379.45); C, 53.81; H, 5.84; N, 18.46%. 

Found: C, 54.00; H, 5.99; N, 18.59%. 

 

N'-[3-benzyl-4-oxo-1,3-thiazolidin-2-ylidene]-2-[4-(2-fluorophenyl)piperazin-

1-yl]acetohydrazide (4c) 

Yield: 45%, mp 198-199°C. 1H NMR (DMSO-d6, δ ppm): 2.66 (brs, 2H, CH2), 3.04 (brs, 

2H, CH2),  3.12 (brs, 2H, CH2), 3.39 (s, 4H, 2CH2), 4.14 (s, 2H, CH2), 4.84 (s, 2H, CH2), 

6.95-7.05 (m, 2H, arH), 7.08-7.12 (m, 2H, arH), 7.32-7.36 (m, 5H, arH), 10.12 (brs, 

1H, NH). 13C NMR (DMSO-d6, δ ppm): 33.17 (CH2), 40.54 (CH2), 45.92 (CH2), 50.58 

(CH2), 53.17 (2CH2), 60.37 (CH2), arC: [116.28 and 116.49 (d, 2CH, J= 21.0 Hz), 

119.66 (CH), 122.75 and 122.83 (d, 2CH, J= 8.0 Hz), 127.98 (CH), 128.24 (2CH), 

128.85 (CH), 136.29 (C), 140.20 and 140.28 (d, C, J= 8.0 Hz), 154.56 and 156.60 (d, C, 

JC-F= 204.0 Hz)], 158.46 (C=N), 165.52 (C=O), 171.90 (C=O). FT IR (νmax, cm-1): 3198 

(NH), 3066 (Aromatic CH), 2828 (Aliphatic CH), 1720 (C=O), 1689 (C=O), 1496 (C=N).  

EI MS m/z (%): 442.09 ([M+1]+, 19), 376.20 (21), 305.75 (100), 231.67 (60), 104.30 

(21). Anal. Calcd. for C22H24FN5O2S (441.52); C, 59.85; H, 5.48; N, 15.86%. Found: C, 

60.00; H, 5.34; N, 15.89%. 

 

General procedure for preparation of compounds 5a-c 

Compounds 3a-c (1 mmol) and 20 mL of 2 N NaOH in water was irradiated in monomode 

microwave reactor in closed vessel at 150 °C for 15 min. Then, the reaction mixture was 

cooled to room temperature and acidified to pH 4 with 37% HCl. The resulting solid was 

filtered off, and purified with dimethyl sulfoxide-water (1:4). 
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5-{[4-(2-Fluorophenyl)piperazin-1-yl]methyl}-4-phenyl-4H-1,2,4-triazole-3-

thiol (5a) 

Yield: 87%, mp 179-180°C. 1H NMR (DMSO-d6, δ ppm): 2.38 (s, 2H, CH2), 2.81 (brs, 4H, 

2CH2), 3.41 (brs, 4H, 2CH2), 6.95 (d, 2H, arH, J= 7.6 Hz), 7.05-7.08 (m, 2H, arH), 7.44-

7.54 (m, 5H, arH), 13.90 (s, 1H, SH). 13C NMR (DMSO-d6, δ ppm): 50.33 (CH2), 52.03 

(2CH2), 52.42 (2CH2), arC: [116.24 and 116.45 (d, CH, J= 21.0 Hz), 119.60 and 119.63  

(d, CH, J= 3.0 Hz), 122.73 and 122.81 (d, CH, J= 8.0 Hz), 125.21 and 125.24 (d, CH, J= 

3.0 Hz), 128.70 (CH), 129.37 (2CH), 129.61 (2CH), 134.51 (C), 140.06 and 140.14 (d, 

C, J= 8.0 Hz), 154.10 and 156.53 (d, C, JC-F= 243.0 Hz)], 149.62 (triazole C-3), 168.68 

(triazole C-5). FT IR (νmax, cm-1): 3035 (Aromatic CH), 2942 (Aliphatic CH), 1499 (C=N). 

EI MS m/z (%): 369.56 ([M]+, 23), 200.76 (100). Anal. Calcd. for C19H20FN5S (369.46); 

C, 61.77; H, 5.46; N, 18.96%. Found: C, 61.56; H, 5.66; N, 18.99%. 

 

4-Ethyl-5-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-4H-1,2,4-triazole-3-thiol 

(5b) 

Yield: 75%, mp 171-172°C. 1H NMR (DMSO-d6, δ ppm): 1.26 (brs, 3H, CH3), 2.50 (brs, 

2H, CH2), 3.03 (brs, 4H, 2CH2), 3.38 (s, 2H, CH2), 3.64 (brs, 2H, CH2), 4.07 (brs, 2H, 

CH2), 6.98-7.12 (m, 4H, arH), 13.69 (brs, 1H, SH). 13C NMR (DMSO-d6, δ ppm): 13.82 

(CH3), 52.62 (5CH2), arC: [116.34 and 116.54 (d, CH, J= 20.0 Hz), 119.81 (CH), 123.15 

(CH), 125.29 and 125.32 (d, CH, J= 3.0 Hz), 141.26 (C), 154.15 and 156.58 (d, C, JC-F= 

243.0 Hz)], 167.73 (triazole C-3 and triazole C-5). FT IR (νmax, cm-1): 3083 (Aromatic 

CH), 2927 (Aliphatic CH), 1497 (C=N). EI MS m/z (%): 321.48 ([M]+, 47), 301.40 (31), 

276.21 (100). Anal. Calcd. for C15H20FN5S (321.42); C, 56.05; H, 6.27; N, 21.79%. 

Found: C, 56.15; H, 6.35; N, 21.90%. 

 

4-Benzyl-5-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-4H-1,2,4-triazole-3-

thiol (5c) 

Yield: 67%, mp 228-230°C. 1H NMR (DMSO-d6, δ ppm): 2.50 (brs, 4H, 2CH2), 2.83 (s, 

2H, CH2), 3.43 (brs, 4H, 2CH2), 5.41 (s, 2H, CH2), 6.99 (s, 2H, arH), 7.09-7.12 (m, 2H, 

arH), 7.25-7.36 (m, 5H, arH), 13.97 (s, 1H, SH). 13C NMR (DMSO-d6, δ ppm): 47.75 

(3CH2), 52.30 (3CH2), arC: [116.37 and 116.57 (d, CH, J= 20.0 Hz), 119.80 (CH), 

125.35 (CH), 127.46 (CH), 128.21 (2CH), 129.02 (CH), 129.39 (2CH), 136.31 (2C), 

154.11 and 156.54 (d, C, JC-F= 243.0 Hz)], 157.78 (triazole C-3) 168.58 (triazole C-5). 

FT IR (νmax, cm-1): 3091 (Aromatic CH), 2925 (Aliphatic CH), 1498 (C=N). EI MS m/z 

(%): 383.50 ([M]+, 21), 326.45 (36), 280.40 (78), 225.60 (21), 170.00 (100). Anal. 

Calcd. for C20H22FN5S (383.49); C, 62.64; H, 5.78; N, 18.26%. Found: C, 62.70; H, 5.88; 

N, 18.32%. 



Başoğlu Özdemir, JOTCSA. 2016; 3(3): 515-534.  RESEARCH ARTICLE 

522 
 

 

General procedure for preparation of compounds 6a-d 

To the solution of 5a-c (10 mmol) in dimethylformamide, a suitable amine (10 mmol) 

and formaldehyde (50 mmol) was added and the mixture was stirred at room 

temperature for 24 h. Then water was added to the reaction. The solid precipitated was 

filtered off and purified with dimethyl sulfoxide:water (1:3). 

 

4-Benzyl-5-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-2-[(4-methylpiperazin-

1-yl)methyl]-2,4-dihydro-3H-1,2,4-triazole-3-thione (6a) 

Yield: 60%, mp 72-73°C. 1H NMR (DMSO-d6, δ ppm): 2.30 (brs, 2H, CH2), 2.45 (brs, 7H, 

CH3+2CH2), 2.76 (brs, 8H, 4CH2), 3.46 (brs, 2H, CH2), 3.52 (s, 2H, CH2), 5.35 (s, 2H, 

CH2), 5.38 (s, 2H, CH2), 6.93 (s, 2H, arH), 7.08 (d, 2H, arH, J=4.8 Hz), 7.26-7.32 (m, 

5H, arH). 13C NMR (DMSO-d6, δ ppm): 40.90 (CH3), 46.75 (2CH2), 47.74 (CH2), 47.81 

(CH2), 50.04 (CH2), 50.23 (CH2), 52.31 (CH2), 52.47 (CH2),  54.98 (CH2),  69.11 (CH2),  

71.03 (CH2), arC: [116.24 and 116.45 (d, CH, J= 21.0 Hz), 119.59 (CH), 122.75 and 

122.83 (d, CH, J= 8.0 Hz), 125.23 (CH), 125.26 (CH), 127.42 (CH), 127.79 (CH), 127.79 

(CH), 128.87 (CH), 140.10 and 140.17 (d, C, J= 7.0 Hz), 148.38 (C), 154.16 and 156.59 

(d, C, JC-F= 243.0 Hz)], 149.57 (triazole C-3), 168.72 (triazole C-5). FT IR (νmax, cm-1): 

3033 (Aromatic CH), 2919 (Aliphatic CH), 1498 (C=N), 1238 (C=S). EI MS m/z (%): 

496.43 ([M+1]+, 31), 345.90 (76), 301.24 (40), 278.65 (35), 201.10 (100). Anal. Calcd. 

for C26H34FN7S (495.66); C, 63.00; H, 6.91; N, 19.78%. Found: C, 62.87; H, 7.09; N, 

19.79%. 

 
4-Benzyl-5-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-2-[(4-phenylpiperazin-

1-yl)methyl]-2,4-dihydro-3H-1,2,4-triazole-3-thione (6b) 

Yield: 56%, mp 65-67°C. 1H NMR (DMSO-d6, δ ppm): 2.43-2.50 (m, 6H, 3CH2), 2.76 

(brs, 6H, 3CH2), 3.35 (brs, 6H, 3CH2), 3.46 (s, 2H, CH2),  5.36 (d, 2H, CH2, J= 7.2 Hz), 

6.90-6.95 (m, 4H, arH), 7.06-7.09 (m, 3H, arH), 7.25-7.27 (m, 4H, arH), 7.33 (d, 3H, 

arH, J= 7.2 Hz). 13C NMR (DMSO-d6, δ ppm): 46.75 (CH2), 47.74 (CH2), 48.67 (CH2), 

50.05 (CH2), 50.27 (CH2), 52.30 (CH2), 52.46 (CH2),  52.65 (CH2), 52.68 (CH2), 69.07 

(CH2), 71.02 (CH2), arC: [116.25 and 116.45 (d, CH, J= 20.0 Hz), 122.83 (CH), 125.24 

and 125.27 (d, CH, J= 3.0 Hz), 127.19 (2CH), 127.41 (2CH), 127.79 (CH), 127.79 

(2CH), 128.87 (2CH), 129.34 (2CH), 140.11 and 140.19 (d, C, J= 8.0 Hz), 148.71 (C), 

151.32 (C), 154.16 and 156.59 (d, C, JC-F= 243.0 Hz)], 149.59 (triazole C-3), 168.54 

(triazole C-5). FT IR (νmax, cm-1): 3092 (Aromatic CH), 2919 (Aliphatic CH), 1498 (C=N), 

1238 (C=S).  EI MS m/z (%): 557.74 ([M+1]+, 34), 501.23 (43), 456.78 (35), 301.80 

(75), 250.54 (100), 125.12 (51). Anal. Calcd. for C31H36FN7S (557.73); C, 66.76; H, 

6.51; N, 17.58%. Found: C, 66.79; H, 6.65; N, 17.60%. 
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1-Ethyl-6-fluoro-7-{4-[(3-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-4-

phenyl-5-thioxo-4,5-dihydro-1H-1,2,4-triazol-1-yl)methyl]piperazin-1-yl}-4-

oxo-1,4-dihydroquinoline-3-carboxylic acid (6c) 

Yield: 70%, mp 213-215°C. 1H NMR (DMSO-d6, δ ppm): 1.41 (t, 3H, CH3, J= 6.4 Hz), 

2.40 (brs, 4H, 2CH2), 2.78 (brs, 6H, 3CH2), 2.99 (s, 2H, CH2), 3.34 (brs, 6H, 3CH2), 4.57 

(q, 2H, CH2, J= 6.8 Hz), 5.21 (s, 2H, CH2), 6.90-6.96 (m, 3H, arH), 7.03-7.08 (m, 2H, 

arH), 7.50-7.54 (m, 5H, arH), 7.87 (d, 1H, arH, J= 13.6 Hz), 8.92 (s, 1H, quinolone CH), 

15.32 (s, 1H, OH). 13C NMR (DMSO-d6, δ ppm): 14.73 (CH3), 49.23 (2CH2), 49.58 

(2CH2), 49.99 (2CH2), 50.17 (CH2), 51.89 (CH2), 52.38 (CH2), 68.97 (CH2), 70.98 (CH2), 

107.50 (C), arC: [106.46 (CH), 111.54 and 111.77 (d, CH, J= 23.0 Hz), 115.57 and 

115.77 (d, 2CH, J= 20.0 Hz), 117.48 and 117.55 (d, 2CH, J= 7.0 Hz), 119.79 (C), 

128.60 (2CH), 129.45 (2CH), 129.79 (CH), 134.80 and 134.95 (d, C, J= 15.0 Hz), 

137.66 (C), 145.77 (C), 148.23 and 148.46 (d, C, J= 23.0 Hz), 152.05 and 154.53 (d, C, 

JC-F= 248.0 Hz), 155.27 and 157.61 (d, C, JC-F= 234.0 Hz], 148.99 (CH), 162.79 (triazole 

C-3), 169.75 (triazole C-5), 175.73 (C=O), 176.58 (C=O). FT IR (νmax, cm-1): 3450 (OH), 

3068 (Aromatic CH), 2920 (Aliphatic CH), 1719 (2C=O), 1497 (C=N), 1241 (C=S). EI MS 

m/z (%): 718.25 ([M+H2O]+, 34), 521.00 (65), 431.09 (67), 340.01 (23), 309.90 (67), 

295.24 (100), 123.67 (32). Anal. Calcd. for C36H38F2N8O3S (700.80); C, 61.70; H, 5.47; 

N, 15.99%. Found: C, 61.90; H, 5.32; N, 16.16%. 

 
1-Cyclopropyl-6-fluoro-7-{4-[(3-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-4-

phenyl-5-thioxo-4,5-dihydro-1H-1,2,4-triazol-1-yl)methyl]piperazin-1-yl}-4-

oxo-1,4-dihydroquinoline-3-carboxylic acid (6d) 

Yield: 79%, mp 225-226°C. 1H NMR (DMSO-d6, δ ppm): 1.17 (brs, 2H, CH2), 1.33 (brs, 

2H, CH2), 2.40 (brs, 4H, 2CH2), 2.79 (brs, 4H, 2CH2), 3.00 (s, 2H, CH2), 3.34 (brs, 6H, 

3CH2), 3.47 (s, 2H, CH2), 3.81 (brs, 1H, CH), 5.21 (s, 2H, CH2), 6.92 (d, 2H, arH, J= 8.4 

Hz), 7.04-7.07 (m, 2H, arH), 7.51-7.56 (m, 6H, arH), 7.87 (d, 1H, arH, J= 13.2 Hz), 

8.64 (s, 1H, quinolone CH), 15.19 (s, 1H, OH). 13C NMR (DMSO-d6, δ ppm): 8.08 (2CH2), 

36.27 (CH), 49.21 (2CH2), 49.80 (2CH2), 50.09 (2CH2), 51.83 (2CH2), 52.38 (CH2), 

68.95 (CH2), 107.01 (C), arC: [107.21 (CH), 111.30 (CH), 115.55 and 115.77 (d, 2CH, 

J= 22.0 Hz), 117.28 and 117.49 (d, 2CH, J= 21.0 Hz), 119.12 (C), 128.75 (CH), 129.43 

(2CH), 129.78 (2CH), 134.95 and 135.11 (d, C, J= 16.0 Hz), 139.62 (2C), 148.13 and 

148.35 (d, C, J= 22.0 Hz), 152.20 and 155.27 (d, c, JC-F= 307.0 Hz),  157.61 and 162.76 

(d, C, JC-F= 514.0 Hz], 148.49 (CH), 166.39 (triazole C-3), 169.79 (triazole C-5), 173.27 

(C=O), 176.88 (C=O). FT IR (νmax, cm-1): 3277 (OH), 3071 (Aromatic CH), 2919 

(Aliphatic CH), 1728 (2C=O), 1499 (C=N), 1257 (C=S). EI MS m/z (%): 712.00 ([M]+, 

10), 651.00 (67), 550.34 (89), 210.50 (100). Anal. Calcd. for C37H38F2N8O3S (712.81); C, 

62.34; H, 5.37; N, 15.72%. Found: C, 62.50; H, 5.41; N, 16.00%. 
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Diethyl {[(3-chloro-4-fluorophenyl)amino]methylene}malonate (7) 

The synthesis of this compound was achieved according to published procedure [19]. 

Yield: 94%, mp 58°C. 1H NMR (300 MHz, CDCl3) δ: 1.3-1.4 (m, 6H, 2CH3 of OCH2CH3), 

4.2-4.3 (m, 4H, 2CH2 of OCH2CH3), 6.9-7.2 (m, 3H, ArH), 8.3 (d, 1H, Vinylic, JH-H= 13 

Hz), 10.9 (d, 1H, NH, JH-H= 13 Hz). IR (KBr, cm-1): 1722, 1658, 1622. ESI MS m/z: 338 

[M+Na]+. Anal. Calcd. for C14H15ClFNO4: C, 53.26; H, 4.79; N, 4.44: found: C, 53.27: H, 

4.74: N, 4.43%.  

 

Ethyl 7-chloro-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (8) 

The cyclization of 7 (1 mmol) that was published previously [19] was achieved by 

irradiation with diphenyl ether (12 mL) in monomode microwave reactor in closed vessel 

at 240°C for 5 min. A white solid occurred by cooling the reaction. Then this solid was 

washed with ethyl acetate and purified with dimethylformamide. Yield: 75%, mp>290°C. 

1H NMR (DMSO-d6, δ ppm): 1.28 (brs, 3H, CH3), 4.21 (brs, 2H, CH2), 7.63 (s, 1H, ArH), 

7.74 (s, 1H, ArH) 8.48 (s, 1H, quinolone CH), 12.37 (brs, 1H, NH). FT IR (νmax, cm-1): 

3103 (NH), 3095 (Aromatic CH), 2987 (Aliphatic CH), 1698 (2C=O). 

 

Ethyl 7-chloro-1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (9) 

To obtain compound 9 that was published previously [19], the solution of compound 8 (1 

mmol) in dimethylformamide, ethyl bromide (5 mmol) and K2CO3 (2 mmol) was added. 

The reaction was irradiated in monomode microwave reactor in closed vessel at 75 °C for 

20 min. A solid was appeared by evaporating the solvent. This solid was washed with 

water and purified with dimethylformamide:water (1:3). Yield 90%, mp 134-135°C. 1H 

NMR (DMSO-d6, δ ppm): 1.28 (t, 3H, CH3, J=8.0 Hz), 1.35 (t, 3H, CH3, J=8.0 Hz), 4.22 

(q, 2H, CH2, J=3.6 Hz), 4.42 (q, 2H, CH2, J=7.2 Hz), 8.03 (d, 1H, ArH, J=9.6 Hz), 8.18 

(d, 1H, ArH, J= 6.0 Hz), 8.70 (s, 1H, quinolone CH). 13C NMR (DMSO-d6, δ ppm): 14.74 

(CH3), 14.81 (CH3), 48.78 (CH2), 60.37 (CH2), 110.45 (C), arC: [112.90 and 113.13 (d, 

CH, J=23.0 Hz), 120.52 (CH), 125.91 and 126.11 (d, C, J= 20.0 Hz), 129.13 and 129.19 

(d, C, J= 6.0 Hz), 136.18 (C), 153.59 and 156.04 (d, C, JC-F= 245.0 Hz)], 149.93 (CH), 

164.75 (C=O), 171.86 (C=O). FT IR (νmax, cm-1): 3073 (Aromatic CH), 2918 (Aliphatic 

CH), 1716 (C=O), 1688 (C=O). EI MS m/z (%): 320.04 ([M+Na]+, 25), 125.14 (100). 

Anal. Calcd. for C14H13ClFNO3 (297.70); C, 56.48; H, 4.40; N, 4.70%. Found: C, 56.70; 

H, 4.44; N, 5.00%. 

 

7-Chloro-1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (10) 

The compound 9 (10 mmol) was refluxed with 2 N NaOH (100 mL) for 2 h [19]. Then, 

the resulting solution was cooled to room temperature and acidified with acetic acid. The 
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precipitate solid was filtered off, washed with water, and purified with dimethyl sulfoxide-

water (1:4). Yield: 90%, mp>300°C. 1H NMR (DMSO-d6, δ ppm): 1.39 (t, 3H, CH3, J=7.2 

Hz), 4.61 (q, 2H, CH2, J=7.2 Hz), 8.15 (d, 1H, ArH, J=8.8 Hz), 8.42 (d, 1H, ArH, J= 6.0 

Hz), 9.05 (s, 1H, quinolone CH), 14.96 (brs, 1H, OH). FT IR (νmax, cm-1): 3057 (Aromatic 

CH), 1715 (2C=O). 

 

General procedure for the preparation of compounds 11a-c 

The mixture of compound 10 (1 mmol), triethylamine (3 mmol) and compounds 5a-c 

(1.1mmol) in dimethylformamide was irradiated in monomode microwave reactor in 

closed vessel at 80°C for 15 min. After evaporation of the solvent, a solid was formed, 

which was washed with water and recrystallized with dimethylsulfoxide: water (1:3). 

 

1-Ethyl-6-fluoro-7-[(5-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-4-phenyl-

4H-1,2,4-triazol-3-yl)thio]-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (11a) 

Yield 70%, mp 200-201°C. 1H NMR (DMSO-d6, δ ppm): 1.39 (brs, 3H, CH3), 2.39 (brs, 

4H, 2CH2), 2.80 (brs, 4H, 2CH2), 3.35 (s, 2H, CH2), 4.60 (brs, 2H, CH2), 6.92 (s, 2H, 

arH), 7.05 (s, 2H, arH), 7.47 (s, 3H, arH), 7.52 (s, 2H, arH), 8.13 (brs, 1H, arH), 8.41 

(s, 1H, arH), 9.05 (s, 1H, quinolone CH), 14.74 (brs, 1H, OH). 13C NMR (DMSO-d6, δ 

ppm): 14.25 (CH3), 50.25 (CH2), 51.25 (2CH2), 54.26 (2CH2), 55.80 (CH2), 107.56 (C), 

arC: [115.23 and 115.34 (d, CH, J= 11.0 Hz), 116.45 and 116.67 (d, CH, J= 22.0 Hz), 

119.20 and 119.28 (d, C, J= 8.0 Hz), 121.20 and 121.38 (d, 2CH, J= 18.0 Hz), 124.26 

and 124.34 (d, 2CH, J= 8.0 Hz), 128.23 (2CH), 129.90 (CH), 132.18 (2CH), 136.67 and 

136.74 (d, C, J= 7.0 Hz), 138.90 (2C), 141.56 (C), 152.78 and 156.10 (d, C, JC-F= 332.0 

Hz), 159.12 and 162.90 (d, C, JC-F= 378.0 Hz)], 148.55 (CH), 155.25 (triazole C-3), 

161.67 (triazole C-5), 170.09 (C=O), 172.34 (C=O). FT IR (νmax, cm-1): 3456 (OH), 3057 

(Aromatic CH), 2919 (Aliphatic CH), 1714 (2C=O), 1499 (C=N). EI MS m/z (%): 625.14 

([M+Na]+, 18), 447.54 (90), 392.35 (100), 292.18 (91). Anal. Calcd. for C31H28F2N6O3S 

(602.65); C, 61.78; H, 4.68; N, 13.95%. Found: C, 61.65; H, 4.72; N, 14.09%. 

 

1-Ethyl-7-[(4-ethyl-5-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-4H-1,2,4-

triazol-3-yl)thio]-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (11b) 

Yield: 65%, mp 183-185°C. 1H NMR (DMSO-d6, δ ppm): 1.30 (brs, 3H, CH3), 1.39 (brs, 

3H, CH3), 2.58 (brs, 4H, 2CH2), 2.99 (brs, 4H, 2CH2), 3.35 (s, 2H, CH2), 3.64 (s, 2H, 

CH2), 4.03 (s, 2H, CH2), 7.08 (s, 4H, arH), 8.16 (brs, 1H, arH), 8.42 (brs, 1H, arH), 9.06 

(s, 1H, quinolone CH), 13.63 (s, 1H, OH). 13C NMR (DMSO-d6, δ ppm): 13.78 (CH3), 

14.00 (CH3), 50.15 (2CH2), 51.95 (CH2), 53.26 (2CH2), 55.81 (2CH2), 107.59 (C), arC: 

[115.33 and 115.44 (d, CH, J= 11.0 Hz), 116.47 and 116.67 (d, CH, J= 20.0 Hz), 119.28 

and 119.36 (d, C, J= 8.0 Hz), 121.20 and 121.37 (d, 2CH, J= 17.0 Hz), 124.26 and 
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124.39 (d, 2CH, J= 15.0 Hz), 136.08 and 136.14 (d, C, J= 6.0 Hz), 137.90 (C), 141.66 

(C), 152.80 and 156.12 (d, C, JC-F= 332.0 Hz), 160.12 and 162.90 (d, C, JC-F= 278.0 

Hz)], 148.55 (CH), 155.95 (triazole C-3), 161.60 (triazole C-5), 170.89 (C=O), 172.33 

(C=O).  FT IR (νmax, cm-1): 3400 (OH), 3093 (Aromatic CH), 2917 (Aliphatic CH), 1714 

(2C=O), 1499 (C=N). EI MS m/z (%): 591.37 (100), 577.35 ([M+Na]+, 18), 563.46 

(46). Anal. Calcd. for C27H28F2N6O3S (554.61); C, 58.47; H, 5.09; N, 15.15%. Found: C, 

58.61; H, 5.19; N, 15.32%. 

 

7-[(4-Benzyl-5-{[4-(2-fluorophenyl)piperazin-1-yl]methyl}-4H-1,2,4-triazol-3-

yl)thio]-1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (11c) 

Yield: 57% mp 184-186°C. 1H NMR (DMSO-d6, δ ppm): 1.39 (s, 3H, CH3), 2.44 (brs, 4H, 

2CH2), 2.76 (brs, 4H, 2CH2), 3.46 (brs, 2H, CH2), 4.61 (s, 2H, CH2), 5.33 (s, 2H, CH2), 

6.92 (d, 2H, arH, J= 8.8 Hz), 7.08 (s, 2H, arH), 7.26-7.33 (m, 5H, arH), 8.21 (d, 1H, 

arH, J= 8.0 Hz), 8.44 (s, 1H, arH), 9.08 (s, 1H, quinolone CH), 13.44 (s, 1H, OH). 13C 

NMR (DMSO-d6, δ ppm): 14.23 (CH3), 49.25 (CH2), 50.35 (2CH2), 51.26 (2CH2), 53.80 

(2CH2), 107.50 (C), arC: [115.26 and 115.33 (d, CH, J= 7.0 Hz), 116.55 and 116.77 (d, 

CH, J= 22.0 Hz), 119.20 and 119.29 (d, C, J= 9.0 Hz), 121.25 and 121.38 (d, 2CH, J= 

13.0 Hz), 124.27 and 124.34 (d, 2CH, J= 7.0 Hz), 128.20 (2CH), 129.99 (CH), 132.48 

(2CH), 136.57 and 136.64 (d, C, J= 7.0 Hz), 138.75 (2C), 141.50 (C), 152.78 and 

156.10 (d, C, JC-F= 332.0 Hz), 158.00 and 162.20 (d, C, JC-F= 420.0 Hz)], 148.78 (CH), 

155.29 (triazole C-3), 161.97 (triazole C-5), 170.19 (C=O), 172.84 (C=O). FT IR (νmax, 

cm-1): 3400 (OH), 3092 (Aromatic CH), 2918 (Aliphatic CH), 1718 (2C=O), 1498 (C=N). 

EI MS m/z (%): 655.39 ([M+K]+, 46), 653.37 (100). Anal. Calcd. for C32H30F2N6O3S 

(616.68); C, 62.32; H, 4.90; N, 13.63%. Found: C, 62.40; H, 5.12; N, 13.87%. 

 

Antimicrobial Activity Assessment 

The test microorganisms were purchased from the Hifzissihha Institute of Refik Saydam 

(Ankara, Turkey). All the newly synthesized compounds were weighed and dissolved in 

hexane for preparing the extract stock solution of 20.000 microgram/milliliter (μg/mL). 

The antimicrobial effects of the substances were tested quantitatively in respective broth 

media by using double microdilution and the minimal inhibition concentration (MIC) 

values (µg/mL) were determined. The antibacterial and antifungal assays were 

performed in Mueller-Hinton broth (MH) (Difco, Detroit, MI) at pH.7.3 and buffered Yeast 

Nitrogen Base (Difco, Detroit, MI) at pH 7.0, respectively. The micro dilution test plates 

were incubated for 18-24 h at 35 °C.  Brain Heart Infusion broth (BHI) (Difco, Detriot, 

MI) was used for M. smegmatis, and incubated for 48-72 h at 35 °C [22]. Ampicillin (10 

μg) and fluconazole (5μg) were used as standard antibacterial and antifungal drugs, 

respectively. Dimethylsulfoxide with dilution of 1:10 was used as solvent control. 
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RESULTS AND DISCUSSION 

 

The new Mannich base derivatives 6a-d and novel fluoroquinolone analogues 11a-c 

described herein were synthesized and examined in terms of biological activity as shown 

in Schemes 1 and 2, respectively. Newly compounds were obtained according to the 

synthetic route summarized in Scheme 1. Firstly, compound 1 was obtained from the 

treatment of ethyl bromoacetate with 1-(2-fluorophenyl)piperazine provided 

commercially. FT-IR spectrum of compound 1 indicated absorption band at 1745 cm–1 

belonging the carbonyl function.  

 

In 1H NMR spectra, it was noticed that the protons of ethyl group peaks at 1.20 and 4.10 

ppm. With the conversion of compound 1 to hydrazide (2), the signals of ester function 

were not observed in the 1H and 13C NMR spectrum. Additional peaks are due to the 

presence of –NHNH2 and were indicated at 4.25 and 8.94 ppm. Moreover, in the FT-IR 

spectrum, absorption bands were registered at 3256 and 3225 cm-1 as a broad peak 

typical for this structure. Reaction of compound 2 with suitable isothiocyanates phenyl-, 

ethyl- and benzyl isothiocyanates respectively generated the corresponding 

carbonothioylhydrazino derivatives 3a-c, which behave as suitable intermediates in the 

reactions leading to the formation of nitrogen- and/or sulfur-containing compounds 

having biological activity. The reaction was investigated in ethanol at microwave 

irradiated conditions. The FT-IR spectra of derivatives 3a-c showed an absorption band 

at 1237, 1235 and 1232 cm-1 which can be attributed to -C=S function. The synthesis of 

(1,3-thiazoline-2-ylidene) acetohydrazide derivatives (4a-c) was carried out by the 

condensation of 3a-c with ethyl bromoacetate and dried sodium acetate in ethanol by 

refluxing. 1H NMR spectrum of 4a-c showed signal at between 3.41-4.14 ppm which can 

be attributed to thiazolidinone nucleus. In addition, signals of –CH2 groups resulting from 

thiazolidinone ring resonated at 33.19 (for 4a), 32.21 (for 4b), 33.17 (for 4c) ppm in the 

13C NMR spectrum. Another evidence for the compounds, 4a-c showed the molecular ion 

peak, suggesting the assigned structure. The basic reaction of 3a-c yielded 1,2,4-triazole 

(5a-c) which can be considered as important tools for further condensation reactions 

leading to the formation of novel bioactive molecules (Scheme 1). The reaction was 

carried out in water, which is not a toxic solvent, under microwave conditions.  
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6a: R= - CH2C6H5; R'= methyl piperazine; 6c: R= -C6H5; R'= norloxacin
6b: R= - CH2C6H5; R'= phenyl piperazine; 6d: R= -C6H5; R'= ciprofloxacin

 

Scheme 1. Reagents and conditions: i: BrCH2COOEt, Et3N, THF, rt; ii: H2NNH2.H2O, MW; 
iii: suitable alkyl(aryl)isothiocyanate, EtOH, MW; iv: BrCH2COOEt, NaOAc, MW; v: NaOH, 

MW; vi: HCHO, suitable amine, DMF, rt. 
 

In the 1H NMR spectrum of 5a-c, the SH signals were observed at 13.90 ppm (for 5a), 

13.69 (for 5b) 13.97 (for 5c) as a proof of cyclization. In the 13C NMR spectrum, triazole 

C-3 and C-5 carbon atoms of compounds 5a-c resonated at 149.62-157.78 ppm (triazole 

C-3) and 167.73-168.68 ppm (triazole C-5), respectively consistent with literature 

findings [20, 21]. The mass spectrum of compounds showed peaks according to their 

molecular formula. 

 

The preparation of compound (7) was obtained with the reaction of 3-chloro-4-

fluoroaniline with diethylethoxymethylene malonate according to published procedure 

[19]. Then compound 7 was converted to (8) by cyclization with diphenyl ether. The 

reaction was carried out by microwave irradiation. With the use of MW conditions, higher 

yield was assessed; however, the important effect of MW irradiation was on reaction 

time. The complete conversion of the compound 7 in best yield was observed after 

microwave irradiation at 240 °C for 5 min. Compounds 8-10 were published in the 

literature [19]. Subsequently, compound 8 was alkylated with ethyl bromide using K2CO3 

in dimethylformamide to give the corresponding compound (9). As different from 

compound 8, 1H and 13C NMR spectrum of 9 showed extra peaks owing to ethyl group at 

the belonging chemical shift values, while the signal originated from any amino group 

was not recorded. In addition, mass spectrum and elemental analysis results confirm 

with the structure. Compound 10 was synthesized by the treatment of compound 9 with 

NaOH under reflux conditions [19]. In the 1H NMR spectrum of compound 10, the -OH 
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peak was recorded 14.96 ppm while the peaks belonging to ester group were not seen in 

the 1H NMR spectrum. 

 

The new fluoroquinolones 11a-c described herein were synthesized as shown in Scheme 

2.  
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Scheme 2: Reagents and conditions: i: diethyl ethoxymethylenemalonate, 100°C, 
reflux; ii: diphenyl ether, MW, 240°C for 5 min; iii: ethyl bromide, K2CO3, DMF, MW, 
75°C for 20 min; iv: 2N NaOH, reflux; v: Et3N, compounds 5a-c, DMF, MW, 80°C, 15 

min. 
 

To obtain new fluoroquinolone-triazole hybrid compounds, compound 10 was subjected 

to react with compounds 5a-c in the presence of triethylamine. This reaction was 

achieved under microwave conditions. The best MW condition in terms of yields and 

product stability was assessed at 80°C, 15 min in dimethylformamide. In 1H NMR 

spectrum of these compounds, additional signals derived from fluorophenyl ring and 

piperazine nucleus appeared at the related regions. Additionally, all the other aromatic 

and aliphatic carbons also appeared at the appropriate chemical shift regions. Mass 

spectrum of 11a-c was showed [M+Na]+ and [M+K]+ ion peaks suitable their molecular 

formula.  

 

Antimicrobial activity 

Newly synthesized compounds were screened for their biological properties and the 

results were illustrated in Table 1. This reveals that the most compounds own well 

activities against to test microorganisms with the mic values varying between 0.24-500 

μg/mL. Compounds 3a, and 3b showed medium activity towards Enterococcus faecalis 

(Ef), with the mic values 250 μg/mL while, compound 3c showed slight antifungal activity 

on Candida albicans (Ca) and Saccharomyces cerevisiae (Sc). Compounds 4a-c displayed 

moderate activity on Mycobacterium smegmatis (Ms). The compounds carrying an 1,2,4-

triazole moiety (5a-c) showed moderate activity on Ms with the mic value 62.50-125 
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μg/mL and slight activity towards Ca with mics 62.5-500 μg/mL. Moreover, the 

conversion of compounds 5a-c to compounds 6a-d, which can be regarded as Mannich 

bases, resulted in a remarkable increase in the antimicrobial activity. Among these, the 

better activity was observed for compounds 6c and 6d carrying a fluoroquinolone unit. 

According to Table 1, it is more attractive to speculate the observation that the excellent 

antimicrobial activity results were observed for compounds 11a-c which triazole-

fluoroquinolone hybrid compounds on the test microorganisms, except Ca and Sc with 

the mic values between 0.24-1.9 μg/mL. In fact, the activity of these compounds was 

better than reference drugs, as shown table 1. 

 

Table 1. Antimicrobial activity of the synthesized compounds (μg/mL). 
Microorganisms  and Minimal Inhibition Concentration 

Comp.No Ec Yp Pa Sa Ef Bc Ms Ca Sc 

3a - - - - 250 - 62.5 500 - 

3b - - - - 250 - 62.5 500 - 

3c - - - - - - - 125 62.5 

4a - - -      - - 62.5 31.3 125 - 

4b - - - - - - 125 500 - 

4c - - - - - - 250 500 - 

5a - - - - - - 62.5 500 125 

5b - - - - - - 125 250 - 

5c - - - 125 - - 62.5 62.5 - 

6a 31.3 62.5 62.5 - - - - 500 - 

6b 31.3 - - - - - - 125 250 

6c <3,9 <3,9 <3,9 <3,9 <3,9 <3,9 125 - - 

6d <0,24 <0,24 <0,24 <0,24 <0,24 <0,24 <0,24 - - 

11a <0.26 <0,26 <0.26 <0.26 <0.26 <0.26 <0.26 - - 

11b <1,9 <1,9 <1,9 <1,9 <1,9 <1,9 <1,9 - - 

11c <0,24 <0,24 <0,24 <0,24 <0,24 <0,24 <0,24 - - 

Amp. 10 18 >128 10 35 15    
Strep.       4   
Flu.        <8 <8 
Ec: Escherichia coli ATCC 25922, Yp: Yersinia pseudotuberculosis ATCC 911, Pa: 
Pseudomonas aeruginosa ATCC 43288, Sa: Staphylococcus aureus ATCC 25923, Ef: 
Enterococcus faecalis ATCC 29212, Bc: Bacillus cereus 702 Roma, Ms: M. smegmatis 
ATCC607, Ca: Candida albicans ATCC 60193, Sc: Saccharomyces cerevisiae RSKK 251, 
Amp.: Ampicillin, Strep.: Streptomycin, Flu.: Fluconazole, (—): no activity. 
 

CONCLUSION 

 

This study reports the synthesis of novel hybrid compounds including fluoroquinolone and 

Mannich base derivatives starting from 1-(2-fluorophenyl)piperazine. The antimicrobial 

activity studies were examined. The results show that 1,2,4-triazole attached to 
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fluoroquinolones (11a-c) displayed excellent activity against to test microorganism 

except Candida albicans and Saccharomyces cerevisiae.  

 

ACKNOWLEDGEMENTS 

 

This study was supported by Karadeniz Technical University, BAP, Turkey (Ref. No. 

8623). In addition thank to Arif Mermer for antimicrobial studies. 

 

REFERENCES 

 

1. Panda Siva S, Liaqat S, Girgis SA, Samir A, Hall D, Katritzky AR. Novel antibacterial active 
quinolone–fluoroquinolone conjugates and 2D-QSAR studies. Bioorganic & Medicinal Chemistry 
Letters. 2015; (25): 3816–3821. DOI: 10.1016/j.bmcl.2015.07.077.  
 
2. Mentese MY, Bayrak H, Uygun Y, Mermer A, Ulker S, Karaoglu SA, Demirbas N. Microwave 
assisted synthesis of some hybrid molecules derived from norfloxacin and investigation of their 
biological activities, European Journal of Medicinal Chemistry. 2013; (67): 230-242. DOI: 
10.1016/j.ejmech.2013.06.045.  
 
3. Bayrak H, Demirbas A, Karaoglu SA, Demirbas N. Synthesis of some new 1,2,4-triazoles, their 
Mannich and Schiff bases and evaluation of their antimicrobial activities. Eur. J. Med. Chem. 2009; 
(44): 1057-1066. DOI: 10.1016/j.ejmech.2008.06.019.  
 
4. Ulusoy-Guzeldemirci N, Kuçukbasmacı O. Synthesis and antimicrobial activity evaluation of new 
1,2,4-triazoles and 1,3,4-thiadiazoles bearing imidazo2,1-bthiazole moiety. Eur. J. Med. Chem. 
2010; (45): 63-68. DOI: 10.1016/j.ejmech.2009.09.024.  
 
5. Bayrak H, Demirbas A, Demirbas N, Karaoglu SA. Synthesis of some new 1,2,4-triazoles starting 
from isonicotinic acid hydrazide and evaluation of their antimicrobial activities. Eur. J. Med. Chem. 
2009; (44): 4362-4366. DOI: 10.1016/j.ejmech.2009.05.022.  
 
6. Tozkoparan B, Küpeli E, Yesilada E, Ertan M. Preparation of 5-aryl-3-alkylthio-l,2,4-triazoles and 
corresponding sulfones with antiinflammatorial analgesic activity. Bioorg. Med. Chem. 2007; (15): 
1808-1814. DOI: 10.1016/j.bmc.2006.11.029.  
 
7. Stefanska J, Szulczyk D,  Koziol AE, Miroslawc B, Kedziersk E, Fidecka S, Busonera B, Sanna G, 
Giliberti G, Colla PL, Struga M, Disubstituted thiourea derivatives and their activity on CNS: 
synthesis and biological evaluation. Eur.J. Med. Chem. 2012; (55): 205-213. DOI: 
10.1016/j.ejmech.2012.07.020.  
 
8. Kumar GVS, Rajendraprasad Y, Mallikarjuna BP, Chandrashekar SM, Kistayya C, Synthesis of 
some novel 2-substituted-5-isopropylthiazoleclubbed 1,2,4-triazole and 1,3,4-oxadiazoles as 
potential antimicrobial and antitubercular agents. Eur. J. Med. Chem. 2010; (45): 2063-2074. DOI: 
10.1016/j.ejmech.2010.01.045.  
 
9. Küçükgüzel I, Tatar E, Küçükgüzel SG, Rollas S, Clercq ED. Synthesis of some novel thiourea 
derivatives obtained from 5-(4-aminophenoxy)methyl-4-alkyl/aryl-2,4-dihydro-3H-1,2,4-triazole-3-
thiones and evaluation as antiviral/anti-HIV and anti-tuberculosis agents. Eur. J. Med. Chem. 2008; 
(43): 381-392. DOI: 10.1016/j.ejmech.2007.04.010.  
 
10. Rashid M, Husain A, Siddiqui AA, Mishra R. Benzimidazole clubbed with triazolo-thiadiazoles 
and triazolo-thiadiazines: new anticancer agents. Eur. J.Med. Chem. 2013; (62): 785-798. DOI: 
10.1016/j.ejmech.2012.07.011.  
 
11. Johnsona E, Espinel-Ingroff A, Szekelya A, Hockeyc H, Troked P. Activity of voriconazole, 
itraconazole, fluconazole and amphotericin B in vitro against 1763 yeasts from 472 patients in the 



Başoğlu Özdemir, JOTCSA. 2016; 3(3): 515-534.  RESEARCH ARTICLE 

532 
 

voriconazole phase III clinical studies. Int. J. Antimicrob. Agents 2008; (32): 511-514. DOI: 
10.1016/j.ijantimicag.2008.05.023.  
 
12. Guo Q, Feng LS, Liu ML, Zhang YB, Chai Y, Lv K, Guo HY, Han LY. Synthesis and in vitro 
antibacterial activity of fluoroquinolone derivatives containing 3-(N0-alkoxycarbamimidoyl)-4-
(alkoxyimino) pyrrolidines. European Journal of Medicinal Chemistry. 2010; (45): 5498-5506. DOI: 
10.1016/j.ejmech.2010.08.050.  
 
13. Cui SF, Ren Y, Zhang SL, Peng XM, Damu GLV, Geng RX, Zhou CE. Synthesis and biological 
evaluation of a class of quinolone triazoles as potential antimicrobial agents and their interactions 
with calf thymus DNA. Bioorganic & Medicinal Chemistry Letters. 2013; (23): 3267–3272. DOI: 
10.1016/j.bmcl.2013.03.118.  
 
14. Kaur K, Kumar V, Gupta GK. Trifluoromethylpyrazoles as anti-inflammatory and antibacterial 
agents.  Journal of Fluorine Chemistry. 2015; (178): 306–326. DOI: 
10.1016/j.jfluchem.2015.08.015.  
 
15. Rahim F, Zaman K, Ullah H, Taha M, Wadood A, Javed MT, Rehman W, Ashraf M, Uddin R, 
Uddin I, Asghar H, Khan AA, Khan KM. Synthesis of 4-thiazolidinone analogs as potent in vitro anti-
urease agents. Bioorganic Chemistry. 2015; (63): 123–131. DOI: 10.1016/j.bioorg.2015.10.005.  
 
16. Bala S, Sharma N, Kajal A, Kamboj S and Saini V. Mannich Bases: An Important 
Pharmacophore in Present Scenario. International Journal of Medicinal Chemistry. 2014; DOI: 
10.1155/2014/191072. 
 
17. Oloyede GK, Willie IE, Adeeko OO. Synthesis of Mannich bases: 2-(3- 
Phenylaminopropionyloxy)-benzoic acid and 3-Phenylamino-1-(2,4,6-trimethoxy-phenyl)-propan-1-
one, their toxicity, ionization constant, antimicrobial and antioxidant activities. Food Chemistry. 
2014; (165): 515–521. DOI: 10.1016/j.foodchem.2014.05.119.  
 
18. Abuo-Rahma G.A.A, Sarhan H.A, Gad G.F.M. Design, synthesis, antibacterial activity and  
hysicochemical parameters of novel N-4-piperazinyl derivatives of norfloxacin. Bioorg. Med. Chem. 
2009; (17): 3879-3886.DOI: 10.1016/j.bmc.2009.04.027.  
 
19. Dixit S. K, Yadev N, Kumar S, Good L, Awasthi K, Synthesis and antibacterial activity of novel 
fluoroquinolone analogs, Medicinal Chem Research 2014; (23): 5237-5249. DOI: 10.1007/s00044-
014-1049-2.  
 
20. Basoglu S, Yolal M, Demirbas A, Bektas H, Abbasoglu R, Demirbas N. Synthesis of linezolid-like 
molecules and evaluation of their antimicrobial activities. Turk. J. Chem.  2012; (36): 37–53. URL: 
http://journals.tubitak.gov.tr/chem/issues/kim-12-36-1/kim-36-1-3-1105-54.pdf.  
 
21. Demirci S, Demirbas A, Ulker S, Alpay-Karaoglu S, and Demirbas N. Synthesis of Some 
Heterofunctionalized Penicillanic Acid Derivatives and Investigation of Their Biological Activities. 
Arch. Pharm. Chem. Life Sci. 2014; (347): 200–220. DOI: 10.1002/ardp.201300280.  
 
22. Willanova, P. A. National Committee for Clinical Laboratory Standard, NCCLS Document M7-A3, 
1993; 13. 



Başoğlu Özdemir, JOTCSA. 2016; 3(3): 515-534.  RESEARCH ARTICLE 

533 
 

Türkçe Öz ve Anahtar Kelimeler 

Antimikrobiyal Araçlar Olarak Yeni Florokinolin-Triazol Hibrit 
Bileşiklerinin Sentezi 

 
Serap Başoğlu Özdemir 

 

Öz: Hidrazid bileşiği (2) 1-(2-florofenil)piperazin bileşiğinden iki kademede 
sentezlenmiştir. Bileşik (2)’nin farklı alkil (aril) izotiyosiyanatlarla muamele edilmesi ile 
(3a-c) bileşikleri elde edilmiştir. 1,3-Tiyazolidin türevleri (4a-c), (3a-c) bileşiklerinin etil 
bromoasetat ile reaksiyonundan sentezlenmiştir. Mannich bazları (6a-d), (5a-c) 
bileşiklerinin formaldehit varlığında çeşitli uygun aminlerle tepkimeye sokulmasıyla elde 
edilmiştir. Bileşik (3) türevleri, florokinolon analogları (11a-c) için başlangıç bileşiği 
olması amacıyla 1,2,4-triazol halkalarına dönüştürülmüştür. Son olarak, sentezlenmiş 
bileşiklerin biyolojik özellikleri incelenmiş ve bunların bazıları kuvvetli etki göstermiştir.  
 
Anahtar kelimeler: Florokinolin; 1,2,4-triazol; mannich bazı; biyolojik özellikler. 
Sunulma: 23 Haziran 2016. Kabul: 07 Ekim 2016.  
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Abstract: Cocaine is a powerfully addictive illicit drug. Cocaine abuse and addiction continue to 
increase in the world. Most analytical tests for the detection of cocaine use include the analysis 
of the metabolite, benzoylecgonine, in the urine. Benzoylecgonine is a major urinary metabolite 
of cocaine. Generally, the most common biologic matrices used for the analysis of cocaine 
contain the urine and blood however saliva was also added as a matrix in this study. Practical, 
quick, reliable, precise and accurate, reproducible analytical methods have been developed and 
validated for cocaine and benzoylecgonine. In addition, these chromatographic techniques were 
used as both initial test and confirmatory. The validated chromatographic method was 
successfully applied to the analysis of cocaine and benzoylecgonine compounds in synthetic 
matrix. Confirmation analyses were made by LC-MS/MS to support reliability of HPLC results. As 
a result of this study, it can be claimed that HPLC could be a good alternative for the analyses 
of various biological matrices in forensic studies.  
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INTRODUCTION  

 

Cocaine is a strongly addictive stimulant drug made from the leaves of the coca plant. Cocaine 

is directly affected the central nervous system (CNS) [1]. Cocaine was labelled as the drug of 

the 1980s and 1990s because of its widespread popularity and use during that period. However, 

cocaine is not a new drug. Actually, it is one of the oldest known psychoactive substances [2]. 

Cocaine consist in illicit samples as the cocaine salt or as the cocaine base. The use of illicit drugs 

has negative effect on the health of drug users in addition to this drugs have been affected 

economic and social costs to the community [3]. Cocaine has a lot of health effects, which are 

constriction of blood vessels, increase of bodily temperature, heart rate, blood pressure, 

abdominal pain, nausea, headaches, restlessness, and anxiety [4,5]. Injecting cocaine can do 

strong allergic reactions and increased risk for HIV, hepatitis C, and other blood-spread diseases 

[1]. According to United Nations Office on Drugs and Crime (UNODC) World Drug Report, it is 

estimated that one-twentieth of people between the ages of 15 and 64 used illicit drugs within 

the last year [6]. In addition, there are 14.9 million cocaine users according to the last European 

Monitoring Centre for Drugs and Drug Addiction (EMCDDA) annual report [7].  

 

The most common form of illicit cocaine is the white crystalline, highly water soluble powder. 

Cocaine metabolites such as norcocaine, benzoylecgonine (BE) and ecgonine methylester, etc., 

contribute to the toxicity of cocaine (metabolite). The major metabolic pathways of cocaine 

metabolism involve 1) human carboxylesterase-1 (hCE-1)–mediated and spontaneous chemical 

hydrolysis of cocaine to BE and 2) pseudocholinesterase–2 and human carboxylesterase-2 (hCE-

2)-mediated hydrolysis of cocaine to ecgonine methyl ester [8]. BE is a major urinary metabolite 

of cocaine.  

 

Among the worldwide addiction problems, cocaine addiction is a frequent and severe public 

health problem; therefore, quick, easy, and reliable methods are required to determine of 

cocaine and BE in the biological matrix for medical and toxicology laboratories [9]. Most 

chromatographic methods for the detection of cocaine use involve the analysis of the metabolite, 

BE, in the biological matrix such as urine, serum and saliva. Liquid chromatography is a very 

powerful tool increasingly used in analytical laboratories [10]. Cocaine and its metabolite BE can 

be separated by using chromatographic methods from other analytes and impurities. Therefore, 

liquid chromatographic techniques were used in this study for better determination of cocaine 

and also chromatographic techniques are very specific, minimizes false positives and false 

negatives, very sensitive, detects low levels of drug, and quantitative testing methods [11-13]. 

Cut off concentrations of cocaine and BE were identified by Substance Abuse and Mental Health 

Services Administration (SAMSHA) as 150 ng/mL and 100 ng/mL for initial test and confirmatory 

test, respectively [14]. Generally, the most common biologic samples used for the analysis of 



Gumus et al., JOTCSA. 2016;3(3): 535-550.  RESEARCH ARTICLE 

537 

 

cocaine involve the blood and urine however saliva was also added as a matrix in this study. 

Practical, quick, reliable, precise and accurate, reproducible analytical methods have been 

developed and validated for cocaine and benzoylecgonine. In addition, these chromatographic 

techniques were used both initial test and confirmatory test for forensic toxicology. After 

analytical method validation, its application to biological samples was tested by using synthetic 

urine, serum and saliva. Confirmation analyses were made by LC-MS/MS to support reliability of 

HPLC results. 

 

MATERIALS AND METHODS 

 

Standards, samples, chemicals, and reagentsAll chemicals and reagents was obtained from 

Merck, Sigma Aldrich and LabScan. Ultrapure water was produced by purification system Milli-Q 

from Millipore Corporation. The analytical standard of cocaine and benzoylecgonine were 

obtained from Cerillant. 

 

Standard solutions  

Stock solutions of cocaine and benzoylecgonine were prepared separately in methanol at 

concentrations of 100 µg/mL. All stock solutions were stored at -20 ˚C. Different concentrations 

of working solutions for liquid chromatography analysis were diluted from this solution with 

methanol.  

 

Sample preparation  

Synthetic urine, saliva, and serum samples were prepared according to the Wilsenach et al., Gal 

et al., and Bahadir et al. and the compositions of synthetic urine, saliva, and serum solutions 

are given in supplementary material SM-1 [15-17]. The synthetic biological matrices were spiked 

with standard solutions of Cocaine and BE and then filtered before injection into the 

chromatographic system. The samples were prepared freshly prior to chromatographic analyses. 

Cocaine or BE spiked samples were injected to the chromatography system without needing any 

extraction procedures. 

 

 

HPLC-DAD instrumentation and conditions  

The chromatographic separation and analysis of cocaine and BE were carried out using HPLC 

(Agilent) combined DAD detector and the elution of the compounds in the chromatogram was 
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performed by an Eclipse XDB-C18 column (5.0 μm particle size, 4.6x150 mm). Instrument 

parameters was given in Table 1 for the Cocaine and BE analyses. 

 

Table 1. HPLC instrument conditions of cocaine and BE 

HPLC Instrument 

Conditions 
COCAINE BE 

Mobile Phase Isocratic; (A) pH 6.0 

phosphate buffer (B) 

acetonitrile (40:60, v:v) 

Isocratic; (A) 0.2% (v/v) 

aqueous phosphoric acid and 

(B) acetonitrile (80:20, v:v) 

Wavelength 235 nm 225 nm 

Column Temperature 40 °C 35 °C 

Flow rate 1.0 mL/min 1.0 mL/min 

Injection Volume 20 µL 20 µL 

 

LC-MS/MS instrumentation and conditions  

The LC-MS/MS system consisted of a Waters Acquity UPLC instrument using an Acquity UPLC 

BEH C18 column (1.7 μm, 50 mm x 2.1 mm i.d.). The UPLC was connected to Waters TQD Mass 

Spectrometer. Tandem mass spectrometer was equipped with an electrospray ionization (ESI) 

and operated in positive-ion mode. The scanned data was collected in single ion monitoring mode 

(SIM). Nitrogen and argon were used as cone and collision gases, respectively. LC-MS/MS 

instrument parameters for the analysis of Cocaine and BE were shown in Table 2. 
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Table 2. LC-MS/MS instrument conditions of Cocaine and BE 

LC-MS/MS Instrument 

Conditions 
COCAINE BE 

Mobile Phase A) Water contains 0.1 %  

Acetic Acid  

B) Acetonitrile contains 0.1 

% Acetic Acid 

A) Water contains 0.1 %  

Acetic Acid  

B) Acetonitrile contains 0.1 

% Acetic Acid 

Cone Voltage (V) 35 30 

Collision Voltage (V) 25 30 

Parent Ion/Daughter Ions (m/z) 304/150, 182* 290.3/105.3, 168.3* 

Dwell Time (s) 0.01 0.01 

Column Temperature (°C) 50 50 

Desolvation Gas Temp. (°C) 350 350 

Gas Flow Rate (L/h) 500L/h 500L/h 

Flow rate (mL/min) 0.400 0.400 

Injection Volume (µL) 5 5 

 

*Daughter ions were used as determinant ions. The others were used as control ions. 

The Masslynx software version 4.1 was used in controlling the instruments, peak integration and 

calculation.  

 

Validation of the chromatographic methods  

The validation of the analytical procedures was carried out according to the International 

Conference on Harmonization Guidelines (ICH Q2B, validation of analytical procedures, 

methodology) [18]. According to these guidelines, the key parameters to assurance the 

acceptability of the performance of an analytical method are as follows: Linearity, sensitivity 

(limit of detection (LOD) and limit of quantification (LOQ)), precision and accuracy, selectivity.  

 

RESULTS AND DISCUSSION  

 

Several mobile phase systems were tested for developing liquid chromatographic method for 

determination of Cocaine and BE. Mobile phase and related chromatographic conditions were 

chosen considering the smooth baseline, and peak response. 
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Linearity of the analytical methods  

The linearity was studied through the external standardization method. To conduct this study, 

working standard solutions were prepared at five level of concentration for LC-MS/MS analyses 

and six levels of concentration for HPLC analyses with triplicate injections. The calibration curves 

were designed to investigate the correlation between the peak area (y) and the injection 

concentration (x; ng/mL) of analytes. The linearity was expressed in terms of the correlation 

coefficient (R2). The results showed a good correlation between the peak areas and the 

concentration of chromatographic injections, with R2. The concentrations ranges, linear 

regression equations, correlation coefficient and retention times of analytes were given in Table 

3. 

Table 3. Linear regression equation, calibration curve and retention times of the analytical 

method. 

HPLC method COCAINE BE 

Linear Ranges (ng/mL) 1.0 – 100  50.0 - 7500  

Linear Regression Equation y=0.3453x-0.0154 y=0.0241x-0.0192 

Correlation Coefficient 0.9999 0.9999 

Retention Time (min) 2.09 2.67 

LC-MS/MS method COCAINE BE 

Linear Ranges (ng/mL) 0.25 - 5.0 1.0 - 25 

Linear Regression Equation y=854.18x+7.9587 y=91128x-275.52  

Correlation Coefficient 1.00 1.00 

Retention Time (min) 1.65 0.90 

 

Both HPLC and LC/MS/MS methods have good correlation coefficient values in terms of linearity. 

Blank chromatograms for matrices could be seen in SM-3. HPLC chromatograms of cocaine and 

BE were shown in Figures 1 and 2.  
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Figure 1. HPLC chromatogram of cocaine. 

 

Figure 2. HPLC chromatogram of BE. 

m/z 182 and m/z 150 ions chromatogram of cocaine was shown as in Figures 3 and 4.  
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Figure 3. LC-MS/MS chromatogram of cocaine for determinant ion m/z 182. 

 

Figure 4. LC-MS/MS chromatogram of cocaine for control ion m/z 150. 

m/z 168.3 and m/z 105.3 ions chromatogram of BE was shown as in Figure 5 and 6. 
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Figure 5. LC-MS/MS chromatogram of BE for determinant ion m/z 168.3. 

 

 

Figure 6. LC-MS/MS chromatogram of BE for control ion m/z 105.3. 

 

Limits of detection (LOD) and quantification (LOQ)  

The limit of detection (LOD) and the limit of quantification (LOQ) for Cocaine and BE were 

analysed to evaluate the sensitivity of the methods. LOD and LOQ of the HPLC and LC-MS/MS 
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methods were estimated from the signal-to-noise ratio of about 3:1 and 10:1, respectively. LOD 

and LOQ values of Cocaine and BE were given in Table 4 for HPLC and LC-MS/MS methods. 

 

Table 4. LOD and LOQ values of methods for COCAINE and BE. 

HPLC method COCAINE BE 

LOD (ng/mL) 0.55 4.62 

LOQ (ng/mL) 1.82 15.38 

LC-MS/MS method COCAINE BE 

LOD (ng/mL) 0.03 0.69 

LOQ (ng/mL) 0.10 2.33 

 

Since these values are lower than SAMSHAs’ cut off values, these chromatographic methods 

could be used to determine COCAINE and BE in the synthetic biological matrices successfully 

according to LOD and LOQ values. 

 

Precision of analytical methods 

The precision was evaluated using measurements of the injection repeatability of analytes. The 

repeatability was investigated using working standard solutions prepared at appropriate 

concentration levels. Cocaine and BE concentrations were 10 ng/mL; 1.0 ng/mL and 500 ng/mL 

and 5.0 ng/mL for HPLC and LC-MS/MS, respectively. Peak areas and retention times were 

identified. The results were expressed as the Relative Standard Deviation of measurements 

(RSD%).at six replicate injections as described in Table 5.  

Table 5. Precision of HPLC and LC-MS/MS method. 

HPLC method Cocaine (Area) BE (Area) Cocaine (RT) BE (RT) 

Mean 3.382 13.817 2.098 2.673 

SD 0.064 0.147 0.003 0.008 

RSD % 0.100 1.065 0.162 0.305 

LC-MS/MS  Cocaine (Area) BE (Area) Cocaine (RT) BE (RT) 

Mean 868024 454252686 1.65 0.90 

SD 1190 1917980 0.00 0.00 

RSD % 0.137 0.422 0.00 0.00 

 

According to RSD values of repeatability, these methods indicated good precision and RSD values 

which were under the 2%.  
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Accuracy of analytical methods 

The accuracy of the methods was evaluated on the basis of the spiked matrix recovery for each 

standard substance. The accuracy was expressed as the percentage of the amount recovered in 

the spiked sample compared to the standard concentrations. 

 

A certain amount of Cocaine and BE standards was added to synthetic serum, saliva and urine 

samples and then analysed using the developed HPLC and LC-MS/MS methods. The recovery of 

each added standard substance was calculated by the following formula: recovery% = [(Cm – 

Cs)/(Ca)] X 100, where Cm is the measured amount of the samples; Cs and Ca represent the 

mean value of the detected Cocaine and BE in synthetic biological samples and added standard 

substances, respectively. 

 

Percent recovery values of Cocaine and BE were shown in Table 6 and Table 7 for HPLC and LC-

MS/MS methods in synthetic biological matrices. 

 

Table 6. Recovery of HPLC method for urine, saliva, serum. 

Added COCAINE 
(ng/mL) 

Recovery (%) 
(Urine) 

Recovery (%) 
(Saliva) 

Recovery (%) 
(Serum) 

1 80.46 42.48 71.69 
1 83.38 36.63 83.38 
1 77.53 39.56 77.53 
5 96.72 38.29 82.12 
5 93.80 39.46 87.37 
5 95.55 40.05 85.62 
10 97.44 40.47 92.18 
10 100.36 39.01 89.26 
10 97.15 43.10 84.88 
Added BE 
(ng/mL) 

Recovery (%) 
(Urine) 

Recovery (%) 
(Saliva) 

Recovery (%) 
(Serum) 

100 91.26 99.89 97.9 
100 90.24 98.37 102.9 
100 94.30 96.34 98.9 
500 92.16 102.41 100.4 
500 95.21 99.57 99.06 
500 95.41 98.05 97.94 
1000 91.21 95.52 99.58 
1000 96.08 98.11 100.09 
1000 99.84 93.44 99.94 
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Table 7. Recovery of LC-MS/MS method for urine, saliva, serum. 

Added Cocaine 
(ng/mL) 

Recovery (%) 
(Urine) 

Recovery (%) 
(Saliva) 

Recovery (%) 
(Serum) 

0.3 85.2 50.7 94.7 
0.3 90.7 47.1 93.4 
0.3 90.3 55.0 97.6 
0.75 97.1 51.8 107.6 
0.75 103.6 59.1 102.8 
0.75 102.2 52.5 106.7 
1.50 91.1 78.5 101.4 
1.50 92.1 73.3 103.1 
1.50 101.4 85.2 100.1 
Added BE 
(ng/mL) 

Recovery (%) 
(Urine) 

Recovery (%) 
(Saliva) 

Recovery (%) 
(Serum) 

1.00 101.7 102.7 99.2 
1.00 96.7 100.4 99.0 
1.00 98.2 100.5 98.9 
2.50 91.9 101.0 101.3 
2.50 92.0 103.5 98.4 
2.50 92.0 102.3 97.2 
5.00 80.5 100.5 82.4 
5.00 82.7 102.9 79.1 
5.00 82.1 101.7 80.7 

 

The recoveries of the cocaine ranges were not appropriate in saliva but the others were shown 

good accuracy for LC-MS/MS method. The RSDs were less than 8.0%, thus representing the 

good reliability and accuracy of the method as it can be seen SM-2. In addition, some ruggedness 

and robustness method validation parameters were given in SM-2 for proposed method. 

 

Selectivity of the analytical methods 

 

Solvents, saliva and urine solutions which are used during analysis were injected under same 

instrument conditions and any peak was monitored at the same retention time with Cocaine and 

BE. This shows that suitability of HPLC and LC-MS/MS methods in terms of selectivity and there 

are no interferences from solvents and solution.  

 

CONCLUSION 

 

As a result of this study, it can be claimed that liquid chromatographic techniques could be a 

good alternative for the analyses of various biological matrices in forensic studies. Practical, 

quick, precise, and accurate, reproducible analytical methods have been developed and validated 

for cocaine and BE. Reliable of HPLC method was shown by using LC-MS/MS method as a 

confirmation analysis. Also the matrices and concentrations were determined by HPLC 

instrument could be used, where necessary, according to SAMSHA cut off values. In the future 

studies, extraction procedure would be experienced to increase recovery of saliva matrix. 
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Türkçe Öz ve Anahtar Kelimeler 

Biyolojik Ortamlarda Kokain ve Benzoilekgoninin HPLC ve LC-MS/MS 

ile Analizi 

Öz: Yasadışı ve bağımlılık yapan bir kimyasal olan kokainin kötüye kullanımı ve bu ilaca olan 

bağımlılık dünya çapında artmaya devam etmektedir.  Birçok analitik test kokainin idrardaki ana 

metaboliti olan benzoilekgoninin idrar içersinde analizine yöneliktir. Bu çalışmada kokainin idarar 

ve kandaki analizinin yanısıra tükürükte de analizi gerçekleştirilmiştir. Kokain ve benzoilekgonin 

için pratik,  hızlı, güvenilir, kesin, doğru ve tekrarüretilebilir metotlar geliştirilmiş ve valide 

edilmiştir. Ayrıca, bu kromatografik teknikler hem başlangıç hem de doğrulayıcı testler olarak 

uygulanmıştır. Valide edilmiş olan kromatografik metotlar sentetik ortamlar içerisindeki kokain 

ve benzoilekgonin bileşiklerine başarılı bir şekilde uygulanmıştır. Doğrulama analizleri HPLC 

sonuçlarını desteklemek amacıyla LC-MS/MS cihazında yapılmıştır. Sonuç olarak, birçok matriks 

için uygulanan adli çalışmalarda HPLC’nin iyi bir alternatif olduğu gösterilmiştir.  

Anahtar Kelimeler: Kokain; Benzoilekgonin; HPLC; LC-MS/MS. 
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Abstract: In this study, Cystoseira barbata was coated with iron oxide (Fe3O4) to obtain 
a magnetic biomaterial and used as a sorbent material for the removal of methylene blue 
from aqueous solution. This biosorbent was characterized by Scanning Electron 
Microscopy (SEM) and Fourier Transform Infrared spectroscopy (FTIR). Methylene blue 
adsorption capacity of this material was investigated as function of pH, contact time, 
initial methylene blue concentration and temperature. The equilibrium data was analyzed 
with Langmuir and Freundlich isotherms. The results showed that the maximum 
adsorption capacities were achieved in 300 min at pH 2 and reached to 5.74 and 1.08 
mg/g at 25 ºC and 45 ºC respectively.  
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INTRODUCTION 

 

Industrial and environmental pollutants mostly cause water pollution [1] and one of the 

most important pollutants is coloring agents. The synthetic dyes are in general toxic and 

can cause serious environmental problems [2, 3]. Dyes are mainly used in textile, 

plastics, tanneries, pharmaceuticals, leather, paint, and electroplating industries [4]. For 

example, methylene blue (MB), a common type of colorants, are usually used to dye 

cotton, wool and other materials [1, 5]. Several methods such as biosorption, 

chromatography, membrane separation, and ion exchange have been tested for the 

removal of dyes since they have destructive effect on aquatic life and human body [6-8]. 

The use of magnetic separation in biosorption process has increased in the last decades 

[9, 10]. This procedure might be problematic on biomass separation. Magnetic sorbents, 

following the adsorption procedure, simplify the separation of sample solutions from 

sorbents and no centrifugation is needed. Therefore, magnetic separation method, which 

is simple, fast, energy efficient and low cost, was used in the study [11-12].  

 
Many kinds of adsorbents such as fruit peels, potato plant wastes and dried algae have 

been tested for the removal of the pollutants [13, 14]. In addition, tremendous 

developments have occurred in nanoparticle technology in the past decade. Magnetic 

nanoparticles, which generally consist of magnetic elements such as iron, nickel, and 

cobalt [15], have potential applications in some fields such as biotechnology/biomedicine 

and environmental remediation [12]. Magnetite (Fe3O4) is a common compound used for 

the synthesis of magnetic nanoparticles [16], especially for that of algae [10]. Algae have 

been shown to be proper biosorbents because of the functional groups such as amino, 

carboxyl, hydroxyl, and sulfate on the cell wall [17]. Brown algae are the renewable 

biomass used in many parts of the world [3]. Cystoseira barbata, a brown alga, has air 

vesicles and the biomass can be used in different areas such as food, medical, and 

pharmacological applications [18]. 

 
The aim of this work is to inquire the potential of iron-coated C. barbata for the removal 

of MB from aqueous solution. The effects of pH, contact time, concentration of MB 

solution and temperature were investigated on the biosorption of the alga. The data were 

fit to Langmuir and Freundlich isotherm models. SEM and FTIR analyses were utilized to 

compare the surfaces of raw and iron-oxide coated C. barbata. 
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MATERIALS AND METHODS 

 

Biomass: Brown alga Cystoseira barbata (Stackhouse) C. Agardh was collected from the 

Dardanos Campus of Çanakkale Onsekiz Mart University. The biomass was rinsed to 

remove some impurities and dried in an oven at 60 °C until constant weight was 

reached. Dried biomass was ground and sieved. 

 

Iron Oxide-Coated Biomass  

The method proposed by Pokhrel and Viraraghavan (2008) was used for the preparation 

of magnetic biosorbent. A solution of 80 mL of 2 M Fe(NO3)3.9H2O was prepared and 1 

mL of 10 M NaOH was added into this solution and mixed. The autoclaved C. barbata (20 

g) and the mixture was poured into the porcelain pot, homogenized and kept at 80ºC for 

3 h. The oven temperature was then increased to 110 ºC for 24 h. The prepared 

biosorbent powder was sieved to same particle size. The magnetic C. barbata was labeled 

as “Mag-C. barbata” in this study. 

 

Reagents and Equipment 

All chemicals used were of analytical grade (Merck). All the solutions were prepared with 

distilled water. For biosorption experiments, stock methylene blue (MB) solution (1000 

mg/L) was used and different concentrations of MB (5, 10, 20, 50, 100, 150, 200, 250, 

300, 350, 400, 450 and 500 mg/L) were prepared from stock solution using distilled 

water. The MB concentration in the solution was measured with a spectrophotometer 

(Rayleigh Vis-7220 G). The pH of aqueous solutions was adjusted using 0.1 M HCl or 0.1 

M NaOH. The samples were filtered through Millipore Millex-HV hydrophilic PVDF 0.45 µm 

syringe filter. A Wise Bath WSB-30 model shaker was used for the adsorption 

experiments.  

 

Biosorption Experiments 

Batch adsorption technique was used to assess the adsorption of MB from the aqueous 

solution. Mag-C. barbata (100 mg) was put into a 50 mL falcon tube and treated with 10 

mL of a MB solution. All the biosorption experiments were carried out using 10 mL 

aqueous MB solutions. The test solutions were shaken at 250 rpm at room temperature 

for 60 min, centrifuged at 3000 rpm and the supernatants were filtered through the 
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syringe filter. The adsorbed amount of MB was calculated following the 

spectrophotometric measurement of supernatant at 665 nm.  

 

Determination of Optimum pH 

Five pH values (2, 3, 5, 7 and 9) were tested in the trials. Accordingly, 100 mg dried 

Mag-C. barbata was put into the Falcon tubes filled with 10 mg/L MB solutions at 

different pH values. The tubes were shaken at room temperature for 60 min at 250 rpm. 

After adsorption step, sorbents easily came together by means of a magnet kept from 

outside of the tube and supernatant is simply taken out by a syringe. The absorbance 

value of the supernatant was measured with the spectrophotometer and the amount of 

adsorbed methylene blue was calculated.  

 

The percentage of MB removal (R) from the aqueous solution was calculated as follows: 

% R=
o

so

C

CC )( −
 x 100                                      (Eq. 1) 

Where Co is the initial MB concentration (mg/L) and Cs is the adsorbed MB concentration 

(mg/L).  

 

Determination of Optimum Contact Time: Mag-C. barbata (100 mg) was added into 

10 mL of MB (10 mg/L) solution and the pH was adjusted to 2. Falcon tubes were shaken 

at room temperature for different time intervals (10, 25, 45, 60, 80, 100, 150, 200, 300 

and 400 min). Samples were centrifuged, filtered, and the absorbance of the supernatant 

was measured with the spectrophotometer. The amount of MB uptake, qt (mg/g), at 

each interval was calculated using the following equation: 

qt = 
M

CC e )( o − x V      (Eq. 2) 

Where Co is the initial MB concentration (mg/L), Ce is the concentration of MB solution at 

a given time (mg/L), V is the volume of metal solution (L) and M is the mass of 

biosorbent (g) (dry weight).  

Adsorption Isotherms: A 10 mL MB test solutions (pH 2) were prepared at different 

concentrations (5, 10, 20, 50, 75, 100, 150, 200 and 300 mg/L) and added into the 

Falcon tubes each containing 100 mg Mag-C. barbata. The test solution was shaken for 
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200 min at 25ºC and 45ºC. The amount of MB concentration was calculated using Eq. 

(2). In Eq. (2), qt is substituted with qe.  

 

Characterization of Biomass: FTIR spectra were obtained using Perkin-Elmer FTIR 

Spectrometer (Spectrum BX-II). The biomass was dried at 60°C to the constant weight; 

1 mg of C. barbata was then pelleted with 100 mg KBr. FTIR analysis was studied in the 

range 400-4000 cm-1 for the characterization of biomass.  

 

Morphological features of algal biosorbent particles before and after the adsorption of MB 

were obtained using the Scanning Electron Microscope (Jeol JSM 7100F) at accelerating 

voltages of 10 kV attached to an X-ray energy dispersive spectrometer (EDX). Before the 

scanning process, all samples were dried and coated with gold to enhance electron 

conductivity. In this study, SEM micrographs were taken at different magnifications. 

 

RESULTS AND DISCUSSION 

 

Determination of Optimum pH 

Algal cell surfaces have several functional groups such as amino, carboxyl, and 

phosphate groups. The biosorption mechanism depends on these functional groups on 

the surface of the cell wall and the solution pH is important in the process [19]. The 

effect of pH was studied in the pH range of 2-9 at room temperature. The effect of the 

pH values on biosorption were shown in Figure 1. It was found that the removal 

percentage decreased by the increase in pH from 2 to 5, remained stable at pH 5 and 7, 

and then started to increase again until pH 9. However, the pH was in general not so 

important on the biosorption of MB by Mag-C. barbata. The maximal removal was 

40.61% at pH 2. The surface of the algae is negatively charged and the strength of the 

negative charge is higher on acidic zone. Under normal conditions, the strength of the 

negative charge of adsorbent decreases in lower pH values, which also results in a 

reduction on the adsorption potential of positively charged ions. When the non-magnetic 

algae are treated with iron, an electrostatic interaction takes place between positive 

(Fe2+) and negative (algal surface) charges. In the case of algae magnetized with iron, 

however, Van der Waals interaction takes place. In our opinion, the type of the 
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interaction was the main reason as to why the adsorption capacity of the magnetic algae 

was independent from the pH changes.  

 

 

Figure 1. Effect of pH on the biosorption of MB. 

 

Determination of Optimum Contact Time 

The effect of contact time for MB biosorption onto Mag-C.barbata was studied at two 

different temperatures (Figure 2). The results showed that the qt value increased in 

parallel to the rise in temperature. The adsorption reached to equilibrium within 300 min 

at both temperatures. The biosorption capacity became stable at 0.57 and 0.71 mg/g for 

the temperatures 25 ºC and 45 ºC, respectively.  

 

Figure 2. Effect of contact time on the biosorption of MB at 25 ºC (■) and 45 ºC (▲).  
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Adsorption Isotherms 

Several isothermal models are used to determine the relationship between qe and Ce. In 

the study, the equilibrium data were analyzed with Langmuir and Freundlich isotherms at 

different temperatures. The monolayer of the adsorbate on the adsorbent surface was 

predicted with the Langmuir model while the multi-layer adsorption isotherm, the 

Freundlich model, was applied to the heterogeneous surfaces. The Langmuir was shown 

below [20]:  

m

e

Lme

e

q

C

aqq

C
+=

1
     (Eq. 3)  

Where qe is the amount of adsorbent (mg/g), Ce is the equilibrium concentration of the 

MB solution (mg/L), qm is the maximum adsorption capacity and a L is the Langmuir 

constant related to the energy of adsorption.  

 

A linear form of the Freundlich equation was shown below [21]:  

 

log qe = log Kf + 1/ n log Ce                              (Eq. 4)  

 

Where Kf (mg/g) is related to adsorption capacity and n is an empirical parameter that 

varies with degree of heterogeneity.  

 

Fig. 3 shows the adsorption isotherm used to characterize the interaction between MB 

and algal biomass. According to the results, MB amount adsorbed by C. barbata 

increased in higher solution concentrations. The maximum adsorption capacities of C. 

barbata were 5.74 and 1.08 mg/g at 25 ºC and 45 ºC, respectively. In this study, 

Freundlich isotherm model showed a better fit than the Langmuir isotherm model at 25 

ºC (RF
2 = 0.989), while Langmuir isotherm model showed a better fit than the Freundlich 

isotherm model at 45 ºC (RL
2 = 0.999) (Table 1).  
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Figure 3. Sorption isothermal curves for biosorption of MB at 25ºC (■) and 45ºC (▲). 

 

Table 1. A comparison of Langmuir and Freundlich isotherm models for MB by Mag-
C.barbata at different temperature. 

 Langmuir isotherm model Freundlich isotherm model 
Temperature (ºC) qm (mg/g)       aL                        RL

2   nf              Kf (mg/g)             RF
2 

25 5.74             0.02            0.981 0.26         1.79                0.989 
45 1.08             0.08            0.999 0.55         6.30                0.922 

 

Characterization of Biomass 

FTIR: FTIR spectroscopy is largely used to characterize the mechanism of binding on 

algal surfaces with the help of the hydroxyl, carboxylic acid, amine, amino, sulfonyl, and 

phosphate functional groups found in the structure of algae [8, 22, 23]. The FTIR 

analysis was carried out to identify the functional groups on unloaded C. barbata and 

Mag-C. barbata (Fig. 4). The functional groups of MB adsorbed Mag-C. barbata were also 

examined. It has been observed that Fe3O4 was connected to carboxyl groups of biomass 

since the peak at 2926 cm-1 (Figure 4a) was not observed after Fe3O4 loading (Fig. 4b). 

The peaks at 2325 cm-1 and 2058 cm-1 also disappeared when MB was loaded onto Mag-

C. barbata (Fig. 4c). In general, the peak areas were changed by both Fe3O4 and MB 

loading. The functional groups of biomass were also given in Table 2. Similar results were 

also reported for the biosorption of different colorant agency [9, 15, 24-26].  

 

SEM: SEM is used as a useful tool to examine the surface structure of the biosorbent. In 

this study, the surface microstructures of C. barbata samples were analyzed by the SEM 

technique while the existence of iron was analyzed by the EDX technique. Figure 5 shows 

SEM images of C. barbata (a), Mag-C. barbata (b) and MB loaded Mag-C. barbata (c). 

Structure of C. barbata indicated the presence of rough flat surfaces. After coating with 
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% T 

iron oxide, the surface of magnetic algae began to shine and the layered structure looked 

like a sponge (Figure 5b). After MB adsorption, MB possibly attached onto this porous 

surface (Figure 5c) and the surface of magnetized algae appeared roughed and more 

porous in comparison to the raw sample. Furthermore, the iron was detected as a signal 

in the EDX spectrum (Figure 5d).  

 

Fig.4. FTIR spectra of C. barbata unloaded (a), Mag-C. barbata unloaded (b) and Mag-C. 
barbata loaded with MB (c). 
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Table 2. Functional groups observed in FTIR of C. barbata 

 

  

 

(a) 

 

(b) 

 

(b) 

 

(c) 

 

(c) 

 

(d) 

Fig.5. SEM images of C. barbata, unloaded (a), Mag-C. barbata (b), Mag-C. barbata 
loaded with MB (c), EDX images of Mag-C. barbata (d). 

  

CONCLUSION 

 

The removal of MB from aqueous solution was investigated with iron oxide-coated C. 

barbata. Effect of pH, contact time, initial MB concentrations and temperature were 

studied. The results showed that the pH value was not so effective on adsorption of MB. 

The biosorption reaction reached equilibrium within the first 300 min. Active sites of C. 

                                                                       Wavenumber 
(cm-1) 

 

Functional group  Unloaded      Mag- C. barbata Mag- C. barbata   loaded with 
MB 

-OH and – NH stretching 3306 3294 3266 
-CH stretching 2926 - - 
- OH bond 2296 2325 - 
C≡C bond - 2058 - 
C = O groups in amide 1623 1652 1664 
C-O stretching 1419 1397 1352 
C-O carboxyl 1233 1331 - 
S=O stretching  1025 1034 1036 
S-O stretching 815 789 795 
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barbata surface decreased by the rising temperature. The maximum adsorption 

capacities (qm) were 5.74 and 1.08 mg/g at 25 ºC and 45 ºC, respectively. Freundlich 

isothermal model showed a better fit than the Langmuir isothermal model at 25 ºC, while 

Langmuir isothermal model showed a better fit at 45 ºC. The FTIR analyses and SEM 

images before and after biosorption of MB onto Mag-C. barbata showed the binding of 

several functional groups during biosorption. According to the results, Mag-C. barbata 

can be used as an alternative low-cost material for the removal of MB from aqueous 

solution. 
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Türkçe Öz ve Anahtar Kelimeler 

Demir Oksitle Kaplanmış Cystoseira barbata tarafından Sulu 
Çözeltilerden Metilen Mavisinin Biyosorpsiyonu 

Yeliz Özüdoğru, Melek Merdivan, Tolga Göksan 

Öz: Bu çalışmada, Cystoseira barbata demir oksitle (Fe3O4) kaplanmış ve manyetik bir 
biyomalzeme elde edilmiştir, bu malzeme sulu çözeltiden metilen mavisini gidermek için 
sorbent olarak kullanılmıştır. Bu biyosorbent Taramalı Elektron Mikroskopisi (SEM) ve 
Fourier Dönüşüm Kızılötesi Spektroskopisi (FTIR) ile karakterize edilmiştir. Bu 
malzemenin metilen mavisi adsorpsiyon kapasitesi pH, temas süresi, ilk metilen mavisi 
derişimi ve sıcaklığa bağlı olarak incelenmiştir. Denge verisi Langmuir ve Freundlich 
izotermleri ile analiz edilmiştir. Sonuçlara göre, maksimum adsorpsiyon kapasiteleri 300 
dakikada ve pH 2’de elde edilmiş olup 25 °C ve 45 °C için sırası ile 5,74 ve 1,08 mg/g 
olarak elde edilmiştir.  

Anahtar kelimeler: Metilen mavisi, biyosorpsiyon, C. barbata, demir oksit kaplaması. 

Sunulma: 11 Temmuz 2016. Düzeltme: 01 Eylül 2016. Kabul: 05 Ekim 2016.  
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Abstract: A novel dansyl side-functional polymer (P2) was prepared and employed as 
the metal cation sensing chemical probe. The synthesis of P2 was performed via 
consecutive free radical polymerization and esterification reactions. P2 showed 
characteristic UV-Vis and fluorescence emission bands for the dansyl unit. The 
fluorescence emission intensity of P2 gradually decreased as the concentrations of the 
added metal ions were increased. The highest quenching efficiencies (QE) were observed 
for Pb2+ (84.56%) and Co2+ (83.69%). Besides, the responses of P2 to the addition of 
Pb2+ cation were quite linear up to 50 equivalent. The presence of Cd2+, Hg2+, Mn2+, and 
Zn2+ cations did not pose significant interferences. Thus, P2 is a potential candidate for 
the fluorescence chemical sensor for Pb2+ cation. 
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INTRODUCTION 

 

Heavy metal pollution in natural water or soil environments has attracted a worldwide 

attention because of their severe effects to human health and the environment [1, 2]. 

While certain heavy metals, including iron, copper, manganese, and zinc, are essential 

nutrients in small quantities to have a healthy life, some others (Hg2+, Pb2+, As3+, Cu2+, 

Cd2+, Ni2+, and Cr3+) are highly toxic and carcinogenic for human health [3-6]. Recently, 

accumulation of heavy metals in rivers, lakes, and seas due to increasing industrial, 

agricultural, mining, and transportation activities resulted in serious environmental 

pollution and threatened biolife, particularly in developing countries [7-9]. Contrary to 

organic contaminants, since they are not biodegradable; they recirculate and accumulate 

in the environment [7, 10]. Besides, heavy metal ions have great tendencies to produce 

complexes with nitrogen, sulfur, or oxygen containing biologically important ligands. 

Consequently, molecular structures of proteins change, hydrogen bonds break, or 

enzymes are inhibited [3, 11]. The toxic heavy metals affect various tissues and organs, 

including central nervous system, kidneys, liver, skin, bones, and teeth [4-6]. Therefore, 

maximum contamination levels for various metal cations in drinking water have been set 

by different organizations [3, 12]. World Health Organization (WHO) defined the 

maximum acceptable contamination level for Hg2+, Pb2+, and other toxic metal ions as 10 

μg L−1 [13]. 

 

There is urgent requirement for simple, sensitive, selective, and inexpensive 

determination of metal cations for various applications, including environmental 

monitoring, industrial process management, food quality control, and chemical threat 

detection [13, 14]. In this respect, fluorescence spectroscopy is a robust method with its 

simplicity, low detection limit, sensitivity, selectivity, and fast response among the others 

[15-17]. Dansyl group, consisting of dimethylamino and naphthalene sulfonyl as donor 

and acceptor parts, respectively, is one of the most attractive fluorophores and has been 

extensively used in a wide variety of optical sensing applications since it has intense 

fluorescence emissions in the visible region with high quantum yields and it can be easily 

attached to various structures in a covalent way [18-20]. Additionally, being one of the 

smallest available fluorophores, its emission spectrum is sensitive to chemical 

environment, such as pH and polarity [21]. Thus, dansyl-containing small molecular 

compounds, dendrimers, or polymers were used as fluorescent probes against metal 

cations, anions, biological materials, and nitro aromatic compounds [19, 20, 22-25]. 

Zhou et al. synthesized a dansyl-based fluorescence probe for selective determination of 

Hg2+ in complicated environment samples [26]. Jisha et al. repaired dansyl-

naphthalimide dyads for fluorescence ratiometric selective recognition of Cu2+ ions [27]. 
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Liu et al. synthesized calix[4]arene compounds having two dansyl units and employed 

them in enantioselective sensing of amino acid anions [28]. Yin et al. produced thermo-

responsive microgels, based on dansyl-containing poly(N-isopropylacrylamide) (PNIPAM), 

for the selective fluorescent detection of Cu2+ cations [29]. Murariu and Buruiana 

prepared dansyl-labelled poly(acrylamide/methacrylurea-co-vinyl acetate) copolymers for 

the fluorescent sensing studies towards some organic acids (1-S-camphorsulfonic acid 

and p-toluenesulfonic acid) and cations (H+, Cu2+, Hg2+, and Fe2+) [30]. Recently, we 

have synthesized dansyl end-functional phosphazene-cored poly(ε-caprolactone) star 

polymer and employed as a selective fluorescent probe for the detection of Pb2+[1].  

 

With this background information in mind, we are reporting herein the synthesis and 

characterization of novel poly(methyl methacrylate)-co-poly(2-hydroxyethyl 

methacrylate) copolymer with dansyl side groups ((poly(MMA-co-HEMA-DNS), P2). To 

the best of our knowledge, this is the first report on the synthesis and optical 

chemosensing application of dansyl-functional PMMA-co-PHEMA copolymer which were 

obtained via free radical polymerization (FRP) of MMA and HEMA monomers and 

esterification. Dansyl group was selected as a fluorophore for the preparation of the 

polymeric chemosensing agent due to its intense emissions, sensitivity to its 

microenvironments, and strong absorption in the near UV and structural flexibility for 

derivatization [31-33]. The structural characterizations of P1 and P2 polymers were 

performed using by FT-IR and 1H NMR spectroscopies. The thermal properties of the 

obtained polymers were confirmed via differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA). Then, the sensing capacity of the polymers was 

investigated by fluorescence spectroscopy with quenching studies using Pb2+, Hg2+, Co2+, 

Cd2+, Mn2+, and Zn2+ metal ions in the analytic media. 

 

EXPERIMENTAL 

 

Materials 

Methyl methacrylate (MMA, Alfa Aesar, 99%) and 2-hydroxyethyl methacrylate (HEMA, 

Aldrich, 98%) were passed through a column of alumina for the removal of stabilizers 

and then stored under argon. Triethylamine (TEA, Fluka, ≥99.5%) was dried over CaH2 

and stored over 3 Å molecular sieves. Benzoyl peroxide (BPO, Aldrich, 98%) was 

recrystallized from methanol and dried before use. Tetrahydrofuran (THF, Merck, 99.8%) 

was freshly dried over Na/benzophenone ketyl and freshly distilled under argon 

atmosphere before use. Dansyl chloride (Alfa Aesar, 97≥%), methylene chloride (DCM, 

Sigma-Aldrich, 98≥%), diethyl ether (Aldrich, ≥99%), n-hexane (Sigma-Aldrich, ≥95%), 

cadmium chloride (Alfa Aesar, 99.0%), lead(II) nitrate (Alfa Aesar, 99%), manganese(II) 
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chloride (Alfa Aesar, 97%), cobalt(II) chloride hexahydrate (Alfa Aesar, 98%), zinc 

chloride (Aldrich, 98%), and mercury(II) chloride (Alfa Aesar, 98≥%) were used as 

received. 

 

Instrumentation 

1H NMR spectra were measured in CDCl3 solutions on a Varian UNITY INOVA 500 MHz 

spectrometer using solvent residue as the internal reference (7.26 ppm for chloroform) 

at 25°C. FT-IR spectra were obtained via the attenuated total reflectance (ATR) method 

on a Perkin–Elmer Paragon 1000 spectrometer equipped with PIKE MIRacleTM diamond 

ATR attachment at wavenumbers ranging from 600 to 4500 cm-1. Gel permeation 

chromatography (GPC) measurements were recorded on an Agilent GPC instrument 

(Model 1100) having a Waters Styragel column (HR 5E), a refractive index detector, and 

a pump. THF was used as the eluent at a flow rate of 0.3 mL min-1 at 24 °C. Average 

molecular weights and molecular weight distributions were estimated based on a 

calibration curve drawn using linear polystyrene (PS) polymers as monodisperse 

standards. Differential scanning calorimetry (DSC) experiments were performed on a 

DSC 4000 (PerkinElmer) under a protective nitrogen flow (10 mL min-1) from 25 to 220 

°C to determine glass transition temperatures (Tg) of the polymers. Thermal stabilities of 

the obtained polymers were investigated using a Mettler Toledo TGA/SDTA 851 

thermogravimetric analyzer from room temperature to 700 °C at a heating rate of 10 °C 

min-1 under a nitrogen flow. UV-Vis spectroscopy measurements of the samples were 

recorded at room temperature on a Shimadzu UV-2600 spectrophotometer and 

fluorescence emission spectra of the samples were obtained on an Agilent Cary Eclipse 

spectrophotometer. Quartz cuvettes (1 cm path length) were used both UV-Vis and 

fluorescence spectra. 

 

Synthesis of methyl methacrylate-co-2-hydroxyethyl methacrylate copolymer, 

poly(MMA-co-HEMA) (P1) 

Poly(MMA-co-HEMA) (P1) was synthesized according to the literature method with minor 

modifications [42]. HEMA (0.97 g, 7.431 mmol), MMA (4.46 g, 44.586 mmol), and BPO 

(0.03 g, 0.124 mmol) were added to a 25-mL one-necked round-bottomed flask 

equipped with a magnetic stirrer under argon atmosphere. The mixture was 

deoxygenated by purging gently with argon and the reaction was carried out at 80°C for 

2 h. The reaction was quenched by dipping the flask into a salt-ice mixture, the crude 

product was dissolved in 10 mL DCM, and precipitated into cold hexane. The precipitation 

procedure was performed once more, P1 was isolated by filtration, and dried at room 

temperature in vacuo until a constant weight was obtained. 
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Yield: 4.07 g (75%). Mn,GPC: 57100 g mol−1; Mw/Mn: 1.84. FT-IR (cm−1): 3515 (broad, 

OH); 2997 and 2951 (C-H); 1720 (C=O) 1476 (C-H); 1248 ((C=O)-O). 1H NMR (500 

MHz, CDCl3, d, ppm): 0.8-1.13 (6H, s, backbone -CCH3); 1.84 (4H, t, backbone -CH2-); 

3.59 (3H, s, -COOCH3 of MMA); 3.84 (2H, t, -CH2CH2OH of HEMA); 4.11 (2H, t, -

CH2CH2OH of HEMA). 

 

Synthesis of dansyl side-functional poly(MMA-co-HEMA) copolymer (poly(MMA-

co-HEMA-DNS), P2) 

P1 (0.5 g, contains 0.724 mmol OH units) was dissolved in dry THF (12 mL) under dry 

nitrogen atmosphere. After addition of TEA (0.220 g, 2.171 mmol), the reaction mixture 

was cooled to -15oC by an ice-salt mixture and dansyl chloride (0.976 g, 3.619 mmol) in 

dry THF (8 mL) was added drop-wise into the mixture via dropping funnel over 25 min. 

Subsequently, the cooling bath was removed and the solution was stirred for 60 h at 

room temperature. The salts were filtered off, the filtrate was concentrated using a rotary 

evaporator, and then precipitated into a cold diethyl ether twice. P2 was isolated by 

filtration and dried at room temperature in vacuo. 

 

Yield: 0.599 g (86.2%). Mn,NMR: 71464 g/mol; Mn,GPC: 76300 g/mol; Mw/Mn: 1.93. FTIR 

(cm-1): 2997 (C-H), 2951 (C-H); 1720 (C=O); 1476 (C-H); 1248 ((C=O)-O). 1H NMR 

(CDCl3, δ, ppm): 0.8-1.13 (6H, s, backbone -CCH3); 1.84 (4H, t, backbone -CH2-); 2.88 

(s, -N(CH3)2, in dansyl moiety); 3.59 (3H, s, -COOCH3 of MMA); 3.84 (2H, t, -CH2CH2OH 

of HEMA); 4.11 (2H, t, -CH2CH2OH of HEMA); 8.60 ppm (1H, d, -CH- of dansyl 

moiety);8.25 ppm (2H,d, -CH- of dansyl moiety); 7.56 ppm (2H, q, -CH- of dansyl 

moiety); 7.24 ppm (1H, d,-CH- of dansyl moiety). 

 

Fluorescence sensing application of P2 against metal cations 

A definite amount of poly(MMA-co-HEMA-DNS) copolymer (P2) was dissolved in 

ACN:water (6:4, v/v) solvent mixture to provide the concentration of DNS group to be 

2.7 10-5 M. Then, P2 was titrated with prescribed amount of Cd2+, Co2+, Hg2+, Pb2+, 

Mn2+, and Zn2+ cations and the fluorescent responses of P2 were measured by 

fluorescence spectroscopy at room temperature. 

 

RESULTS AND DISCUSSION 

 

The poly(MMA-co-HEMA-DNS) (P2) copolymer was prepared via a combination of free 

radical polymerization (FRP) and esterification reactions (Scheme 1). Firstly, poly(MMA-

co-HEMA) copolymer with the hydroxyl side groups (P1) was synthesized by FRP using 

MMA and hydroxyl functional HEMA monomers in the presence benzoyl peroxide as 
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initiator. In the final step, dansyl groups were successfully attached as side groups by 

esterification between dansyl chloride and hydroxyl-functional groups of P1, yielding P2. 

 

 

Scheme 1.General procedure for the synthesis of dansyl functional poly(MMA-co-

HEMA-DNS) (P2). 

 
1H NMR and FT-IR spectroscopic methods were employed to characterize the structures 

of P1 and P2 polymers with hydroxyl and dansyl side group, respectively. The FT-IR 

spectra of the polymers are shown in Figure 1. In these spectra, the observation of 

strong and sharp peak at 1720 cm-1 was ascribed to the carbonyl groups in HEMA and 

MMA repeating units of both polymers. The signals between 2950 and 3000 cm-1 was due 

to asymmetric and symmetric CH stretching vibrations of the obtained polymers, 

respectively. In the FT-IR spectrum of P1, the intense broad band around 3515 cm-1 

corresponds to the OH stretching frequencies of HEMA units. After esterification of P1 

with dansyl chloride, these signals completely disappeared in the FT-IR spectrum of P2, 

indicating the success of the reaction.  
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Figure 1. FTIR spectra of (a)P1 and (b)P2. 

 

The 1H NMR spectra of P1 and P2 were given in Figure 2. The peaks between 0.8 and 

1.14 ppm were attributed to the protons of Ha methyl groups in the polymer chain of P1 

and P2. The signals of the Hb methylene protons of the polymer skeleton were seen 

around 0.8 and 1.13 ppm. The peak at 3.59 ppm were assigned to Hc methyl protons in 

the MMA repeating units of both polymers while He and Hd methylene protons in the 

HEMA repeating units of P1 resonated at 3.84 and 4.11 ppm, respectively [43]. The ratio 

of MMA and HEMA repeating units (m/n, see Scheme 1) in P1 was calculated as 5.6 

using the integration ratio between the Hc methyl protons of MMA and Hd methylene 

protons of HEMA repeating units. Upon esterification of P1 with dansyl chloride, the 

signal of the methylene protons (He) next to the hydroxyl group in P1 (Figure 2a) moved 

to lower magnetic fields and overlapped by Hd methylene proton signals (adjacent to the 

ester group in HEMA repeating unit) in the 1H NMR spectrum of P2 (Figure 2b). Besides, 

some new peaks also appeared in the spectrum (Figure 2b) related to the aromatic CH (δ 

= 8.60, 8.25, 7.56, and 7.24 ppm) and Hf methyl protons (δ = 2.88 ppm) in the DNS 

moiety. Overall, these data clearly showed the successful synthesis of the polymers. 
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Figure 2.1H NMR spectra of (a)P1 and (b)P2 in CDCl3 at room temperature. 

 

The average molecular masses of the copolymers (P1 and P2) were estimated by gel 

permeation chromatography (GPC) based on linear polystyrene calibration standards. 

Related data are given in Table 1 and GPC chromatograms are presented in Figure S1 

and S2 in the Supporting Information. The polymers showed symmetrical and unimodal 

elution peaks in these chromatograms with polydispersity values in the range of 1.84–

1.93, indicating that the purified polymerization products contained only the targeted 

polymers. Since the hydrodynamic volumes of the obtained polymers (P1 and P2) and 

polystyrene calibration standards are different, the average molecular weights of the 

polymers obtained from GPC measurements are regarded to be less reliable than those 

calculated from 1H NMR data. In the 1H NMR spectra of the polymers, initiator residue 

signals could not be observed due to dilution of the terminal units in the polymer chains 

[34]. On the other hand, the molar weights of the polymer fragment containing single OH 

(P1) or DNS (P2) units were calculated from the equation (m/n) x MW of MMA + MW of 

OH or DNS functional unit.  
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Table 1. Molecular weight analysis of the MMA-co-HEMA copolymers with different side 

groups. 

Polymers Mn,GPCa Mw,GPCa Mw/Mna Side Group 

P1 57100 105100 1.84  

P2 76300 147300 1.93 

 
aDetermined by GPC with linear polystyrene standards.THF was used as eluent (RI detector) 

 

Since PMMA and PHEMA are amorphous in nature [44, 45], glass transition temperature 

(Tg) of the polymers with different side-functional groups were investigated by differential 

scanning calorimetry (DSC) experiments. The related thermograms of polymers in the 

second heating runs were presented in Figure 3 and the data were briefly given in Table 

2. In these thermograms, Tg of P1 and P2 were observed at 121 and 117 oC, 

respectively. The slight decrease in the Tg values of the polymers can be attributed to the 

presence of bulky DNS side groups, decreasing molecular packing in P2. 

 

 

Figure 3. DSC curves of (a)P1 and (b)P2 in the second heating runs. 

 

Thermal stabilities of the hydroxyl (P1) and dansyl (P2) side-functional polymers were 

determined by termogravimetric analysis (TGA) experiments under nitrogen flow with a 

heating rate of 10°C min-1 from room temperature to 700 °C. Figure 4 demonstrates the 

percent remaining weight versus temperature curves of the polymers whereas data 

related to Td, onset, Td, max, and char yield are summarized in Table 2. Hydroxyl functional 

groups are known to be thermally labile [35]. Upon esterification of hydroxyl side-

functional polymer (P1) with dansyl chloride, there observed a significant increase in Td, 

onset, Td, max, percent char yield values of the obtained DNS-functional polymer (P2).  
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Table 2. Thermal properties of the polymers. 

Entry Tg (oC)a Td, onset (oC)b Td, max (oC)c Char Yield(%)d 

P1 121 243 315 3.49 

P2 117 268 387 6.87 

aTg is the glass transition temperature determined by DSC experiments in the second heating run. 
bTd,onset, cTd,max, and dChar yield were determined by TGA experiments at 700 °C under a argon 

atmosphere. bTd,onset, cTd,max, and dChar yield are the onset decomposition temperature of the 

polymers, the temperature corresponding to the maximum rate of weight loss, and the percent of 

mass remaining in TGA experiments, respectively. 

 

Figure 4. TGA curves of P1 and P2. 

 

The presence of DNS side-groups in the chemical structure of P2 was further proved by 

absorbance and fluorescence emission spectra. In the UV-Vis spectrum of P2 (containing 

2.7 10-5 M DNS) taken in ACN:water (6:4) solvent system at room temperature, there 

was seen a very strong absorption around 200 nm, a shoulder peak at 254 nm, and 

comparatively weak band with a maximum of 344 nm (Figure 5). The position of band 

maxima and the relative peak strengths are in accordance with the literature [1, 36]. The 

fluorescence emission spectrum of P2 was taken in the same experimental conditions 

and depicts a broad band with a maximum at 530 nm (Figure 5). This band is called as 

Band A and ascribed to twisted intramolecular charge transfer (TICT) emission due to 

charge transfer between dimethyl amino donor and naphthalene sulfonyl acceptor groups 

of the dansyl fluorophore [37].  
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Figure 5. Absorbance and fluorescence emission spectra (λex =344 nm) of P2 in 

ACN:water (6:4). The concentration of DNS units was 2.7 10-5 M. 

 

The binding and recognition behavior of the dansyl side-functional polymer (P2) towards 

different metal cations were investigated via fluorescence measurements. Metal cation 

sensing experiments were conducted in ACN:water (6:4) solvent system at 344 nm 

excitation wavelength at room temperature and the obtained spectra were given in 

Figure 6. In these spectra, dansyl fluorophore of P2 gave a very strong emission 

spectrum in the absence of any metal cations due to intramolecular charge transfer (ICT) 

from nitrogen atom of the dimethylamino group to naphthalene moiety [37]. When P2 

was titrated with 100 equivalents of Cd2+, Co2+, Hg2+, Pb2+, Mn2+, and Zn2+ cations, ICT 

emission of P2 was quenched remarkably with slight blue-shifting of the band maxima. 

The quenching of the emission intensity of P2 was attributed to electron transfer from 

the excited DNS to nearby metal cations. Quenching efficiency ratios (QE) of the metal 

cations were calculated from the equation: QE=((I0-I)/I0) x 100. The obtained results 

were demonstrated in Figure 7. The highest QEs among the studied metal cations were 

observed for Pb2+ (84.56%) and Co2+ (83.69%). As seen from Figure 8, the interferences 

resulting from other cations are not significant. Besides, dansyl fluorophore of P2 gave 

very linear responses to the addition of Pb2+ cation up to 50 eq with R2 value of 0.99 

(Figure 9). These results indicate that P2 could be employed as Pb2+ sensing 

fluorescence chemical probe.  
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Figure 6. Fluorescence spectral response of P2 solution (containing 2.7 10-5 M DNS) in 

ACN:water (6 : 4, v/v) upon addition of 100 eq. of Cd2+, Co2+, Hg2+, Pb2+, Mn2+, and 

Zn2+ cations. 

 

 

Figure 7. Responses of the dansyl-modified polymer (P2) upon addition of 100 eq. 

targeted metal ions. 
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Figure 8. Fluorescence emission spectra of P2 (2.7 10-5 M) in ACN :water (6:4) in the 

presence of Pb2+ cation at 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 equivalent ratios. 

 

CONCLUSION 

 

The dansyl side-functional polymer (P2) was synthesized via free radical polymerization 

of MMA and HEMA monomers and esterification of the obtained polymer (P1) with dansyl 

chloride. The FT-IR, 1H NMR, UV-Vis, and fluorescence spectral data confirm the 

successful synthesis of the polymers. Then, P2 was employed as fluorescence sensor 

probe for various metal cations. Fluorescence emissions of P2 were effectively quenched 

upon addition of metal cations. The highest QEs were observed for Pb2+ (84.56%) and 

Co2+ (83.69%). Besides, P2 gave highly linear response to the addition of Pb2+ up to 50 

equivalent. Interferences resulting from the presence of Cd2+, Hg2+, Mn2+, and Zn2+ 

cations are not significant. Therefore, P2 has the potential to be used as a fluorescent-

active chemical probe for the determination of Pb2+ cation. 
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Türkçe Öz ve Anahtar Kelimeler 

Dansil Yan Grubuna Sahip Poli(Metil Metakrilat-ko-Hidroksietil 
Metakrilat) Polimerinin Sentezi, Karakterizasyonu ve Kemo-

hissetme Uygulaması  
 

Erdinc Doganci, Mesut Gorur 
 
Öz: Yeni bir dansil yan grubuna sahip polimer (P2) hazırlanmış ve metal katyon hissedici 
kimyasal prob olarak kullanılmıştır. P2’nin sentezi art arda gelen serbest radikal 
polimerizasyonu ve esterleştirme ile gerçekleştirilmiştir. P2, dansil grubuna ait 
karakteristik UV-Vis ve floresans emisyon bantları göstermektedir. P2’nin floresans 
emisyon şiddeti, ilave edilen metal iyonlarının derişimi artırıldıkça azalmaktadır. En 
yüksek söndürme etkinliği (QE) Pb2+ için (%84,56) ve Co2+ için (%83,69) elde edilmiştir. 
Bunun yanında, P2’nin Pb2+ ilavesine verdiği cevaplar 50 eşdeğere kadar oldukça 
doğrusal bir şekilde gitmektedir. Cd2+, Hg2+, Mn2+ ve Zn2+ katyonlarının varlığı belirgin bir 
girişim etkisine neden olmamaktadır. Bu sebeple, P2’nin Pb2+ katyonu için potansiyel bir 
floresans kimyasal sensör olarak kullanılabileceği anlaşılmaktadır.  

 
Anahtar kelimeler: Dansil grubu; metal iyon sensörü; metil metakrilat; 2-hidroksietil 
metakrilat; bütülmüş molekül içi yük iletimi. 
 

Sunulma: 28 Temmuz 2016. Düzeltme: 26 Eylül 2016. Kabul: 17 Ekim 2016.  
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Preparation of a Human Skin-Mimicking Gels for In Vitro 
Measurements of the Dual-Band Medical Implant Antenna 
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Abstract: The purposes of this study are to design a small size implantable antenna and to 
present a complementary recipe for a human skin-mimicking material for in vitro testing of 
implantable antennas operating at MICS (Medical Implant Communications Service, 402–405 
MHz) and ISM (Industrial, Scientific and Medical, 2.4 GHz–2.48 GHz) bands. Approximate 
electrical properties of human tissues at MICS and ISM bands were obtained by mixing 
deionized water, sucrose, sodium chloride (NaCl), and poly(acrylic acid) (PAA or Carbomer) 
with different content percentages. To test the antenna in vitro, skin mimicking gels were 
made that to show electrical properties real skin tissue (relative permittivity (εr) and 
conductivity (σ)) for the operation frequencies of ISM and MICS bands. For the antenna 
performance evaluations the measurements of the antenna (return loss (S11)) have been 
performed by placing in to the skin mimicking gels. The measurements were taken in the 1 
GHz - 5 GHz frequency band. The measurement and simulation results are quite good 
agreement except some discrepancy in S11 levels and frequency bands. 

Keywords: Skin-mimicking gel; carbomer; implantable antennas; MICS-band; ISM-band. 
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INTRODUCTION 

 

Recently, wireless telemetric systems have attracted much attention because of the needs for 

enable early detection of diseases and continuous monitoring of physiological parameters such 

as oxygen level, sucrose level, heart rate, blood pressure, and bodily temperature in medical 

technology (1-5). Antennas are crucial parts of these telemetric systems because they supply 

communication between the patient and the external environment. Implantable antennas have 

recently been getting extensive interest in several wireless data telemetry applications such as 

cardiac pacemakers, brain pacemakers, nerve signal recorders, artificial eyes, cochlear 

implants, implantable drug pumps, and glucose sensors with the developments in 

telecommunications and telemedicine (5-8). However, designing antennas for implantable 

telemetric systems is a quite challenging problem for researchers because of impedance 

matching, biocompatibility, low power requirements, antenna miniaturization, and high losses 

in the tissue. These factors play a vital role in the design for overall system reliability (9-14). 

In addition, the body tissue temperature and placing the antenna inside a biological tissue can 

be added significant complexity to the problem. Because the antenna resides in the human 

body consisting of many loss media with a very high permittivity such as skin, muscle, blood, 

and bone. The human body has electrical properties (such as relative permittivity and 

conductivity) that are frequency dependent (15-17). For this reason, antenna placed in the 

human body is designed as based on electrical properties of the human tissue. 

 

Commonly, antenna engineers developed their antenna designs according to the specifications 

(such as operating bands, size, etc.) in simulators, and here we use Computer Simulation 

Technology (CST) Microwave Studio. After obtaining the optimum antenna design, it should be 

measured via testing devices using the Vector Network Analyzer (VNA) to observe radiation 

parameters [S11, Antenna Gain (G) and Directivity (D)]. The most critical antenna parameter is 

the S11 both in simulation and measurement. In the S11 measurements, the VNA transmits a 

small amount of power to your antenna and measures how much power is reflected back 

(S11=10 log10 (Pi/Pr) (in decibels; dB), here Pi, Pr stand for incident and delivered power, 

respectively) to the VNA, hence it is known as the reflection coefficient. For example if the 

S11=0 dB, then all the power (100%) is reflected from the antenna and nothing is radiated, or 

if the S11=-10 dB, then ~30% is reflected from the antenna and 70% is radiated at the 

designed frequency band. In the antenna radiation considerations, it is desired that almost the 

entire power fed to the antenna should be radiated at the resonant (operation) frequency. In 

this context, in the antenna's S11 performance evaluations, |S11|<−10 dB standard (with 50Ω 

system impedance) is sufficient [18]. 
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Moreover, measurement set up should be same as the simulations. The numeric analysis of 

the implant antennas is executed in a tissue medium which has electrical properties of the skin 

(εs, σs). In this context, to provide realistic measurement set up, there are two possible ways 

to create the medium which the implant antenna operates. One uses real tissue (in vivo), the 

other uses skin-mimicking gels (in vitro). In vivo measurement is not practical during the 

design process and it also needs some ethical permission from the Food and Drug 

Administration (FDA). Conversely, in vitro measurement is crucial to verify the proper of these 

antennas. Hence we used skin-mimicking gels (in vitro) in antenna measurements. In vitro 

testing of these antennas requires the development of materials that can mimic the electrical 

properties of the human skin. Recently, an implantable dual-band antenna operating at MICS 

and ISM bands was designed and fabricated for in body wireless data telemetry [13]. 

 

The aim of this study is to propose a complementary for human tissue gels that mimic both 

relative dielectric constant (εr) and conductivity (σ) of the human tissue at both MICS and ISM 

bands in the light of recent studies. Sucrose, NaCl, deionized water, and carbomer were used 

to formulate the desired gels. The gels were prepared via mixing different percentages of 

different biocompatible chemicals for tissue samples in the literature (13, 17, 19). In the 

literature, agarose, a polysaccharide polymer material, was widely used to ensure the 

formation of gel of the mixture and in our study we used carbomer instead of agarose for this 

aim. Carbomer is a generic name for homopolymer of acrylic acid having high molecular 

weight, which is cross-linked, or bonded, with any of several polyalcohol allyl ethers. In our 

study, we have focused on the use of these polymers due to very good mucoadhesive 

properties. Carbomer, which is a type of anionic polymer, is water-soluble at neutral pH. It is 

well known as anionic polyelectrolyte that the side chains of PAA would lose their protons and 

obtain negative ions. It is recognized as a binder when placed in water due to its ability to 

absorb water and swell into many times their original size and weight. Carbomers are 

frequently used as thickening, dispersing, suspending, and emulsifying agents in paints, 

pharmaceuticals, cosmetics, and personal care products including skin, hair, nail, makeup 

products, as well as dentifrices [20]. Also, due to obtainable biocompatible matrices for 

medical applications, these polymers are convenient such as gels for skin care or skin disease 

treatment products. Recently, for the development of polymeric matrices, investigations aimed 

towards the clarification of the conformational changes of the polymeric gel during 

neutralization, light irradiation, and embedment of gold nanoparticles [21, 22]. To the best of 

our knowledge, this is the first report on the implantable antenna application of a human skin 

mimicking gel containing carbomer as polymer to solidify the liquid blend to simplify 

measurements. These gels were created by adding Carbomer in the liquid solution and waiting 
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the blend until a clear solution forms overnight. Thus, they will not be dissolved in one-another 

during in vitro testing. There was a very good agreement between the electrical properties of 

the proposed material and the human skin at ISM and MICS bands. 

 

MATERIALS AND METHODS 

 

Materials 

Carbomer (Rheocare C Plus, commercial, BASF), Sodium chloride (NaCl, Aldrich, ≥99%), water 

(deionized, Sigma-Aldrich) and sucrose (commercial) were used as received. 

 

Physical Measurements 

Numeric analysis of the proposed antenna design and the skin mimicking gels were carried out 

using CST Microwave Studio simulation software which is a well-known electromagnetic (EM) 

simulator based on Finite Integration Technique (FIT) in the time domain. Also return loss 

(S11) measurements of the implant antennas in the proposed skin mimicking gel medium were 

carried out using Rohde & Schwarz ZVB8 Vector Network Analyzer (VNA).  

 

Preparation of Human Skin-Mimicking Gel  

Table 1 shows the amount and percentages of content of gels used to build the proposed 

complementary recipes for human skin-mimicking materials for the MICS and ISM bands. 

Firstly, sucrose, deionized water and NaCl (only MICS band) were added to an 80-mL beaker 

equipped with a magnetic stirrer and stirred for 20 minutes. These human skin-mimicking gels 

were formed by adding dry carbomer in liquid solution. A clear solution was obtained by 

heating the mixture at 80 °C for 1 h and then the mixtures were solidified by cooling to room 

temperature to simplify measurements. The individually prepared human skin-mimicking gels 

for MICS and bands ISM are shown in Figure 1a and Figure 1b, respectively. 
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Table 1. Suggested ingredients for human skin tissue. 

Frequency Ingredients (%) 

ISM 
Sucrose 53%, Deionized water 47%, Carbomer for 0.5 g in 40 mL 
solution 

MICS 
Sucrose 56.18%, NaCl 2.33%, Deionized water 41.49%, Carbomer for 
0.5 g in 40 mL solution 

 

 
 

Figure 1. The individually prepared human skin-mimicking gels according to 
suggestions listed in Table 1 for the concerned frequency bands of (a) MICS, 

(b) ISM gel form view. 

 

Design of Microstrip Implantable Antenna 

The microstrip implantable antenna which is shown in Figure 2 was designed using concentric 

square split-ring elements with inserting a metallic pad between the rings. Also note that the 

antenna is excited via SMA type coaxial connector. 
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Figure 2. The proposed microstrip implantable antenna design: (L0=14, L1=12, W1=1.7, 
g=1, S=2.8, F=11.2, h=1.27 (all in mm), εr=10.2). 

The radiating elements were placed on a ground backed thin substrate (Rogers RO3210) with a 

thickness of h=1.27 mm and electrical properties of εr=10.2 and tan δ=0.003. Besides, the 

outer ring element and the ground plane were connected each other by means of shorting-pin 

with a radius of 0.2 mm. The radiating element is sandwiched between two substrate layers to 

prevent the connection between tissue and the metallic elements. The proposed antenna 

located in the tissue covers the two bands, namely MICS (402 – 405 MHz) and ISM (2.4 – 2.48 

GHz) bands. We also note that numerical analysis of the proposed implantable antenna design 

and the skin mimicking gels were carried out using CST Microwave Studio simulation software 

which based on finite Integration technique in the time domain. 

 

The simulated return loss (S11) characteristic of the implant antenna is given in Figure 3. As 

can be seen, the antenna provides an impedance bandwidth of 30 MHz (392-422 MHz) and 

300 MHz (2.25-2.55 GHz) covering the MICS and ISM standards respectively. Note that S11 ≤-

10 dB standard with 50Ω system impedance is considered. 
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Figure 3. The simulated return loss characteristics of the implantable antenna design. 

 

RESULTS AND DISCUSSIONS 

 

Characterization of Human Skin-Mimicking Gel  

The numeric analysis of the implant antennas is realized in a tissue medium which has 

electrical properties of human skin (εs, σs). In this context, we used human skin-mimicking 

gels which are significant for in vitro testing of implantable systems to provide realistic 

measurement for the fabricated antenna. For in vitro testing of dual band implantable systems, 

characterizations of human tissue-mimicking gels examine the interaction between tissues and 

electromagnetic waves. For preparation of these gels, many recipes have been proposed in the 

literature and used in SAR measurements, cardiac pacemakers, microwave imaging systems, 

implantable antennas, and ultrasound measurements (23-29). The characterization of skin-

mimicking materials must be made for in vitro measurements because the implanted antenna 

must work through the human skin. To create human skin-mimicking gels we used materials 

which are usually made of low toxic, edible, and easily obtainable substances such as sucrose 

(sucrose), salt (NaCl), carbomer, and deionized water. Sucrose is used to lower the dielectric 

constant of water whereas salt is used to increase the conductivity of the mixture. εr decreases 

significantly as sucrose concentration increases in the mixture. Besides, there is only a small 

increase in σ as the sucrose concentration increases and also an increase in NaCl content 

concentration decreases εr and significantly increases σ [30, 31]. Carbomer has been used as a 

gelling agent. To see the practical performance of the antenna, the gels were prepared by 
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mixing different content percentages of different chemicals for human tissue samples 

suggested in the references [32, 33]. 

 

Results of the Measurement 

We fabricated the antenna design and located in two different skin mimicking gel at MICS and 

ISM bands for the purpose of realistic antenna measurement. The fabricated antenna and the 

measurement set up are given in Figure 4. As seen, the fabricated antenna is located in the gel 

and the return loss measurements were carried out using Rohde & Schwarz ZVB8 VNA. 

 
(a) 

(c) 
 

(b) 

 

Figure 4. (a) The fabricated layers (b) perspective view of the implant antenna design 
and (c) the S11 measurement set up. 

 

The measured and the simulated return loss characteristics of the implant antenna are 

displayed in Figure 5. As seen in the figure, the measurement and simulation results agree 

quite well except some frequency and S11 level differences mainly due to fabrication, material 

tolerances, and unknown electrical properties of skin-mimicking gel. Of importance is that for 

the realistic antenna measurements individually prepared gels for the MICS and ISM operation 

bands are sufficient. On the other hand, those results show the estimated dual-band (MICS 

and ISM bands) performance. 
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Figure 5. The return loss (S11) characteristics of the antenna: simulation versus 
measurement. 

 

CONCLUSION 

 

In this study, we prepared two different human skin-mimicking gels and designed a small size 

dual band implantable micro-strip antenna for medical applications covering ISM and MICS 

bands in the light of recent studies. We developed gels to mimic the electrical properties of 

real human skin tissue and used these gels for in vitro testing of the proposed dual-band 

implantable antenna. The recipe for the skin mimicking gels is composed of carbomer, sucrose, 

NaCl, and deionized water at several percentages. We note that numerical analysis of the 

proposed antenna carried out using CST Microwave Studio software. It has been shown that 

the measurement and simulation results agree with each other except for some discrepancy in 

S11 levels and frequency bands. These differences mainly due to antenna fabrication, material 

tolerances and unknown electrical properties of skin-mimicking gel. Currently, we are working 

to acquire perfect complementary recipe using alternative materials instead of sucrose, 

carbomer, agarose, etc. to match both the εr and σ of human skin for the ISM and MICS 

bands. 
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Türkçe Öz ve Anahtar Kelimeler 

Çift Bantlı Medikal İmplant Antenin In Vitro Ölçümleri için İnsan 
Derisini Taklit Eden Jellerin Hazırlanması 

Erdinc Doganci, Mustafa Hikmet Bilgehan Ucar, Adnan Sondas 

 
Öz: Bu çalışmanın amaçları küçük boyutlu ve vücuda yerleştirilebilir bir anteni tasarlamak ve 
MICS (Medikal İmplant Haberleşme Servisi, 402-405 MHz) ve ISM (Endüstriyel, Bilimsel ve 
Medikal, 2,4 GHz-2,48 GHz) bantlarında çalışan, vücuda yerleştirilebilir antenlerin in vitro testi 
için insanda deriyi taklit eden bir malzeme oluşturan bir reçete sunmaktır. MICS ve ISM 
bantlarında insan dokusunun yaklaşık elektriksel özellikleri deiyonize su, sakkaroz, sodyum 
klorür (NaCl) ve poli(akrilik asit) (PAA veya carbomer) içeriği farklı yüzdelerde karıştırılarak 
incelenmiştir. Anteni in vitro’da denemek için, deriyi taklit eden jeller yapılmıştır, böylece 
gerçek deri dokusunun elektriksel özellikleri taklit edilmiştir (relatif permittivite (εr) ve 
kondüktivite (σ)). Çalışma ISM ve MICS bantlarının çalışma frekanslarında yürütülmüştür. 
Anten performansı değerlendirmesi için, anten deri taklit eden jellerin içine yerleştirilerek 
ölçümler (geri dönüş kaybı (S11)) yapılmıştır. Ölçümler 1 GHz – 5 GHz frekans bandında 
alınmıştır. Ölçüm ve simülasyon sonuçları çok iyi uyum göstermektedir, yalnızca S11 seviyeleri 
ve frekans bantlarında bir miktar uyumsuzluk görülmüştür.  

Anahtar kelimeler: Deriyi taklit eden jel; carbomer; vücuda yerleştirilebilir antenler; MICS-
bandı; ISM-bandı. 

Gönderme: 22 Temmuz 2016. Düzeltme: 17 Ağustos 2016. Kabul: 14 Ekim 2016.  
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Selective Gas-Phase Oxidation of Monochlorotoluenes over Modified 
Oxovanadium Systems Supported on Al2O3 and SiO2 
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Abstract: V-Mo-O/SiO2 materials were prepared by the impregnation techniques and 
characterized by Scanning Electron Microscopy (SEM), FT-IR, Thermal analysis, N2 
adsorption/desorption and X-ray powder diffraction (XRD) to determine the phase structure and 
loadings of vanadium species. This material was tested for solvent-free catalytic oxidation of 
monochlorotoluene under chosen conditions. The results show that V-Mo-O/SiO2 is an effective 
catalyst, exhibiting a conversion of monochlorotoluene and selectivity on monochloromaleic 
anhydride 75–85%, 24–32% respectively. Furthermore, the catalyst can be easily recovered and 
reused for 20-25 hours without a significant loss in its activity and selectivity. The oxidation rate 
and direction determined by the temperature (315-450 °C), proportions between the reagents 
(1:1–1:15 mol/L), bond dissociation energies, the effects of active components of catalyst, and 
contact time.  

Keywords: Chlorotoluene; maleic anhydride; chloromaleic anhydrides; oxovanadium catalyst; 
chlorobenzaldehyde. 
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INTRODUCTION 

 

Catalytic systems based on vanadium oxides which are supported on different types of 

supporting agents are one of the most studied ones, because of their wide range of 

applicability in the petrochemical industry, especially in alkyl aromatic hydrocarbons and its 

chlorosubstituted derivatives’ conversion. Oxovanadium systems modified by Mo, Sr, Bi, Cu, 

Cr, and Co were prepared by co-precipitation, impregnation, and mechanical-chemical shifting 

for carrying out heterogeneous oxidation reactions of alkylaromatic chlorohydrocarbons, and 

the systems supported on carriers Al2O3, SiO2, TiO2, pumice, and coal showed higher 

performance among the received systems [1–4]. Depending on the specific oxide support 

vanadia catalysts may show different catalytic activity and selectivity due to the nature and 

the surface area of the support as well as the vanadium content, all of which are key factors 

in the formation of surface species [5–7]. Apart from this, vanadium oxide has also been 

explored for various other applications including pseudo-capacitors and cathode material in 

various conversion reactions. Notably, vanadium has displayed excellent catalytic activities in 

all forms, whether it has been employed as a supported active phase or in the form of mixed 

oxides prepared in combination with other ions; it displayed efficient catalytic properties as 

an oxidation catalyst [8, 9]. However, the zeal for finding a better performing catalyst for the 

selective oxidation of toluene and its chlorinated derivations still is an ongoing process. 

 

In this respect, the present work is aimed at preparation and textural, structural and acid 

characterization as well as catalytic behavior in the gas phase selective oxidation of mono-CT 

of vanadium systems with different V2O5 loading, supported Al2O3 and SiO2. Catalytic systems 

were prepared co-precipitation and they characterized by FT-IR, X-ray diffraction, N2 

adsorption/desorption, thermal analysis, and SEM. The effect of heat treatment and phase 

formation of the synthesized catalytic systems on their activity in the oxidation reactions was 

studied.  

 

MATERIALS AND METHODS 

 

The systems were mainly received by diluting vanadate or phosphate in oxalate or 

hydrochloric acid. The solution was evaporated for a short time and permeated on SiO2 or 

Al2O3 and subsequently desiccated in air at 180–230 °C for an hour, further step being 

calcination in the fume cupboard at 270–380 °C for two hours, and lastly, calcination for an 

hour at 500 °C. Before the reaction the reagents were heated above than 100 °C, and then 

oxidation process was carried out. Kinetic regularities of heterogeneous catalytic oxidation of 

chlorinated alkyl aromatic hydrocarbons studied [2,3]. Probable scheme of mechanism, 

kinetics and mathematical models of the oxidation processes were proposed. The influence of 
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initial, intermediate products and reaction yields on the kinetics of oxidation reactions were 

revealed. 

 
Phase identification and quantification: Phase properties (cell parameters, crystallite size, and 

lattice strain), are offered by the crystal structure of synthesized catalytic systems, 

determined by the Bruker manufactured (Germany) D2 Phase X-ray powder diffraction 

analyzer.  

 

Surface area (SBET, m2/g) and pore size (cumulative volume VΣ, cm3/g; diameter d, Å) 

information of catalytic systems were obtained from the adsorption-desorption isotherm of 

nitrogen at its liquid temperature (-196 0C), using a Gas Adsorption Surface Porosimeter 

(Thermo Scientific, Italy). Prior to the measurements, all samples were degassed to 0.1 Pa. 

Brunauer–Emmett–Teller (BET) surface areas were calculated assuming a cross-sectional as 

0.164 nm2 for nitrogen molecule. 

 

Thermogravimetric analyses were carried out using NETZSCH STA 449F3 (Germany). 

Temperature was programmed from 25 °C to 900 °C at a heating rate of 10 °C min–1. The 

weight of the nanopowder obtained was 0.6 g. 

 

SEM and elemental analysis were carried out. This was used to determine the morphology of 

system and its elemental composition. Element analysis of the catalyst precursor components 

was performed on TruSpec Micro analyzer of Horiba company.  
 

Selective oxidation mono–CT was carried out in a continuous flow fixed-bed reactor at an 

atmospheric pressure and in the temperature range of 370–480 °C. Chlorotoluenes were fed 

by means of a micro-feeder at 0.8 mL/h and the ratio CT/air (O2) =1:20. The catalyst was 

pre-treated at the reaction temperature for 1 h in a Fair = 25 cm3/min. An analysis of reagent 

and product composition was carried out using Agilent 7820A (Agilent Technologies, USA) 

Gas Chromatography equipped a flame ionization detector (FID) and HP5 column.  

 

The values of CT oxidation rate, rCT, were obtained from conversion (X) values, according to 

the equation, rCT=XF/W×100, where W is catalyst weight, and F is feed rate of CT (mol/h). 

 

RESULTS AND DISCUSSION 

 

Characterization of Catalysts  

The morphology and particle size of the synthesized catalysts were characterized using SEM. 

The SEM micrographs of the pre-calcined (300 0C) catalyst V-Mo-O/SiO2, where V:Mo=1:1–

1:5, are shown in Figure 1. It was observed that the morphology of the synthesized catalysts 



Efendi et al., JOTCSA. 2016; 3(3): 597-606.  RESEARCH ARTICLE 

600 
 

is not well defined, and the surface appears to be rugged without any obvious phase 

separation. The stoichiometric amount of elements was confirmed from the elemental analysis 

and found to be approximately in agreement with calculated value. The result of elemental 

analysis is given in Table 1. There is insignificant amount of calcium and sodium in the system 

which probably does not influence catalytic behavior in the system, as seen from Table 1. 

 

Figure 1. SEM of the catalysts V-Mo-O/SiO2 at 300 °C. 

Table 1. Elemental characterization of VMoO/SiO2 (V:Mo=1:2). 
Element Weight  % Atom % Comp % Formula 

Na K 0.43 0.39 0.58 Na2O 

Si  K 28.62 21.26 61.23 SiO2 

Mo K 9.59 6.46 21.97 MoO 

Ca K 0.21 0.11 0.30 CaO 

V K 8.92 3.66 15.93 V2O5 

O 52.23 68.12   

Total 100.00    

 

Figure 2 shows X-ray diffraction patterns of mixed oxides of phosphorus silica, with different 
ratio of vanadium oxide pre-calcined at 300 °C. Both oxovanadium (33.3%), and vanadium 
pentoxide (28.3 %) in the catalytic system were found, and vanadium is included of the 
monoclinic structure.  
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Fig.2. XRD patterns of V-Mo-O/SiO2 (V:P=1:2) calcined at 300 0C. 

 

The thermal stability of the synthesized catalyst with different % loading of vanadium oxide 

systems were studied using TGA analysis. Temperature was programmed from 25 °C to 900 

°C at a heating rate of 10 °C min–1. It was observed that almost all synthesized catalysts are 

thermally stable, yielding a maximum loss of weight of 31.97 % at 895 °C the catalyst; 

VMoO/SiO2 (V:P=1:5) was the least stable while VMoO/SiO2 (V:P=1:2) was the most 

thermally stable catalyst with a least weight loss % just 18.4 % at the same temperature 

among the synthesized systems. A graphical illustration is given in Figure 3. 

 

Figure 3. TGA curves of the synthesized catalyst V-Mo-O/SiO2. 
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The surface and porous properties of the attained catalytic systems were studied and a plot 

for V-Mo-O/SiO2 system was shown in Figure 4. The values for surface area, porous radius, 

and radius/diameter are respectively, 12 m2/g, 0,7mL/g, 344 Å for V-Mo/Si system. 

 

 

Figure 1: B.E.T plot of V-Mo-O system based on SiO2 

 

Catalytic test 

It is defined that chlorotoluenes (CT) form π- and σ-complexes while adsorption on a surface 

of heterogeneous catalysts (V-Mo-O/SiO2, etc.) which turns into maleates and desorption 

yields maleic anhydride (MA) and its chloro derivatives. Oxidation process of CT takes place 

on the redox mechanism and a series-parallel pattern was revealed [3, 8]. The reaction 

scheme for the p-chlorotoluene showed below in Scheme 2. 
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Scheme 2: Conversion of chlorotoluenes to maleic anhydrides and chlorobenzoic acids. 
Note: X=H, Y=Cl or X=Cl, Y=H.  

 

The oxidation processes of chlorinated alkyl aromatic hydrocarbons investigated both on a 

fixed bed and fluid-bed layer of catalyst. Although the process of heterogeneous catalytic 
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oxidation of chlorotoluenes took place with a higher conversion in a fixed bed but it showed 

higher selectivity fluid-bed layer of the catalyst. We also determined that when vanadium/ 

phosphorus/oxide system (V-Mo/Si etc.) was deactivated both on a fixed bed and fluid-bed 

layer of catalyst, but deactivation rate and time was almost twice lower on the fluid-bed layer 

of catalyst. 

 

An effect of active components of these catalysts on the oxidation reaction was also studied. 

CT performs 75–92% conversion at a V:Mo=1:2–1:3 ratios, the yields of chloromaleic 

anhydride (CMA) was 24-32%. The yield of chlorobenzaldehyde begins to increase at 

V:P=1:4–1:5 ratios. According to the obtained results usage of the catalytic systems based 

on V: P=1:2–1:3 are considered purposeful for further researches. 

 

Although the oxidation reaction begins from 350 °C, we determined that the yields of main 

products are negligible. By increasing temperature both the conversion of the CT and yield of 

CMA begins to enhance, and at 420 °C temperature it shows the maximum (24–32%), and 

simultaneously, yields of maleic anhydride (MA), chlorobenzaldehyde and chlorobenzoic acid 

(CB acid) decreases. By the further rise of temperature CT conversion continues to increase, 

but also yields of the main products at its maximum begin to decrease and this happens by 

way of their exposing deep oxidation process that verified by increasing of CO2 yield as it is 

seen from the reaction scheme. 

 

CONCLUSION 

 

In conclusion, it has been determined that oxovanadium systems modified with molybdenum 

or phosphorus, and supported on SiO2 and Al2O3 (V-Mo-O/SiO2) are the most active and 

selective catalytic systems in the gas phase selective partial oxidation of chlorotoluenes. The 

catalysts show excellent recyclability and reusability. The optimum reaction condition for the 

activity and selectivity for received catalysts was designated. Consequently, the p-chloro-

substituted substrate, p-chlorotoluene, is much more reactive than the m-chloro-substituted 

counterpart. 
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Türkçe Öz ve Anahtar Kelimeler 
 

Al2O3 ve SiO2 üzerinde Desteklenmiş Modifiye Oksovanadyum 
Sistemleri Üzerinden Monoklorotoluenlerin Seçimli Gaz Faz 

Yükseltgenmesi 

Arif Javanshir Efendi, Elmir Magsad Babayev, Fakhriyya Mashallah Nasiri, Bilqeyis Adil 
Ismayilova , Firuza Alasgar Yunisova  

Öz: V-Mo-O/SiO2 malzemeleri emprenye teknikleri ile hazırlanmış ve Taramalı Elektron 
Mikroskopisi (SEM), FT-IR, Termal Analiz, N2 adsorpsiyonu/desorpsiyonu ve X-ışını toz 
saçılması (XRD) yöntemleri ile faz yapısı ve vanadyum türlerinin yüklenme miktarı 
belirlenmeye çalışılmıştır. Hazırlanan malzeme, seçilen koşullar altında, çözücüsüz ortamda 
monoklorotoluenin katalitik yükseltgenmesinde test edilmiştir. Sonuçlara göre V-Mo-O/SiO2 
etkili bir katalizördür, monoklorotoluenin dönüşümü %75-85, monokloromaleik anhidrit 
üzerindeki seçimliliği de %24-32 oranındadır. Bunun yanı sıra, katalizör kolayca geri 
kazanılabilmekte ve aktivite ile seçimlilikte belirgin bir kayıp olmaksızın 20-25 saat boyunca 
kullanılabilmektedir. Yükseltgenme hızı ve yönü sıcaklık (315-450 °C), reaktifler arasındaki 
oran (1:1-1:15 mol/L), bağ ayrışma enerjileri, katalizörün aktif bileşenlerinin etkisi ve temas 
süresi ile belirlenmektedir.  

Anahtar kelimeler: Klorotoluen; maleik anhidrit; kloromaleik anhidritler; oksovanadyum 
katalizörü; klorobenzaldehit. 

Gönderme: 03 Temmuz 2016. Kabul: 15 Ekim 2016.  
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Hydroxyethyl Methacrylate-based Nanocomposite Hydrogels with 
Tunable Pore Architecture  

Erhan Bat1,* 

1Middle East Technical University, 06800, Ankara, Turkey. 

Abstract: Hydroxyethyl methacrylate (HEMA)-based hydrogels have found increasing 
numbers of applications in areas such as chromatographic separations, controlled drug 
release, biosensing, and membrane separations. In all these applications, the pore size 
and pore interconnectivity are crucial for successful application of these materials as they 
determine the rate of diffusion through the matrix. 2-Hydroxyethyl methacrylate is a 
water-soluble monomer but its polymer, polyHEMA, is not. Therefore, during 
polymerization of HEMA in aqueous media, a porous structure is obtained as a result of 
phase separation. Pore size and interconnectivity in these hydrogels is a function of several 
variables such as monomer concentration, cross-linker concentration, temperature, etc. In 
this study, we investigated the effect of monomer concentration, graphene oxide addition 
or clay addition on hydrogel pore size, pore interconnectivity, water uptake, and thermal 
properties. PolyHEMA hydrogels were prepared by redox initiated free radical 
polymerization of the monomer using ethylene glycol dimethacrylate as a cross-linker. As 
a nanofiller, a synthetic hectorite Laponite® XLG and graphene oxide were used. Graphene 
oxide was prepared by the Tour Method. Pore morphology of the pristine HEMA based 
hydrogels and nanocomposite hydrogels were studied by scanning electron microscopy. 
The formed hydrogels were found to be highly elastic and flexible. A dramatic change in 
the pore structure and size was observed in the range between 22 to 24 wt/vol monomer 
at 0.5 % of cross-linker. In this range, the hydrogel morphology changes from typical 
cauliflower architecture to continuous hydrogel with dispersed water droplets forming the 
pores where the pores are submicron in size and show an interconnected structure. Such 
controlled pore structure is highly important when these hydrogels are used for solute 
diffusion or when there’s flow through monolithic hydrogels. These robust hydrogels may 
be useful in separation and biomedical applications. 
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INTRODUCTION 

 

Recently, porous polymers have found numerous applications in a wide range of fields [1]. 

The major advantage of porous polymers is their high surface area for adsorption and 

release of compounds which is highly desired in materials for separation, gas storage, 

controlled drug release, catalysis, and sensors. Macroporous polymer networks, formed as 

a result of phase separation during network formation, is an important class of such porous 

polymers [2]. Several monomers have been utilized to obtain macroporous polymer 

networks [2, 3]. Among these are hydroxyethyl methacrylate, glycidyl methacrylate, 

ethyleneglycol dimethacrylate (crosslinker), N,N-methylene bisacrylamide (crosslinker), 

divinyl benzene (crosslinker), styrene, and methacrylic acid.  

 

HEMA is a water-soluble monomer. Its polymer poly(hydroxyethyl methacrylate) is 

hydrophilic but not water-soluble for degree of polymerizations above 40 [4]. Therefore, 

phase separation during polymerization of hydroxyethyl methacrylate has been widely 

utilized to obtain macroporous polymers for different applications. Several attempts have 

been made to control the pore architecture of HEMA based hydrogels. In some approaches 

hydrophobic porogens such as cyclohexane, dodecanol [5, 6], polyacrylonitrile fibers [7], 

surfactants [8], or NaCl as a phase separation enhancer [9] were used. Hydroxyethyl 

methacrylate based hydrogels are highly hydrophilic and biocompatible. These 

characteristics have enabled their use in biomedical field for applications such as contact 

lenses, drug delivery [10-12], and tissue engineering [13-16]. Owing to their high surface 

area, HEMA based hydrogels have found application also in environmental remediation 

such as removal of dyes from industrial waste waters [17, 18], and in separation [19].  

 

For successful application of macroporous polymers in all of the aforementioned fields, a 

tunable pore size, interconnected pore structure, and thermal stability are important 

parameters. Herein, we set out to explore the characteristics of HEMA based hydrogels at 

the borderline between macrosyneresis and microsyneresis. In this transition zone, 

seldomly encountered pore structures were observed. The effects of monomer composition 

and addition of nanofillers such as clay and graphene oxide on the pore architecture, water 

uptake, and thermal properties of hydroxyethyl methacrylate based hydrogels have been 

investigated. A range of monomer compositions where a highly ordered micron to 

submicron range porous hydrogels were obtained.  
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MATERIALS AND METHODS 

 

Materials: Sodium persulfate (SPS), N,N,N’,N’-tetramethylethylenediamine (TEMED), 

ethylene glycol dimethacrylate (EGDMA), and 2-hydroxyethyl methacrylate (HEMA), were 

obtained from Sigma-Aldrich and used as received. Laponite® XLG was kindly supplied by 

BYK Additives and instruments. Graphite flakes with an average lateral size of 40 µm were 

kindly supplied by Asbury Carbons. Graphene oxide was obtained from flake graphite by 

the Tour Method [20].  

 

Hydrogel Synthesis: Poly(hydroxyethyl methacrylate-co-ethylene glycol dimethacrylate) 

(Poly(HEMA)) hydrogels were synthesized by redox initiated radical polymerization at room 

temperature. SPS and TEMED were used as a redox initiator pair. As a crosslinker and 

solvent, EGDMA and MilliQ water were respectively used. For the synthesis of hydrogels, 

predetermined amounts of monomer, crosslinker, and solvent were placed in glass vials 

sealed with a rubber septum. The dissolved oxygen was removed from the solution by 

passing argon through this solution for 15 min. After adding the initiators (2.5 mg SPS and 

2.5 µL TEMED), the reaction mixture was drawn into a syringe the reaction was allowed to 

proceed for 18 h at room temperature under argon. Hydrogels prepared in this way were 

named H20-H28 where the numbers next to the letter H indicate the volume percentage 

of hydroxyethyl methacrylate monomer in the solution. Nanocomposite hydrogels were 

prepared by adding predetermined amounts of Laponite® XLG or graphene oxide into 

MilliQ water to be used in polymerization. 

 

Swelling Studies: Disk-shaped specimens with a diameter of 9 mm and a height of 3 mm 

(n=3) were cut from the prepared hydrogels and placed in glass vials containing 2 mL H2O 

for four days. Water in the vials was refreshed twice a day. After four days of incubation 

in water at room temperature, water on the samples was carefully removed with a tissue 

and wet masses of the samples were recorded. Dry masses were recorded after freeze 

drying the samples for at least 48 h. Swelling percentage was calculated by the following 

formula: 

Swelling Percentage = [(mwet-mdry)/mdry]*100   (Eq. 1) 

Where mwet is the mass of the swollen hydrogel sample and mdry is the mass of the freeze-

dried hydrogel sample. 
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Characterization: Pore structure of the formed hydrogels was investigated by scanning 

electron microscopy (SEM) using FEI Nova NanoSEM 430 field emission electron 

microscope with an accelerating voltage of 10 kV. Hydrogel samples were freeze-dried and 

snap frozen in liquid nitrogen before being cut with a scalpel for cross-sectional analysis. 

Samples were sputter-coated with a thin layer of gold before visualization with SEM.  

 

Thermal characterization of freeze-dried hydrogel samples was done using thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA analysis was 

performed from room temperature up to 800 °C, under a nitrogen atmosphere, using a 

Shimadzu DTG-60H thermal analyzer (Columbia, MD, USA) with a scanning rate of 10 

°C/min. Differential scanning calorimetry measurements were carried out under nitrogen 

atmosphere by using DSC-60 Shimadzu differential scanning calorimeter to assess the 

effect of hydrogel composition on glass transition temperature of the freeze dried samples. 

Samples were cut from freeze dried gel samples and scanned from 25 to 200 °C at a 

heating rate of 10 °C min-1. Glass transition temperature was calculated from the second 

scan of the samples. 

 

RESULTS AND DISCUSSION  

 

Several porous hydrogels were prepared by redox-initiated free radical polymerization 

using HEMA as the monomer, EGDMA as the crosslinker, and SPS-TEMED as the redox 

pair. Volume percentage of HEMA in these hydrogels ranged from 20 vol% to 28 vol% and 

named as H20-H28 depending on the monomer content. In all the hydrogels, the amount 

of crosslinker was kept at 0.5 mol% with respect to HEMA. In the preliminary experiments 

it was seen that increasing the amount of crosslinker leads to smaller particles forming the 

hydrogel (not shown). For HEMA based hydrogels (without filler), only monomer 

concentration was varied. The obtained hydrogels showed high flexibility and elasticity 

(Figure S1). To prepare the nonocomposite hydrogels, with respect to HEMA either 1.0 wt. 

% Laponite® XLG or 1.0 wt. % graphene oxide (GO) were added to the water used for 

polymerization. A schematic representation of the network model can be seen in Scheme 

1. Nanocomposites containing Laponite® XLG clay and graphene oxide (GO) were named 

as H24C-H28C and H24GO-H28GO, respectively where numbers indicate the monomer 

concentration.  
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Scheme 1. A schematic representation of nanocomposite hydrogels. 

 

Equilibrium swelling studies showed that HEMA based hydrogels are able to take up water 

roughly two to three and a half times their weight. Percentage swelling values for HEMA 

based hydrogels ranged from 204.3±2.3 to 344.6±8.7. With increasing HEMA 

concentration, percentage swelling values decreased. Addition of Laponite® XLG did not 

seem to have a dramatic effect on water uptake of the hydrogels. Percentage swelling 

values ranged from 223.7±1.7 to 314.2±1.3. Addition of graphene oxide did have a large 

influence on polymerization and water uptake behavior. Graphene oxide-containing gels 

did not have a homogeneous structure. This could have two probable causes: Firstly, 

graphene oxide has an unsaturated structure that could lead to grafting of growing chains 

and alter crosslinked structure, hydrophobicity which might eventually influence pore 

formation by phase separation. Secondly, high viscosity of graphene oxide solution might 

influence polymerization and phase separation kinetics. The swelling percentage values of 

nanocomposite gels containing GO ranges from 177±18.7 to 281.1±54.8. Decreased 

swelling ratios compared to HEMA based hydrogels (column I) suggest that GO has indeed 

took part in crosslinking reactions and increased standard deviation values indicate non-

homogeneous character of GO containing nanocomposite gels.  
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Table 1. Equilibrium percentage swelling values of hydroxyethyl methacrylate based 
hydrogels in MilliQ water. (Numbers are given as arithmetic average of three samples ± 

standard deviation) 

Hydrogel Percetage 
Swelling 

Hydrogel Percentage 
Swelling 

Hydrogel Percentage 
Swelling 

H20 344.6±8.7     
H22 323.9±6.3     
H24 320.4±1.3 H24C 314.2±1.3 H24GO 177.7±18.7 
H25 297.3±1.4 H25C 296.4±2.3 H25GO 281.1±54.8 
H26 270.5±1.4 H26C 271.7±2.0 H26GO 185.5±8.3 
H28 204.3±2.3 H28C 223.7±1.7 H28GO 201.6±5.9 

 

Hydroxyethyl methacrylate is a water-soluble monomer whereas the crosslinker EGDMA is 

not water-soluble at all. In the presence of HEMA, however, the crosslinker molecule could 

be dispersed in the aqueous polymerization medium. Upon polymerization, formed water 

insoluble polyHEMA phase separated and initially transparent solution became turbid and 

eventually white. This phase separation during hydrogel formation leads to a porous 

structure. To investigate the pore structure of the formed hydrogels, Cross-sections of 

freeze dried samples were sputter coated with gold and visualized with SEM. Figure 1 shows 

the effect of monomer content on pore structure of HEMA based hydrogels. When the 

monomer concentration is less than 24 vol%, HEMA and EGDMA form microparticles that 

separate out of the polymerization solution and eventually these formed microparticles 

fuse to form a cauliflower like structure typically seen in hydrogels used as 

chromatographic media. Upon increasing the monomer content to 24 vol% a transition 

from macrosyneresis to microsyneresis is observed [2]. For these hydrogels, the polymer 

forms a continuous network while trapping the solvent molecules inside the gel. When the 

HEMA concentration was between 24 to 28 vol%, hydrogels with highly ordered pore 

structure with interconnected pores were obtained. The pore sizes decreased from a few 

micrometers to submicron range as the HEMA content increased from 24 to 28 vol%. Such 

porous hydrogels with interconnected pores and tunable pore size could be highly useful 

in chromatography, adsorption, and controlled drug delivery applications. 
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Figure 1. SEM micrographs showing the microstructure of the HEMA based hydrogels containing different amounts of HEMA. 
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Clays offer very rich interaction possibilities with many molecules such as proteins and 

dyes, etc. Clay containing hydrogels could have increased drug loading capacity and dye 

adsorption capacity. Therefore, it was intended to prepare clay containing hydrogels using 

a synthetic hectorite Laponite® XLG. The microstructure of these hydrogels were assessed 

using SEM. In Figure 2, it can be seen that highly porous nanocomposite hydrogels with 

regular pore structure have been obtained when 1 wt% Laponite® XLG was used as a filler. 

Again pore sizes ranged from microns to submicron range depending on HEMA content. 

Figure 2 shows that randomly distributed large pores are visible at low magnifications when 

Laponite® XLG is used as a filler. Addition of clay leads to formation of less ordered areas 

within the hydrogel. For hydrogels containing 28 % HEMA, addition of clay seems to have 

a dramatic effect on the porous structure. H28C seems to have much less ordered but 

much larger pores compared to H28. As the clay, monomer and the polymer are 

hydrophilic, formation of intercalated or exfoliated structures may be expected for clay 

containing HEMA hydrogels. In XRD analysis the characteristic peak of Laponite® XLG 

could not be seen at 2Θ values higher than 2 degrees. This indicates that the clay is most 

probably exfoliated in the hydrophilic matrix.  

 

Pore structure of graphene oxide-containing gels are given in Figure 3. When GO is added 

as a filler, pore structure seems to vary from one region to another as can be seen in the 

insets. This could be due to macroscopically observed non-homogeneous character of GO 

containing hydrogels. In these hydrogels, interestingly both fused microparticle shaped 

structures (indicating macrosyneresis) and continuous structures (indicating 

microsyneresis) were visible. These observations also point that the polymerization 

conditions were not the same at different part of the gel. SEM micrographs (H25GO, H28 

inset) also reveal coating of GO surface with HEMA indicating grafting of the polymer onto 

GO surface. 
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Figure 2. SEM micrographs showing the microstructure of the HEMA-based hydrogels 
containing different amounts of HEMA and 1wt % Laponite®  XLG clay (with respect to 

HEMA). 
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Figure 3. SEM micrographs showing the microstructure of the HEMA-based hydrogels 
containing different amounts of HEMA and 1 wt % graphene oxide (with respect to 

HEMA). 
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In thermal gravimetric analysis of HEMA based hydrogels, a slight decrease in mass was 

observed at temperatures below 100 °C (Figure 4). This could be attributed to adsorbed 

water. No other significant mass loss is observed till the onset of thermal degradation which 

indicates that almost all monomers have participated in the polymerization reaction. The 

onset of degradation temperature seemed to increase with increasing monomer 

concentration. The values ranged from 256 °C to 378 °C for networks containing 20 vol% 

and 28 vol% monomer, respectively. The glass transition temperatures of dry HEMA-based 

networks were very close to each other. The values ranged from 109 °C to 113 °C. Figure 

5 shows the thermal behavior of nanocomposite hydrogels containing 1 wt% Laponite. 

Addition of Laponite seemed to have an adverse effect on thermal stability of the networks. 

The values for onset of degradation temperature ranged from 254 °C to 363 °C for 

Laponite-containing networks. The glass transition temperatures of dry nanocomposite 

networks were very close to those of pristine HEMA based networks (not shown). The 

values for Laponite containing networks ranged from 111 °C to 114 °C. Graphene oxide 

containing networks showed very similar thermal behavior with onset of degradation 

temperatures ranging from 332 °C to 357 °C. Glass transition temperatures of graphene 

oxide containing dry nanocomposite networks were lower than that of Laponite containing 

or pristine HEMA based networks. The values ranged from 103 °C to 106 °C. 

 

Figure 4. TGA thermograms of dry HEMA based hydrogels with monomer concentrations 
of 20 vol% to 28 vol%. 
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Figure 5. TGA thermograms of dry nanocomposite hydrogels containing 1 wt % Laponite 
XLG with monomer concentrations of 24 vol % to 28 vol %. 

 

 

Figure 6. TGA thermograms of dry nanocomposite hydrogels containing 1 wt % 
graphene oxide with monomer concentrations of 24 vol % to 28 vol %. 
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CONCLUSION 

 

HEMA based hydrogels without additives or with nanofillers were prepared by redox-

initiated free radical polymerization. As a nanofiller, a synthetic hectorite Laponite® XLG 

and graphene oxide were used. A transition from macrosyneresis to microsyneresis is 

observed when the monomer concentration was increased from 22 to 24 vol%. This leads 

to a profound change in the pore structure of the prepared HEMA-based hydrogels. At 

lower monomer concentrations, polymer microparticles fuse to form a macroporous 

structure whereas in the case of higher monomer concentrations, a continuous 

macroporous structure with micron to submicron highly interconnected pores is obtained. 

Laponite® XLG containing gels seemed to have more regular pores compared to graphene 

oxide-containing gels. The suitability of these porous materials as separation materials or 

biomedical materials should be assessed in future research. 
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Türkçe Öz ve Anahtar Kelimeler 

Ayarlanabilir Gözenek Yapısı ile Hidroksietil Metakrilat Esaslı 
Nanokompozit Hidrojeller 

Öz: Hidroksietil metakrilat (HEMA) esaslı hidrojeller, kromatografik ayırmalar, kontrollü 
ilaç salımı, biyo-hissetme ve membran ayırmaları gibi alanlarda geniş uygulama alanı 

bulmaktadırlar. Bu uygulamaların hepsinde, gözenek boyutu ve gözeneksel bağlanabilirlik 
özellikleir malzemenin başarılı uygulaması için hayati önem taşımaktadır, çünkü bunlar 

matriks boyunca diffüzyonu belirlemektedir. 2-Hidroksietil metakrilat suda çözünen bir 
monomer iken polimeri olan poliHEMA suda çözünmez. Bu sebeple, HEMA’nın sulu ortamda 

polimerizasyonu sırasında faz ayrımının bir sonucu olarak gözenekli bir yapı elde edilir. 
Gözenek boyut uve bu hidrojeller içindeki bağlanabilirlik monomer konsantrasyonu, çapraz 

bağlayıcı konsantrasyonu, sıcaklık ve benzeri pek çok değişkenin bir fonksiyonudur. Bu 
çalışmada, monomer konsantrasyonu, grafen oksit veya kil ilavesinin hidrojel gözenek 

boyutuna etkisi, gözeneksel bağlanabilirlik, su alımı ve termal özelliklerin etkisi 
incelenmiştir. PoliHEMA hidrojelleri redoksla başlatılan, monomerin serbest radikal 

polimerizasyonu kullanılarak ve çapraz bağlayıcı olarak etilen glikol dimetakrilat seçerek 
hazırlanmıştır. Nano-dogu maddesi olarak, sentetik hektorit Laponit ® XLG ve grafen oksit 
kullanılmıştır. Grafen oksit Tour Yöntemi ile hazırlanıştır. Saf HEMA esaslı hidrojellerin ve 

nanokompozit hidrojellerin gözenek morfolojisi taramalı elektron mikroskobu ile 
çalışılmıştır. Oluşan hidrojellerin son derece elastik ve esnek olduğu bulunmuştur. 22 ile 24 

ağırlık/hacim monomerin %0,5 çapraz bağlayıcı ile beraber kullanıldığı zaman gözenek 
yapısı ve boyutunda dramatik bir değişme olduğu gözlenmiştir. Bu aralıkta, hidrojel 

morfolojisi tipik karnabahar görünümünden ayrılmış su damlacıklarının gözenekleri 
oluşturduğu sürekli hidrojel yapısına geçilmiştir; gözenekler mikron altı seviyede olup 

birbirine bağlıdır. Bu şekilde kontrollü gözenek yapısı, bu hidrojeller çözünen maddenin 
diffüzyonunda kullanılacağı zaman veya monolitik hidrojeller boyunca akış olduğu zaman 

son derece önemlidir. Bu sağlam hidrojeller ayırma ve biyomedikal uygulamalarda faydalı 
olabilir.  

Anahtar kelimeler: Hidrojeller; hidroksietil metakrilat; gözenekli polimerler; 
nanokompozitler. 

Sunulma: 01 Eylül 2016. Düzeltme: 22 Eylül 2016. Kabul: 21 Ekim 2016.  
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Abstract: The aim of this study was to obtain copper oxide nanoparticles (CuO NPs) through a 
method of green synthesis that involves using peroxidase enzymes that are partly purified from 
fig leaves (Ficus carica). CuO NPs were successfully synthesized using the green synthesis 
method in the experiments performed. Ultraviolet–visible (UV–Vis) spectrophotometry of the 
characteristics of the acquired CuO NPs was performed with scanning electron microscopy (SEM) 
and X-ray diffraction (XRD). The optimum activation temperature for green synthesis was 
observed to be in 30 min, pH: 8, at 25 oC and in the concentration of 1 mM CuCl2. By using 
peroxidase enzymes with green synthesis, it was found that the results of the SEM and XRD 
measurements that acquired the CuO NPs were in the size of 50-120 nm. Afterwards, the 
antioxidant and antibacterial activities of these nanoparticles were measured, and it was 
understood from the obtained results that CuO NPs have both antioxidant and antimicrobial 
activities. 
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INTRODUCTION  

 

Nowadays, the subject of nanotechnology encompasses many fields, including the environment, 

water treatment, chemical production, containers and converters of solar power, antimicrobial 

agents, textiles, dyes, health, and even defense [1-3]. The research indicates that 

nanotechnology is engaging even more with these fields as time passes. 

 

The characteristics of a material can change significantly when that material is nano-sized. The 

differences in the characteristics of the substance are the result of quantum size effects. Metal 

nanoparticles, in particular, show very different optical, thermal, chemical, and conductivity 

characteristics compared to normal metal particles. Nano-sized metals and metal oxides are able 

to be used in many areas because of the characteristics they assume.  

 

Green synthesis has become one of the most preferred applications in various fields, including 

chemistry, because of its eco-friendly approach. With the application of green synthesis to 

nanochemistry, another area of study had emerged that has gained increasing value: Green 

nano synthesis. Green nano synthesis allows for a nano material to be synthesized in a way that 

is friendly to both humans and to the environment. In this synthetic method, toxic chemicals 

that are damaging to nature are avoided and, instead, less-harmful substitutes are used. The 

reaction environment used in green nano synthesis can be a tissue, cell, organism, extract, 

enzyme, carbohydrate, lipid, or protein produced from a lipid. Three of these types of green 

synthesis environments are commonly used. The first of these is enzymes, which are able to 

catalyze a wide range of chemical reactions, resulting in their use in green nano synthesis in 

recent years. In addition, microorganisms (such as bacteria, yeast and mold) and plant and 

animal extracts are commonly used to synthesize nanoparticles in green synthesis. These three 

reaction environments are most common because they allow for eco-friendly, non-toxic, cost-

efficient and mild conditions [6-9]. These are not, however, the only reaction environments used 

in green synthesis. The synthesis of silver nanoparticles (AgNPs) has been achieved by some 

research groups using Nephelium lappaceum L. and Plectranthus amboinicus leaf extracts. 

Another research group has synthesized gold nanoparticles (Au NPs) using a plant extracts in a 

similar way [3-4]. 

 

Copper nanoparticles, which have been a focus of interest since the end of 20th century due to 

their catalytic, optical, and electrical features, are widely used in the electricity sector because 

of their conductivity features; in chemistry, they are used as a lubricator and catalyst [10-12]. 

Since the copper (II) oxide nanoparticle (CuO NP) is semi-conductive, it is often used in catalysts, 

gas sensors, and photovoltaic cells. Due to its electronic and magnetic characteristics, CuO has 

been used as one of the basic components of high temperature superconductive substances, 

causing it to become very widely used [13]. Etefagh et al. designed a sensor founded on 
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nanoparticles and nanolayers of CuO. CuO NPs were produced using the sol–gel technique, and 

their nanolayers were prepared using spray pyrolysis [14]. Phiwdang’s research group 

investigated the effect of starting precursors on structural properties of CuO nanostructures 

synthesized via the precipitation technique [15]. Khashan et al. discovered the consequence of 

altering the ablation time and laser energy on produced CuO NPs using laser ablation in liquid. 

The antibacterial activity of these CuO NPs with or without amoxicillin on cultures of gram-

negative and gram-positive bacteria was also presented [16]. 

 

Recently, fig extracts have become another preferred reaction environment for green nano 

synthesis. For instance, Hu (2015) achieved a synthesis of tin dioxide (SnO2) using the extract 

obtained from fig leaves, applying the synthesized compound to the electrochemical detection 

of mercuric Hg(II) [3]. In another field, Singh and Bhakat studied the nano technological 

applications of gold and silver nanoparticles after synthesizing both with the leaves and bark of 

a fig tree [6]. 

 
Peroxidases are known as (EC.1.11.1.7) oxidoreductases. Usually, there is an iron porphyrin ring 

on their structures, and they catalyze redox reactions such as electron transfer and oxygen exits 

from a donor such as hydrogen peroxide (H2O2). The peroxidase enzyme (POX) has been purified 

so far in plants such as turnips, soy beans, tomatoes, potatoes, carrots, wheat, pears, apricots, 

bananas, dates, and strawberries [17]. 

 
In this study, we used POX that has been partly purified from the leaves of a fig plant. CuO NPs 

were synthesized using the purified enzymes. The characterization of the obtained CuO NPs was 

performed using an ultraviolet–visible (UV–VIS) spectrophotometer, X-ray diffraction (XRD), 

scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR). The 

antioxidant and antimicrobial features of the obtained CuO NPs were discovered. 

 

EXPERIMENTAL SECTION 

 
Chemicals and Reagents 

Copper(II) chloride (CuCl2), 2,2'-azino-bis (3-ethylbenzthiazol-6-sulfonic acid) (ABTS), 

neocuproine (2,9-dimethyl-1,10-phenanthroline), riboflavin, methionine, nitroblue tetrazolium 

(NBT), 1,1-diphenyl-2-picryl-hydrazyl (DPPH), 3-(2-pyridyl)-5,6-bis (4-phenyl-sulfonic acid) -

1,2,4-triazine (ferrozine), α-tocopherol, linoleic acid, gallic acid, quercetin, Folin-Ciocalteu and 

trichloroacetic acid (TCA) was purchased from Sigma-Aldrich GmbH (Sternhe I Germany). All 

other chemicals were obtained from Merck. 

 

Preparation of Plant Samples  

The fig plant (Ficus carica) used in the study was collected from Sakarya, Turkey, and it was 

identified with the help of taxonomists. The plant was cut into small (50 g) pieces. The pieces 
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were thoroughly shattered to form a homogeneous mixture in a blender, along with a 250 mL, 

10 mM sodium phosphate buffer (pH:6.0). The mixture was centrifuged at 5000 g for 10 min, 

and the supernatant was used for enzyme purification [18].  

 
Partial Purification of the POX with Ammonium Sulfate Precipitation 

The upper solution of the fig plant in sodium phosphate buffer was saturated from 60% to 80% 

with ammonium sulfate; then, the POX was precipitated by being centrifuged at 7000 g for 30 

min. The obtained precipitate was dissolved in the 5 mL, 10 mM sodium phosphate buffer 

(pH:6.0) and was incubated at 4°C for further analysis [18]. 

 

POX Activity Test 

The peroxidase activity assay was measured using a substrate of 1 mM 2, 2'-azino-bis(3-

ethylbenzthiazoline-sulfonic acid) diammonium salt (ABST) prepared in a 0,1 M phosphate buffer 

(pH:6.0). The changes in absorbance were monitored at 412 nm using a UV–Vis 

spectrophotometer at 1-min intervals for 3 min [18].  

 
Synthesis of CuO NPs 

An amount of 300 µg/mL of purified POX from the fig plant was added to a sample of copper-

(II) chloride solution (CuCl2) (2.9 mL, 10 mM) and incubated in a closed space for 4 hours. The 

solution became blue in color and was cloudy, indicating the presence of CuO NPs. Then, water 

was removed with the help of an evaporator, and the synthesized CuO NPs were dried at 70oC 

for 24 hours [18]. 

 

Characterization of CuO NPs 

Synthesized CuO NPs were characterized by being scanned with a UV–VIS spectrophotometer 

(PG Instrument T80 UV-VIS spectrophotometer, UK) at a range of 200–1000 nm. Determination 

of the topography of the CuO NPs was performed using a scanning electron microscope (Sigma 

300, SEM Zeiss, Germany). In addition, XRD analysis (PANalytical, Empyrean, 

Netherlands) was performed at DAYTAM (Eastern Anatolian High Technology 

Applications and Research Center) to determine the size of the CuO NPs. 

 

Optimization of Green Synthesis Reaction Medium 

Optimum contact time: To determine the optimum contact time, samples were 

spectrophotometrically measured between 0 and 240 min at 3-min intervals. 

 
Determination of optimum pH: Synthesis of the CuO NPs was performed at pH 2–3, an 

acetate buffer at pH 4–6, a phosphate buffer at pH 7–8, and a carbonate buffer at pH 9–11. The 

values of absorbance were measured by UV–Vis spectrophotometer. The pH was adjusted using 

0,1 N HCI and 0,1 N NaOH.  

 



Demirci Gültekin et al., JOTCSA. 2016; 3(3): 623-636.  RESEARCH ARTICLE 

627 
 

Determination of optimum temperature: Synthesis of the CuO NPs was carried out 

separately from 10 °C to 90 °C, respectively, and the changes in absorbance in the samples was 

measured by UV–VIS spectrophotometer.  

 
Determination of optimum concentration of metal ion: Synthesis of the CuO NPs was 

performed using a copper(II) chloride solution at 0.5 mM, 1 mM, 3 mM, 5 mM and 7 mM, and 

the absorbance of the samples was measured by a UV–Vis spectrophotometer (350 nm).  

 
Antimicrobial Activity of Copper Nanoparticles  

Antagonistic activity of the synthesized CuO NPs was determined against Pediococcus acidilactici. 

A sterile Potato Dextrose Agar (PDA-Oxoid) nutrient medium was prepared and sterilized 

overnight. The bacterium was studied in three replications, and the average inhibition zone 

created by the bio-agent was identified with the help of the values obtained [19-20]. In addition, 

the minimum inhibitory concentration (MIC), defined as the lowest concentration of material that 

inhibits the growth of a bacterium, was determined as based on batch cultures containing varying 

concentrations of CuO NPs.  

RESULTS AND DISCUSSION 

 
Synthesis of copper nanoparticles 

300 �g/mL of purified peroxidase enzyme was added in sample of copper(II) chloride solution 

CuCl2, (10 mM) and incubated in a closed space for 3 hours. The solution was becoming blue to 

intense blue, which indicates the presence of copper nanoparticles. Then, water was removed 

with the help of an evaporator and copper nanoparticles were synthesized and they were dried 

at 65 °C for 48 hours (Figure 1) [21]. 

 

  
 

                                               
Figure 1. Reaction of green synthesis of copper nanoparticules (A): Before reaction, (B) After 

reaction. 
 
Chemical properties of CuO NPs synthesis 

Contact time was determined to be 30 min., optimum pH was determined as 8.0, optimum 

temperature was 25 oC, and metal ion concentration was determined as 1 mM for the purpose 

of optimization of synthesized CuO nanoparticles using a UV-Vis spectrophotometer at 350 nm. 

A B 
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XRD studies  

Copper nanoparticles’ XRD which was produced in its peroxidase enzyme catalyst and its 

crystallographic analysis are given in Figure 2. Characteristic peaks which belong to XRD 

spectrum in its at 2θ= 19.86o, 24.55o, 58.71o, 75.22o that can be indexed at (111), (200), (220) 

facets which agree with the values reported for face centered cubic (fcc) 

copper nanocrystals (Figure 2). 

 

 

Figure 2. X-ray diffraction pattern of the synthesis of copper nanoparticles using peroxidase 
enzyme from Fig (Ficus Carica). 

 

 

 

Surface characterization of CuO NPs 

Chemical and mineralogical compositions of synthesized green copper NPs were determined by 

scanning electron microscopy (SEM), which was used to examine the surface of the adsorbent. 

Images of CuO NPs were magnified 10000 times by Zeiss, Active area 10 mm2, (Figure 3). It 

was observed from figure that most of the CuO NPs were spherical in shape. Figure 3 showed a 

well dispersed CuO NPs had identified in the sizes range 50-120 nm. In CuO nano particles, 

which were synthesized by using many plant extracts were identified as mostly in spherical from 

and between 5-200 nm in sizes [21]. 
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Figure 3. SEM image of the synthesized copper nanoparticles. 

 
Antioxidant activity of CuO NPs 

The Fe3+- Fe2+ reducing (FRAP) activity: In Fe3+- Fe2+ reducing method, antioxidants give 

electron and show activity. It is found that the potential of synthesized copper NPs to reduce 

ferric ions (Fe3+) to ferrous ions (Fe2+) directly increase in directly proportional with 

concentration. The reduction was monitored by measuring the change of absorbance at 593 nm. 

(Figure 4). 

 

 

 

Figure 4. The Fe3+- Fe2+ reducing activity of different concentrations (10-30 µg/mL) of water 
extracts, alcohol extracts, α−tocopherol, and BHA. 

 

The Cu2+- Cu+ reducing activity 

Another method to determine reducing capacity is CUPRAC method. Cupric ions (Cu2+) reducing 

capacity of copper NPs is determined with spectrophotometric method having different 

concentrations (10-30 μg/mL) of copper NPs. Reducing capacity of (Cu2+) by synthesized copper 

NPs are compared with BHT and α-tocopherol as standard antioxidants and were shown in Figure 
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5. In 50 μg/mL concentration of copper NPs, capacity of reducing highest cupric ions to (Cu2+) 

cuprous ions (Cu+) is found to be BHA > α-tocopherol > copper NP when compared with 

standards. 

 

 

 
Figure 5. The Cu2+- Cu+ reducing activity of Copper NPs, BHA and α-tocopherol at different 

concentrations (10-50 µg/mL). 

 

 

 

Superoxide anion radical scavenging activity 

One of free radicals, superoxide radical is the easiest and most formed oxygen radical by 

environmental factors and enzymatic and non-enzymatic reactions in the organism. Superoxide 

anion radicals cause lipid peroxidation. These radicals cause lipid peroxidation and connected 

deterioration in membrane structure [22]. Besides, superoxide anion radicals can reduce Fe3+ 

ions to Fe2+. Fe2+ ions react with Fenton and use hydrogen peroxide to create OH radicals which 

are very reactive and cause much structural deterioration. Therefore it is necessary to scavenge 

superoxide anion radicals in the medium. Standard antioxidant materials’ activity to scavenge 

superoxide anion radical in 50 μg/mL concentration is found to be respectively BHA > αααα-

Tocopherol > Copper NPs. These values respectively are 72.3 ± 0.5 > 56.4 ± 1.1 > 48.3± 

1.03. When findings are compared with standards, it is observed that copper NPs scavenged 

superoxide radicals effectively (Figure 6).  
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Figure 6. The activity of superoxide anion scavenging of Copper NPs, BHA and α-tocopherol at 

different concentrations (50 µg/mL) 
 

The ABTS•+ scavenging activity 

ABTS•+ radical is a colored compound which gives absorbance at 734 nm. ABTS•+ radical reacts 

with antioxidant materials and transfers electron and transforms to non-radical ABTS material. 

Related material is shown below: 

 

ABTS+• + A �ABTS + A+• 

 

The study used spectrophotometric measurement and followed reducing of absorbance value at 

734 nm and calculate ABTS•+ radical scavenging activity. ABTS•+ scavenging activity is frequently 

used in radical scavenging activities of liquid mixtures, drinks, extracts and pure materials [23]. 

Firstly, standard plot is formed to determine scavenging activity of copper NPs produced with 

green synthesis and standard antioxidant compounds like BHA and α-tocopherol used in study, 

and ABTS•+ scavenging activities are calculated in all samples using standard plot. ABTS•+ 

scavenging activity of copper NPs is compared with standard BHA and α-tocopherol. According 

to findings, at 50 μg/mL concentration, BHA achieved 73.7%, α-tocopherol achieved 79.7% and 

copper NPs achieved 85.4% ABTS•+ radical scavenging activity (Figure 7). It was found in this 

study that copper NPs scavenge ABTS•+ radical better than standard antioxidants. 

 

(72.3%) 

(56.4%) 
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Figure 7. The activity of ABTS radical scavenging of CuO NPs, BHA and α-tocopherol at 
different concentrations (10-50 µg/mL). 

 

Antimicrobial activity of CuO NPs 

In the studies, antibacterial features of CuO NPs which were formed with green synthesis method 

are determined using spread and culture method which is a simple and fast method on nutrient 

agar. For this purpose, Pediococcus acidilactici bacteria is applied on agar surface with spread 

culture method and it is seen that bacteria growth is avoided around disk and diameter of created 

inhibition is 16.5 mm. The minimum inhibitory concentration (MIC) value was found Cu NPs 

(10 μg/mL) using batch method for Pediococcus acidilactici. It is understood that copper NPs 

connect to cell wall of bacteria, damages its structure and cancels its development [24]. 

 

CONCLUSION 

 

As a result of our examinations, we understood that peroxidase enzyme can be partly purified 

from fig leaves (Ficus carica) to be used in reaction medium for green synthesis. CuO NPs were 

characterized using analysis of UV-Vis spectrophotometry, SEM, and XRD. The analysis revealed 

that the synthesis of CuO NPs and was achieved quantity, direction, and morphology 

characterization. Manufactured CuO NPs are considered to have been an extensive range of 

applications in the nanotechnology, the catalyst, pharmaceutical and medical industries. In 

addition, the experiments showed that CuO NPs have both antimicrobial and antioxidant 

features. CuO NPs which are acquired with green nano synthesis can be produced more 

economically and in adequate conditions nontoxic effects on the environment. Besides, 

examination of electrical and chemical features of acquired CuO NPs can indicate their usage in 

different areas. 
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Türkçe Öz ve Anahtar Kelimeler 
 

Synthesis of Copper Nanoparticles Using a Different Method: 
Determination of Their Antioxidant and Antimicrobial Activity 

 
Demet DEMİRCİ GÜLTEKİN, Azize ALAYLI GÜNGÖR, Hicran ÖNEM, Aynur BABAGİL, Hayrunnisa 

NADAROĞLU 
 

Öz: Bu çalışmanın amacı, kısmen incir yapraklarından (Ficus carica) saflaştırılmış peroksidaz 
enzimlerini kullanarak yeşil bir sentez yöntemi üzerinden bakır oksit nanoparçacıklar (CuO NPler) 
elde etmektir. CuO NPler, gerçekleştirilen deneylerde yeşil sentez yöntemi ile başarı ile 
sentezlenmiştir. Elde edilen CuO NPlerin morötesi-görünür (UV-Vis) spektrofotometri ile 
karakteristik özellikleri, ayrıca taramalı elektron mikroskopisi (SEM) ve X-ışını saçılması (XRD) 
yapılmıştır. Yeşil sentez için en uygun aktifleşme sıcaklığı 30 dakikada gözlenmiştir, pH 8’dir, 
sıcaklık 25 °C’dir ve 1 mM CuCl2 kullanılmıştır. Peroksidaz enzimlerinin yeşil sentezde 
kullanılması ve SEM ve XRD ölçümlerinin sonuçlarına göre CuO NPlerin boyutlarının 50-120 nm 
arasında olduğu bulunmuştur. Bunun dışında, bu nanoparçacıkların antioksidan ve antibakteriyel 
özellikleri ölçülmüş ve CuO NPlerinin antioksidan ve antimikrobiyal aktiviteye sahip olduğu 
bulunmuştur.  
 
Anahtar kelimeler: Bakır nanoparçacıklar; yeşil sentez; peroksidaz. 
 
Sunulma: 22 Temmuz 2016. Düzeltme: 24 Eylül 2016. Kabul: 20 Ekim 2016.  
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Abstract: In this study, low density polyethylene (LDPE) was melt-blended with starch using 
twin screw extruder to form biodegradable polymer blends. The LDPE/starch blend films used 
in food packing were obtained by hot pressing of the granules produced by extrusion process. 
The starch content was varied from 0 to 40 wt% of LDPE. To provide fine starch dispersion, 
glycerol and zinc stearate were used as plasticizer and compatibilizer, respectively. The effect 
of starch content on the properties of LDPE film was investigated. A good dispersion was 
achieved for low starch contents (10 and 20 wt%), but agglomeration of the starch particles 
occurred in the presence of high amounts of starch (>20 wt%). The addition of starch to LDPE 
reduced the tensile strength, elongation at break, crystallinity, and water resistance of LDPE. 
This decline in the LDPE properties was dramatic when the starch content was increased to 30 
wt% in the blend. In addition, silver nanoparticles as antibacterial agent were incorporated to 
the biodegradable LDPE blends where LDPE/starch weight ratio of 60/40. The effects of these 
nanoparticles on morphological, mechanical, thermal and water resistance properties of the 
LDPE/starch biodegradable blends were investigated. It was observed that the incorporation of 
nanoparticles to the LDPE/starch blend was completely changed the morphology of the film, 
and accordingly, the mechanical, thermal, and water resistance properties were varied 
depending on the silver nanoparticle content in LDPE/starch blend film. Moreover, antibacterial 
activities of the nanocomposite films against gram-negative bacteria (E. coli) and gram-
positive bacteria (S. aureus) were determined by measuring the inhibition zone around each 
film. However, the nanocomposite films did not show any antibacterial activities in the 
presence of silver nanoparticles as an antibacterial agent. 
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INTRODUCTION 

 

The use of plastics as a packaging material has continuously increased worldwide due to their 

excellent physicochemical, mechanical and barrier properties, ease of processing, lightweight 

nature, low cost, and versatility. More than 40% of the plastics are used for packaging and 

almost half of them are used for food packaging in the form of films, sheets, bottles, cups, 

tubs, and trays, etc. [1, 2]. However, these petroleum-based plastics are not biodegradable 

and totally recyclable, and cause serious environmental and economic problems related to the 

increasing volume of plastic waste and the consumption of non-renewable resources arising 

from plastic production [1-3]. For these reasons, there has been an increasing interest for 

making and use of environmentally friendly biodegradable food packing material instead of 

synthetic polymers [4, 5]. Although biopolymers obtained from renewable natural resources 

such as cellulose, starch, chitosan, and proteins are preferred for the preparation of 

biodegradable packaging materials [1, 4-7], their weak mechanical properties and poor barrier 

properties have strongly limited the use of these polymers for food packing applications [2, 8, 

9]. In addition, they are not convenient for industrial processes via extrusion, melt mixing or 

other thermal processes because of their difficult processes. They are not thermoplastic 

materials and can be degraded before melting [1, 8]. Therefore, manufacturing a product 

using 100% renewable resources seems impossible in the near future.  

 

To obtain biodegradable polymers with desired properties, one of the most useful routes is 

blending of natural biopolymers with synthetic commercial polymers. The obtained 

biodegradable polymer can be decomposable and/or compostable when there is a sufficient 

amount of biopolymer in the blend, and also the microorganisms in waste disposal 

environment consume the biopolymer [3, 10]. Here, the biopolymer is not only consumed but 

also the degradation rate of the synthetic polymer increases as a result of the enhancing of 

chain oxidation reactions [8]. Thus, the use of these biodegradable blends in daily life can 

reduce the volume of plastic waste and the use of petroleum-based plastic materials. 

 

Among the petroleum-based plastics, low density polyethylene (LDPE) is the most extensively 

used packing material. Because of its hydrophobicity, high molecular weight, and absence of 

functional groups susceptible to microorganisms, it is hard to degrade under normal 

composting conditions, and the ever-increasing waste of this plastic constitutes a major 

environmental risk [3, 11]. The melt blending of LDPE with a biopolymer such as starch makes 

it biodegradable [3, 12-15]. Starch is a biopolymer derived from renewable resources such as 

corn, wheat, rice, and potato, and has a renovated interest to form biodegradable plastics due 
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to its lower price, wider availability, higher purity, non-toxicity, and very favorable 

environmental profile. It is composed of two types of molecules, linear amylose and branched 

amylopectin, and also has hydrophilic character and strong intermolecular hydrogen bonding, 

which cause its thermal decomposition temperature is lower than the melting temperature [4, 

5]. Although, these properties make the starch unfavorable for use in the thermal processes of 

hydrophobic LDPE, it can possess thermoplastic character after some pretreatment involving 

gelatinization [15] and/or plasticization, which allow to disrupt the intermolecular hydrogen 

bonding and to progressively destroy the crystallinity [16, 17]. The materials used to plasticize 

the starch such as glycerol, sorbitol, urea, and water not only allow the thermal processing, 

but also improve the compatibility of starch with LDPE, enhance the mechanical properties of 

the starch based blend films and the biodegradability rate [17-21]. However, the addition of 

such plasticizers could not sufficient to completely eliminate the weaknesses in dispersion, 

gloss, transparency, and mechanical properties such as tensile strength and tear strength, and 

gas barrier properties [22, 23]. To overcome these problems caused by incompatibility in 

LDPE/starch blends, there have been various approaches including modification of starch such 

as stearic acid-grafted starch, adipate starch, acetylated starch and phthalate starch [24-26], 

the use of a compatibilizer, which have reactive groups such as maleic anhydride, maleate 

esters, glycidyl methacrylate and hydroxyl [8, 13, 22, 27] and the use of a crosslinking agent 

[18, 28].  

 

In addition to the improvement of compatibility, physical appearance, and mechanical and 

barrier properties of the biodegradable food packing films, the incorporation of other additives 

into the films to enhance functional properties such as being antibacterial and antioxidant and 

the color is also extremely important for the quality of packing films and/or packed food. The 

antibacterial agents can make a longer shelf life and increase the food safety by delaying or 

preventing the growth of microorganisms on the food packing film surface [7]. Among these 

agents, silver nanoparticles (AgNPs) have strong antibacterial activity and broad-spectrum 

toxicity to microorganism as well as the unique catalytic, optic, and electronic properties, and 

thermal stability [29-32]. They can be incorporated into a wide range of packing materials 

from petroleum-based plastics such as polyethylene, polypropylene, polystyrene and nylon to 

biodegradable polymers such as chitosan, starch, and other synthetic biopolymers [33-35].  

 

The object of this study was to produce the low density polyethylene (LDPE) based 

biodegradable films as food packing material. LDPE, used in blown film extrusion processes, 

was melt-blended with starch biopolymer. Glycerol and zinc stearate were used as plasticizer 

and compatibilizer, respectively to provide the fine dispersion of starch in LDPE matrix, and 
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also AgNPs were used as an antibacterial agent for gaining antibacterial properties to the 

LDPE/starch biodegradable blends. The structure of LDPE/starch blends was studied by FTIR. 

The effects of starch and AgNPs contents on the morphology, mechanical properties and 

crystallinity degree of the biodegradable films were investigated by SEM, mechanical test and 

DSC analyses. The water resistances of the films were analyzed by water absorption test and 

contact angle measurements. The antibacterial analyses of the AgNPs incorporated 

LDPE/starch blends were done by agar diffusion method. The antibacterial activities were 

evaluated whether the formation of clear zone around the samples as an indication of inhibition 

of the bacterial species. 

 

MATERIALS AND METHODS  

 

Chemicals 

Film-grade low density polyethylene pellets (LDPE; Petilen F2-12), with a density of 0.920 

g/cm3 and a melt flow index (MFI) of 2.0 g/10 min (190 oC/2.16 kg; ASTM D1238), was 

supplied by PETKIM Petrochemical Co., Turkey. The soluble potato starch and pure glycerol 

(87% purity) were purchased from Merck, Turkey. Zinc stearate used as compatibilizer was a 

product of Melos Co., Turkey. Silver nanoparticles (AgNPs) within nano-sized zeolite, which 

were produced by ion exchange route, (AgZ; NKZFT89654) were used as antibacterial agent 

and supplied by Yıldız Kolor, Turkey. The weight ratio of silver to zeolite, Ag/zeolite was 1/2 

and Ag average particle size was less than 20 nm. All ingredients were used without further 

purification. 

 

Preparation of LDPE/Starch Blend Films 

Starch was dried in an air-circulating oven at 100 °C for 2 h. Just prior to the extrusion 

process, starch and glycerol in a constant weight ratio of 70:30 were manually mixed. The 

mixture in polyethylene bag was left overnight under atmospheric conditions to allow the 

starch granules to swell. Then, the milled LDPE and zinc stearate were added to this bag and 

the whole was again mixed thoroughly. To prepare the LDPE/starch blends, the mixture was 

fed into a co-rotating twin screw extruder with a screw diameter of 22 mm and an L/D ratio of 

40 (Coperion Company, China). The barrel temperature profile along the extruder was in a 

range of 70-180 oC (from feed zone to die), and the screw speed was kept constant at 250 

rpm while the material feed rate was 18 rpm. The starch contents in the blends were varied 

from 0 to 40 wt% (relative to LDPE), and also zinc stearate was used at a constant amount of 

3 wt% based on the total polymer consisting of LDPE and starch for all samples. The chemical 
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structures of components used in the preparation of LDPE/starch blends were given in Scheme 

1. After the extrusion process, the films were formed from the LDPE/starch blend samples 

obtained as granules. Firstly, the neat LDPE granules and the blend samples were melted using 

two-roll mills (LabTech Engineering Co. Inc., Thailand) at 140 oC and 35 rpm rotate speed, and 

then 4 grams of melted samples were hot-pressed at 140 oC under 16 MPa for 15 s into plates 

using LabTech hydraulic laboratory press. The thickness of films was 250 μm.  

 

Scheme 1. Preparation of LDPE/starch blends. 

 

Preparation of LDPE/Starch-AgNPs Nanocomposite Films 

The starch was plasticized with glycerol in a constant weight ratio of 70:30. Then, the silver 

nanoparticles, AgNPs within nano-sized zeolite were melt-blended with the mixture consisting 

of pure milled LDPE, plasticized starch, and zinc stearate by using a co-rotating twin screw 

extruder. The concentrations of silver nanoparticles in total polymer matrix formed by LDPE 

and starch were ranged from 100 ppm to 300 ppm while the weight ratio of LDPE to starch, 

LDPE/starch was kept constant at 60/40 for all the nanocomposites. After the extrusion 

processes, the nanocomposite films with the thickness of 250 μm were formed from the 

obtained granules. To produce the nanocomposite films, the same process conditions were 

applied from beginning to end as those applied for LDPE/starch blend samples, as described in 

detail above. 

Characterization Methods 

FTIR analyses of the blends were carried out by using IR-Prestige 21 FTIR Spectrometer 

(Shimadzu, Japan) in ATR (Attenuated Total Reflection) mode. The wavenumber range, scan 

number for per sample and wave resolution were 4000–750 cm−1, 16 and 4 cm−1, respectively. 
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Scanning Electron Microscopy, SEM (Zeiss EVO® LS 10) was used to investigate the surface 

morphology of the film samples which were coated with thin carbon film before the analyses. 

Mechanical properties were analyzed using a Devotrans tensile testing machine (model GPG; 

No. 161072 CKS; Devotrans, Turkey) equipped with a 10 kN load cell. The test cross speed 

was 100 mm/min. The results were obtained from an average of three tests for each sample. 

Differential Scanning Calorimetry (DSC) analyses of the films were done using a Perkin Elmer 

Pyris 6 type DSC under N2 atmosphere. The samples weighted 5-7 mg were heated from 25 to 

200 °C at a heating rate of 10 °C/min and kept isothermally at 200 °C for 1 min. Then, they 

were cooled down to 25 °C and reheated to 200 °C at a rate of 10 °C/min. Melting and 

crystallization data of the samples were obtained from second heating and first cooling scans, 

respectively. The antibacterial activity of the silver nanoparticles incorporated LDPE/starch 

films was tested by agar diffusion method. Escherichia coli (Gram negative) and 

Staphylococcus aureus (Gram positive) were used as two common bacterial pathogens. They 

were grown in Petri dishes with agar as the culture medium, and then disc-shaped film 

samples were placed on the surface and incubated at for 24h at 37 oC. The antibacterial 

activity results were examined by the formation of clear zone around the samples as an 

indication of inhibition of the bacterial species. The surface wettability of the films was 

investigated by measuring the contact angle of water drop with 5 μL volume on the film 

surface using a KSV Instruments Cam 200 contact angle meter at room temperature. The final 

contact angle value for each sample was obtained from an average of five measurements. 

Water absorption test of the films were performed according to gravimetric methods. Before 

testing, the film samples were dried in an air circulating oven at 80 oC for 24 hours and then 

their initial weights (wi) were recorded. These dry samples were immersed in water and kept 

at ambient conditions until constant weight was reached. The final weights (wf) were recorded 

again, and the water absorption percentage of the samples (wab) was calculated from the 

following equation: 

��� =
�����

��
	 100%     (Eq. 1)  

 

RESULTS AND DISCUSSION  

 

LDPE/starch blends in different weight ratios (100/0, 90/10, 80/20, 70/30 and 60/40) were 

prepared by a continuous single-step extrusion process using a co-rotating twin screw 

extruder. Starch was pretreated with glycerol for the plasticization before the process. To 

provide a fine dispersion of starch in LDPE matrix, zinc stearate was used as compatibilizer in 

the extrusion processes. The biodegradable films with homogenous appearance were obtained. 

Following this step, AgNPs within zeolite were incorporated to the LDPE/starch blend with 

weight ratio of 60/40 by melt-blended method. The nanocomposite films with homogenous 
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appearance were also obtained in three different AgNPs concentrations including 100, 200 and 

300 ppm (relative to total polymer amount). Sample codes are given in Table 1.      

 

Table 1. Sample codes of the LDPE/starch blends and the LDPE/starch-AgNP nanocomposites. 

Sample Code LDPE/Starch 
(by weight) 

AgNPs* 

(ppm) 
LDPE 100/0 - 
90/10 90/10 - 
80/20 80/20 - 
70/30 70/30 - 
60/40 60/40 - 
100ppm 60/40 100  
200ppm 60/40 200 
300ppm 60/40 300 

* Based on total polymer amount consisting of LDPE and starch. 

 

FTIR Analysis 

Figure 1 shows FTIR spectra of the pure LDPE and starch, and the obtained LDPE/starch blends 

with different starch contents. For the pure LDPE, the characteristic strong peaks at 2914 cm-1 

and 2847 cm-1 correspond to asymmetric and symmetric C-H stretching vibrations, 

respectively. The sharp peak at 1462 cm-1 and the double peaks at 729-719 cm-1 also indicate 

the C-H bending and C-C rocking deformation vibrations, respectively [36]. On the other hand, 

two broad and strong peaks at region of 3600-3000 cm-1 and 1050-950 characterize the 

starch, and they are respectively attributed to O-H and C-O stretching vibrations, respectively. 

The weak broad band around 1640 cm-1 corresponds to O-H bending. In the FTIR spectra of 

LDPE/starch blends, all characteristic peaks belonging to both LDPE and starch were observed. 

The intensities of the characteristic starch peaks were increased by increasing starch content in 

the blend. For the blends, the values of starch peaks were slightly shifted to left and also their 

peak width were narrower, compared with starch. These changes in the starch peaks indicates 

that there were new physical interactions between starch molecules and other components 

such as glycerol and zinc stearate instead of the intermolecular interactions between starch 

molecules. Moreover, the new peak appeared around 1740 cm-1, which is attributed to C=O 

stretching vibration. This belongs to ester bond of the zinc stearate, showing the incorporation 

of zinc stearate to the blend structure.  
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Figure 1. FTIR spectra of LDPE, starch and LDPE/starch blends. 

 

SEM Analysis 

The dispersion of starch in LDPE matrix was examined by SEM analysis. SEM micrographs of 

the pure LDPE and LDPE/starch blends with different starch content are given in Figure 2 (a-e). 

LDPE film had a smooth surface and showed a uniform continuous matrix. By the addition of 

starch particles into the LDPE matrix, the different surface morphologies were observed 

depending on the amount of starch. As seen in Figure 2(b) and (c), the LDPE/starch blends 

containing 10 and 20 wt% starch exhibited a good dispersion of starch particles, any phase 

separation between LDPE and starch did not appear, and starch particles were embedded in 

the matrix. This indicated that the use of glycerol as a plasticizer and zinc stearate as a 

compatibilizer reduced the interfacial energy between the starch and LDPE phases and made 

them more compatible in these weight ratios [24]. 

 

However, the finer distribution of starch particles decreased with increasing starch content in 

the blends, and more a small amount of particle agglomeration was observed on the sample 

surface when the starch content was increased to 30 wt%, as seen in Figure 2(d). The 

micrograph for the sample containing 40 wt% starch, given in Figure 2(e) presented a rougher 

surface and separate larger agglomerated starch particles, and also few surface holes formed 

by removal of loosely embedded starch particles were detected, corresponding to 
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incompatibility of starch and LDPE. This incompatibility can occur as a result of the weakened 

interfacial adhesion between LDPE and starch with increased hydrophilic starch content in 

hydrophobic LDPE, and also the decreased compatibilizing effect of zinc stearate for these two 

separate phases [24, 26, 37].  

 

Figure 2. SEM micrographs of the pure LDPE (A), LDPE/starch blends; 90/10(B), 80/20(C), 
70/30 (D) and 60/40 (D), and LDPE/starch-AgNP nanocomposites; 100 ppm(F), 200 ppm(G) 

and 300 ppm(H), (magnification of 2000x). 
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In addition, AgNPs incorporating LDPE/starch nanocomposites showed a different surface 

morphology from the LDPE/starch blends, (Figure 2(f-h)). The nanocomposites were prepared 

by melt-mixing of silver nanoparticles within nano-sized zeolite and polymer matrix consisting 

of LDPE and starch in a constant weight ratio of 60/40. The amount of silver nanoparticles was 

varied from 100 ppm to 300 ppm (relative to the total polymer matrix). Although the 

agglomerated starch particles disappeared, the surface roughness, deep cracks and voids were 

observed, as seen Figure 2 (f-h). These images revealed that the AgNPs in zeolite prevented 

the agglomeration of starch particles in LDPE, compared to AgNPs-free LDPE/starch blend in 

Figure 2 (e). However, an extreme surface roughness, deep cracks and voids, which were 

appeared by the incorporation of AgNPs in zeolite as a third phase into the blend, indicate the 

formation of non-uniform and discontinuous structures, phase separations and inhomogeneous 

surfaces. Also, the surface voids and deep cracks were varied with increasing concentration of 

AgNPs in the nanocomposites. 

 

Mechanical Properties 

The tensile properties of pure LDPE, LDPE/starch blend and LDPE/starch-AgNP nanocomposite 

films are presented in Table 2. It was obviously seen that the tensile properties of LDPE were 

significantly affected by the presence of starch and its content, as expected. The results are 

agreement with other studies on LDPE/starch blends [37-40]. The tensile strength of LDPE was 

found to be 17.1 MPa and decreased to 7.3 MPa with the increase of starch content to 40 wt% 

in LDPE. The percentage elongation at break also decreased from 815% (LDPE) to 640, 360, 

36 and 24% when the weight ratio of starch in LDPE was increased to 10, 20, 30 and 40%, 

respectively, and there was even a dramatic decrease over 30 wt% of starch content, as seen 

in Table 2. These obtained results are consistent with the surface morphologies of the 

LDPE/starch blend films (Figure 2 (a-e)).  

 

The mechanical properties of starch-based polymer blends are influenced by the dispersion of 

starch in the main polymer, because the dispersion primarily determines the microstructure of 

the blend [41]. By the incorporation of starch into the LDPE, a polar discontinuous phase forms 

in a nonpolar continuous phase of the LDPE [38]. If there are no interfacial strong interactions 

such as hydrogen bonds between these two phases having different polarities, the interfacial 

tension between the phases does not decrease sufficiently, so a weak interfacial adhesion and 

incompatibility occur, which lead to a mechanical rupture at the blend interface. This results in 

a decrease of the tensile strength and elongation at break, and an increase of fragility [25, 28, 

37]. In addition, the significant drop in the elongation at break, which was observed for the 

samples with higher starch contents, could be due to the agglomeration of starch particles in 
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the blend. For the agglomerated large starch particles, particle-particle interactions are more 

dominant instead of particle-LDPE matrix interactions. This causes a greater phase separation, 

the poorer tensile properties, and especially the fractures at lower values of elongation [10, 

26, 37]. 

 

Table 2. The tensile properties of LDPE/starch blend and LDPE/starch-AgNP nanocomposite 
films. 

Sample 
Tensile Strength 

(mPa) 
Elongation at Break 

(%) 

LDPE 17.1 813 

90/10 12.8 640 

80/20 8.3 360 

70/30 7.5 36 

60/40 7.3 24 

100ppm 5.7 36 

200ppm 5.5 22 

300ppm 6.2 13 

 

On the other hand, the addition of AgNPs within zeolite to the LDPE/starch blend consisting of 

60/40 weight ratio showed variety in both mechanical properties depending on the 

nanoparticle concentration, as seen in Table 2. Although the agglomerated starch particles 

were not seen on SEM micrographs of the nanocomposite films, the obtained poor mechanical 

properties could be due to the intense roughness and presence of voids and cracks observed 

on the film surfaces, as seen in Figure 2 (f-h). The incorporation of silver nanoparticles within 

nano-sized zeolite as a rigid third phase into the polymer blend has created the new filler-filler 

and/or filler-matrix interactions between LDPE matrix, starch particles and silver-doped 

zeolites, which prevents the formation of homogeneous and fine dispersed phases. This can 

explain the weaker mechanical properties of the obtained nanocomposite structures compared 

to the pure LDPE and LDPE/starch blends [37, 38]. 

 

DSC Analysis 

Table 3 shows the DSC data including peak melting temperature (Tm), peak crystallization 

temperature (Tc), melting and crystallization enthalpies (ΔHm and ΔHc), and percent 

crystallinity (Xc) of all resulting samples. Melting and crystallization curves obtained from 

second heating and first cooling cycles of the LDPE/starch blends and LDPE/starch-AgNP 

nanocomposites are given in Figure 3(a-b) and Figure 4 (a-b), respectively. Xc of LDPE phase 

was calculated using the following equation: 
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�� = �∆�� − ∆��� ∆��
�⁄ 	 100     (Eq. 2) 

where ΔHo
m, the heat of melting for 100% crystalline PE was taken to be 293 J g-1 [42]. 

 

Table 3. DSC data of the pure LDPE, LDPE/starch blends and LDPE/starch-AgNP 
nanocomposites. 

Sample 
Tm 

(oC) 

Tc 

(oC) 
ΔHm 

(J/g) 

ΔHc 

(J/g) 

Xc 

(%) 

LDPE 111.13 96.72 83.072 -78.680 55.21 

90/10 111.45 98.83 80.728 -70.719 51.69 

80/20 111.14 99.05 79.759 -56.557 46.52 

70/30 111.21 99.08 67.181 -48.935 39.63 

60/40 111.37 99.08 65.404 -45.255 37.77 

100 ppm 110.37 97.90 58.803 -41.933 34.38 

200 ppm 111.04 98.10 59.713 -42.714 34.96 

300 ppm 110.35 98.11 57.302 -36.988 32.18 

 

Figure 3. Melting (a) and crystallization (b) curves of LDPE/starch blends. 
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Figure 4. Melting (a) and crystallization (b) curves of LDPE/starch-AgNP nanocomposites. 

 

The DSC curves of LDPE/starch blends and LDPE/starch-AgNP nanocomposites showed the 

same behavior with the pure LDPE. Any other endothermic peaks were not observed in the 

thermograms for these samples. These results indicate that there was no any degradation in 

the thermal properties of LDPE by the addition of starch and AgNPs, and the obtained films 

were compatible under these combinations [43]. There were also no significant differences 

between the Tm of the LDPE/starch blends; their values were very close to that of LDPE. 

However, Tc of the pure LDPE increased with the addition of starch, and this value was slightly 

shifted to higher values by increasing starch contents, as seen Figure 3 (b). The incorporation 

of AgNPs into the LDPE/starch blend with weight ratio of 60/40 caused a slight decrease in 

both temperatures, Figure 4 (a-b). In addition, the crystallinity degree decreased markedly 

with increasing content of starch in the blend, and also with the addition of AgNPs. This 

decrease was even in the blend appearing agglomeration. The % crystallinity reduced up to 

37.77% at 60/40, LDPE/starch composition, and continued to fall up to 32.12% by the 

increasing amount of AgNPs to 300 ppm in the LDPE/starch blend. This linear decrease with 

the increase in the amount of starch and AgNPs arises from the inhibition of close packing of 

the LDPE chains due to the incorporation of starch and AgNPs in the blends. Moreover, this 

result was attributed that glycerol and zinc stearate used as plasticizer and compatibilizer 

generated the interactions between starch and LDPE, and also between AgNPs within zeolite 

and these polymers during the extrusion process.  

 

Water Resistance Analyses 

Water resistances of the obtained films were investigated with two methods composed of 

contact angle and water absorption measurements. The measured water contact angle values 
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including the right and left sides of the drop and the average contact angle of the films as a 

function of starch and AgNPs contents are given in Table 4. The images of water drops on 

these films are also given in Figure 5. The contact angle measurements give information about 

the degree of hydrophobicity/hydrophilicity of film surfaces. If the contact angle value of the 

water drop on the surface of a film sample is higher, it means that the film surface has a more 

hydrophobic character and is more resistant against water. This value is significantly 

influenced by the chemical composition of the film surface [14, 44]. The average contact angle 

value was found to be 107.67o for the pure LDPE film. Then, this value started to decrease by 

the addition of starch to the LDPE and fell to 91.53o for the blend containing the highest 

amount of starch (as LDPE/starch=60/40). This phenomenon indicated that the addition of 

hydrophilic starch into the hydrophobic LDPE polymer matrix made significant changes in the 

physicochemical characteristics of film surfaces. As expected, hydrophilic character of the film 

surfaces increased with the increasing starch contents. On the other hand, a higher difference 

between the contact angle values of the right and left sides of the water drop was observed for 

the blends with high starch content. This difference is explained by the inhomogeneous 

surfaces formed due to the agglomeration of starch particles.  

 

Table 4. The water contact angles and water absorption values of the obtained films. 

Sample 
QL 

(o) 

QR 

(o) 
Qaverage 

(o) 
Wab 
(%) 

LDPE 107.72 107.62 107.67 0.00 

90/10 101.08 101.63 96.53 2.75 

80/20 94.58 94.27 94.43 7.11 

70/30 91.78 92.83 92.31 11.58 

60/40 90.43 92.62 91.53 12.89 

100ppm 95.93 97.97 96.95 12.71 

200ppm 99.43 100.16 99.80 12.51 

300ppm 101.20 104.14 102.67 12.08 

 

The incorporation of the AgNPs within zeolite to the LDPE/starch blend with weight ratio of 

60/40 completely changed the surface of the LDPE/starch film. The average contact angle 

values showed an increase with the presence of AgNPs in the polymer matrix. The value 

increased to 102.67o when the AgNPs content rose to 300 ppm. These results indicate the 

formation of more hydrophobic LDPE-rich surfaces as a result of phase separation and non-

uniform composite structure during extrusion. It was also detected big differences between the 

contact angle values of the right and left sides of the water drop, which was caused by the 
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excessive surface roughness of these films. The contact angle measurements were consistent 

with the SEM analysis results.  

 

The water absorption percentages of the films are given in Table 4. There was no water 

absorption for the pure LDPE, and then the absorption increased to 12.81 % by the increasing 

ratio of hydrophilic starch to 40 wt% in the hydrophobic LDPE polymer. The incorporation of 

the AgNPs into the LDPE/starch blend made no significant changes in the water absorption 

percentages of the nanocomposites. 

 

 

Figure 5. The images of water drops on the pure LDPE (A), LDPE/starch blend; 90/10(B), 
80/20(C), 70/30 (D) and 60/40 (D), and LDPE/starch-AgNP nanocomposites; 100 ppm(F), 200 

ppm(G) and 300 ppm(H) films. 

 

Antibacterial Activity 

The AgNPs within zeolite were incorporated to the LDPE/starch biodegradable polymer blends 

by extrusion method. The antibacterial activities of the obtained films with AgNPs were 

investigated by agar diffusion method. Figure 6 shows the AgNPs incorporated nanocomposite 
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films in the Petri dishes containing grown bacterial species, Escherichia coli (Gram negative) 

and Staphylococcus aureus (Gram positive). The formation of any clear zone around the 

samples, as an indication of inhibition of the bacterial species, was not osbserved. This zone 

forms when the diffusion of antibacterial agent in agar occurs. As seen in Figure 6, the creation 

of no clear zone in all samples consisting of AgNPs as antibacterial agent indicated that any 

diffusion of AgNPS from the sample to the agar medium with bacterial species did not occur. 

This may have arisen as a result of the chemical composition of the polymer mixture and/or 

the applying methods for the production of nanocomposites and their films.  

 

Figure 6. Appearance of AgNPs incorporated LDPE/starch nanocomposite films against E. coli 
(a) and S. aureus (b). 

 

CONCLUSION 

 

The biodegradable polymer blends were produced by melt blending of synthetic LDPE and the 

starch biopolymer for the food packing applications. The effects of starch content on the film 

properties were investigated in detail. The compatible films were obtained for low starch 

concentrations while the agglomerations of the starch particles in the blend occurred for higher 

concentrations of starch. The tensile properties and crystallinity degree of the LDPE decreased 

with the increasing content of starch in the blend. The water resistance of the hydrophobic 

LDPE was dropped by the addition of starch to this polymer. The incorporation of AgNPs within 

zeolite used as antibacterial agent caused the phase separation in the nanocomposite and the 

obtaining an inhomogeneous and discontinuous composite structure. The tensile properties and 

crystallinity decreased by this incorporation. In addition, it was not observed any antibacterial 

activities in these nanocomposite films where AgNPs were used as an antibacterial agent.  
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Türkçe Öz ve Anahtar Kelimeler 
 

Gıda Ambalaj Uygulamaları İçin LDPE/Nişasta Biyo-Polimer 
Karışımlarının Isıl, Mekanik ve Su Direnç Özellikleri 

 
Öz: Bu çalışmada, biyo-bozunur polimer karışımları oluşturmak için; düşük yoğunluklu 
polietilen (LDPE) nişasta ile çift vidalı ekstruder kullanarak eriyik halinde harmanlandı. Gıda 
ambalajlamada kullanılan LDPE/nişasta karışım filmleri, ekstrüzyon sürecinde üretilen 
granüllerin sıcak preslenmesiyle elde edildi. Karışımlardaki nişasta içeriği, LDPE’nin ağırlıkça 
%0-40’ı olacak şekilde değiştitirildi. Karışım içerisinde  iyi bir nişasta dağılımı sağlamak için; 
gliserol ve çinko stearat sırası ile plastikleştirici ve uyumlaştırıcı olarak kullanıldı. LDPE filminin 
özellikleri üzerine nişasta içeriğinin etkisi incelendi. Düşük nişasta içeriklerinde (ağırlıkça %10 
ve 20) iyi bir dağılım elde edildi, ancak daha yüksek içeriklerde (%20’den büyük) nişasta 
taneciklerinin topaklanması meydana geldi. Nişastanın LDPE’ye ilave edilmesi; LDPE’nin 
gerilme mukavemetini, kopmadaki uzamasını, kristallilik derecesini ve suya karşı direncini 
düşürdü. LDPE’nin özelliklerindeki bu düşme, nişasta içeriği %30’a artırıldığında ise dramatik 
bir şekilde gözlendi. Buna ek olarak, antibakteriyel katkı maddesi olarak gümüş nanotanecikleri 
LDPE/nişasta ağırlıkça oranının 60/40 olarak sabit tutulduğu biyo-bozunur LDPE karışımlarına 
ilave edildi. Bu nanotaneciklerin LDPE/nişasta biyo-bozunur karışımlarının morfolojik, mekanik, 
ısıl ve su direnci özellikleri üzerine etkisi incelendi. LDPE/nişasta karışımlarına nanotaneciklerin 
ilavesinin LDPE/nişasta filminin morfolojisini tamamen değiştirdiği gözlendi ve LDPE/nişasta 
karışım filminin mekanik, ısıl ve su direnci özellikleri, içindeki gümüş nanotaneciklerinin 
miktarına bağlı olarak değişti. Ayrıca, nanokompozit filmlerin gram negatif (E. coli) ve gram 
pozitif (S. aureus) bakterilerine karşı antibakteriyel aktiviteleri her film etrafındaki inhibisyon 
bölgesinin ölçülmesiyle belirlendi. Ancak, nanokompozit filmler antibakteriyel katkı maddesi 
olarak gümüş nanotanecikleri içermesine rağmen hiç bir antibakteriyel aktivite göstermedi. 
 
Anahtar kelimeler: Biyo-bozunur malzemeler; düşük yoğunluklu polietilen; nişasta; gıda 
ambalajı. 
 
Gönderme: 04 Temmuz 2016. Düzeltme: 09 Ekim 2016. Kabul: 31 Ekim 2016.  
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Abstract: The B3LYP/6-311++G(2df,2p) density functional theory (DFT) method was used to 
investigate the molecular geometry and thermodynamic properties of RDX and RDX derivatives 
containing Al and B metals. The detonation velocity (D) and detonation pressure (P), estimated 
by using Kamlet–Jacobs and literature equations, respectively. Total energies (Et), frontier 
orbital energy (EHOMO, ELUMO), energy gap (ΔELUMO–HOMO) and theoretical molecular density (ρ) 
were calculated with Spartan 14 software package program. It was shown that the presence of 
aluminum and boron atoms affects the good thermal stabilities. The results suggest that the 
composite RDX-Al, RDX-B derivatives have further detonation performance and higher density 
than RDX. RDX-Al derivatives appeared to be superior to RDX-B mixtures in terms of these 
parameters. These results provide information on the molecular design of new energetic 
materials. 
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INTRODUCTION 

 

The studies on high-energy density compounds have been increasing recently due to their 

superior explosive performances [1–4]. Organic chemists and material scientists have been 

continuing research efforts to meet industrial and military requirements in order to develop 

new energetic materials with good thermal stability, higher performance, insensitivity, and 

economically and environmentally friendliness [5–8]. Detonation performance, good thermal 

stability, low impact, high pressure and density are all known to be important major 

parameters in explosives. Therefore, the objective of this study is to find the molecules with 

better detonation performance and thermal stability. 

 

(RDX) (C3N6O6H6) is a significant energetic material which is used as propellants and 

explosives. In the literature, there are numerous studies on RDX explosives focusing on their 

detonation performance and thermal stability [9–12]. Since there are limited studies on the 

explosives with composite RDX-Al and RDX-B derivatives including their thermodynamic 

properties, this study is expected to contribute to fill this gap in the literature. Figure 1 

presents the calculated substances and their chemical structures. 

 

The metal additives used in explosives for civil and military purposes since the beginning of the 

21st century, have been employed to strengthen the detonation characteristic of high 

explosives [13-14]. It has been discovered that compositions of high explosives with 

aluminum, boron or beryllium cause enrichment explosion heat and strength in demolition 

effect [15]. 
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Figure 1. Chemical structures of calculated RDX derivatives. 

 

The aluminized explosives are an energetic material widely used in the defense industry since 

the 20th century in various formulations (e.g. Ammonal, Tritonal, aluminized plastic bonded 

explosives, etc). There is presently an increased interest to discover more detonation 

characteristics of aluminized explosives [16]. Reaction temperature and reaction time increase 

when Al is added into the explosives [17]. When the metal participates in the reaction zone, 

aluminized explosives exhibit eigenvalue detonation behavior since the aluminum unreacted or 

partially reacted at the initial point in the reaction zone [18-19]. The properties of explosives 

containing boron have not been widely investigated though these materials have significant 

impact [20-21]. Boron flames at 2067 ºC, and its boiling temperature is 3865 ºC. It appears 

that it is stronger than steel, harder than corundum, and lighter than aluminum. Unlike 

aluminum, boron’s oxidizing products are gases, not solids. In addition, the boron powders of 

sub-micrometer size particle are easily available, and the boron particles are not coated by the 

oxide film. A positive effect of boron on the explosion heat exceeds even that of aluminum 

[22].  

 

To the best of our knowledge, there have been no precedents on a theoretical study about 

thermodynamic features and detonation velocities of additive metals (Al and B) RDX type 

plastic explosive mixtures so far. In this study, novel additive metals including RDX derivatives 

were examined comparatively. 
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MATERIALS AND METHODS 

 

Computational methods 

 

In the present study, quantum chemical calculations were carried out by using Spartan 14 

software program at 298.15 K and under vacuum [23]. The B3LYP/6-311++G(2df,2p) (DFT) 

method was employed for detonation performance and thermodynamic properties. AM1 

geometry was used in the calculations for the initial state and the geometry optimization was 

carried out 5x105 cycles. 

 

Detonation performance 

Density: The density of RDX compounds needs the data of the molecular volume. The 

molecular volume was defined as inside a contour of 0.001 electrons/bohr3 density that was 

evaluated by Monte-Carlo integration. In this study, all compounds’ density (A, B, C, D, E) 

were calculated by using molecular weight, molecular volume and molecular interactive length 

in SPARTAN 14 software package program and the results were shown in Table 2. Calculated 

data in the Table 2 supplies some ideas about the characteristics features of the compounds. 

RDX derivative compounds with different additive metal groups have different density values. 

Incorporation of metal groups in explosives increase and affect detonation performance of 

compounds. 

 

It seems that the density of explosive increases when Al and B metals are composited with 

RDX. It appears that there is more increase in density when Al is added rather than B. Table 2 

shows the density comparison as follows; ρA<ρB<ρC and ρA<ρD<ρE. In the literature, the 

explosive performances are better with the increasing density [24]. 

 
Detonation velocity: The detonation properties (i.e. detonation energy, velocity, pressure, 

and density) before synthesis, needs to be taken into consideration as it  decreases the cost 

for synthesis and characterization of the energetic compounds. Detonation performance 

includes two important parameters; detonation pressure (P, GPa), and detonation velocity (D, 

km.s-1) to calculate performance of explosive compounds. In this study, Kamlet–Jacobs 

empirical equations (1,2) were used to determine CaHbOcNd (RDX)(A) compounds [25-26].  

 
P = 1.558 N.M1/2 .Q1/2 . ρ2     (Eq. 1) 

 
D = 1.01(N.M1/2 .Q1/2)1/2 .(1 + 1.30 ρ)    (Eq. 2) 
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As for the CaHbOcNd type explosives, the parameters N, M, and Q were computed and each was 

shown in Table 1.  

 

Table 1. Calculations of the N, M and Q are determined with the following 
formula [27]. 

 

Stoichiometric Relations 
 Parameter 

c ≥ 2a + b/2 2a + b/2 > c ≥ b/2  b/2 > c  
 N (b + 2c + 2d)/4Mi (b + 2c + 2d)/4Mi (b + d)/2Mi 
 

Mave 4Mi/(b + 2c + 2d) 

(56d + 88c – 8b)/  (2b + 28d + 32c)/  
 (b + 2c + 2d) (b + d) 
 

Qx10-3 

(28.9b + 94.05a + 
 

[28.9b + 94.05(c/2 – b/4)+  
    (57.8c + 
0.239ΔHof)/Mi 

0.239ΔHof)/Mi 0.239ΔHof]/Mi  

Mi molecular weight of the compound (g/mol) 

  

Detonation velocity of RDX molecule was calculated with Kamlet-Jacobs equations, and 

Equation 3 was used in the calculation for the detonation velocity (D, km.s-1) of B, C, D, and E 

compounds [28]. These results point out that the following simple equation can provide the 

suitable pathway for predicting D [28]: 

 

� ���. ��	
 = �	 + ��� + ��� + ��� + ��� + ∑ �����İ���    (Eq. 3) 
 

Velocity values obtained for RDX were placed into Equation 3 because of existing special and 

structural variants (SSPi). Due to the fact that the co-efficients a, b, c, d have a linear relation 

with detonation velocity, the equation becomes linear, too. Based on these results for different 

a, b, c, d obtained by Spartan 14 software package program, yi coefficients were found out by 

regression method by means of Mathematica 8 [29]. After that, addition of an inorganic 

element into the explosive molecule was performed by using y6 coefficient. It is e=1 for one Al 

or one B, and it is e=2 for two Al or two B. After yi and e parameters were found, theoretical 

explosive velocities were calculated for B, C, D, E compounds. Table 2 presents calculated 

theoretical ρ(g.cm-3), D(km.sn-1), and P (GPa) of the RDX derivations. As can be seen in Table 

2, all RDX derivatives have good detonation properties (Q=1369.74-1473.91 J.g-1, D=8.76-

8.98 km.s-1, P=34.32-40.28 GPa). Meanwhile, as the number of metallized groups increase, ρ, 

D, and P of the corresponding compounds increase. Molecule C was calculated as having the 

highest D, ρ and P values among RDX derivative compounds. 

 



Şen & Yüksel, JOTCSA. 2016; 3(3): 657-668.  RESEARCH ARTICLE 

662 
 

Table 2. Predicted densities and detonation properties of RDX, RDX derivatives containing Al 
and B metals. 

 
 

Molecule Formula φ N M Q ρ[e] D[f] P[g] 

A C3H6N6O6 6.65 0.034 27.2 1426.6 1.82 8.768 343.3 

B C3H5AlN6O6 5.91 0.029 284 1438.5 2.03 8.943 379.3 

C C3H4Al2N6O6 5.15 0.026 29.7 1369.7 2.24 8.986 402.8 

D C3H5BN6O6 6.36 0.031 28.4 1456.4 1.90 8.839 357.7 

E C3H4B2N6O6 6.06 0.029 29.7 1473.9 1.98 8.888 370.2 

 [e] g/cm3, [f] km/s, [g]kbar 

 
When Figure 2 and 3 are examined, it can be seen that D (km.s-1) and ρ (g.cm-3) linearly 

increase with the addition of explosive metallized groups. However, compounds having Al 

increase the D and ρ relatively much more than compounds having B. Aluminized explosives, 

in particular, had been thoroughly investigated as they were extensively employed. Hence, the 

results are consistent with the literature [30].  

 

 

Figure 2. Prediction of detonation velocity (km.s-1) of RDX derivatives. 

 

 

Figure 3. Prediction of detonation pressure (kbar) of RDX derivatives. 
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Thermal stability: Studying HOMO and LUMO demonstrates whether or not the reaction is 

feasible and the relative thermal stability of an individual molecule in the gas phase [1]. The 

higher value of energy gap (ΔE) resulting from higher energy of LUMO and lower energy of 

HOMO indicates that neither losing nor capturing an electron would happen on the title 

compound easily, so it is more stable. 

 
Table 3 shows the zero-point energy (ZPE), HOMO and LUMO energies, energy gap ΔELUMO–

HOMO, total energies geometry of the optimized compounds which were calculated at the 

theoretical level of B3LYP/6-311++G(2df,2p). When Table 3 is considered, it is obvious that 

the ZPE and total energies of compounds get lower from A to E. It is known that as the 

molecular weight of compounds get higher, the total electronic energy values get lower. The 

average values of frontier orbital energy gap ΔELUMO–HOMO of A, B, C, D and E at B3LYP/6-

311++G(2df,2p) levels are 5.75, 3.84, 2.15, 4.02 and 3.43 a.u., respectively. As can be seen 

in Figure 4, it is notable that compound C has the smallest energy gap, which indicates that 

this compound is the least stable among the five compounds studied, while compound A has 

the largest energy gap and is, therefore, the most stable of them. Thermal stability order of 

them are as follows: 

 

(least stable) C<E<B<D<A (most stable) 
 

Table 3. ZPE, EHOMO, ELUMO and energy gaps (ΔELUMO–HOMO) for RDX derivatives. 

              

Molecules Weight[a] Total Energy[b] HOMO[b] LUMO[b] 
Energy          
Gap[b] ZPE[c] 

A 222.117 24426.79 -8.06 -2.31 5.75 359.54 

B 248.091 31007.16 -6.59 -2.75 3.84 332.30 

C 274.065 37586.68 -5.87 -3.72 2.15 302,91 

D 231.92 25083.65 -7.41 -3.39 4.02 336.62 

E 241.723 25739.75 -7.36 -3.93 3,43 308.62 

 [a] amu. [b] eV. [c] kJ/mole. 
 The total electronic energies were corrected for zero point energies (ZPE) taking into 
consideration Total energies listed in the table were included ZPE. 

 

Inspection of Figure 5 and Table 3 reveals that the presence of Al and B metals appreciably 

raises the HOMO level and decreases the LUMO level compared to RDX. 
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Figure 4. Calculated energy gap of all compounds. 
 

 

 

 
Figure 5. Molecular orbital energy spectra of the species [B3LYP/6-311++G(2df,2p), energies 

in eV]. 
 

RESULTS AND DISCUSSION 

 

In this study, we have studied the detonation performance and thermal stability of RDX and 

RDX derivatives containing Al and B metals by the DFT- B3LYP method. As a result of our 

theoretical study, the following conclusions are drawn: 

(1) The calculated detonation performance (D, P, ρ) are very helpful for enhancing 

detonation performance. Considering the detonation performance and thermal stability, 

additive metal groups (Al, B) can be regarded as potential candidates in high energetic 

materials. These results supply theoretical calculation for basic information about the 

molecular design of new high energetic materials and experimental synthesis. 
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(2) As for the RDX compounds contain metals, as number of metals increases, D, P and ρ 

linearly increase, however energy gap and ZPE linearly decrease.  

 
(3) Calculated results showed that aluminum and boron metals groups can be added to 

explosives, as an enhancement to their performances. In addition, results indicate that 

aluminum is more effective than boron. 
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Türkçe Öz ve Anahtar Kelimeler 

 

Alüminyum ve Bor Metalleri içeren Siklotrimetilen Trinitramin (RDX) 
Bileşiklerinin Termodinamik ve Patlama Özellikleri Üzerine Teorik 

Çalışmalar 
 

Nilgün ŞEN, Bayram YÜKSEL 

 

Öz: B3LYP/6-311++G(2df,2p) yoğunluk fonksiyonel teorisi (DFT) yöntemi kullanılarak RDX ile 
Al ve B metali içeren RDX türevlerinin moleküler geometrisi ve termodinamik özellikleri 

incelendi. Patlama hızı (D) ve patlama basıncı (P) Kamlet-Jacobs ve literatürdeki eşitliklere 
göre hesaplandı. Toplam enerjiler (Et), sınır orbital enerjisi (EHOMO, ELUMO), enerji aralığı (ΔELUMO–

HOMO) ve teorik moleküler yoğunluk (ρ) Spartan 14 program paketi ile hesaplandı. Alüminyum 
ve bor atomlarının varlığında iyi ısıl kararlılık elde edildiği gösterildi. Sonuçlara göre RDX-Al, 

RDX-B türevlerinin daha ileri patlama performansına sahip olduğu ve yoğunluklarının RDX’e 
göre daha yüksek olduğu bulundu. RDX-Al türevlerinin bu parametreler ışığında RDX-B 

türevlerine göre daha üstün olduğu gözlendi. Bu sonuçlar yeni enerjetik malzemelerin 
moleküler tasarımında bilgi verecektir. 

  

Anahtar kelimeler: DFT hesaplamaları; patlama performansı; alüminyum ve bor; RDX. 
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Preparation and Characterization of Montmorillonite/Polycaprolactone 
Composite Scaffold Containing Strontium for Bone Tissue Engineering 

Studies 
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Biomaterials and Nanobiotechnology Laboratory, 06100, Ankara, Turkey. 

 

Abstract: In this study, composite scaffolds containing strontium-modified MMT and 
polycaprolactone (SrMMT-PCL) were prepared by using particulate leaching technique. The 
macrostructure and morphology of composite scaffolds were characterized by X-ray diffraction 
(XRD), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). The 
released amount of Sr2+ from scaffolds into cell culture medium was examined by inductive 
coupled plasma optical emission spectrometer (ICP-OES). The pore size distribution of scaffolds 
was determined by mercury intrusion porosimetry. The mechanical properties of the scaffolds 
were also evaluated. The results of XRD confirmed intercalation of PCL into MMT layers. TGA 
studies concluded that the MMT in PCL promoted the thermal degradation of the matrix. ICP 
results showed that Sr2+ was released from composite scaffolds. The majority of pore volume 
seems to be occupied by pores around 250-350 µm. SEM observations demonstrated the 
macroporous structure of the composite scaffolds obtained by using the particulate leaching 
method. As a result, the gained data suggest that obtained tissue-engineered scaffold has the 
potential to serve as a suitable template for bone tissue engineering applications. 
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INTRODUCTION 

 

Every year, thousands of patients around the world suffer from bone fractures and degenerative 

disease. Although various treatment options are available for repairing bone defects resulting 

from trauma, tumors, biochemical disorders, and developmental abnormalities, using 

methodology have some drawbacks including donor site scarcity, inflammation, and the risk of 

immune rejection. Hence, researchers have begun to focus on bone tissue engineering (BTE) 

perspectives to find alternative solutions to address common clinical challenges.  

 

The development of suitable three dimensional composite materials play a significant role in 

tissue engineering studies. An engineered scaffold in bone tissue engineering serves as a 

temporary artificial extracellular template to support and stimulate bone tissue regeneration via 

mimicking the native extracellular matrix of the native tissue (1). The scaffold should be 3D and 

highly porous with an interconnected pore network for cell growth and enable diffusion of 

nutrients and possess certain mechanical stability, have suitable surface chemistry to allow cell 

attachment, proliferation and differentiation (2, 3). Natural and synthetic materials, cells and 

growth factors are three important factors to construct the artificial tissue. Among several 

choices of synthetic polymers, polycaprolactone (PCL) has been widely used as implantable 

material in the preparation of scaffolds because of its favorable properties. It is a semicrystalline, 

biodegradable, hydrophobic polymer belonging to the aliphatic polyester family (4). However, 

its limited bioactivity and mechanical features do not suit the specific needs of BTE applications. 

In the recent years, clays receive special interest as reinforcement materials to create a template 

with improved properties. Among clay minerals, montmorillonite (MMT) offers a wide variety of 

advantages. MMT is a three-layered smectite group of minerals. Its structure is composed of two 

silica tetrahedral layers (T) sandwiched a central octahedral sheet of aluminium hydroxide (O). 

Undergoing to the isomorphic substitution of Al3+ with Si4+ in the tetrahedral layer and Al3+ with 

Mg2+in the octahedral layer will generate negative charges (5). Excess negative charge in the 

layers of TOT can be balanced with exchangeable alkaline or earth alkaline cations as K+, Na+, 

Ca2+ naturally occurring between the layers and also with other positively charged ions like Sr2+, 

Zn2+. It has wide specific surface area, good cation-exchange capacity, high adsorption capacity 

and drug carrying capability for polymers (6). Furthermore, it can also serve as a reservoir for 

different molecules and ions (7).  

 

It is well known that metallic ions such as strontium, calcium, magnesium, and zinc are 

necessary for bone growth and development. These elements are involved in the process of bone 

development by ensuring the activation of bone cells (osteoblasts), while inhibition of bone 

resorption cells (osteoclasts) via a variety of mechanisms (8). From this point, the release of 

these ions from materials is very important to support bone regeneration. Due to the increasing 

evidence for the significant role of strontium in bone formation, the incorporation of strontium 
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with biomaterials to improve their osteoinductive properties has become a focus of interest (9, 

10). 

 

Keeping all of these interesting facts about PCL, MMT, and Sr2+ in mind, we aimed to develop 

Sr2+-containing composite scaffolds by particulate leaching method and investigate the physical 

properties of Sr-modified MMT-PCL scaffold to determine its feasibility for bone tissue 

engineering studies. 

 

MATERIALS AND METHODS 

 

Materials 

Polycaprolactone was purchased from Aldrich company (Mn: 70,000-90,000). Montmorillonite 

(MMT) used in this study with a cation exchange capacity (CEC) of 102 meq/100 g was obtained 

from Ünye Bentonite Company. Other chemicals used were purchased from Sigma. 

Preparation of Sr-modified MMT 

Sr2+ montmorillonites were prepared by a cation exchange method. Briefly, MMT was dispersed 

in distilled water and mechanically stirred at room temperature for 24 h. Then, strontium chloride 

solution with various concentrations ranging from 1 to 4 CEC was added dropwise to MMT 

solution. The mixture was stirred for overnight to allow the ion exchange reactions. The resulting 

Sr-modified MMT was collected by centrifugation and the pellet was rinsed in distilled water 

several times until a negative AgNO3 test was observed. The product was dried at 100oC for 2 

days, grinded, and characterized by XRD and XRF to compare the structures obtained by adding 

Sr2+. 

 

Preparation and characterization of MMT-PCL composite scaffolds 

Taking in consideration the XRD and XRF results, Sr-modified MMT was prepared as described 

above using twice the ratio of Sr2+ concentration, for the following experiments. Composite 

scaffolds were fabricated by particulate leaching method. Briefly, a 10 % PCL in methylene 

chloride freshly prepared and mixed with the required amount of modified and non-modified 

MMT. The mixture was homogenized first by mechanical stirring and then by ultrasonic agitation 

to obtain a homogeneous suspension. The obtained mixture was casted into Teflon molds packed 

with NaCl crystalline particles (sieved to 200–350 µm). The solvent was evaporated and the 

resulting MMT-PCL/salt composite was immersed in distilled lukewarm water to dissolve the 

porogen. 

 

X-ray powder diffractometer (XRD) was employed to analyze the crystalline phases of PCL, MMT, 

MMT-PCL, and SrMMT-PCL composite structure using a monochromatic Cu-Kα radiation (D8 

Advance; Bruker, Germany). 
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Thermal gravimetric analysis (TGA) was performed on the obtained composite material using a 

thermal analysis system (Shimadzu DTG-60H) under nitrogen atmosphere in the temperature 

range of 20-800°C. 

 

A mercury intrusion porosimeter (Quantachrome Corporation, Poremaster 60) was used to 

quantify pore size distribution of the scaffolds. The pressures were applied in the low pressure 

setting. A contact angle of 140° and a surface tension of mercury of 480 mN/m were determined 

for the samples. 

 

SEM was employed to confirm the surface/cross-sectional pore morphology of composite 

scaffolds by using a Gemini 1525 FEGSEM model scanning electron microscope. 

 

The mechanical properties of PCL, MMT-PCL, and SrMMT-PCL were evaluated through 

compression testing on an Shimadzu AGS-X machine at a constant strain rate (2 mm/min) with 

a 0.7 N loading cell. 

 

Inductive coupled plasma optical emission spectrometer (ICP-OES) (Perkin Elmer Optima 

4300D) was conducted to examine the concentration of the Sr2+ ions released from the 

composite scaffolds into media. Briefly, scaffolds were weighted and soaked in cell culture media 

(1 mg / 1 mL) in 24-well plates, then samples were transferred into incubator to mimic cell 

culture condition for up to 7 days. The medium was collected at days 1, 3 and 7. The collected 

medium was diluted ultrapure distilled water and filtered through a 0.2 µm filter to remove 

suspended particles before measurement of ions in the supernatant. 

 

RESULTS AND DISCUSSION 

 

Characterization of Sr-modified MMT 

The XRD patterns of MMT and its modified structures with different Sr2+ concentration were 

illustrated in Figure 1. The basal spacing of the MMTs was calculated by using Bragg’s equation 

(n.λ= 2d.sinθ). The obtained results showed the basal distance between the layers was not 

changed with the introduction of the cations, but the intensity of the peaks were increased 

compared to non-modified MMT (Table 1). XRF was used to estimate the optimum amount of 

Sr2+ incorporated into the MMT. The amount of Sr2+ inserted MMT structure was found 0.0139%, 

2.709%, 3.6320% and 3.531%, the non-modified MMT (Sr(0x)-MMT), Sr(1x)-MMT, Sr(2x)-MMT 

and Sr(4x)-MMT, respectively. The Sr content of MMT increased with increasing Sr concentration 

as expected, but there was no detectable difference between Sr(2x) and Sr(4x). Thus, taking 

the results of XRD and XRF, twice the ratio of Sr2+ was chosen for the modification of MMT. 
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Table 1. The values of 2θ and the basal spacing of nonmodified and modified MMTs. 

 2θ1 2θ2 d1 d2 

Sr(0x)-MMT 7.06 22.65 14.5 4.56 

Sr(1x)-MMT 7.35 23.65 13.96 4.36 

Sr(2x)-MMT 7.53 23.63 13.96 4.37 

Sr(4x)-MMT 7.43 23.12 14.43 4.46 

 

 

Figure 1. XRD pattern of the non-modified MMT (a), Sr(1x)-MMT (b), Sr(2x)-MMT (c), Sr(4x)-

MMT (d). 

 

Characterization of MMT-PCL composite scaffolds 

The XRD patterns of PCL, MMT, and the composite scaffold were shown in Figure 2. The basal 

spacing of the samples was calculated by using Bragg’s equation (n.λ= 2d.sinθ). The XRD pattern 

of the PCL shows a reflection peak at about 2θ = 25.51o and 37.53o. The interlayer distance 
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estimated from Bragg’s law was 4.05 and 2.78 nm, respectively. MMT shows two main diffraction 

peaks around 2θ =7.53º and 23.63º. After the incorporation, the peaks of PCL and MMT moves 

to a lower angle. The increase of interlayer spacing for the composites was indicated the 

intercalation of PCL into MMT interlayers. 

 

 

Figure 2. XRD pattern of PCL (a), SrMMT (b) and SrMMT-PCL scaffold (c). 

 

The thermal behavior of MMT, PCL and MMT-PCL were assessed by means of thermogravimetry. 

The TGA curves of MMT, PCL and MMT-PCL composite scaffold were shown in Figure 3. MMT did 

not exhibit any significant weight loss in the range of temperature, while PCL exhibited significant 

weight loss after 600 oC. The degradation of PCL in PCL-MMT composite structure was observed 

over a range of 500-650 oC and the amount of remaining residue was 70 %, implying that MMT 

promoted the thermal stability of the polymeric matrix. 
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Figure 3. Thermogravimetric curves of MMT, PCL and SrMMT-PCL scaffold. 

 

The pore size and interconnectivity of the engineered biomaterials are really vital factors for 

creating a suitable scaffold, because these parameters have a strong effect on cellular response 

such as cell attachment, proliferation, and differentiation (11). The scaffold should be highly 

porous with an interconnected pore structure for transportation of necessary nutrition factors 

and oxygen for seeded cell and maintain its mechanical stability between the scaffolds and 

surrounding tissue (2, 3). The pore size distribution of composite scaffolds was investigated with 

a mercury intrusion porosimeter. The curves of pore size distribution of PCL and MMT-PCL 

scaffolds were presented in Figure 4. As shown in the figure, the pore size of composite scaffold 

was found to vary between 50 and 250 µm. Based on previous study, scaffolds with 

interconnected pores and pore sizes ranges from 200 μm up to 350 μm have been generally 

used to support osteoblastic response of mesenchymal stem cells and this range is the 

convenient range for good interconnection and exchange of nutrients and waste (12).  
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Figure 4. The size distribution of the pores of PCL and SrMMT-PCL scaffold. 
 

The macroporous structure of the MMT-PCL scaffold obtained by using the particulate leaching 

method was given in Figure 5. Morphological observation by SEM indicated that the composite 

scaffold had a highly porous morphology with interconnected structure and MMT particles were 

dispersed homogeneously throughout PCL matrix. MMT particles in PCL matrix will improve cell 

attachment properties of scaffold via enhancing the surface area. The well-dispersed MMT also 

helps to improvement of mechanical and thermal properties of the composite (13-15). There 

was no observable difference in the structures of the non-modified and Sr-modified MMT-PCL 

composite scaffolds. Associated with pore size distribution data, it is possible to say that, the 

pore size of scaffold is adequate for viability and function of cells. 

 

 

Figure 5. Representative SEM micrograph of MMT-PCL composite scaffold. 
 

Figure 6 presents the stress-strain curves of PCL and SrMMT-PCL scaffolds. Comparison of PCL 

with SrMMT-PCL shows that the addition of MMT into PCL matrix appeared to lead to significant 

increase in the mechanical properties of PCL, suggesting that MMT has a positive effect on 
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improving mechanical properties of polymers due to its small particle size and its intercalation 

properties. 

 

 

Figure 6. The stress–strain curves of PCL and SrMMT-PCL scaffolds. 

 

Many trace metallic ions present in human body such as strontium, calcium, zinc, magnesium, 

and boron are known for their effects in bone metabolism (8). Increasing evidence in the 

literature indicates that the secretion of these therapeutic ions from engineered biomaterials 

facilitate bone healing process by supplying more appropriate environment to cell proliferation, 

differentiation and gene expression (16-17). Sr has an opposite effect on bone homeostasis. It 

increases the pre-osteoblast proliferation and activity, while decreasing the resorbing activity of 

osteoclasts. In our study, the release of Sr2+ from the non-modified and modified composite 

scaffolds was determined by using ICP-OES. The results showed that the release of Sr2+ was 

increased by the time (Figure 7). There was no Sr2+ release from non-modified scaffolds despite 

their small amount of Sr2+ content. Although the concentration of released Sr ions is lower than 

expected, it will favorably affect the replication of preosteoblast via enhancing the bioactivity of 

the scaffolds. 
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Figure 7. In vitro release of Sr from modified composite scaffolds into cell culture media.  

 
CONCLUSIONS 

 

The scaffold combined with PCL and Sr-modified MMT was successfully developed and 

characterized in this study. Interest in the use of clay minerals to develop tissue-engineered 

scaffold to enhance osteogenesis has been growing recently. Among clay minerals, MMT may be 

considered as an ‘ion reserve’ due to its properties. Based on this approach, MMT was modified 

with Sr, which has a role in bone development, afterwards modified MMT was used in fabrication 

of biocomposite scaffold. The findings of this study suggest that SrMMT-PCL could be a promising 

biomaterial for bone tissue engineering applications. The release efficiency of MMT might be 

improved via increasing the concentration of Sr which intercalates into MMT layers. Ongoing 

studies in our laboratory will perhaps shed light to the biocompatibility of the composite via 

conducting cell culture experiments. 
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Türkçe Öz ve Anahtar Kelimeler 
 

Kemik Dokusu Mühendisliği Çalışmaları için Stronsiyum İçeren 
Montmorillonit/Polikaprolakton Kompozit İskelesinin Hazırlanması ve 

Karakterizasyonu 
 

Aysel Koç Demir 
 

Öz: Bu çalışmada, stronsiyum ile modifiye edilen MMT ve polikaprolakton içeren kompozit 
iskeleler partikül uzaklaştırma yöntemi kullanılarak hazırlandı (SrMMT-PCL). Kompozit iskelelerin 
makroyapı ve morfolojileri X-ışını kırınımı (XRD), termogravimetrik analiz (TGA) ve taramalı 
elektron mikroskobu (SEM) ile karakterize edildi. İskele yapılarından hücre kültürü ortamına 
salınan Sr2+ miktarı indüktif eşleşmiş plazma optik emisyon spektrometresi (ICP-OES) ile 
belirlendi. İskele yapılarının gözenek boyut dağılımı civa porozimetresi ile incelendi. İskele 
yapılarının mekanik özellikleri de değerlendirildi. XRD sonuçları PCL’nin MMT tabakaları arasına 
girdiğini gösterdi. TGA çalışmaları, PCL içindeki MMT’nin, matrisin ısıl bozunma sıcaklığını 
yükselttiğini gösterdi. ICP sonuçları, Sr2+ iyonunun kompozit iskele yapılarından salındığını 
gösterdi. Gözenek hacminin büyük kısmının 250-350 µm civarındaki gözeneklerden oluştuğu 
tespit edildi. SEM görüntüleri partikül uzaklaştırma yöntemi ile elde edilen kompozit iskelelerin 
makrogözenekli yapıda olduğunu gösterdi. Sonuç olarak, elde edilen veriler, hazırlanan doku 
mühendisliği iskelesinin kemik doku mühendisliği uygulamaları için uygun bir malzeme olma 
potansiyeline sahip olduğunu gösterdi. 

 
Anahtar kelimeler: Montmorillonit; polikaprolakton; stronsiyum; kemik doku mühendisliği. 

 
Sunulma: 01 Temmuz 2016. Düzeltme: 07 Kasım 2016. Kabul: 08 Kasım 2016.  
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Synthesis, Characterization, and Investigation of the Spectroscopic 
Properties of Novel Peripherally 2,3,5-trimethylphenoxy Substituted 
Cu and Co Phthalocyanines, Computational and Experimental Studies 

of 4-(2,3,5-trimethylphenoxy)phthalonitrile 
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INTRODUCTION 

 

Phthalocyanines (Pcs), discovered accidentally in 1907 and characterized in 1930s, are 

synthetic heterocyclic aromatic compounds [1]. Pcs have high thermal and chemical stability 

along with their unique properties such as strong visible light absorption, high molar 

absorption coefficients, electron transfer abilities, and the flexibility involved in the synthesis of 

these compounds [2]. These features promote an extensive use of these molecules primarily 

as dyes and pigments. A minimum amount of 80.000 tons of Pcs are produced per year just 

for this purpose [3]. They have been also used in other applications such as liquid crystals [4, 

5], optical applications [6, 7], HIV inactivation [8, 9], electrochromism [10, 11], molecular 

solar cells [12, 13], chemical sensors [13, 14], semiconductors for organic field-effect 

transistors [16, 17], and photodynamic therapy [18, 19, 20].  

 

These applications of the phthalocyanines can not be achieved since many unsubstituted Pcs 

are not soluble neither in organic solvents nor in water. The solubility can be increased by 

adding substituents to the periphery, nonperiphery or axial position of phthalocyanines, and 

designing central metal ions differently. It is well known that tetrasubstituted phthalocyanines 

usually present a higher solubility than octasubstituted Pc derivatives [21, 22, 23]. 

 

Our earlier studies concentrated on synthesis and characterization of metal-free and 

metallophthalocyanines containing tetrathiaoxa [24], dithiaoxa [25], diazadithiaoxa 

macrocyclic moieties [26], N-(n-octyl)mercaptoacetamide groups [22], naphthalene-amide 

groups [27] and 3,5-dimethoxyphenol groups [28]. The present work introduces the 

preparation and characterization of Cu(II) and Co(II) phthalocyanines containing 2,3,5-

trimethylphenol moieties. Then UV-Vis spectra of these compounds were recorded in different 

solvents and different concentrations. Furthermore, molecular geometry parameters, 

vibrational frequencies and 1H, 13C NMR chemical shift values of the 4-(2,3,5-

trimethylphenoxy)phthalonitrile, which was reported the crystal structure of which was 

reported by our group in previous paper [29], were calculated and compared with the 

experimental specifications. 

 

MATERIALS AND METHODS 

 
IR spectra was recorded on a Perkin Elmer Frontier FT-IR Spectrometer as KBr pellets. UV-Vis 

spectra were recorded on a Perkin Elmer Lambda 35 UV/Vis Spectrophotometer. 1H-NMR and 
13C-NMR spectra were recorded on an Agilent 600 MHz spectrometer (Çankırı Karatekin 

University NMR Laboratory). Mass spectra were measured on an Ab Sciex 3200 QTrap LC-

MS/MS (Amasya University-AUMAULAB). Elemental analyses were performed on a Leco 
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Truspect Micro Analyzer. 4-Nitrophthalonitrile was synthesized by following the procedure 

reported in [30]. All other reagents and solvents were of reagent-grade quality and were 

obtained from commercial suppliers. DMF was dried and purified as described by Armarego and 

Perrin [31]. The homogeneity of the products was tested by TLC (SiO2). 

 

Computational Details 

The crystal structure of the compound was (3) reported by Akbal et al. [29], so the molecular 

geometry was taken on the coordinates obtained from the X-ray single crystal diffraction data. 

The geometry optimization was carried out with DFT / B3LYP (Becke’s Three Parameter Hybrid 

Functional using the Lee, Yang, and Parr Correlation Functional) [32-34] method and 6-

311G(d,p) the basis set in the ground state. All the computational process was realized over 

the optimized structure and the same method. The harmonic vibrational frequencies were 

computed and multiplied by the scale factor 0.9682 [35] to eliminate systematic errors 

between the experimental values and theoretical values the frequencies. 1H and 13C-NMR 

chemical shift values were calculated according to GIAO (Gauge-Independent Atomic Orbital) 

method [36] and with respect to TMS (tetramethylsilane) an internal standard chemical shifts 

as solvent CDCI3. The predicted 1H-NMR and 13C-NMR chemical shifts were obtained from the 

equation δ=(ΣTMS-Σ), where δ is the chemical shift, Σ is the absolute shielding and ΣTMS is 

the absolute shielding of the standard (TMS), its values are 32.002 and 184.923 ppm, 

respectively. All the computational analysis on the structure have been performed with 

Gaussian 09W [37] electronic structure and GaussView 5.0 [38] graphical interface software 

on a Intel Core i5/3.2 GHz personal computer. 

 

Synthesis 

Synthesis of 4-(2,3,5-trimethylphenoxy)phthalonitrile (3): The compound (3) was 

synthesized according to the reported procedure [29]. FT-IR :vmax, cm-1 3091 (Ar-CH), 2965, 

2947, 2917, 2860 (CH3), 2231 (CN), 1597 (C=C), 1566 (C=C), 1495, 1454, 1408, 1380, 

1371, 1312, 1278 (C-O), 1244, 1199, 1162, 1133, 1088, 1069, 1022, 971, 946, 870, 856, 

842, 746, 717, 726, 661. 1H NMR (600 MHz, CDCl3, δ, ppm) 2.00 (s, 3H, methyl), 2.30 (s, 6H, 

methyl), 6.64 (s, 1H, Ar-H), 6.95 (s, 1H, Ar-H), 7,15 (s, 1H, Ar-H), 7.17 (d, J = 1.6, 1H, Ar-

H), 7.69 (d, J = 8.2, 1H, Ar-H). 13C NMR (151 MHz, CDCl3):δ, ppm 11.82 (CH3), 19.96 (CH3), 

20.83 (CH3), 108.14, 115.08, 115.49 (CN), 117.60 (CN), 118.92, 120.52, 120.64, 125.55, 

128.91, 135.35, 137.24, 139.54, 151.18, 162.05. MS m/z [M+H+] 262.8 

 

General procedure for the synthesis of copper and cobalt phthalocyanines: The 

mixture of 4-(2,3,5-trimethylphenoxy)phthalonitrile (0.75 g, 2.88 mmol), the related 

anhydrous metal salt [CuCl2 (0.15 g, 1,12 mmol) for compound 4, CoCl2 (0.14 g, 1.06 mmol) 

for compound 5] and 0.5 mL DBU was heated at 140 °C with dry n-pentanol (10 mL) and 

stirred for 28 h in a nitrogen atmosphere. Then, the mixture was cooled to room temperature, 
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precipitated by adding methanol and filtered off. The green products were washed with hot 

methanol, hot ethanol, diethyl ether, and water. They were washed with methanol for 24 h in 

the soxhlet apparatus and dried in vacuo. 

 

2(3), 9(10), 16(17), 23(24)-Tetrakis-(2,3,5-trimethylphenoxy) copper(II) 

phthalocyanine (4) 

The product is soluble in DMF, DMSO, DCM, toluene, CHCl3, and THF. Yield: 0.689 g (86%); 

mp> 250oC; anal. calcd. for C68H56N8O4Cu: C, 73.40; H, 5.07; N, 10.07%. Found: C, 73.45; H, 

5.08; N, 10.11%. FT-IR :vmax, cm-1 3064 (Ar-CH), 2916, 2859, 1611, 1575, 1506, 1470, 1403, 

1342, 1294, 1268, 1224, 1174, 1133, 1120, 1094, 1076, 1049, 948, 970, 853, 823, 747, 666.  

 

2(3), 9(10), 16(17), 23(24)-Tetrakis-(2,3,5-trimethylphenoxy) cobalt(II) 

phthalocyanine (5) 

The product is soluble in DMF, DMSO, DCM, toluene, CHCl3, and THF. Yield: 0.459 g (58%); 

mp > 250oC; anal. calcd. for C68H56N8O4Co: C, 73.70; H, 5.09; N, 10.11%. Found: C, 73.75; 

H, 5.10; N, 10.06%. FT-IR :vmax, cm-1 3064 (Ar-CH), 2918, 2863, 1612, 1575, 1524, 1473, 

1408, 1332, 1294, 1269, 1226, 1177, 1123, 1094, 1078, 970, 955, 855, 824, 752, 665.  

 

RESULTS AND DISCUSSION 

 

Synthesis and characterization 

Scheme 1 shows the synthetic route to tetrakis(2,3,5-trimethylphenoxy) Cu and Co 

phthalocyanines. 4-(2,3,5-trimethylphenoxy)phthalonitrile (3) was firstly prepared by treating 

4-nitrophthalonitrile (2) with 2,3,5-trimethylphenol in DMF using K2CO3 as the base for 

nucleophilic displacement reaction and gave high yield (74 %) [29]. Copper(II) and cobalt(II) 

phthalocyanines (4 and 5) were synthesized by the treatment of compound 3 with anhydrous 

CoCl2 and CuCl2 in n-pentanol in the presence of 0,5 mL 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) as a strong base at 140 °C for 28 h in a nitrogen atmosphere. The yields of compounds 

4 and 5 were 86% and 58%, respectively.  
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Scheme 1. Synthetic route for compounds (4 and 5) i: DMF, K2CO3, N2, 40oC, 48h ii: n-

pentanol, DBU, CuCl2 or CoCl2, N2, 24h, 140oC. 

 

The phthalocyanines showed high solubility in organic solvents such as DMF, DMSO, DCM, 

toluene, CHCl3, and THF, but they are insoluble in methanol, ethanol, and diethyl ether. The 

products having been washed consequently with different solvents were obtained in sufficient 

purity. All new compounds were characterized by UV-Vis, FT-IR, 1H NMR, 13C NMR, MS spectra, 

and elemental analysis. All the results were in very good agreement with targeted structures. 

 

In the FT-IR spectrum of starting compound (3), aromatic CH, aliphatic CH, nitrile C≡N, 

aromatic C=C, ether Ar-O-Ar stretching vibrations appeared at 3091, 2964, 2231, 1597, and 

1278 cm-1, respectively. While the strong -C≡N band appeared at 2231 cm-1, this band 
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completely disappeared after conversion to compounds (4 and 5). The FT-IR spectra 

phthalocyanines are very similar with the exception of small stretching shifts. 1H NMR and 13C 

NMR spectra of phthalocyanines (4 and 5) could not be measured due to the paramagnetic 

cobalt(II) and copper(II) centers. 

 

Ground state electronic absorption spectra 

The phthalocyanines can be characterized by recording UV-Vis spectra. These compounds have 

two strong absorption regions, one of them in the UV region at ca. 275-400 nm (B band) and 

the other in the visible region at 600-700 nm (Q band) [2]. The UV-Vis spectra of the 

phthalocyanines (4, 5) were recorded in different solvents (Figures 1 and 2). The data were 

presented in Table 1. 

 

 

Figure 1. Absorption spectra of the compound (4) (CuPc) in different solvents. 
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Figure 2. Absorption spectra of the compound (5) (CoPc) in different solvents. 

 

The phthalocyanines (4, 5) showed monomeric behavior in different solvents, evidenced by a 

single (narrow) Q-band at 678-685 nm for 4, 663-675 nm for 5, confirming non-aggregation. 

However compound (4) showed aggregation in DMSO (Figure 1). B-Band absorptions in 

different solvents were observed at 339-348 nm for 4 and 326-335 nm for 5.  

 

Figures 2 and 4 show electronic absorption spectra of Pcs (4 and 5) in the concentration range 

2x10-6 - 1.20x10-5 M in THF. As shown in the Figures 3 and 4, the Q band increases in intensity 

with increasing concentration of phthalocyanines (4 and 5) and no new band was observed 

due to the aggregated species [39, 40]. Beer’s law was obeyed for (4) and (5) in the 

concentration range 2x10-6 - 1.20x10-5 M.  
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Table 1. UV-Vis spectral data for phthalocyanines (4 and 5) in various solvents at a 
concentration of 1x10-5 M 

Compound Solvent 
Q-Band B-Band 

λmax (nm) ɛ (dm3 mol-1 cm-1) λmax (nm) ɛ (dm3 mol-1 cm-

1) 
4 DMF 680, 612 67880; 14690 346 41930 
4 DMSO 681, 613 32630; 13620 340 43640 
4 DCM 683, 614 82930; 20920 339 37480 
4 CHCl3 685, 616 98130; 22150 339 41080 
4 Toluene 682, 613 94860; 18930 348 27980 
4 THF 678, 610 84600; 16810 346 32370 
5 DMF 666, 605 90500; 26370 329 69040 
5 DMSO 663, 603 85070; 28070 335 75500 
5 DCM 675, 608 69280; 20100 328 53310 
5 CHCl3 675, 609 88700; 22660 326 50320 
5 Toluene 675, 608 88680; 24020 334 47740 
5 THF 665, 603 85890; 21770 330 60360 

 

 

Figure 3. Absorption spectra of the compound (4) (CuPc) in THF at different concentrations. 
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Figure 4. Absorption spectra of the compound (5) (CoPc) in THF at different concentrations. 

 

Optimized Structure 

The experimental geometric structure with the atom-mumbering scheme [29] and the 

optimized structure of the compound (3) are shown in Figure 5. The crystal structure of the 

compound (3) has an orthorhombic crystal system and Pbcaspace group with a=7.8929 (8) Å, 

b=29.415 (4) Å, c=12.4679 (14) Å, V=2894.7 (6)  Å3 and Z=8 unit cell parameters [31]. 

Some selected optimized structure parameters such as bond lengths and angles, torsion angles 

were compared with experimental values and the results were tabulated in Table 2. 
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Figure 5. Top: An ORTEP-III view of the structure of the compound (3), showing 30% 
probability displacement ellipsoids and the atom-mumbering scheme [31]. Bottom: The 

optimized geometric structure of the compound (3) with DFT/B3LYP method and 6-
311G(d,p) basis set. 
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Table 2. Some experimental and optimized geometrical parameters of the compound (3). 

Parameters 
Experimental Values  

Ref.[31] 
Theoretical Values 

DFT/B3LYP/6-311G(d,p) 
Bond lengths (Å) 

C1—N1 1.142(2) 1.155 
C1—C2 1.433(3) 1.426 
C7— C8 1.439(2) 1.430 
C8—N2 1.134(2) 1.154 
C2—C3 1.393(2) 1.402 
C3—C4 1.371(2) 1.382 
C5—O1 1.362(19) 1.359 
C9—O1 1.410(19) 1.403 

C11—C15 1.508(2) 1.509 
C13—C16 1.520(3) 1.509 
C14—C17 1.503(3) 1.507 

Bond angles (o) 
N1—C1—C2 179.27(2) 178.42 
N2—C8—C7 179.12(2) 178.50 
C5—O1—C9 118.22(12) 120.05 
C4—C5—O1 116.14(14) 115.99 
C10—C9—O1 116.97(18) 117.99 
C9—C14—C17 121.25(18) 121.60 
C10—C11—C15 121.71(2) 121.27 

Torsion angles (o) 
N1—C1—C2—C3 -122.21(17) 0.384 
N2—C8—C7—C6 -66.13(14) -0.030 
C4—C5—O1—C9 -179.82(16) -172.13 
C10—C9—O1—C5 96.18(18) 77.32 

 

As seen in Table 2, C1-N1, C8-N2 bond lengths are 1.142, 1.134 Å accordingly X-ray analysis 

data, 1.155, 1.154 Å for DFT/B3LYP/6-311G(d,p) method. These lengths were stated as 1.142 

Å experimentally, 1.162 Å for 6-31G(d) [41], 1.138 experimentally, 1.146 Å for 6-31G(d,p) 

basis sets [42] in other DFT studies containing phthalonitrile group, and results are in 

agreement with typical carbon-nitrogen triple bond (about 1.16 Å). The lengths of carbon-

oxygen bond which serves as a bridge between phthalonitrile and trimethylbenzene groups are 

1.359 and 1.403 Å, theoretically, 1.36, 1.44 Å for 6-31G(d) basis set in another study [43]. 

Also N1-C1-C2, N2-C8-C7 bond angles of phthalonitrile are 178.42, 178.50˚ while these values 

are recorded 178.24, 178.51˚for 6-311+G(d,p) basis set in a similar paper [44]. 

 

When the experimental values compared with theoretical values, minor discrepancy are 

observed between them, because compound is accepted in the gas phase during theoretical 

calculation process, whereas it is solid phase in the experimental analysis. Even so, correlation 

coefficient is 0.9984 for bond lengths, 0.9996 for bond angles and according to these values it 

can be said that it showed a good correlation. Also, an atom-by-atom superimposition of the 

structure the compound (3) as established by DFT/B3LYP/6-311G(d,p) and X-ray data is 

shown in Figure 6 and RMSE value is 0.277 Å. 
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Figure 6. Atom-by-atom superimposition of the calculated structure (DFT/B3LYP76-311G(d,p) 
(red) on the X-ray structure (black) of the compound (3). 

 

Vibrational Spectral Analysis 

The scaled harmonic vibrational frequencies of the compound (3) were calculated with 

DFT/B3LYP/6-311G(d,p) basis set. The compound (3), which has 34 atoms and 96 

fundamental vibrational frequencies, consisting of phthalonitrile and trimethylbenzene groups. 

The theoretical vibrational assignments in these groups were designated with Gauss View 

interface program [38] and compared with spectral values and the results were tabulated in 

Table 3. Also, the FT-IR spectrum which was plotted on the transmittance (%) against the 

wavenumber (cm-1) is shown in Figure 7. 

 

Figure 7. The FT-IR spectrum of compound (3). 

The vibrational spectra of the compound (3) has some characteristic bands of the stretching 

vibrations such as C-H, C≡N, C=C, and C-O. The C-H are recorded at 3091.44-2860.18 cm-1 in 

the FT-IR spectrum, 3117.05-2927.15 cm-1 in the theoretical IR spectrum of the compound (3) 

as a result of characteristic feature C-H stretching bands are assigned at 3100-3000 cm-1 

region in aromatic groups, at 3000-2700 cm-1 in aliphatic groups [45]. The asymmetric and 

symmetric C-H stretching vibrations modes were recorded at 3039.62-2970.46 cm-1 and 
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2931.38-2927.15 cm-1, respectively. These assignments are compatible with the knowledge 

which defines C-H asymmetric and symmetric stretching vibrations for methyl groups occur at 

3091.44 and 2860.18-2964.81 cm-1 [46]. In the other studies, strong C≡N stretching band, 

characteristic of the vibrations of phthalonitrile moiety, is observed 2234.13, 2258.71 cm-1 for 

6-31G(d) [41], 2234.65, 2260.14 cm-1 for 6-31G(d) [47], 2923-2243 cm-1, 2928-2264 cm-1 for 

6-31G(d) [43] while this band is recorded at 2230.76 and 2264.60 cm-1 in this study, as 

experimental and computed values, respectively. This mode was observed about 2232-2237 

cm-1 and 2230 cm-1 as experimentally in phthalonitrile groups [48, 49]. The C=C stretching 

modes belong to aromatic groups are appeared at 1400-1600 cm-1 bandwidth, and in 

accordance with this information these modes are recorded 1597.30, 1605.78 cm-1 in 

trimethylbenzene and 1566.41, 1584.88, experimentally and theoretically, respectively, for the 

compound (3). The CAr-O stretching vibration mode of the ether group is observed at 1311.58, 

1278 cm-1 as experimental and as theoretical 1227.18 cm-1, so these values are agreement 

with the literature that recorded about 1300-1000 cm-1 [50]. Some of the C-H in-plane and 

out-of plane bending vibrations bands and the deformation modes on the functional groups are 

shown in Table 3. 

 

The selected vibrational frequencies have a good correlation with corresponding spectral values 

and similar studies in literature. And the correlation graphic (R2 value is 0.9987) is shown in 

Figure 8. 

 

Figure 8. The correlation plot for experimental and theoretical wavenumbers of the 
compound (3). 
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Table 3. The comparison of the observed and calculated vibrational 
spectra of the compound (3). 

Assignments 
Experimental FT-IR 

 (cm-1) with KBr 

Calculated (cm-1) 

DFT/B3LYP/6-311G(d,p) 

νsC–H(phthalonitrile) 3091.44 3117.05 

νasC–H(phthalonitrile) - 3093.85 

νsC–H(trimethylbenzene) - 3076.86 

νasC–H3(trimethylbenzene) - 3039.62-2970.46 

νsC–H3(trimethylbenzene) 2964.81-2917.12 2931.38-2927.15 

νC≡N 2230.76 2264.60 

νC=C(trimethylbenzene) 1597.30 1605.78 

νC=C(phthalonitrile) 1566.41 1584.88 

νC–C(phthalonitrile) - 1543.31 

γC-H(phthalonitrile) - 1471.73 

ωC–H3(trimethylbenzene) 1380.52 1378.05 

νC–O 1278 1227.18 

δC–H(phthalonitrile) 946.20 949.40 

θ(phthalonitrile) - 715.40 

βccc - 561.89 

Vibrational modes:ν;stretching (s; symmetric, as; asymmetric), γ; rocking, ω; wagging, 

δ; twisting, β; deformation in-plane, θ; ring breathing. 

NMR Spectral Analysis 

Spectral and theoretical 13C-NMR and 1H-NMR chemical shift values of the compound (3) were 

recorded within the range of 162.05-11.82 ppm, 171.80-13.69 ppm and 7.69-2.00 ppm, 7.94-

1.86 ppm respectively, and results are shown in Table 4. 
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Table 4. Experimental and theoretical 13C NMR and 1H NMR 
isotropic chemical shift values for the compound (3). 

Atom 

Experimental 

chemical shift values 

(ppm) 

Theoretical 

chemical shift values 

 (ppm) 

C1 117.60 121.86 

C2 108.14 113.66 

C3 135.35 143.85 

C4 120.52 129.19 

C5 162.05 171.80 

C6 120.64 125.20 

C7 115.08 123.95 

C8 115.49 121.50 

C9 151.18 158.70 

C10 118.92 125.25 

C11 139.54 149.28 

C12 128.91 135.14 

C13 134.24 145.93 

C14 125.55 135.45 

C15 19.96 23.59 

C16 20.83 23.32 

C17 11.82 13.69 

H3 7.69 7.94 

H4 7.17 7.70 

H6 7.15 6.69 

H10 6.64 6.82 

H12 6.95 7.38 

H15a 2.30 2.35 

H16a 2.30 2.36 

H17a 2.00 2.11 

Note: The atom numbering according to Fig.5 used in the assignment of chemical 
shifts. a Average 

 
 

As it can be seen in Table 4, C5 atom has the highest chemical shift values in the downfield 

observed at 162.05 ppm, 171.80 ppm for as experimental, theoretical, respectively. Another 

the highest chemical shift value is stated as 151.18 and 158.70 ppm for C9 atom. It has less 

chemical shift value than C5 atom by reason of the effect of electron withdrawing substituent. 

 



Akdemir, JOTCSA. 2016; 3(3): 683-706.   RESEARCH ARTICLE 

698 
 

The aromatic carbon atoms have chemical shift values special to aromatic ring carbon atoms 

(100-150 ppm) [51] and these were recorded 108.14-115.08 ppm experimentally, 113.66-

123.95 ppm theoretically for phthalonitrile ring atoms, 118.92-134.24 ppm for experimentally, 

and 125.25-145.93 for theoretically calculated benzene ring atoms. C1 and C8 atoms have 

typical triple bond with nitrogen chemical shift values, and were observed 117.60-115.49 ppm 

and 121.86-121.50 ppm as experimental and theoretical. sp3 hybridized C15, C16, C17 atoms 

of the methyl groups have low chemical shift values in the upfield, these values confirm that 

information sp3 hybridized methyl group protons are assigned at 0-30 ppm [50]. 

 

The chemical shift values belong to aromatic hydrogen atoms-H3, H4, H6, H10 and H12 

atoms- are 7.69-6.95 ppm as spectral values, 7.94 and 6.82 ppm as computed values GIAO 

method. These resonance values are in concert with the literature [43, 52] that indicates as 

6.0-8.5 ppm for aromatic protons. And the chemical shift values of the methyl protons, H15, 

H16 and H17, are assigned 2.30, 2.00 ppm as experimental and 2.35, 2.36, 2.11 ppm average 

values as theoretical.  

 

Both spectral and theoretical chemical shift values are in agreement with literature values and 

with each other. The experimental 13C-NMR and 1H-NMR spectra are shown in Figure 9. To 

compare the experimental and theoretical values, the correlation coefficients and graphics 

were examined, R2 value is 0.9992 for 13C-NMR, 0.9849 for 1H-NMR, and they are shown in 

Figure 10. 
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Figure 9. Top)1H NMR spectrum, bottom)13C NMR spectrum (APT) of compound (3) 
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Figure 10. Correlation graphics between the experimental and theoretical Top) 13C-NMR, 
bottom)1H-NMR chemical shift values of the compound (3). 

 

CONCLUSION 

 

Cu(II) and Co(II) phthalocyanines containing 2,3,5-trimethylphenoxy on the periphery were 

successfully prepared. Structures of all synthesized compounds were determined by elemental 

analyses, UV-Vis, 1H-NMR, 13C-NMR, Mass spectra, and FT-IR spectroscopy. The 

phthalocyanines showed excellent solubility in general organic solvents such as DCM, THF, 

chloroform, DMF, DMSO, and toluene. The absorption spectra of the new phthalocyanines were 

recorded in different solvents. The aggregation behaviors of compound (4) and (5) were 

investigated at different concentrations in THF. Also, computational studies on compound (3) 

were performed with DFT/B3LY/6-311G(d,p) basis set over the ground state and gas phase. So 

as to support that, the results of experimental were compared molecular structure parameters, 

vibrational frequencies, 1H-NMR and 13C-NMR chemical shift values. In comparison 

experimental with theoretical values, it is seen that most of the parameters are slightly 

different, as experimental results over the solid state, theoretical ones over the gas phase. 

And, correlation coefficients which were obtained indicate in compliance with results of both 
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spectral and modelling that is not only among themselves but also other phthalonitrile studies. 

The author hopes that these consequences will be created an infrastructure for researchers 

carrying out similar studies and can be used for the further analysis. 
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Türkçe Öz ve Anahtar Kelimeler 

Yeni, Periferal Konumlarda 2,3,5-Trimetilfenoksi Sübstitüe Cu ve Co 
Ftalosiyaninlerin Sentezi, Karakterizasyonu ve Spektroskopik 

Özelliklerinin İncelenmesi, 4-(2,3,5-trimetilfenoksi)ftalonitrilin 
Hesaplamalı ve Deneysel Çalışmaları 

 
Nesuhi Akdemir1 

 
Öz: 4-(2,3,5-trimetilfenoksi)ftalonitril (3) nükleofilik aromatik sübstitüsyon ile hazırlanmış ve 
FT-IR, kütle spektrometrisi, 1H ve 13C-NMR teknikleriyle karakterize edilmiştir. 3 bileşiğinin 
moleküler yapısı Yoğunluk Fonksiyonel Teorisi (DFT/B3LYP) yöntemiyle temel halde 6-
311G(d,p) taban seti ile en uygun hale getirilmiştir. X-ışını tek kristal saçılması yöntemiyle 
moleküler geometrik parametreler elde edilmiştir, spektral sonuçlar hesaplanan bağ uzunlukları 
ve açıları, titreşim frekansları ve 1H ile 13C kimyasal kaymaları ile karşılaştırılmıştır. Bunun 
dışında, dinitril türevinin susuz CuCl2 veya CoCl2 ile azot atmosferinde kuru n-pentanol içinde 
140 °C’de tepkimeye sokulmasıyla karşılık gelen Cu(II) ve Co(II) ftalosiyaninler elde edilmiştir. 
Yeni bileşikler elementel analiz, FT-IR ve elektronik soğurma spektrumu ile belirlenmiştir. 
Cu(II) ve Co(II) ftalosiyaninlerin UV-Vis spektrumları THF içinde farklı derişimlerde kaydedilmiş 
ve ayrıca başka çözücüler de (DMF, DMSO, DCM, CHCl3 ve toluen) denenmiştir.  
 
Anahtar kelimeler: Ftalosiyaninler; ftalonitril; 2,3,5-trimetilfenol; DFT. 
 

Sunulma: 04 Temmuz 2016. Kabul: 02 Kasım 2016.  

  



Akdemir, JOTCSA. 2016; 3(3): 683-706.   RESEARCH ARTICLE 

706 
 

 



Değirmenci&Coote, JOTCSA. 2016; 3(3): 707-720.  RESEARCH ARTICLE 

707 
 

  

Understanding the Behaviour of Sulphur-Centred Radicals During 
Polymer Self-Healing  
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2 ARC Centre of Excellence for Electromaterials Science, Research School of Chemistry, 

The Australian National University, Canberra, 2601, ACT, Australia 
 

Abstract: The high-level composite ab initio G3(MP2)-RAD method has been used to 
study the self-healing mechanism of materials based on thiuram disulfides and their 
derivatives (S=C(Z)S–SC(Z)=S, for Z = CH3, NEt2, N(Et)CH2CH2OH, Ph, Bz), and the 
effects of these Z-substituents on their efficacy. The relative contributions of cross-over 
and reversible addition fragmentation chain transfer reactions were ascertained, and the 
likelihood of chain-breaking side reactions was assessed. To rationalize the results, the 
various stabilisation energies of the radicals and closed-shell species were also evaluated. 
The study revealed that the self-healing mechanism of thiuram disulfides follows 
predominantly the cross-over reaction because of the high energies of intermediate 
radicals in the chain transfer mechanism. Based on the study, the most effective self-
healing materials are predicted to contain amines as Z-groups, while those containing 
benzyl and its derivatives are most likely to undergo side reactions. 
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INTRODUCTION 

 

In recent decades, self-repairing or self-healing polymers have been developed so as to 

extend the working lifetime of materials [1-5]. They generally utilize non-covalent 

bonding networks [6, 7] or dynamic covalent bonds [8, 9] — special crosslinks that can 

be physically or chemically rearranged in response to external stimuli. Non-covalent bond 

forming systems are promising as self-repairing structures but tend to produce materials 

with weak mechanical strength [6, 7], whereas dynamic covalent systems tend to offer 

more mechanically stable polymeric materials [10]. Dynamic covalent systems utilise 

functional groups that are capable of reacting reversibly to form cross-links. They are 

designed so that the equilibrium position of the cross-linking reaction can be externally 

manipulated by chemical stimulation [11, 12], thermal stimulation [13-15] and 

photostimulation [16-18]. Photostimulation is especially promising for commercial 

applications as repair can occur at room temperature, is easy to handle, and targeted 

areas can be healed by limited exposure. 

 

Recently, Amamoto et al. [16] introduced a covalently cross-linked polymer capable of 

undergoing visible light initiated self-healing. The photolabile groups in this system are 

thiuram disulfide linkages [19], which undergo S-S bond cleavage in the presence of light 

to produce sulphur-centred radicals that can either recombine or undergo a series of 

addition-fragmentation chain transfer reactions, reminiscent of the RAFT process 

(Scheme 1). In the latter case, the sulphur centred radical adds to the sulphur side of the 

S=C bond in another dithiuram linkage forming an intermediate radical that can then 

undergo β-scission, either to reproduce the reactants or a new “reshuffled” dithiuram 

linkage and a new sulphur-centred radical that can continue the process. The reshuffling 

of the covalent bond network can in principle occur purely by homolytic cleavage and 

subsequent recombination with a different sulphur-centred radical (“cross-over”), but is 

thought to contain significant contributions from the chain transfer processes. In 

particular, experimental studies in which light exposed samples are mixed with non-light 

exposed samples and then held in the dark demonstrate significant reshuffling over the 

course of several minutes, supporting not only a significant role for the radical transfer 

reaction but a relatively long half-life for the sulphur centred radicals [19] Earlier work by 

García-Con et al. [20] also supports a long lifetime (in excess of 2 weeks) for these types 

of radicals. 
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Scheme 1. Schematic representation of the reshuffling mechanism of DTS units. 
 

Whilst these studies provide evidence for the role of chain transfer in the self-healing 

process, its relative extent (compared with cross-over) and its role improving the 

reshuffling efficiency is yet to be quantified. Understanding the mechanism of the self-

healing process would be particularly useful in guiding the design of more efficient 

systems. Of particular interest is what role the thiocarbonyl substituent (Z in S=C(Z)S-S-

R) plays in promoting cleavage and efficient reshuffling. At the same time, it is important 

to consider whether certain Z-groups might introduce an unwanted side reaction in which 

the sulphur-centred radical undergoes β-scission to produce CS2 and Z• (Scheme 2). To 

address these questions in the present work, we use high-level ab initio molecular orbital 

calculations to study the key steps in the self-healing process for a variety of Z-groups, 

and use these in conjunction with relevant experimental data from the literature develop 

an ab initio kinetic model of the self-healing process. 

Z S
S Z

S

S

Z S

S

2

Homolitic Cleavage

Side Reaction

Z S

S

A

B
Z + CS2

Z=

CH3 N
*

N
*HO *

*

1 2 3 4 5  
Scheme 2. Schematic representation of homolytic bond cleavage and side reactions for 

the special substituent. 
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COMPUTATIONAL METHODOLOGY 

 

All geometry optimisations and single point energy calculations were carried out by using 

Gaussian 09 [21] and Molpro2009.1 [22] program packages. The recently developed DFT 

method (U)M06-2X/6-31G(d) level of theory [23] was chosen for the geometry 

optimisations and frequency calculations. Complete conformational searches were 

undertaken to ensure that the species were global rather than merely local minima. 

(U)HF and (U)MP2 methodologies at 6-31G(d) level were also tested during the transition 

state search for addition and fragmentation reactions. Improved energies were calculated 

using the high-level composite ab initio method G3(MP2)RAD [24] that approximates 

(UR)CCSD(T) calculations with a large triple-ζ basis from calculations with a double-ζ 

basis set, via basis-set corrections carried out at the R(O)MP2 level. A double-layer-

ONIOM [25] approximation to G3(MP2)RAD in which remote substituent effects were 

evaluated with RMP2/GTMP2Large was used for the larger species. The accuracy of this 

level of theory for these types of species has been benchmarked previously [26, 27].  

 

The electronic energies (E), geometries and vibrational frequencies (vi) were then used to 

calculate the entropies (S), enthalpies (H) and Gibbs (G) free energies using the standard 

textbook formulae for the statistical thermodynamics of an ideal gas under the harmonic 

oscillator / rigid rotor approximation [28, 29] as follows.  

� = � − ��       (1) 

� = � + 4
� + �
� ∑ ���

��� + 
∑ ��� ��⁄
������� ���⁄ ����     (2) 

� = 
 �ln � �!"���
�# $% �⁄ ���

& ' + (
�' + 
 )ln )!* #⁄

+,
�- #⁄

./,,1/,,2/,,34*/#6 + %
�6 + 
∑  ��� ���⁄

������� ���⁄ ��� − ln  1 −�

exp  − ���
���$$$ + 
;<�=>�     (3) 

where: kB is the Boltzmann constant, h is Planck’s constant, T is the temperature, P is 

the pressure, M is the molecular weight, σr is the rotational symmetry number, and θr,i 

are calculated from the i = x, y and z components of the principal moments of inertia Ii of 

the optimized geometries as follows: 

?@,� = �#
A!#B���       (4) 
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RESULTS AND DISCUSSION 

 

The first stage of the self-healing process is homolytic S–S cleavage of the thiuram 

disulphides (ZC(=S)S–S(S=)CZ), producing sulphur-centred radicals which can either 

trigger reshuffling or undergo an unwanted β-scission side reaction (see Scheme 2). The 

energetics of cleavage and β-scission as a function of the Z-group is summarised in Table 

1. From these it can be seen that for the species studied, the side reaction is a relatively 

minor process, except where the Z-group is a benzyl moiety. In that case, the side 

reaction produces the highly stabilized benzyl radical [30, 31] and CS2 and would prevent 

further self-healing from occurring. The other substituents resist this side reaction and 

are thus better suited to this application.  

 

Table 1. Homolytic cleavage and side reaction energies at 298.15 K in kJ/mol at the 
G3(MP2)-RAD//M062X/6-31G(d) level of theory. 

 Homolytic cleavage Side reaction 

Z ΔHrxn ΔGrxn ΔH‡ ΔG‡ ΔHrxn ΔGrxn 

CH3 189.2 130.4 128.9 125.7 76.7 35.7 

(C2H5)2N 155.0 98.3 166.1 158.7 118.9 66.6 

(HOC2H4)N(C2H5) 169.9 99.6 169.1 164.5 110.4 58.0 

Ph 181.1 123.5 173.8 169.7 151.4 109.8 

Bz 209.7 141.1 88.8 87.2 32.7 -5.6 

 

For the homolytic cleavage reaction, the nitrogen substituted reagents have the lowest 

bond dissociation energies (BDEs), followed by the methyl and then the benzyl. Lower 

enthalpies of the homolytic cleavage reaction for thiuram disulphides can be attributed to 

higher stability of the molecule structure and/or lower stability of the produced radical 

structure. The inherent stability of the thiuram disulphide agent can be qualitatively 

assessed from its agent stability energy (ASE) which is defined as the energy of the 

following isodesmic reaction: 

(5) 
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The inherent stability of the radical can be assessed from its radical stabilization energy 

(RSE). In this work, two methods for assessing the RSE have been considered: the 

standard radical stabilisation energy (RSER-H, eq 6) and Zavitsas’s inherent RSE method 

(RSEZ, eq 7, [32]), which was introduced as a more universal definition of radical 

stability: 

RSER-H (R•) = D[H–CH3] – D[H–R]    (6) 

RSEZ (R•) = ½(D[H3C–CH3]calc – D[R–R]calc)   (7) 

 

In order to calculate RSEZ, the “strain free” R–R bond dissociation energies are calculated 

using Pauling’s electronegativity equation [33] (see Refs [30, 31] for more details). 

Recently, this definition has been used successfully in various studies [30, 31, 34, 35] 

and has been recommended as being highly promising for comparing different classes 

radical on the same scale.  

 
Table 2. Agent stability energies (ASE) and radical stabilization energies (RSE) energy 
values (kJ/mol) are calculated using G3(MP2)-RAD//M06-2X/6-31G(d) ΔHgas values at 

298.15 K 
Z ASE RSER-H RSEZ 

CH3 73.2 113.3 96.4 

(C2H5)2N 180.4 128.9 116.0 

(HOC2H4)N(C2H5) 207.2 128.9 129.7 

Ph 83.8 118.3 101.1 

Bz 92.8 115.4 95.7 

 

Values of the ASE, RSER-H and RSEZ are provided in Table 2, from which it is seen that 

the nitrogen atom highly stabilizes both the agent and resulting radical, in both cases 

through resonance effects with the lone-pair donor nitrogen atom. Quantitatively, the 

stabilization of the agent is much larger than that of the radical, which would seem to 

indicate that the homolytic BDE should be larger for these compounds rather than 

smaller. Indeed, in a normal RAFT process [36], stabilization of the agent outweighs 

stabilisation of the radical and deactivates these reagents towards radical addition. 

However, here the homolytic BDEs for the nitrogen substituted agents are low implying 

the opposite is actually true. The low BDEs in this case are probably due to cross 

conjugation, which preferentially diminishes the stabilizing effect of the lone pair 

nitrogens on the disulfide agents (Scheme 3), and weakens these compounds compared 
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to the other substituents. These interactions between substituents are not properly 

captured in the simplified ASE values. 
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Scheme 3. Cross conjugation in nitrogen substituted agents. 

 

The second part of the reshuffling mechanism investigation is the addition of the 

produced radicals to the C=S double bond of the disulphide agents dithioacetate 

(CH3C(=S)S-SC(=S)CH3) (DTA) and tetraethylthiuram disulphide ((CH3CH2)2NC(=S)S-

SC(=S)N(CH2CH3)2) (TETD). In the first case, the reshuffling of dithioacetate (DTA) and 

tetraethylthiuram disulphide (TETD) were taken into account. In the second case, the 

reshuffling of tetraethylthiuram disulphide (TETD) and diethyl dihydroxyethyl thiuram 

disulphide (DEDHETD) was modelled. The reactions studied are listed in Scheme 4. Add1, 

Add3 (= Add5) and Add7 can be classified as self-addition reactions and Add2, Add4, 

Add6 and Add8 can be classified as cross addition reactions. Conformational analysis for 

all reactants and dormant species were performed at the M06-2X/6-31G(d) level of 

theory. Unfortunately, establishing the addition transition state geometries at this level of 

theory was problematic due to the low or non-existent reaction barriers, as established 

previously [35] and below. Therefore, only reaction enthalpies and the Gibbs Free 

energies were calculated based on M06-2X/6-31G(d) geometries (Table 3). The 

G3(MP2)-RAD composite method was used to improve the energetics with ONIOM 

procedure. Interestingly, the addition reaction is much less exothermic than that of the 

carbon-centred radical addition to C=C double bond [37]. Indeed, addition reactions 6, 7 

and 8 are actually endothermic. This contrasts with our recent study of simpler 

prototypical examples of these reactions, where thiyl radical addition to thioketones is 
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strongly exothermic (by more than -50 kJ/mol) [35]. The conjugation with the sulphur 

substituents in the disulfides clearly deactivates the addition process in this case. 

 

 

Scheme 4. Representation of the addition reactions and produced intermediates. 

 

Table 3. Energetics (kJ/mol) and kinetics for the addition reactions in Scheme 4 at the 
G3(MP2)-RAD//M062X/6-31G(d) level. 

Rxn # Add1 Add2 
Add3 

(=Add5) 
Add4 

Add5 
(=Add3) 

Add6 Add7 Add8 

ΔHrxn -40.15 
(-39.82) 

-27.05 
(-26.19) 

-23.80 -29.24 -23.80 -7.43 3.31 -6.59 

ΔGrxn 8.24 
(8.56) 

15.81 
(16.68) 

18.44 12.96 18.44 40.70 53.65 38.20 

An ONIOM approximation to G3(MP2)-RAD in which the core is studied at G3(MP2)-RAD and outer 

shell is calculated MP2/G3MP2Large was used. G3(MP2)-RAD calculations for full geometries are 

mentioned in brackets. 

Due to the difficulty of locating the transition states using M06-2X/6-31G(d), ab initio 

methods were tested for further analysis. These methods tend to overestimate reaction 
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barriers, whereas DFT methods tend to underestimate them, and hence it was thought 

that the ab initio methods should be better able to locate transition structures if they 

existed. The MP2/6-31G(d) method was used to locate the transition state geometries for 

the Add1 and the Add2 reactions. However, MP2 was not feasible for the other addition 

reactions due to the large size of the species involved. Therefore, the HF/6-31G(d) level 

of theory was chosen for consistently modelling all addition-fragmentation reactions 

(Table 4 and Figure 1). This level of theory is likely to overestimate reaction barriers and 

yet even here, the enthalpic barriers are either extremely low or submerged in the case 

of thiuram disulphide (TETD) with dithioacetate (DTA), indicating that pre-complexes 

probably play a role. Such submerged barriers have been noted previously for thiyl 

radical addition to C=S double bonds [35, 38-41] and arises because the high energy 

SOMO of the sulphur-centred radical is capable of the strong resonance interactions with 

the π* orbital of the substrate [35]. Overall there is a wide range of enthalpies depending 

on the Z-group, ranging from mildly exothermic to strongly endothermic, but importantly 

the Gibbs free energies of addition in all cases are positive, implying that addition is 

thermodynamically disfavoured and thus likely to be slow. When it does occur, 

fragmentation in either direction is expected to be fast and exergonic. Of the species 

studied, the lone pair donor substituted groups are again the most reactive to radical 

addition for the same cross-conjugation reasons outlined above. 

 

Table 4. Energetics (kJ/mol) for the addition and fragmentation reactions in Scheme 4 at 
the G3(MP2)-RAD//HF/6-31G(d) level. 

  Addition Fragmentation 
Rxn 
# 

d (Å) ΔHrxn ΔGrxn ΔH‡ ΔG‡ 
ΔG‡ ΔHrxn ΔGrxn ΔG‡ 

Add1 
2.373 
2.444 

-18.40 
(-18.90) 
-27.76 

30.00 
(29.51) 
24.39 

3.83 
(4.38) 
-9.89 

48.01 
(48.57) 
39.72 18.01 18.40 

-
30.00 18.01 

Add2 
2.390 
2.468 

-8.73 
(-8.63) 
-15.58 

34.39 
(34.48) 
32.89 

5.77 
(9.40) 
-2.45 

47.18 
(50.81) 
44.31 19.26 5.66 

-
35.83 19.26 

Add3 2.294 21.59 63.97 -2.10 42.94 
-

21.03 
-

21.59 
-

63.97 
-

21.03 

Add4 2.387 19.22 63.37 8.58 54.53 
-

23.34 
-

36.28 
-

72.44 
-

23.34 

Add5 2.294 21.59 63.97 -2.10 42.94 
-

21.03 
-

21.59 
-

63.97 
-

21.03 

Add6 2.293 -6.13 39.34 -38.76 12.61 
-

10.51 
-

45.08 
-

80.88 
-

10.51 

Add7 2.368 -27.88 19.73 -33.17 12.96 
-6.77 27.88 

-
19.73 -6.77 

Add8 2.362 2.66 46.68 -8.32 37.57 
-

12.87 13.54 
-

36.44 
-

12.87 
ONIOM (the core shell is studied at G3(MP2)-RAD and outer shell is calculated MP2/G3MP2Large). 

Where available, G3(MP2)-RAD//HF-6-31G(d) calculations for full geometries are mentioned and 

G3(MP2)-RAD//MP2/6-31G(d) data are provided in italics. 
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Figure 1. Relative enthalpies and free energies of reshuffling reactions at G3(MP2)-
RAD//HF/6-31G(d) with ONIOM procedure. 

 

CONCLUSION 

 

In this study, reshuffling mechanism of thiuram disulphides has been investigated using 

quantum chemical tools. Among the dithiodisulphides studied, dibenzyl dithioacetate was 

shown be subject to side reactions which render it unsuitable for these self-healing 

polymer applications. The remainder of the species are generally resistant to side 

reactions. The most reactive compounds, both to homolytic cleavage and addition-

fragmentation reactions are the nitrogen substituted species. This arises from cross-

conjugation effects, and suggests that these and other lone-pair donor substituted agents 

are the best candidates for self-healing materials. The re-shuffling mechanism itself can 

in principle proceed via both direct cross-over and addition-fragmentation. The 

calculations herein suggest that while addition fragmentation occurs with submerged 

reaction barriers, the process itself is relatively unfavourable due to the instability of the 
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radical intermediate. Whilst full kinetic studies would be required to confirm this result, it 

is likely cross-over is the dominant pathway in the self-healing process. 
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Türkçe Öz ve Anahtar Kelimeler 
Polimer İyileşmesi Sırasında Kükürtlü Radikallerin Davranışını 

Anlamak 
 

Isa Degirmenci, Michelle L. Coote  
 
Öz: Yüksek seviye kompozit ab initio G3(MP2)-RAD yöntemi tiuram disülfürlerin ve 
türevlerinin (S=C(Z)S–SC(Z)=S, Z = CH3, NEt2, N(Et)CH2CH2OH, Ph, Bz) kendi kendine 
iyileşme mekanizmasını çalışmakta kullanılmıştır ve bu Z sübstitüentlerinin etkinlik 
üzerindeki etkileri çalışılmıştır. Cross-over ve tersinir katılma kısımlanma zincir iletim 
tepkimelerinin relatif olarak katkıları bulunmuş ve zincir kırılma yan tepkimelerinin 
olasılığı değerlendirilmiştir. Sonuçları rasyonelize etmek için, radikallerin ve kapalı kabuki 
türlerinin çeşitli kararlılaşma enerjileri değerlendirilmiştir. Çalışma, tiuram disülfidlerin 
kendi kendine iyileşme mekanizmasının baskın şekilde cross-over tepkimesi üzerinden 
gittiğini göstermektedir, çünkü zincir iletim mekanizmasında ara radikallerin enerjisi 
yüksektir. Çalışmaya dayanarak, en etkili kendi başına iyileşme sağlayan malzemelerin Z 
grubu olarak amin taşıdığı bulunmuştur; benzil ve türevlerini içeren yan grupların ise yan 
tepkimelere yol açtığı anlaşılmıştır.  
 
Anahtar kelimeler: Kendi kendine iyileşen polimerler; tiuram disülfidler; radikal 
kararlılaşma enerjisi. 
 
Sunulma: 30 Haziran 2016. Düzeltme: 12 Kasım 2016. Kabul: 15 Kasım 2016.  
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Abstract: Polyurethanes are versatile polymeric materials and are usually synthesized by 

isocyanate reactions with polyols. Polyurethanes have been used in very wide 

applications such as rigid and flexible foams, coatings, adhesives, and elastomers 

because of variety of polyols and isocyanates. Usage of bio-based resources has been 

increased due to limited petroleum resources, environmental concerns and ensuring 

sustainability. Polyester polyols are based on aliphatic and aromatic dicarboxylic acids are 

one of the most important materials in polymer technologies. Bio-based polyester polyols 

from renewable resources were successfully synthesized with different molecular weight 

at low acid value and desired hydroxyl value. In addition, the properties of the bio-based 

polyester polyols were compared with petroleum-based analogues.  
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INTRODUCTION 

 

Polyester polyols based on aliphatic and aromatic dicarboxylic acids are one of the most 

important materials in polymer technologies [1]. A large volume of plant oils is used as 

renewable resources to produce various chemicals which are industrially important to 

make soaps, cosmetic products, surfactants, lubricants, diluents, plasticizers, inks, 

agrochemicals, composite materials, and food industry [2]. Vegetable oils are one of the 

most important renewable resources in the chemical industry due to their 

biodegradability, availability, low-cost price, environmental acceptance, renewability, and 

non-toxic nature [3–8]. Vegetable oils and their derivatives have been widely used for 

the production of various polymers including polyols. Vegetable oil derivatives, such as 

fatty acids, fatty acid esters, and crude glycerol, can be obtained via hydrolysis or 

transesterification of vegetable oils [4]. Polyols and polyurethanes with properties 

comparable to those of petroleum-based analogs have been prepared from vegetable oils 

and their derivatives for various applications such as foams, coatings and adhesives, etc. 

[9–11]. 

Polyester polyols are the second most important group of oligo-polyols for the production 

of polyurethanes after polyether polyols. Polyester polyols have stable and specific 

practical applications due to some superior characteristics of the resulting polyurethanes 

[9]. The superior characteristics of polyester polyol based polyurethanes are explained by 

a better crystalline structure in the urethane segment, compared to the majority of 

polyether polyols which are amorphous, due to the superior secondary forces between the 

polyester chains and also due to a superior thermal and fire resistance, compared to 

polyether polyol based polyurethanes. Polyester based polyurethanes have a superior 

solvent resistance compared to the polyether-based polyurethanes. Polyester polyols were 

employed in both rigid and flexible polyurethane formulations [6, 10]. The most important 

segments of polyester polyol applications are those of polyurethane elastomers, flexible 

foams, coatings, adhesives, rigid foams, synthetic leather, and sealants [1, 12].  

In this work, production of polyester polyols was carried out by using dicarboxylic acids, 

diols, triols, and polyol from renewable resources with the presence of a catalyst. 
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MATERIALS AND METHODS  

 

Adipic acid (99% pure; Acar Kimya, Turkey), phthalic anhydride (99% pure; Acar Kimya, 

Turkey), terephthalic acid (99% pure; Sigma-Aldrich, Turkey), ethylene glycol (99% 

pure; Acar Kimya, Turkey), diethylene glycol (99% pure; Acar Kimya, Turkey), 

trimethylolpropane (99% pure; Sigma-Aldrich, Turkey), glycerol (99% pure; Acar Kimya, 

Turkey) were used. Sorbitol was kindly obtained from Sunar Mısır, Turkey.  

The dicarboxylic acids which are used to production of polyester polyols in this study 

were listed in Table 1. 

Table 1: Main properties of used dicarboxylic acids. 

 Adipic Acid 
(AD) 

Phthalic anhydride 
(PA) 

Terephthalic acid 
(TPA) 

Appearance (25 oC )  White powder White flakes White crystals 

Molecular Weight 
(g/mol) 

146.14  148.1 166.13 

pH(of a solution) 3.2 (0.1% 
solution) 

2 (6 g/L aq. sol.) - 

Density (g/cm3) 1.360  1.53 1.522 
Melting point/Boiling 
point (°C) 

152.1 / 337.5  131.6 / 295 300 / decompose 

pH 4.43 / 5.41  - 3.51 / 4.82 

 

Table 2: Main properties of the used glycols 

 Ethylene 
glycol(EG) 

Diethylen
e glycol 
(DEG) 

Trimethyl
olpropane 
(TMP) 

Glycero
l 

Sorbitol 
(ST) 

Appearance 
(25 °C ) 

Colorless 
liquid 

Liquid Colorless 
solid 

Liquid Crystalline 
solid 

Functionality 2 2 3 3 6 

Melting 
Point/Boiling Point 
(°C) 

-12.9 /197.3 
 

-10.45/ 
244 

58 / 285 18 / 
290 

95 / 296 

Molecular Weight 
(g/mol) 

62.07 106.12 134.14 92.08 182.17 

Density   
(25 °C g/cm3) 

1.1132 1.118 1.084 1.261 1.489 

 

Synthesis of Bio-Based Polyester Polyols 

Commonly used diols and triols for production of polyester polyols were listed in Table 2. 

Ethylene glycol and diethylene glycol which are bifunctional alcohols (glycols) were used 

in the synthesis of polyesters. Trifunctional ones, glycerol and trimethylolpropane were 



Yazıcı and Çelebi, JOTCSA. 2016; 3(3): 721-730.   RESEARCH ARTICLE 

724 
 

used. In addition, sorbitol from corn starch sources wasused in this work. Sorbitol polyol 

which is obtained from renewable resource contains 6 hydroxyl groups. 

The direct polyesterification reaction was self-catalyzed by carboxyl groups of the acid 

reactants. However, due to the reduction of the concentration of these groups with 

increasing conversion, external catalysts were often used to maintain the rate of 

reaction. Stannous octoate and p-toluene sulfonic acid catalysts were used in synthesis. 

The excess of diol hasinfluence in final MW of polyester. Usually, in industry a 5-15% 

excess of diol is used. 

The stoichiometric calculation; 

 (n+1) R(OH)2+n R'(COOH)2             HO[ROOCR'COO]nROH + 2n H2O (Eq. 1) 

The stoichiometric ratio was n mol of diacid for (n+1) mol of diol. 

Experimental apparatus 

 

Figure 1: Set up equipment. 

Set up equipment:1.Nitrogen spurge, 2.Stirrer, 3.Vigreux column, 4.Thermocouple, 
5.Heating mantle, 6.Dean-Stark apparatus, 7.Condenser, 8.PID controller, 9.Three-
necked round bottom flask, 10. Vacuum pump. 
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Polycondensation 

To a three-necked reactor with a previously measured weight of dicarboxylic acid and 

glycol with PID controller set at 100 °C, constant stirring and under nitrogen atmosphere. 

The temperature was increased alternately from 140 to 220 oC (at 140-160-180-200-220 

°C). The reaction was very slow at low temperatures (120-140 °C). Therefore, the reflux 

of water was negligible at 120-140 °C.The reflux of water was introduced at 170-180 °C. 

When no further reflux of water was observed, a few grams of resin (1-2 g) should be 

taken in order to measure the acid number by titration with 0.1 mol/L alcoholic solution 

of KOH. When the acid number (VH) is lower than 3.0 mg KOH/g, the nitrogen flow 

should be increased. Vacuum can be applied to speed up the process. The acid number 

should be measured again and the synthesis is finished when VH is lower than 1.0 

mgKOH/g and hydroxyl value (VOH) is required. In parallel with the acid value (VH) 

analysis, hydroxyl value (VOH) should be also measured. For this 2-3 g of resin should be 

taken and the VOH was determined by titration with 0.5 mol/L alcoholic solution of KOH. 

The industrially used parameters to control the quality of the polyols are: appearance, 

color, hydroxyl number (VH),acid number (VOH), amount of water removed, -MW 

Distribution, -Infrared Fourier Transform-Attenuated Total Reflectance Spectroscopy 

(FTIR-ATR), -viscosity and –density. Moreover, some of controlling parameters (VH, VOH, 

MW) should be calculated and checked during the whole reaction process. 

 

RESULTS AND DISCUSSION  

 

In this work, mainly the effects of reaction time, the amount of catalyst, reaction 

temperature, and the type of reactants and its ratio were investigated in the synthesis of 

polyesters. Percentage ratio moles of dicarboxylic acids, diols, triols, and renewable 

glycols used to each formulation were shown in Table 3. 
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Table 3: Formulations of polyester polyol synthesis (mole %) in this study. 
 
Number of  
Formulation 

ACIDS DIOLS TRIOLS OTHER GLYCOLS 
AD TPA PA EG DEG TMP Glycerol Sorbitol 

1. 0.63 
  

1.26 
    

2. 1.00 
   

1.92 0.08 
  

3. 1.00 
   

1.98 
  

0.02 

4. 
 

0.36 0.22 
 

1.16 
   

5. 
 

0.56 
  

1.00 
 

0.22  

6. 
 

0.25 0.15 
 

1.00 
 

0.11 
 

7. 
 

0.27 0.10 
 

1.00 0.11 
  

8. 
 

0.33 0.13 
 

1.00 
 

0.29 
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Hydroxyl and acid numbers are indirectly proportional to polyesters’ molecular weight. 

Table 4 represents the final acid and hydroxyl values obtained for eight syntheses. 

 
Table 4: The results of acid value and hydroxyl value, molecular weight, amount of 

water distilled during process and density. 

Number of 
formulation 

Capacity 
of reactor 
(L) 

VH 
[mgKOH
/g 
polyol] 

VOH 
[mgKOH
/g 
polyol] 

MW 
[g/mol] 

% 
Reflux 
of water 

Density 
(g/cm3) 

1. 0.5 5.25 300 367.56 5.0 1.28 

2. 0.5 5.95 350 472.82 5.6 1.18 

3. 0.5 7.8 380 433.99 5.2 1.16 

4. 0.5 5.6 250 438.97 5.5 1.23 

5. 0.5 5.96 350 346.72 4.8 1.19 

6. 0.5 7.2 315 383.05 5.6 1.19 

7. 0.5 7.0 350 345.71 5.1 1.18 
8. 0.5 6.9 350 377.24 5.2 1.20 

Figure 2 presents the typical behavior of the curves of acid number, hydroxyl number 

and MW over time for a produced polyol. The MW was calculated from the VH and VOH. 

 

Figure 2: Number the fact of 1 formulation controlled medium values of VH, VOH and MW 

over time. 



Yazıcı and Çelebi, JOTCSA. 2016; 3(3): 721-730.   RESEARCH ARTICLE 

728 
 

FTIR spectra of polyester polyol was presented in Figure 3. 

 

Figure 3: FTIR analysis of Number 1 formulation. 

The peak at 1700 cm-1 corresponding to the C=O stretch that was saturated carboxylic 

acid peak. The peak 2937 cm-1 was corresponding to the C-H stretch. Also, the fact of 

hydroxyl band has high intensity-peak at near 3350 cm-1.High hydroxyl number polyester 

polyol were reached for rigid polyurethane. As the reaction temperature up to 220 °C 

from 140 °C, the hydroxyl band formed high. This means that the reaction was 

completed. 

The experimental part of this work involves the synthesis of saturated polyester polyols 

with petroleum glycols and biodegradable glycols. Sorbitol, which is a biodegradable and 

renewable polyol, has been produced from corn starch in Turkey. Different molecular 

weight polyester polyols were synthesized. However, the main goal of this study was to 

obtain saturated polyester polyols with high molecular weight. Polyesterification was 

confirmed via FTIR-ATR spectroscopy. Polyester polyols were synthesized successfully at 

low acid value and desired hydroxyl value. 
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Türkçe Öz ve Anahtar Kelimeler 

 
Biyo-Esaslı Poliester Poliolün Sentezi ve Karakterizasyonu 

 
Tugba Yazici ve Mithat Celebi 

 

Öz: Poliüretanlar genellikle izosiyanatların poliollerle tepkimesi ile elde edilen çok yönlü 
polimerik malzemelerdir. Poliüretanlar, poliollerin ve izosiyanatların çeşitliliğinden dolayı 
sert ve esnek köpükler, kaplamalar, yapıştırıcılar ve elastomerler gibi çok çeşitli 
uygulamalarda kullanılmaktadırlar. Biyo-esaslı kaynakların kullanımı sınırlı petrol 
kaynakları, çevresel kaygılar ve sürdürülebilirliğin sağlanması nedeniyle artmaktadır. 
Alifatik ve aromatik dikarboksilli asitlere dayanan poliester polioller polimer teknolojisinde 
en önemli malzemelerden biridir. Yenilenebilir kaynaklardan üretilen biyo-esaslı poliester 
polioller, düşük asit değerinde ve istenen hidroksil değerine sahip olacak şekilde farklı 
moleküler ağırlıklarda başarı ile sentezlendi. Ek olarak, biyo-esaslı poliester poliolün 
özellikleri petrol esaslı benzerleri ile karşılaştırıldı.   
 
Anahtar kelimeler: Poliester poliol; yenilenebilir kaynaklar; poliesterleşme.  
 
Sunulma: 01 Temmuz 2016. Düzeltme: 08 Ağustos 2016. Kabul: 19 Kasım 2016. 



Işık-Gülsaç et al., JOTCSA. 2016; 3(3): 731-746.  RESEARCH ARTICLE 

731 
 

  

(This article was presented to the 28th National Chemistry Congress and submitted to JOTCSA 

as a full manuscript) 

 

Thermochemical Conversion Behavior of Different Biomass Feedstocks: 
Pyrolysis and Gasification 
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Alper Sarıoğlan1 
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Abstract: In this study, a bench-scale bubbling fluidized bed (BFB) gasifier and 
thermogravimetric analyzer (TGA) were applied for the determination of the thermochemical 
conversion reactivity of biomass fuels under both gasification and pyrolysis conditions. Six 
different biomass feedstocks, namely; straw pellet (SP), softwood pellet (WP), torrefied wood 
chips (TWC), pyrolysis char (PC), milled sunflower seed (MSS) and dried distillers’ grains and 
solubles (DDGS) were investigated. TGA of biomass feedstocks were carried out under pyrolysis 
conditions at four different heating rates (2-15 °C/min). Raw data obtained from the experiments 
were used to calculate the kinetic parameters (A, Ea) of the samples by using two different 
models; Coats-Redfern and Isoconversional Method. TGA analysis showed that pyrolysis char 
was the only sample having decomposition temperature above 800 K since it was the pre-
pyrolized sample before gasification. According to Derivative Thermogravimetric Analysis (DTG) 
profiles, two peaks and two shoulders at around 450-650 K were observed for DDGS whereas 
no peaks were detected for pyrolysis char as the indication of absence of volatiles/cellulosic 
components. It was seen that the highest devolatilization rates and devolatilization temperatures 
(associated mainly with cellulose decomposition) were obtained for softwood and torrefied wood 
samples, which had the least char yields among the other biomass feedstocks. It was seen that 
WP was more reactive for thermochemical conversion and less prone to agglomeration. 
Furthermore high ash content and agglomeration index of MSS were the potential drawbacks in 
front of its utilization via thermochemical conversion. During the air gasification of these 
feedstocks (except DDGS), the product syngas was characterized in terms of main gas 
composition, tar, and sulfur compounds. It was shown that the highest cold gas efficiency, 
carbon conversion and calorific value were obtained for the gasification of SP. On the other hand, 
SP had some drawbacks regarding its high agglomeration tendency and low deformation 
temperature. Among all feedstocks, gasification reactivity of MSS was found to be quite poor. 
MSS seemed to expose to pyrolization instead of gasification. WP and TWC were gasified with 
acceptable conversion values and efficiencies when compared with SP. It was understood that 
WP is the preferred choice for the thermochemical conversions. 
 
Keywords: Thermochemical conversion; gasification; pyrolysis; syngas; biomass.  
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Biomass can be a generous source for energy, fuels, and chemicals (1, 2). Gasification is a 

process for converting lignocellulosic biomass and/or agricultural wastes into fuel gases (having 

BTU of 5-15 MJ/Nm3) using air, air/oxygen, steam, CO2, or their combinations as gasification 

agents. The syngas produced can be directly utilized as fuels for heat and electricity generation, 

or as feedstocks for chemical production such as methanol, ethanol, dimethyl ether, and Fischer-

Tropsch oils (3). Many studies were conducted to evaluate the efficiency and performance of the 

biomass gasification process. Gasification characteristics of various types of biomasses were 

investigated such as: sugarcane residue (4), rice hulls (5), pine sawdust (6), almond (7, 8), 

wheat straw (9), food waste (10), and wood-based biomass (11). Lignocellulosic biomass is 

mainly composed of cellulose and hemicellulose (60-80% dry basis), lignin (10-25%), some 

extractives, minerals, and small amounts of sulfur, nitrogen, and chlorine (12). The amount of 

these elements varies depending on species and location (13). Three main components of 

lignocellulosic biomass show different decomposition profiles during pyrolysis. Hemicellulose 

dehydrates at 90°C and reaches a maximum decomposition rate at around 300 °C whereas 

cellulose begins to decompose after hemicellulose and reaches a maximum decomposition rate 

at 400 °C approximately. Lignin has more complex structure than hemicellulose or cellulose, its 

thermal decomposition occurs between 300 and 600 °C (14). A simplified mechanism for 

biomass gasification can be represented as follows, consisting of four overlapping aspects (15): 

 

(1) Pyrolysis: Biomass → Char, H2, CO, CO2, H2O, CH4, CnHm, tars, etc.   

 

(2) Tar cracking: Tar → H2+CO+CO2+etc. 

 

(3) Heterogeneous reactions: 

C+1/2O2→CO                             (Char oxidation) 

C+O2→CO2                (Char oxidation)  

C+CO2↔2CO                    (Boudouard equilibrium)      

C+H2O↔CO+H2    (Heterogeneous water-gas equilibrium)  

C+2H2↔CH4              (Hydrogasification Equilibrium)    

 

(4) Homogeneous reactions: 

CO+1/2O2→CO2   

H2+1/2O2→H2O   

CO+H2O ↔ CO2+H2      (Water-gas shift)               

CxHy+xH2O↔xCO+(x+y/2)H2  (Steam reforming)  

CxHy+xCO2↔2xCO+ y/2 H2      (Dry reforming)       

 

It is known that the cellulose, hemicellulose, and lignin amounts in the biomass affect gasification 

behavior. Yang et al. studied hemicellulose, cellulose, and lignin pyrolysis characteristics and 

reported that lignin contributed to higher H2 yields than cellulose (16). In a study by Kumabe et 

al., carbon conversion efficiencies for cellulose, hemicelluloses, and lignin were reported as 

97.7%, 92.2%, and 52.8%, respectively (11). They also stated that the gasification products 

were similar for lignin and hemicelluloses, whereas cellulose produced higher amounts of CO2 
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and CH4 in the product gas. Kezhong et al. co-gasified Shenmu coal with pine sawdust and rice 

straw, and they found out that H2 composition in syngas increased from 17.66% for pine sawdust 

to 21.96% for rice straw (17). Herguido et al. investigated the steam gasification behavior of 

different lignocellulosic residues. According to their results, syngas composition varied with the 

biomass type and gasification temperature (18). There are many factors influencing 

thermochemical conversion process: (a) intrinsic biomass characteristics such as moisture 

content, carbohydrate and ash compositions, bulk density, and particle size/shape distributions 

(b) thermochemical conversion system design and operation conditions like steam to biomass 

ratio, equivalence ratio, heating rate, temperature profile of the reactor and heat input. This first 

group of factors determines the reactivity of the biomass and can impact the economics of 

transforming biomass into value-added products. The aim of this study is to compare the 

thermochemical conversion reactivity of six different biomass samples, namely straw pellet, 

softwood pellet, torrefied wood chips, pyrolysis char, milled sunflower seed and dried distillers’ 

grains and solubles (DDGS). For this purpose, all samples were chemically characterized to 

identify the samples. Then, their gasification tendencies (except DDGS) and pyrolysis behavior 

were investigated via using bubbling fluidized bed gasifier test unit and thermogravimetric 

analyzer, respectively.  

 

MATERIALS AND METHODS  

 
Characterization of the biomass feedstocks 

The straw pellet (SP), softwood pellet (WP), torrefied wood chip (TWC), pyrolysis char (PC), 

milled sunflower seeds (MSS) and dried distillers’ grains and solubles (DDGS) were supplied in 

the scope of “The European Research Infrastructure for Thermochemical Biomass Conversion 

(BRISK)” project funded by European Commission Seventh Framework Programme. Before 

analysis, the raw materials were prepared by grinding and sieving the samples below 250 µm. 

Proximate and ultimate analyses of the samples were conducted according to the relevant 

American Society for Testing and Materials (ASTM) standards. Their lower and higher heating 

values both on original and dry basis were measured and calculated as described in ASTM D 

5865. Perkin Elmer Optima 2100 Inductively Coupled Plasma (ICP)-OES analyzer and X-Ray 

Fluorescence were applied to determine the inorganic content of the fuel and agglomeration 

indexes. Ash melting behaviors of the samples (initial deformation, softening, hemispherical, 

and fluid temperatures of ashes) were analyzed by LECO AF700 Ash Fusion Determinator.  

 

Pyrolysis experiments of biomass feedstocks by TGA 

Thermogravimetric analysis of biomass feedstocks have been carried out under pyrolysis 

conditions by using Mettler Toledo TGA 851 instrument. Experimented TGA conditions are given 

in Table 1. Raw data obtained from the experiments were used to calculate kinetic parameters 

(A, Ea) of samples by using two different models; Coats-Redfern and Isoconversional method. 

 

Table 1: TGA conditions for the pyrolysis of the biomass feedstocks. 



Işık-Gülsaç et al., JOTCSA. 2016; 3(3): 731-746.  RESEARCH ARTICLE 

734 
 

 
Initial weight. m0 ~35 mg 

N2 flow rate 40 mL/min 

Fine powder sample size <250 µm 

Heating rate 2-5-10-15 °C/min 

Initial-final temperature 25-850 °C  

 

Experimental apparatus: Bubbling fluidized bed gasifier  

The gasification experiments were performed in a 20 kWth atmospheric bubbling fluidized bed 

gasifier, shown in Figure 1. The gasification reactor made of AISI 310S stainless steel, with a 

height of 2.29 m and an inner diameter of 82 mm. Four thermocouples, T/C-1, T/C-2, T/C-3 and 

T/C-4, were installed to measure the temperature at the axis of the reactor. The thermocouples 

were of type K. Two electrical furnaces were used to heat the reactor. Two screw feeders, 

positioned one on top of the other, were used to feed the biomass fuel to the reactor. Nitrogen 

gas at ambient temperature was used to facilitate the fuel feeding. Air, as a gasification agent, 

was fed to the gasifier at ambient temperature by means of an air compressor. All flow rates 

were measured/controlled with a rotameter. The particle sizes of SP, WP, TWC, PC, MSS and 

DDGS were in the range of 0.5–1.0 mm. The fuel feeding rates of the feedstocks, equivalence 

ratios (ER) and typical operation parameters were given in Table 2. Silica sand (99.2% SiO2, 

0.5% Al2O3 and 0.1% Na2O) was used as the bed material. The bed material had a mean particle 

size of 450 µm. 

 

 

 
Figure 1: The schematic diagram of the bubbling fluidized bed gasifier. 

 
Table 2: Typical operation parameters for biomass gasification experiments. 

 
 SP WP TWC PC MSS 
Reactor temperature (°C) 780 760 760 740 760 
ER 0.24 0.21 0.29 0.25 0.25 
Fuel feeding rate (g/h) 566 581 400 466 490 
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Syngas characterization  

Product gas leaving the gasifier passed from the cyclone where the particulates in the product 

gas were captured. Two T unions were placed at the cyclone outlet. One of them was connected 

to a sulfur inert tube, a vacuum pump, and a Tedlar bag. This line was used for sampling of 

syngas and for measurement of its composition, along with the contaminants like H2S, COS and 

NH3. EPA 15 Method “Determination of hydrogen sulfide, carbonyl sulfide, and carbon disulfide 

emissions from stationary sources” was applied and Agilent 6890N gas chromatograph equipped 

with pulsed flame photometric detector was used to analyze the sulfur-based compounds. Total 

sulfur content of the gas samples was measured by Analytic Jena multi EA® 5000 UV 

Fluorescence as well. 

 

Syngas composition (CO, CO2, H2, CH4, and O2) was measured with an ABB AO2040 online gas 

analyzer. CO, CO2, and CH4 were detected by the non-dispersive infrared absorption technique, 

whereas hydrogen and oxygen were analyzed with thermal conductivity and paramagnetic 

detectors, respectively. The N2 component of the product gas is calculated from the balance. The 

amounts of C1 - C5 hydrocarbon components of the syngas were determined by gas 

chromatographic measurements equipped with flame ionization detector (FID), by sampling 

through the Tedlar bags. The second T union at the cyclone outlet was used for tar sampling. 

Tar compounds were collected according to the tar protocol (DS/CEN/TS 15439). Iso-propanol 

was used as a solvent for tar trapping. Tar compounds were analyzed by a GC-FID.  

 

RESULTS AND DISCUSSION  

 
Biomass Feedstock Characterization 

The results of proximate and ultimate analysis together with the higher heating values of the 

samples are given in Table 3. As it is seen in the table, PC has the highest fixed carbon and the 

lowest volatile matter content amongst the others, which is the indicative of its pyrolized nature. 

WP and SP are seen to have nearly the same amount of moisture and fixed carbon. On the other 

hand, the fixed carbon content of torrefied wood chips was 8% higher than that of WP as 

expected due to the release of its volatile matter upon torrefaction. Regarding the ash, wood 

was distinguished with its low ash content while MSS and DDGS were the ash-rich samples 

among the others. It is known that woody samples usually contains relatively low amount of ash 

while straw, bark, grasses and grain have significantly higher ash contents [19].  

 

Tables 4, 5 and 6 show the chemical analysis of the ash, ash melting temperatures and calculated 

agglomeration indexes for all samples, respectively. It is known that high levels of alkali/alkaline 

metals and chlorine content are responsible for fouling, corrosion, sintering and agglomeration 

during combustion and gasification processes (20). It was seen in the Tables that MSS and DDGS 

have higher amounts of alkali and alkaline earth metals (K, Na, Ca, etc.) than the others, which 

react with silica to form alkali and alkaline earth metal silicates with low melting temperatures. 
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When the fuel analysis results of the samples were compared, SP, MSS and DDGS were the 

samples with relatively high ash content. On the other hand, in terms of agglomeration index of 

(Si+P+K)/(Ca+Mg), these samples seemed to be more prone to agglomeration during 

thermochemical conversion as well. The lowest ash fusion temperatures of these samples 

supported its agglomeration tendency. This is thereof high Na2O and K2O contents of their ash.  

  



Işık-Gülsaç et al., JOTCSA. 2016; 3(3): 731-746.  RESEARCH ARTICLE 

737 
 

Table 3: Proximate and ultimate analysis and heating values of the biomass feedstocks. 
 

 SP WP TWC PC MSS DDGS 

PROXIMATE ANALYSIS (wt.%)  

Original Basis  

Moisture 7.40 7.52 5.58 2.16 8.42 6.88 

Volatile matter  70.50 76.85 71.53 20.27 66.36 71.50 

Ash 5.85 0.53 0.17 2.17 7.44 6.14 

Fixed carbon 16.25 15.11 22.73 75.40 17.78 15.50 

Dry Basis  

Volatile matter  76.13 83.09 75.75 20.71 72.46 76.77 

Ash  6.32 0.57 0.18 2.21 8.12 6.59 

Fixed carbon  17.55 16.34 24.07 77.07 19.42 16.64 

ULTIMATE ANALYSIS (dry basis, wt.%)  

C   49.52 54.30 58.66 87.53 48.86 49.02 

H   5.72 5.80 5.52 3.73 5.80 6.38 

N   0.77 0.002 0.15 0.60 4.78 5.50 

Stotal  0.13 0.03 0.05 0.00 0.57 0.85 

O (by difference) 37.54 39.30 35.44 5.93 31.87 32.11 

HIGH HEATING VALUES (kcal/kg, (dry basis))  

HHV 4595 4791 5206 7937 4540 4853 

 

Table 4: Chemical analysis of the biomass ashes measured by ICP (mg/kg, dry basis). 
 

 SP WP TWC PC MSS DDGS 

Al 22 65 20 259.2 1028.8 70.1 

Ca 1577 1415 546 3655.3 4617.0 1510.3 

Fe 68 149 41 744.1 724.3 191.8 

K 1635 299 180 510.9 13130.0 14421.4 

Mg 216 152 100 776.1 5255.3 5487.2 

Mn 6 94 51 90.8 203.8 106.5 

Na 452 125 89 798.9 431.2 4347.9 

P 145 76 26 162.9 6368.5 6289.3 

Si 414 307 60 775.3 1127.9 589.9 

Zn 0 2 4 67.4 149.4 111.9 

 

Table 5: Ash melting temperatures of biomass feedstocks,°C. 
 

Feedstock IDT ST HT FT 

SP 955 1051 1162 1256 

WP 1353 1425 1427 1438 

TWC >1500 >1500 >1500 >1500 

PC 1371 1379 1391 1432 

MSS 1127 1128 1162 1375 

DDGS 900 900 900 1220 

IDT: Initial deformation temperature, ST: Softening temperature, HT: Hemispherical temperature, FT: Fluid 

temperature 
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Table 6: Agglomeration indexes of the biomass feedstocks (mole/mole). 
 

 SP WP TWC PC MSS DDGS 

Si/(Ca+Mg) 0.26 0.31 0.12 0.22 0.12 0.08 

(Si+P+K)/(Ca+Mg) 1.27 0.51 0.43 0.37 1.75 2.25 

 

Raveendran et al. reported that metals influence pyrolysis and gasification mechanism (14). 

Alkali metals are good catalysts for carbon-gas reactions. A number of experimental and 

modeling studies have been conducted to observe and predict ash behavior in gasification 

systems (23, 24). It was found that the order of retention in the bed for different elements is Ca 

> K > Mg > P (20). Therefore, the alkali metal content of the samples might have a catalytic 

function during combustion and gasification. 

 

Pyrolysis experiments of biomass feedstocks with TGA 

Thermal decomposition of biomass is influenced by many factors such as heating rate, 

temperature, pressure, residence time, moisture, composition, and particle size. In this study, 

all six biomass feedstocks were pyrolyzed under the conditions given in Table 1. Thermographs 

were taken at four different heating rates (2-15 °C/min) from 25 to 850 °C under N2 atmosphere. 

The change of weight loss (TG) and derivative weight loss (DTG) profiles of these feedstocks 

with heating rates were plotted and evaluated. Effect of heating rate on the TG/DTG profiles for 

SP was given as an example in Figure 2a and 2b, respectively. The profiles for all other samples 

can be reached in the conference presentation proceedings (21). It was well established that 

thermolysis of biomass generally occurs between 200-400 °C. TGA proceeds in three stages for 

wood: water evaporation, active pyrolysis and passive pyrolysis according to the Gasparovic et 

al. (22). As seen in Figure 2a-b, heating rate affects TG and DTG curve positions, maximum 

decomposition rate, and location of maximum peaks. When heating rate increases, initial and 

final temperature of active and passive pyrolysis regions also increase. The maximum points of 

DTG curves are shifted to higher temperature. For example, the peak for passive pyrolysis region 

obtained from DTG profile of SP was increased from 302 to 340 °C when the heating rate was 

increased from 2 °C/min to 15 °C/min (Figure 2b). Nearly the same trend was observed for all 

feedstocks. Because the temperature intervals of hemicellulose and cellulose decomposition 

partially overlap each other, the hemicellulose decomposition usually appears as a shoulder 

instead of a well-defined peak, as was also observed by Gunnar et al. (23).  



Işık-Gülsaç et al., JOTCSA. 2016; 3(3): 731-746.  RESEARCH ARTICLE 

739 
 

 

(a) 

 

(b) 

Figure 2: Pyrolysis profiles of straw pellet at different heating rates (a) Weight loss curves (b) 
Derivative weight loss curves. 

 

When the TG and DTG profiles of all feedstocks were plotted on the same scale as in Figure 3a-

b, respectively it was seen that the highest devolatilization rates and maximum temperatures 

(associated mainly with cellulose decomposition) were obtained for TWC and WP. Among all the 

examined samples, DTG profile of DDGS and PC differed from others. Two peaks and two 

shoulders at around 165-380 °C were observed for DDGS at 2°C/min while no peaks were 

detected there for PC as an indication of absence of volatiles/cellulosic components. During the 

pyrolysis process, PC lost its volatile content. So, PC has no peaks due to its high amount of 

fixed carbon (∼77%).  
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(a) 

 

(b) 

Figure 3: Pyrolysis profiles of all biomass feedstocks at 10 °C/min (a) Weight loss curves (b) 
Derivative weight loss curves. 

 

There are many methods for analyzing non-isothermal solid-state kinetic data from TGA (24-

25). These methods can be divided into two types: model-fitting and model-free. Model-fitting 

methods were widely used for solid-state reactions because of their ability to directly determine 

the kinetic parameters from a single TGA measurement. However, these methods suffer from 

several problems, such as their inability to uniquely determine the reaction model, especially for 

non-isothermal data. On the other hand, the model free methods require several kinetic curves 

to perform the analysis. Calculations from several curves at different heating rates are performed 

on the same value of conversion, which allows calculating the activation energy for each 

conversion point. In this study, the results obtained from TGA were elaborated according to 

Coats-Redfern (model fitting) and Isoconversional (model free) methods to calculate the kinetic 

parameters; namely apparent activation energy (Ea) and pre-exponential factor (A) of biomass 

feedstocks. It was seen that the choice on the starting and ending points of decomposition stages 

was determinative in model fitting methods, whereas model free methods were evaluated to be 

independent from the choice of the stages and gave more freedom to the user. Thus, evaluations 
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were progressed on the model free methods. The values obtained for pyrolysis char was 

questionable since the decomposition profiles were in poor quality due to its high fixed carbon 

content. So PC was disregarded in the evaluations. For isoconversional method, activation 

energies at 40% and 60-70% conversions, which can be taken as a measure of holocellulose 

(hemicellulose+cellulose) decomposition, were compared for other five samples (Table 6). Based 

on the fixed carbon and ash contents of the samples, activation energies were changed as well. 

In case of TWC, activation energies at 40% and 70% conversions were 189.8 and 377.3 kJ/mole, 

higher than those values for non-torrefied wood (WP). Similarly, SP gave activation energies 

changing between 197.8 kJ/mole and 202.4 kJ/mole. It was seen that the lowest activation 

energies were obtained for WP as an indication of its higher reactivity to thermochemical 

conversion. 

 
Table 6: Activation Energies in kJ/mole at 40% and 60-70% Conversions 

 
 

 

 

 

 

 

 
Gasification experiments in BFB gasifier  

The syngas compositions obtained during the gasification study were given in Table 7. Calculated 

gasification yields such as cold gas efficiency, carbon conversion, gas yield and calorific values 

of the syngas were reported in Table 8. When the results were evaluated, it was seen that MSS 

produced the highest tar yield (~ 32.8 gC/Nm3), compared with the other biomasses whilst TWC 

has the lowest tar amount as ~ 1 gC/Nm3. Torrefaction was considered to have an effect on 

decreasing the tar content. The lowest carbon conversion and cold gas efficiency were obtained 

with MSS and PC. This was expected for PC since it was the pre-pyrolized sample before the 

gasification. On the other hand, gasification reactivity of MSS was found to be quite poor. It 

seemed that MSS was exposed to pyrolization instead of gasification. This might be related to 

its lower bulk density and poor fluidization conditions inside the gasification reactor. Considerably 

10 times less tar was produced during the gasification of torrefied sample (TWC) in relation to 

its non-torrefied counterpart (WP). Carbon conversions and cold gas efficiencies were also 

decreased from 69.7% and 56% to 59.1% and 53% upon torrefaction. According to X. Ku et al., 

intensified energy density of torrefied biomass needs a longer oxidation period, therefore a 

gasifier for torrefied biomass requires longer gasification zones to reach the same level of 

conversion (26). Although this was claimed for entrained flow gasification, a similar case might 

be valid for bubbling bed gasification as well. The tar compounds analysis with respect to biomass 

feedstock types as shown in Table 9, relatively higher concentrations of lignin-degraded phenolic 

compounds were present in MSS. It is known that the phenol and benzene derivatives in the tar 

products were mainly resulted from lignin decomposition by cleavage of its ether linkages at a 

Conversion 
(%) 

Activation Energy (kJ/mole) 

SP WP TWC DDGS MSS 

40 197.8 172.8 189.8 238.0 186.5 

60-70 202.4 172.6 377.3 350.3 187.5 
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higher temperature (27). Therefore, this might be the indication of relatively high lignin content 

of MSS compared to other samples.  

 

Table 7: Syngas composition with respect to biomass type. 

 SP WP TWC PC MSS 

CO (%) 11.9 12.2 7.2 9.0 8.6 

CO2 (%) 9.4 10.0 8.6 8.4 7.2 

H2 (%) 6.53 5.9 8.2 6.2 4.0 

CH4 (%) 2.92 3.10 3.4 1.4 2.8 

C2H6 (%) 0.4 0.1 0.01 0 na 

C2H4 (%) 1.23 1.49 0.8 0.01 na 

C3+ (%) 0.14 na na 0 na 

N2 (%) 67.5 67.2 71.9 75 76.7 

H2/CO 0.87 0.48 1.14 0.69 0.47 

Tar (gC/Nm3) ~4.3 ~9.4 ~0.99 1.94 32.8 

Total S (ppm) 242 22 17 22.3 na 

H2S (ppm) 104 34 12.7 7.5 10 

COS (ppm) 19 3.9 1.2 14.5 18 

Methylmercaptane (ppm) 0.8 0.4 0.7 na na 

na: not analyzed. 

 
Table 8: Results for biomass gasification experiments. 

 SP WP TWC PC MSS 

Fluidization velocity (m/s) 0.41 0.43 0.43 0.24 0.17 

Residence time (s) 1.22 1.17 1.17 2.11 2.95 

Cold gas efficiency (%) 69 56 53 16 17.3 

Carbon conversion (%) 82.2 69.7 59.1 25.9 26.7 

Gas yield  (Nm3/kg fuel) 2.83 2.47 3.12 2.25 1.31 

Calorific value of the syngas per 

Nm3 (MJ/Nm3) 

4.40 4.25 3.50 2.33 2.51 

Calorific value of the syngas per kg 

gasified fuel  (MJ/kg fuel) 

12.46 10.52 10.89 5.24 3.29 

 

CONCLUSIONS 

 
Determination of the thermochemical conversion reactivity of six biomass feedstocks (straw 

pellet (SP), softwood pellet (WP), torrefied wood chips (TWC), pyrolysis char (PC), milled 

sunflower seed (MSS) and dried distillers’ grains and solubles (DDGS)) under both pyrolysis and 

gasification conditions were studied. When the feedstock analysis results were compared, WP 

and TWC were the samples with relatively low ash content. On the other hand, in terms of 

agglomeration index (Si+P+K)/(Ca+Mg), SP seemed to be more prone to agglomeration during 

thermochemical conversion. The lowest ash fusion temperatures of SP supported its 

agglomeration tendency as well. Calculated activation energies and characterization studies of 

biomass feedstocks were indicated that, WP was more reactive to thermochemical conversion 

and less prone to agglomeration. Although MSS gave comparable activation energies with the 

WP, its high ash content and agglomeration index were the potential drawbacks in front of its 

utilization via thermochemical conversion. In the scope of gasification experiments, the highest 

cold gas efficiency and carbon conversion were obtained for the gasification of SP. On the other 

hand, SP had some drawbacks such as its high agglomeration tendency and low deformation 

temperature. It was observed that MSS produced the highest tar yield compared with the others 

This might be related to its lower bulk density and poor fluidization conditions inside the 

gasification reactor favoring fast pyrolysis conditions instead of gasification. WP was gasified 
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with acceptable conversion values and efficiencies when compared with SP. When 

characterization results were evaluated together with the gasification studies, it was seen that 

WP would be the preferred fuel for an efficient and effective thermochemical conversion.  

 

Table 9: The analysis of tar compounds for the gasification of different biomass samples  

Tar Compound 
Concentration (mg C/Nm3) 

SP WP TWC PC MSS 

Benzene 2061 4648 805 1344 21499 

Toluene 539 1221 137 - 7091 

Xylene 41 257 2 - 2172 

Ethylbenzene 10 3 9 - 794 

Styrene (vinyl benzene) 3 - - - - 

Indene 4 8 8 - - 

Phenol 14 13 1 - 113 

Napthalene 1088 1795 - - 490 

Methylnapthalene - 33 3 - - 

Ethylnapthalene - 12 - - - 

Dimethylnapthalene 24 6 - - - 

Acenapthalene 74 251 7 122 136 

Fluorene - - - 181 - 

Diethylnapthalene 7 9 5 - - 

Antracene 348 161 4 - 78 

Phenantrene - 761 - 205 47 

Pyrene 132 253 5 70 45 

Total ~4345 ~9433 ~986 1937 32780 
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Türkçe Öz ve Anahtar Kelimeler 
 

Farklı Biyokütle Hammaddelerinin Termokimyasal Dönüşüm Davranışı: 
Piroliz ve Gazlaştırma 

 
Işıl Işık-Gülsaç, Yeliz Durak-Çetin, Berrin Engin, Parvana Gafarova-Aksoy, Hakan Karataş, 

Alper Sarıoğlan 

 
Öz: Bu çalışmada, tezgah ölçeğinde kabarcıklı akışkan yatak (BFB) gazlaştırıcı ve 
termogravimetrik analizör (TGA) kullanılarak gazlaştırma ve piroliz koşulları altında biyokütle 
yakıtlarının termokimyasal dönüşüm reaktivitesi tespit edilmiştir. Altı farklı biyokütle 
hammaddesi kullanılmıştır, bunlar hasır tanesi (SP), yumuşak kereste tanesi (WP), kurutulmuş 
odun kıymıkları (TWC), piroliz kömürü (PC), değirmenden geçmiş ayçiçeği tanesi (MSS) ve 
kurutulmuş damıtıcı tanesi ve çözünürleri (DDGS) olarak verilmiştir. Biyokütle hammeddelerinin 
TGA’sı dört farklı ısıtma hızında (2-15 °C/dakika) pirolitik koşullarda yürütülmüştür. Deneylerden 
elde edilen ham veriler örneklerin kinetik parametrelerini (A, Ea) hesaplamak için kullanılmıştır, 
burada Coats-Redfern ve Isoconversional Yöntem kullanılmıştır. TGA analizine göre piroliz 
kömürü 800 K’nin üzerindeki sıcaklıklarda bozunma sonucu kalan tek üründür, çünkü 
gazlaştırmadan önce buna ön piroliz uygulanmıştır. Türevli Termogravimetrik Analiz (DTG) 
profillerine göre, 450-650 K civarındaki iki pik ve iki omuz DDGS için gözlenirken piroliz kömürü 
için hiç bir pik elde edilmemiştir, bu da uçucu maddelerin veya selülozik bileşenlerin yokluğu 
anlamına gelmektedir. Yumuşak kereste ve kurutulmuş odun parçaları için elde edilen en yüksek 
uçuculuk giderme hızları ve uçuculuk giderme sıcaklıkları (temel olarak selülozun bozunması ile 
ilgilidir) diğer biyokütle hammaddeleri içinde en düşük kömür verimlerini oluşturmaktadır. WP’nin 
termokimyasal dönüşüme karşı daha reaktif olduğu ve kümeleşmeye karşı daha dayanıklı olduğu 
görülmüştür. Bunun dışında, MSS’nin yüksek kül yüzdesi ve kümelenme indisi termokimyasal 
dönüşüm yoluyla kullanılmasının önünde potansiyel engeller olarak durmaktadır. Bu 
hammaddelerin (DDGS dışında) havayla gazlaştırması sırasında, ürün olarak elde edilen sentez 
gazı temel gaz bileşimi, zift ve kükürtlü bileşikler cinsinden karakterize edilmiştir. En yüksek 
soğuk gaz etkinliği, karbon dönüşümü ve kalorifik değerler SP’nin gazlaştırılması için elde 
edilmiştir. Diğer taraftan, SP’nin yüksek kümelenme eğilimi ve düşük deformasyon sıcaklığından 
dolayı bazı dezavantajlar getirdiği bulunmuştur. Bütün hammaddeler içinde, MSS’nin gazlaştırma 
reaktifliğinin oldukça düşük olduğu bulunmuştur. MSS’nin gazlaştırma yerine pirolize uğradığı 
görülmektedir. WP ve TWC kabul edilebilir dönüşüm değerlerinde gazlaştırılmış ve etkinlikleri SP 
ile karşılaştırılmıştır. WP’nin termokimyasal dönüşümlerde tercih sebebi olduğu anlaşılmıştır.  
 
Anahtar kelimeler: Termokimyasal dönüşüm; gazlaştırma; piroliz; sentez gazı; biyokütle.  
 
Sunulma: 04 Temmuz 2016. Düzeltme: 12 Ekim 2016. Kabul: 10 Kasım 2016.  
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Abstract: Triazoles are heterocyclic compounds which have been of interest in the 
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antibacterial, antimycobacterial, antifungal, antiviral, anticancer, and other activities. In 
this article, a series of fluorine- and piperazine-containing some novel biologically active 
1,2,4-triazole-3-one derivatives were synthesized by the Mannich reaction of triazole 
intermediates. The structures for novel synthesized compounds were elucidated using 
elemental analysis and FT IR, 13C NMR, 1H NMR, EI MS techniques. These compounds 
were investigated in vitro for their antimicrobial properties and several compounds have 
fungicidal activity against Candida albicans and Saccharomyces cerevisiae. And also 
some of the compounds exhibited excellent activity on Mycobacterium smegmatis, a 
nonpigmented fast-rising mycobacterium, at the concentration of <1 μg/mL is better 
than standard drug streptomycin. 
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INTRODUCTION 
 
On account of growing number of multidrug resistant microbial pathogens, rising 

infectious infirmity and the cure of infectious illness still remain serious and challenging 

problem. For this reason, novel species of antimicrobial compounds are vitally important 

in fight with multidrug-resistant microbial diseases [1-5]. The most important and 

challenge of pharmaceutical chemistry is to design and synthesis of novel combinational 

chemotherapeutics constitute for coping with the antimicrobial resistance. There are two 

approaches for overcome multidrug-resistant bacteria. One of them is the synthesis of 

entirely novel compounds having unlike chemical structures than available ones, the 

other method is to unite two or more active groups into one compound. Thus, a single 

compound possessing more than one active group, each with varied form of activity, 

might be advantageous for the cure of bacterial diseases [6, 7]. Heterocycle- and 

fluorine-containing compounds play a crucial role both in the research field of organic 

chemistry and in a variety of practical chemistry fields, such as, material science, 

medicinal chemistry, and pesticide chemistry [8–12]. 1,2,4-triazole is a five-membered 

heterocycle, and has a broad spectrum of biological properties containing anticancer [13, 

14], insecticidal [15], antifungal [16], anti-inflammatory [17], and plant growth 

regulating activities [18]. Moreover, one of the significant heterocycles is piperazine. 

Piperazine ring has different features, for example, simple building multiple ionic or 

hydrogen bonds appear low toxicity and functional influence. Thus it is frequently placed 

into various main compounds for increasing the antimicrobial activities along the applied 

medicine. It is mentioned that N-substituted piperazine structures possess a broad range 

of biological properties, like anticancer [20], antimicrobial [19], herbicidal activities [21], 

especially that compounds were frequently used as antibacterial material. Mannich bases 

of 1,2,4-triazole derivatives having a piperazine moiety have been determined to possess 

antifungicidal activity [22, 23], and some Mannich bases containing piperazine-4,5-

disubstituted-1,2,4-triazole were reported to have tuberculostatic property [24]. 

However, there are relatively not many researches concerning the piperazine-possesing 

compounds about the design and enhance of pesticides. In view of these facts and as a 

piece of our continuing study on the synthesis of active hybrid compounds, we expected 

to get novel 1,2,4-triazole compounds having azole moieties and their Mannich bases as 

potential biodynamic agents. 

 

RESULTS AND DISCUSSION 
 
Chemistry 

The basic purpose of this research is to synthesize and examine the antimicrobial 

properties of some novel hybrid compounds containing different heterocyclic moieties, 
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the pharmacological importance of which is well documented. The synthetic methods 

accepted to acquire the aimed molecules are showed in Schemes 1, 2, and 3. The 

structures for novel synthesized molecules were explained using physicochemical, 

elemental analysis, and spectral methods (FT IR, 1H NMR, 13C NMR and EI-MS). 
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Scheme 1. Reactions and conditions. i: triethylamine, BrCH2COOC2H5, THF, 24 h rt; ii: 
EtOH, H2NNH2, reflux, 27 h; iii: CH2Cl2, PhCH2NCO, 24 h rt; iv: 2 N NaOH in EtOH/H2O, 

reflux, 5 h. 
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Scheme 2. Reactions and conditions. i: morpholine, HCHO in DMSO, 24 h rt; ii: 
thiomorpholine, HCHO in DMSO, 24 h rt; iii: methylpiperazine, HCHO in DMSO, 24 h rt; 
iv: 1-phenylpiperazine, HCHO in DMSO, 24 h rt; v: norfloxacin, HCHO in DMSO, 24 h rt; 

vi:ciprofloxacin, HCHO in DMSO, 24 h rt. 
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Scheme 3. Reactions and conditions. i: EtOH, Na, ClC6H4COCH2Br, reflux, 17 h; ii: EtOH, 
NaBH4, reflux, 15 h; iii: THF, NaH, 2-4-dichlorobenzyl chloride, reflux, 15 h; iv: THF, 

NaH, 2-6-dichlorobenzyl chloride reflux, 15 h. 

The esterification of 1-(4-fluorophenyl)piperazine (1) by tetrahydrofuran and ethyl 

bromoacetate in the presence of triethylamine generated the corresponding ester (2). 

Then, the ester 2 was changed to the corresponding hydrazide (3) by the reaction with 

hydrazine hydrate. The 1H NMR and FT-IR spectra for compound 3 showed signals 

pointing the presence of hydrazide group, while the signals because of the ester function 

were not seen in the NMR spectrum.  

 

Compound 3 was changed to the corresponding carboxamide by the reaction with benzyl 

isocyanate. Compounds (4) was evaluated by the existence of absorption bands at 1655 

cm-1 due to -C=O stretching in the FT-IR spectra. In the 13C NMR spectra of this 

compound (4), -C=O function resonated at 158.59 ppm. The other proof for the 

appearance of carboxamides was the presence of three NH signals at 7.86-9.45 ppm in 

the 1H NMR spectra as D2O-exchangeable singlets. Moreover, the signals refer to alkyl or 

aryl function of isothiocyanate ring were observed at the appropriate chemical shift 

range.  

 

The synthesis of the triazole (5) was carried out by the intramolecular cyclization of 

compound 4 by treatment with base; we aimed to bind the 1,2,4-triazole ring to 

fluorophenylpiperazine nucleus, it is stated that more efficient antimicrobial molecules 

may be planned by combined two or more biologically active heterocyclic groups together 

in a single molecular structure [25-27]. In the 1H NMR spectra of compound 5 the signal 

obtained at 9.25 ppm was described to –NH proton. The signal owing to this function was 

observed at 3167 cm-1 in the FT-IR spectra. In addition, compound 5 showed stable 
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[M+1]+ and [M+Na]+, signals in the mass spectra and also the elemental analysis data 

are coherent with the appointed molecules. Because of their basic purpose depicting the 

compound solvable in aqueous solvents when it is converted into aminium salt, Mannich 

bases are physiologically reactive and they have been noticed as possible biological 

materials [28]. Moreover, it is stated that the function connected to parent amine by 

Mannich reaction rises the lipophilicity of compound [29]. In view of these facts, we 

treated compounds 5 with several amines, namely morpholine, thiomorpholine, 

methylpiperazine, 1-phenylpiperazine, norfloxacine, and ciprofloxacine due to their 

therapeutic effect [30-32]. The successful synthesis of the alkylaminomethylation was 

provided by the disappearance of peak for the proton at the N-1 nitrogen (5) of the 

1,2,4-triazole derivative. In addition, in the 1H and 13C NMR spectra of compounds 6-11 

displayed additional peaks resulting from alkylaminomethyl group at the connected 

chemical shift ranges. 

 

Treatment of compound 5 with 4-chlorophenacyl bromide gave compound 12 which was 

converted into compound 13 by reduction of the ketone functionality using sodium 

borohydride. The treatment of compound 13 with 2-4-dichlorobenzyl chloride or 2-6-

dichlorobenzyl chloride generated the corresponding conazole derivatives 14 and 15 

respectively. The structures of molecules 12-15 were confirmed using spectroscopic 

techniques such as FT-IR, EI-MS, 1H NMR, 13C NMR, and elemental analysis. 

 

BIOLOGICAL ACTIVITY 
 
Antimicrobial activity 

All the novel synthesized molecules were investigated for their antibacterial activities but 

only the values of the compounds which have activities were shown in Table 1. Among 

the novel synthesized molecules, compounds 4, 6, 7, 10, 11, 14, and 15 displayed 

moderate-slight activities against to the tested microorganisms with the mic values 

between <1-125 μg/mL. 

 

Moderate activities were observed for compound 4, a carboxamide derivative, on Gram-

positive bacteria, Mycobacterium smegmatis (Ms), and yeast like fungi, Candida albicans 

(Ca), and Saccharomyces cerevisiae (Sc). 

 

The conversion of compounds 5 to their Mannich bases resulted in an increase in the 

antimicrobial activity. Mannich base derivatives 6, 7, 10 and 11 were obtained to have 

good activity against on some of the test microorganisms. Among these, compound 6 

and 7 namely a 1,2,4-triazole compound containing a thiomorpholine or a morpholine 

moiety have moderate antibacterial activity only against Ms, Ca and Sc with the MIC 
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values between of 15.6-125 mg/mL. However, Mannich compounds 10 and 11, 

containing a norfloxacin or ciprofloxacin nucleus attached to 1,2,4-tirazole nucleus 

showed perfect antimicrobial activities on Gram-negative and Gram-positive bacteria, 

except Ca and Sc. Especially, 7-{4-[(4-benzyl-3-{[4-(4-fluorophenyl)piperazin-1-

yl]methyl}-5-oxo-4,5-dihydro-1H-1,2,4-triazol-1-yl)methyl]piperazin-1-yl}-1-

cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid compound (11) 

exhibited good activity on Ms, a nonpigmented fast-rising mycobacterium, with the mic 

value <1 μg/mL is better than standard drug streptomycin or Escherichia coli (Ec), a 

Gram-negative, facultative anaerobic bacterium, with the mic value <1 μg/mL is better 

than standard drug ampicillin.  Conazole derivative, 14 and 15, were found to have a 

slight activity only against Ms with the mic values 125 µg/mL. Nevertheless, none of the 

compounds 2-15 exhibited activity on Enterococcus faecalis (Ef). 

 

Table 1. Antimicrobial activity of the compounds (μg/mL) 

Comp.No 
Minimal Inhibition Concentration Values  (µg/mL) 

Ec Yp Pa Sa Ef Bc Ms Ca Sc 

4 - - - - - - 62.5 125 125 

6 - - - - - - 62.5 15.6 31.2 

7 - - - - - - 125 15.6 31.2 

10 <1 <1 3.9 <1 - <1 3.9 - - 

11 <1 <1 <1 <1 - <1 <1 - - 

14 - - - - - - 125 - - 

15 - - - - - - 125 - - 

Amp. 10 32 >128 35 10 15    

Strep.       4   

Flu.        <8 <8 

Ec: E. coli ATCC 35218, Yp: Y. pseudotuberculosis ATCC 911, Pa: P. aeruginosa ATCC 

10145, Ef: E. faecalis ATCC 29212, Bc: B. cereus 709 Roma, Ms: M. smegmatis ATCC607, 

Ca: C. albicans ATCC 60193, S. cerevisiae RSKK 251, Amp.: Ampicillin, Strep.: 

Streptomycin, Flu.: Fluconazole, (—): no activity of test concentrations 
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CONCLUSIONS 
 
This research reports the successful synthesis of some new hybrid compounds starting 

from 1-(4-fluorophenyl)piperazine. The antimicrobial activity investigation studies were 

also performed in this study. The antimicrobial investigation provides that the molecules 

containing norfloxacine, ciprofloxacine acid nucleus displayed excellent antibacterial 

activity. In addition, some of them showed inhibition properties on Escherichia coli (Ec) 

and Mycobacterium smegmatis (Ms) better to ampicillin or streptomycin. 

EXPERIMENTAL 
 
General 

All the chemicals were bought from Fluka Chemie AG Buchs (Switzerland) and used 

without further purification. Melting points of the synthesized compounds were 

determined in open capillaries on a Büchi B-540 melting point apparatus and are 

uncorrected. Reactions were monitored by thin-layer chromatography (TLC) on silica gel 

60 F254 aluminum sheets. The mobile phase was ethyl acetate:diethyl ether (1:1), and 

detection was made using UV light. FT-IR spectra were recorded using a Perkin Elmer 

1600 series FTIR spectrometer. 1H NMR and 13C NMR spectra were registered in DMSO-d6 

on a BRUKER AVENE II 400 MHz NMR Spectrometer (400.13 MHz for 1H and 100.62 MHz 

for 13C). The chemical shifts are given in ppm relative to Me4Si as an internal reference, J 

values are given in Hz. The elemental analysis was performed on a Costech Elemental 

Combustion System CHNS-O elemental analyzer. All the compounds gave C, H and N 

analysis within ±0.4% of the theoretical values. The Mass spectra were obtained on a 

Quattro GC-MS (70 eV) Instrument. Nalidixic acid (1) was provided commercially from 

Sigma-Aldrich. 

 

Ethyl [4-(4- fluorophenyl)piperazine-1-yl]acetate (2) 

1-(4-fluorophenyl)piperazine 1 (1.80 g, 10 mmol) in tetrahydrofuran, triethylamine (2.10 

mL, 15 mmol) and ethyl bromoacetate (1.13 mL, 10 mmol) were added and the mixture 

was stirred at room temperature for 24 hours. After evaporating the solvent under 

reduced pressure, a solid appeared. The crude product was recrystallized from 

chloroform–petroleum ether (1:3) to yield the target compounds. Yield 90%, mp: 54-

55°C. FT-IR (υmax, cm-1): 3015 (aromatic CH), 2986 (aliphatic CH), 1736 (C=O); 1H NMR 

(DMSO-d6, δ ppm): 1.19 (t, 3H, CH3, J= 6.8 Hz), 2.65 (t, 4H, 2CH2, J= 4.8 Hz), 3.06 (d, 

4H, 2CH2, J= 5.2 Hz), 3.27 (s, 2H, CH2), 4.09 (q, 2H, CH2, J= 7.2 Hz), 6.91-6.95 (m, 2H, 

arH), 7.00-7.05 (m, 2H, arH); 13C NMR (DMSO-d6, δ ppm): 14.58, 49.38, 52.38, 58.78, 

60.33, 115.54 and 115.79, 117.59 and 117.67, 148.34 and 148.35, 155.30 and 157.64, 

170.29; EI-MS m/z (%): 267.23 ([M+1]+, 100), 193.14 (39), 188.18 (39), 160.19 (34). 
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Anal. Calcd. for C14H19FN2O2: C, 63.14; H, 7.19; N, 10.52%. Found: C, 63.30; H, 7.48; 

N, 10.21% 

 

2-(4-(4-fluorophenyl)piperazine-1-yl)acetohydrazide (3)  

A solution of compound 2 (2.66 g, 10 mmol) in ethanol was refluxed with hydrazine 

hydrate (1.21 mL, 25 mmol) for 27 h (controlled with TLC). After cooling the reaction 

mixture to room temperature, the mixture was kept overnight in cold. The resulting solid 

was collected by filtration and recrystallized from ethyl acetate–diethyl ether (1:3) to 

afford the desired product 3. Yield 91%, mp: 155-156 °C. 

 

FT-IR (υmax, cm-1): 3295 and 3255 (NH2), 3166 (NH), 3051 (aromatic CH), 2962 

(aliphatic CH), 1666 (C=O); 1H NMR (DMSO-d6, δ ppm): 2.56 (t, 4H, 2CH2, J= 4.8 Hz), 

2.96 (s, 2H, CH2), 3.08 (t, 4H, 2CH2, J= 4.4 Hz), 4.28 (brs, 2H, NH2),  6.91-6.95 (m, 2H, 

ArH), 7.00-7.05 (m, 2H, ArH), 8.94 (s, 1H, NH); 13C NMR (DMSO-d6, δ ppm): 49.31, 

53.20, 60.26, 115.57 and 115.79, 117.49 and 117.57, 148.36, 155.44 and 157.58, 

168.57; EI-MS m/z (%):293.30 (43), 193.18 (100), 178.16 (20), 150.13 (62), 138.11 

(37); Anal. Calcd. for C12H17FN4O: C, 57.13; H, 6.79; N, 22.21%. Found: C, 57.32; H, 

6.59; N, 22.57%. 

N-benzyl-2-{[4-(4-fluorophenyl)piperazin-1-yl]acetyl}hydrazinecarboxamide 
(4) 
 
To a solution of corresponding compound 3 (2.52 g, 10 mmol) in dichloromethane, 

benzyl isocyanate (2.57 mL, 20 mmol) was added and the mixture was stirred at room 

temperature for 24 hours. After evaporating the solvent under reduced pressure, a solid 

appeared. The crude product was recrystallized from acetone–diethyl ether (1:3) to yield 

the target compounds. Yield 91%, mp: 195-196 °C. 

 

FT-IR (υmax, cm-1): 3249 (2NH), 3219 (NH), 3090 (aromatic CH), 2958 (aliphatic CH), 

1655 (2C=O); 1H NMR (DMSO-d6, δ ppm): 2.63 (s, 4H, 2CH2), 3.07 (s, 4H, 2CH2), 3.34 

(s, 2H, CH2), 4.24 (d, 2H, CH2, J= 8.0 Hz), 6.87 (s, 1H, NH), 6.92-6.95 (m, 2H, ArH), 

7.04 (t, 2H, ArH, J= 8.0 Hz), 7.22-7.32 (m, 5H, ArH), 7.86 (s, 1H, NH), 8.97 (s, 1H, 

NH), 9.45 (s, 1H, NH); 13C NMR (DMSO-d6, δ ppm): 43.11, 49.22, 53.13, 60.08, 115.59 

and 115.80, 117.50 and 117.57, 127.00, 127.39, 128.58, 140.95, 148.33, 155.25 and 

157.59, 158.59, 169.46; EI-MS m/z (%): 430.33 (10), 408.13 ([M+Na]+, 47),  386.22 

([M+1]+, 62),  273.16 (15); Anal. Calcd. for C20H24FN5O2: C, 62.32; H, 6.28; N, 18.17%. 

Found: C, 62.11; H, 6.57; N, 18.56%. 
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5-{[4-(4-fluorophenyl)piperazin-1-yl]methyl}-4-phenyl-2,4-dihydro-3H-1,2,4-
triazol-3-one (5) 
 
A solution of carbothioamide 4 (3.85 g, 10 mmol) in ethanol/water (1:1) was refluxed in 

the presence of 2 N NaOH for 5 h (the progress of the reaction was monitored by TLC). 

Then, the resulting solution was cooled to room temperature and acidified to pH 7 with 

37% HCl. The precipitate formed was filtered off, washed with water, and recrystallized 

from ethyl acetate to give the target compound 5. Yield 70%, mp: 185-186 °C. 

 

FT-IR (υmax, cm-1): 3167 (NH), 3035 (aromatic CH), 2919 (aliphatic CH), 1696 (C=O), 

1511 (C=N); 1H NMR (DMSO-d6, δ ppm): 2.43 (s, 2H, CH2), 2.89 (s, 2H, CH2), 3.30 (s, 

2H, CH2),  3.34 (s, 4H, 2CH2), 4.88 (s, 2H, CH2), 6.87-6.89 (m, 2H, ArH), 7.02 (t, 2H, 

ArH, J= 7.2 Hz), 7.04-7.25 (m, 3H, ArH), 7.32 (t, 2H, ArH, J= 4.4 Hz), 9.25 (s, 1H, NH); 

13C NMR (DMSO-d6, δ ppm): 44.20, 49.11, 52.65, 53.43, 115.59 and 115.80, 117.57 and 

117.80, 127.53, 127.71, 128.87, 137.67, 144.75, 148.27 and 155.29, 155.97, 157.63; 

EI-MS m/z (%): 459.33 (25), 407.39 ([M+1+K]+, 47), 390.25 ([M+Na]+, 62),  367.10 

([M]+, 70), 261.11 (10); Anal. Calcd. for C20H22FN5O: C, 65.38; H, 6.04; N, 19.06%. 

Found: C, 65.11; H, 6.32; N, 19.33%. 

 

General Synthetic Method of Compounds 6-11 

To a solution of compound 5 (3.67 g, 10 mmol) in dimethyl sulfoxide (10 mL), 

morpholine (for 6) (0.87 mL, 10 mmol) or thiomorpholine (for 7) (0.94 mL, 10 mmol) or 

methyl piperazine (for 8) (1.11 mL, 10 mmol) or 1-phenylpiperazine (for 9) (1.52 mL, 10 

mmol), or norfloxacin (for 10) (3.19 g, 10 mmol) or ciprofloxacin (for 11) (3.31 g, 10 

mmol) was added in the presence of formaldehyde (37%, 3.72 mL, 50 mmol) and the 

mixture was stirred at room temperature for 24 hours. The resulting solution was poured 

into ice-cold water and a solid appeared. The crude product was recrystallized from 

ethanol–water (1:3) (for 6 and 7), from ethyl acetate (for 8 and 9), from dimethyl 

sulfoxide–water (1:3) (for 10 and 11) to yield the target compounds. 

 

4-Benzyl-5-{[4-(4-fluorophenyl)piperazin-1-yl]methyl}-2-(morpholin-4-
ylmethyl)-2,4-dihydro-3H-1,2,4-triazol-3-one (6) 
 
Yield 87%, mp: 102-103 °C; FT-IR (υmax, cm-1): 3053 (aromatic CH), 2938 (aliphatic 

CH),  1701 (C=O), 1508 (C=N); 1H NMR (DMSO-d6, δ ppm): 2.08 (s, 2H, CH2), 2.43 (s, 

4H, 2CH2), 2.89 (s, 4H, 2CH2), 3.34 (s, 10H, 5CH2), 4.88 (s, 2H, CH2), 6.86-6.89 (m, 2H, 

ArH), 7.02 (t, 2H, ArH, J= 8.8 Hz), 7.25 (d, 3H, ArH, J= 6.4 Hz), 7.31 (d, 2H, ArH, J= 

6.8 Hz); 13C NMR (DMSO-d6, δ ppm): 40.60, 44.20, 49.11, 52.65, 53.43, 115.59 and 

115.80, 117.58 and 117.65, 127.52, 127.71, 128.87, 137.64, 140.23, 144.77 and 

148.25, 148.05, 155.98; EI-MS m/z (%): 490.39 ([M+1+Na]+, 70), 467.61 ([M+1]+, 
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100), 390.20 (24), 292.21(16); Anal. Calcd. for C25H31FN6O2: C, 64.36; H, 6.70; N, 

18.01%. Found: C, 64.13; H, 6.92; N, 18.30%. 

 

4-Benzyl-5-{[4-(4-fluorophenyl)piperazin-1-yl]methyl}-2-(thiomorpholin-4-

ylmethyl)-2,4-dihydro-3H-1,2,4-triazol-3-one (7) 

Yield 91%, mp: 118-120 °C; FT-IR (υmax, cm-1): 3052 (aromatic CH), 2820 (aliphatic 

CH), 1695 (C=O), 1509 (C=N); 1H NMR (DMSO-d6, δ ppm): 2.45 (s, 6H, 3CH2), 2.89 (s, 

6H, 3CH2), 3.35 (s, 6H, 3CH2), 4.92 (s, 2H, CH2), 5.03 (d, 2H, CH2, J= 7.2 Hz), 6.86-

6.89 (m, 2H, ArH), 7.02 (t, 2H, ArH, J= 12.0 Hz), 7.25- 7.34 (m, 5H, ArH); 13C NMR 

(DMSO-d6, δ ppm): 27.59, 43.87, 44.78, 49.09, 49.60, 52.68, 53.23, 67.50, 115.59 and 

115.80, 117.59 and 117.67, 127.57, 127.80, 128.56, 137.33, 143.90 and 148.23, 

155.30, 154.04, 157.64; EI-MS m/z (%): 482.71 ([M]+, 90); Anal. Calcd. for 

C25H31FN6OS: C, 62.22; H, 6.47; N, 17.41%. Found: C, 62.02; H, 6.62; N, 17.29%. 

 
4-Benzyl-5-{[4-(4-fluorophenyl)piperazin-1-yl]methyl}-2-[(4-methylpiperazin-

1-yl)methyl]-2,4-dihydro-3H-1,2,4-triazol-3-one (8) 

Yield 85%, mp: 127-128 °C; FT-IR (υmax, cm-1): 3061 (aromatic CH), 2939 (aliphatic 

CH), 1701 (C=O), 1508 (C=N); 1H NMR (DMSO-d6, δ ppm): 2.44 (s, 3H, CH3), 2.49 (s, 

4H, 2CH2), 2.89 (s, 4H, 2CH2), 3.34 (s, 10H, 5CH2), 4.92  (s, 2H, CH2), 5.02 (d, 2H, CH2, 

J= 7.6 Hz), 6.86-7.00 (m, 2H, ArH), 7.00-7.05 (m, 2H, ArH), 7.23-7.27 (m, 3H, ArH), 

7.32 (d, 2H, ArH, J= 7.2 Hz); 13C NMR (DMSO-d6, δ ppm): 43.87, 44.78, 46.20, 49.09, 

49.89, 52.68, 53.23, 54.99, 66.03, 67.49, 115.59 and 115.80, 117.59 and 117.66, 

127.58, 128.80, 128.92, 137.34 and 137.49, 143.89, 148.25, 154.03, 157.75; EI-MS 

m/z (%):589.26 (41), 519.60 ([M+1+K]+, 25),  502.81 ([M+Na]+, 16),  479.71 ([M]+, 

90), 376.57 (38); Anal. Calcd. for C26H34FN7O: C, 65.11; H, 7.15; N, 20.44%. Found: C, 

65.33; H, 7.01; N, 20.18%. 

 

4-Benzyl-5-{[4-(4-fluorophenyl)piperazin-1-yl]methyl}-2-[(4-phenylpiperazin-

1-yl)methyl]-2,4-dihydro-3H-1,2,4-triazol-3-one (9) 

Yield 88%, mp: 140-141 °C; FT-IR (υmax, cm-1): 3063 (aromatic CH), 2917 (aliphatic 

CH), 1698 (C=O), 1512 (C=N); 1H NMR (DMSO-d6, δ ppm): 2.43 (s, 2H, CH2), 2.72 (s, 

4H, 2CH2), 2.86 (s, 4H, 2CH2), 3.13 (s, 4H, 2CH2), 3.35 (s, 4H, 2CH2), 4.65 (s, 2H, CH2), 

4.93 (s, 2H, CH2), 6.76 (t, 1H, ArH, J= 8.0 Hz), 6.84-6.92 (m, 4H, ArH), 7.01 (t, 2H, 

ArH, J= 12.0 Hz), 7.18-7.25 (m, 5H, ArH), 7.30-7.33 (m, 2H, ArH); 13C NMR (DMSO-d6, 

δ ppm): 43.88, 44.82, 48.60, 49.05, 49.60, 49.97, 52.64, 53.20, 66.04, 115.57 and 

115.79 , 117.54 and 117.62, 119.28, 127.39, 127.76, 128.92, 129.36, 137.46, 143.54, 

148.22, 151.36 and 155.16, 155.28, 157.42; EI-MS m/z (%): 579.60 ([M-1+K]+, 19), 

564.54 ([M+Na]+, 40), 560.39 ([M+1+H2O]+, 42), 542.77 ([M+1]+, 70), 531.37 (100); 
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Anal. Calcd. for C31H36FN7O: C, 68.74; H, 6.70; N, 18.10%. Found: C, 68.38; H, 6.60; N, 

18.18%. 

 

7-{4-[(4-Benzyl-3-{[4-(4-fluorophenyl)piperazin-1-yl]methyl}-5-oxo-4,5-

dihydro-1H-1,2,4-triazol-1-yl)methyl]piperazin-1-yl}-1-ethyl-6-fluoro-4-oxo-

1,4-dihydroquinoline-3-carboxylic acid (10) 

Yield 84%, mp: 205-206 °C; FT-IR (υmax, cm-1): 3391 (OH), 3090 (aromatic CH), 2946 

(aliphatic CH), 1702 (2C=O), 1623 (C=O), 1508 (C=N); 1H NMR (DMSO-d6, δ ppm): 1.39 

(t, 3H, CH3, J= 7.2 Hz), 2.49 (s, 4H, 2CH2), 2.80 (s, 2H, CH2), 2.85 (s, 4H, 2CH2), 3.34 (s, 

8H, 4CH2), 4.59 (d, 2H, CH2, J= 6.8 Hz), 4.67 (s, 2H, CH2), 4.93 (s, 2H, CH2), 6.82-6.86 

(m, 2H, ArH), 7.01 (t, 2H, ArH, J= 8.8 Hz), 7.18-7.30 (m, 6H, ArH), 7.92 (d, 1H, ArH, J= 

13.2 Hz), 8.95 (s, 1H, quinolone CH), 15.36 (s, 1H, OH); 13C NMR (DMSO-d6, δ ppm): 

14.79, 44.84, 49.06, 49.51, 49.77, 49.86, 52.65, 53.19, 66.01, 107.53,106.41, 111.56 

and 111.79, 115.36 and 115.58, 117.54 and 117.62, 119.62 and 119.69, 127.46, 127.79, 

128.90, 137.43 and 137.64, 143.65, 145.74 and 145.85, 148.19, 152.04 and 154.52, 

155.29 and 157.63, 148.99, 155.19, 166.57, 176.38; EI-MS m/z (%):738.73 (50), 

700.73 (47), 699.98 ([M+1]+, 94), 698.81 ([M]+,100), 675.23 ([M-Na]+, 38), 589.59 

(41); Anal. Calcd. for C37H40F2N8O4: C, 63.60; H, 5.77; N, 16.04%. Found: C, 63.38; H, 

5.81; N, 16.17%. 

 

7-{4-[(4-Benzyl-3-{[4-(4-fluorophenyl)piperazin-1-yl]methyl}-5-oxo-4,5-

dihydro-1H-1,2,4-triazol-1-yl)methyl]piperazin-1-yl}-1-cyclopropyl-6-fluoro-4-

oxo-1,4-dihydroquinoline-3-carboxylic acid (11) 

Yield 88%, mp: 258-260 °C; FT-IR (υmax, cm-1): 3400 (OH), 3090 (aromatic CH), 2937 

(aliphatic CH), 1702 (2C=O), 1627 (C=O), 1509 (C=N); 1H NMR (DMSO-d6, δ ppm): 

1.13 (s, 2H, CH2), 1.32 (s, 2H, CH2), 2.44 (s, 2H, CH2), 2.85 (s, 10H, 5CH2), 3.35 (s, 6H, 

3CH2), 3.79 (s, 1H, CH), 4.68 (s, 2H, CH2), 4.94 (s, 2H, CH2), 6.84 (d, 2H, ArH, J= 4.0 

Hz), 6.99 (t, 2H, ArH, J= 8.4 Hz), 7.24-7.30 (m, 5H, ArH), 7.52 (d, 1H, ArH, J= 6.0 Hz), 

7.83 (d, 1H, ArH, J= 13.2 Hz), 8.61 (s, 1H, quinolone CH), 15.17 (s, 1H, OH); 13C NMR 

(DMSO-d6, δ ppm): 8.02, 36.26, 40.59, 44.85, 49.07, 49.75, 52.66, 53.21, 66.03, 

107.17, 106.81, 111.24 and 111.47, 115.56 and 115.78, 117.53 and 117.60, 118.90 and 

118.98, 127.47, 127.78, 128.98, 137.41, 139.54, 143.66, 145.43 and 145.53, 152.14 

and 154.62, 155.20 and 157.62, 148.30, 155.28, 166.35, 176.73; EI-MS m/z (%): 

765.22 (88), 711.36 ([M+1]+, 67), 522.29 (47), 332.27 (76), 205.15 (82), 195.92 

(100); Anal. Calcd. for C38H40F2N8O4: C, 64.21; H, 5.67; N, 15.77%. Found: C, 64.38; H, 

5.82; N, 15.51%. 
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4-Benzyl-2-[2-(4-chlorophenyl)-2-oxoethyl]-5-{[4-(4-fluorophenyl)piperazin-

1-yl]methyl}-2,4-dihydro-3H-1,2,4-triazol-3-one (12) 

Compound 3 (2.52 g, 10 mmol) was added to a solution of Na (0.23 g, 10 mmol) in 

ethanol. The reaction mixture was refluxed for 2 h. Then, the resulting solution was 

cooled to room temperature and 4-chlorophenacyl bromide (2.33 g, 10 mmol) was added 

to the reaction mixture. After that the mixture was refluxed for 15 h, cooled to room 

temperature, and after evaporating the solvent under reduced pressure, a solid 

appeared. The formed solid was filtered, washed with water and recrystallized from 

acetone–water (1:3) to afford the pure compound 12. Yield 65%, mp: 152-153°C. FT-IR 

(υmax, cm-1): 3037 (aromatic CH), 2920 (aliphatic CH), 1699 (2C=O), 1509 (C=N); 1H 

NMR (DMSO-d6, δ ppm): 2.43 (s, 4H, 2CH2), 2.88 (s, 4H, 2CH2), 3.35 (s, 4H, 2CH2), 4.88 

(s, 2H, CH2), 6.88 (s, 2H, ArH), 7.00 (s, 2H, ArH), 7.26 (s, 5H, ArH), 7.65 (d, 2H, ArH, 

J= 8.0 Hz), 8.03 (d, 2H, ArH, J=4.0 Hz); 13C NMR (DMSO-d6, δ ppm): 44.19, 44.88, 

49.03, 52.27, 52.54,115.60 and 115.82, 117.61 and 117.68, 127.33, 127.52, 127.77, 

128.90, 130.51, 133.50, 137.33, 139.37, 148.18, 155.06 and 157.67, 155.33, 155.92, 

193.16; EI-MS m/z (%): 543.03 ([M+Na]+, 69), 521.08 ([M+1]+, 100), 520.19 ([M]+, 

70), 503.27 (44), 490.85 (50); Anal. Calcd. for C28H27ClFN5O2: C, 64.67; H, 5.23; N, 

13.47%. Found: C, 64.28; H, 5.32; N, 13.60%. 

 

4-benzyl-2-[2-(4-chlorophenyl)-2-hydroxyethyl]-5-{[4-(4 

fluorophenyl)piperazin-1-yl]methyl}-2,4-dihydro-3H-1,2,4-triazol-3-one (13) 

To a solution of corresponding compound 10 (5.20 g, 10 mmol) in ethanol, sodium 

borohydride (1.11 g, 30 mmol) was added and the mixture was refluxed for 15 h. After 

evaporating the solvent under reduced pressure, a solid appeared. The crude product 

was recrystallized from acetone–water (1:3) to yield the target compounds. Yield 78%, 

mp: 100-101 °C. FT-IR (υmax, cm-1): 3376 (OH), 2956 (aliphatic CH), 1692 (C=O); 1H 

NMR (DMSO-d6, δ ppm): 2.43 (s, 4H, 2CH2), 2.88 (s, 4H, 2CH2), 3.35 (s, 4H, 2CH2), 4.88 

(s, 2H, CH2), 6.88 (s, 2H, ArH), 7.00 (s, 2H, ArH), 7.26 (s, 5H, ArH), 7.65 (d, 2H, ArH, 

J= 8.0 Hz), 8.03 (d, 2H, ArH, J=4.0 Hz), 10.03 (s, 1H, OH); 13C NMR (DMSO-d6, δ ppm): 

44.20, 44.67, 49.03, 49.12, 52.52, 52.65, 79.21, 115.59 and 115.81, 117.55 and 

117.61, 127.28, 127.53, 127.63, 128.48, 128.72, 128.75, 128.87, 132.30, 137.39 and 

137.67, 141.97, 143.34, 148.25 and 154.28, 155.29, 157.73; EI-MS m/z (%): 523.03 

([M+1]+, 100), 483.27 (34), 460.85 (16); Anal. Calcd. for C28H29ClFN5O2: C, 64.42; H, 

5.60; N, 13.42%. Found: C, 64.18; H, 5.48; N, 13.75%. 

 

General Synthetic Method of Compounds 14 and 15 

To a solution of corresponding compound 13 (5.22 g, 10 mmol) in tetrahydrofuran, 

sodium hydride (0.24 g, 10 mmol) was added and the reaction mixture was refluxed for 
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7 h. Then, the resulting solution was cooled to room temperature and 2,4-dichlorobenzyl 

chloride (4.17 mL, 30 mmol) (for 14) or 2,6-dichlorobenzyl chloride (4.17 mL, 30 mmol) 

(for 15) was added in the presence of reaction mixture. After that the mixture was 

refluxed for 8 h, the mixture was cooled to room temperature. After evaporating the 

solvent under reduced pressure, an oily product appeared. Oily product was extracted 

with ethyl acetate and potassium carbonate. Then organic phase was dried and the 

solvent was evaporated under reduced pressure. The formed oily product recrystallized 

from acetone to afford the desired compounds 14 and 15.  

 

4-Benzyl-2-{2-(4-chlorophenyl)-2-[(2,4-dichlorobenzyl)oxy]ethyl}-5-{[4-(4-

fluorophenyl) piperazin-1-yl]methyl}-2,4-dihydro-3H-1,2,4-triazol-3-one (14) 

Yield 51%, mp: 70-71 °C; FT-IR (υmax, cm-1): 3085 (aromatic CH), 2927 (aliphatic CH), 

1698 (C=O), 1509 (C=N), 1138 (C-O); 1H NMR (DMSO-d6, δ ppm): 2.08 (s, 4H, 2CH2), 

2.36 (s, 2H, CH2), 2.88 (s, 2H, CH2), 3.36 (s, 5H, 2CH2+CH), 4.81 (s, 2H, CH2), 5.00 (s, 

2H, CH2), 6.85-7.00 (m, 2H, ArH), 7.00-7.23 (m, 2H, ArH), 7.25-7.43 (m, 8H, ArH), 

7.44-7.64 (m, 3H, ArH), 7.66-7.69 (m, 1H, ArH); 13C NMR (DMSO-d6, δ ppm): 43.35, 

43.89, 44.68, 45.01, 45.96, 49.07, 49.61, 51.87, 70.21, 115.58 and 115.80, 117.58 and 

117.65, 127.28, 127.37, 127.82, 128.06, 128.47, 128.75, 129.43, 130.86, 132.30, 

133.34 and 133.67, 134.70, 137.29, 137.84, 141.97, 154.30 and 155.51, 148.21, 

157.75; EI-MS m/z (%): 704.26 ([M+Na]+, 10),  703.19 ([M-1+Na]+, 12),  683.48 

([M+2]+, 16), 681.47 ([M]+,20), 674.44 (40), 673.37 (100); Anal. Calcd. for 

C35H33Cl3FN5O2: C, 61.73; H, 4.88; N, 10.28%. Found: C, 61.58; H, 4.82; N, 10.41%. 

 
4-Benzyl-2-{2-(4-chlorophenyl)-2-[(2,6-dichlorobenzyl)oxy]ethyl}-5-{[4-(4-

fluorophenyl) piperazin-1-yl]methyl}-2,4-dihydro-3H-1,2,4-triazol-3-one (15)  

Yield 45%, mp: 65-66 °C; FT-IR (υmax, cm-1): 3095 (aromatic CH), 2937 (aliphatic CH), 

1701 (C=O), 1510 (C=N), 1125 (C-O); 1H NMR (DMSO-d6, δ ppm): 2.08 (s, 6H, 3CH2), 

2.36 (s, 2H, CH2), 2.84 (s, 2H, CH2), 3.24 (s, 1H, CH), 3.37 (s, 2H, CH2), 4.89 (s, 4H, 

2CH2), 6.84-6.88 (m, 2H, ArH), 6.98-7.04 (m, 2H, ArH), 7.25-7.45 (m, 8H, ArH), 7.52-

7.57 (m, 4H, ArH); 13C NMR (DMSO-d6, δ ppm): 40.61, 41.64, 49.27, 52.87, 70.11, 

110.93, 111.91, 115.57 and 115.80, 117.25 and 117.32, 118.46, 118.92, 121.52 , 

123.68, 127.50, 129.12, 130.05, 131.20, 136.64, 155.25 and 157.85, 152.26, 165.28; 

EI-MS m/z (%): 720.26 ([M+K]+, 16),  705.19 ([M+1+Na]+, 32),  681.47 ([M]+,70), 

670.37 (100); Anal. Calcd. for C35H33Cl3FN5O2: C, 61.73; H, 4.88; N, 10.28%. Found: C, 

61.95; H, 5.02; N, 10.13%. 
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BIOLOGICAL ACTIVITY 
 
Antimicrobial activity 

The test microorganisms were acquired from the Hifzissihha Institute of Refik Saydam 

(Ankara, Turkey) and were as follows: Escherichia coli (E. coli) ATCC35218, Yersinia 

pseudotuberculosis (Y. pseudotuberculosis) ATCC911, Pseudomonas aeruginosa (P. 

aeruginosa) ATCC43288, Enterococcus faecalis (E. faecalis) ATCC29212, Staphylococcus 

aureus (S. aureus) ATCC25923, Bacillus cereus (B. cereus) 709 Roma, Mycobacterium 

smegmatis (M. smegmatis) ATCC607, Candida albicans (C. albicans) ATCC60193 and 

Saccharomyces cerevisiae (S. cerevisia) RSKK 251 which are laboratory strains. All the 

novel synthesized molecules were weighed and dissolved in hexane to prepare extract 

stock solution of 20.000 microgram/milliliter (μg/mL). The antimicrobial effects of the 

compounds were tested quantitatively in respective broth media by using double 

microdilution and the minimal inhibition concentration (MIC) values (µg/mL) were 

determined. The antibacterial and antifungal assays were performed in Mueller-Hinton 

broth (MH) (Difco, Detroit, MI) at pH.7.3 and buffered Yeast Nitrogen Base (Difco, 

Detroit, MI) at pH 7.0, respectively. The micro dilution test plates were incubated for 18-

24 h at 35 °C. Brain Heart Infusion broth (BHI) (Difco, Detriot, MI) was used for M. 

smegmatis, and incubated for 48-72 h at 35 °C [33]. Ampicillin (10 μg) and fluconazole 

(5 μg) were used as standard antibacterial and antifungal drugs, respectively. Dimethyl 

sulfoxide with dilution of 1:10 was used as solvent control.  
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Türkçe Öz ve Anahtar Kelimeler 

Yeni 1,2,4-Triazoller, Mannich Bazları, Konazoller ve 
Florokinolinlerin Sentezi ve Antimikrobiyal Aktivitesi 

Sule CEYLAN1* 

Öz: Triazoller antidepresan, antienflamatuar, analjezik, antibakteriyel, 
antimikobakteriyel, antifungal, antiviral, antikanser ve diğer aktivitelere sahpi olan yeni 
bileşiklerin geliştirilmesinde ilgi çeken heterosiklik bileşiklerdir. Bu makalede, bir seri 
florlu ve piperazinli yeni biyolojik aktif 1,2,4-triazol-3-on türevleri triazol öncül 
maddelerinin Mannich reaksiyonuyla sentez edilmiştir. Sentezlenmiş yeni bileşiklerin 
yapıları elementel analiz, FT-IR, 13C NMR, 1H NMR ve EI MS teknikleriyle aydınlatılmıştır. 
Bu bileşikler in vitro’da antimikrobiyal özellikleri açısından incelenmiştir ve pek çok 
bileşiğin Candida albicans ve Saccharomyces cerevisiae’ye karşı fungusidal aktivitesi 
olduğu bulunmuştur. Bazı bileşikler ise Mycobacterium smegmatis (pigmentsiz, hızlı 
yükselen bir mikobakteri) üzerinde mükemmel bir aktivite göstermişlerdir, uygulama 
konsantrasyonu <1 μg/mL olup standart ilaç olan streptomisin’den daha iyidir.  

Anahtar kelimeler: 1,2,4-triazol, piperazin, konazol, mannich bazı, biyolojik aktivite. 

Sunulma: 22 Haziran 2016. Düzeltme: 23 Temmuz 2016. Kabul: 23 Eylül 2016 
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Synthesis and Characterization of Cellulose-Based Bio-Polymer Aerogel 

Isolated from Waste of Blueberry Tree (Vaccinium myrtillus)  

Mehmet KAYA* 

* Recep Tayyip Erdoğan University, Faculty of Arts and Sciences, Department of Chemistry 
53100, Rize, Türkiye. 

Abstract: Cellulose aerogel (CA) with a highly porous structure is environmentally friendly, 
thermally stable, and flame retardant. These properties in material worlds have attracted large 
interest as a potentially industrial material. In this paper, cellulose aerogel with flame 
retardant feature was produced from pruned branches and bushes of blueberry wastes (PBW). 
Firstly, cellulose raw material was obtained from these wastes and then, cellulose aerogel was 
prepared via freeze-drying, followed by cellulose hydrogel production. The work showed that a 
three dimensional network aerogel structure was prepared from NaOH/Urea as scaffold 
solution. The present cellulose aerogel has excellent flame retardant property, which can 
extinguish within 140 s. By the way, it was inferred that thermal stability performance of 
cellulose aerogel could be an efficient potential thermal insulating material. Besides, this 
process is sustainable, easily available at low cost, and suitable for industrial applications. 
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INTRODUCTION 
 
Today, composite materials take an important place in the industrial area due to their variety 

and advantages (1-3). Some materials are inadequate to meet some physical and/or chemical 

properties required in the fields of application. When these materials are supported by another 

type of materials in various amounts, composite structures providing the required properties 

are obtained, which is a method commonly used nowadays. In recent years, people’s interest 

in polymeric composite originating from cellulose obtained from vegetable wastes has 

gradually increased because of its gripping properties (4, 5). An important reason why 

cellulose products are preferred is that it provides composite materials with some advantages 

such as high strength and thermal insulation (6). Being organic substances, cellulosic waste 

materials also bio-degrade in a short while and they do not have any disadvantages except 

their unaesthetic effects on the environment. Utilizing cellulosic waste materials and recycling 

them as new useful composite materials play a crucial role in contributing to the national 

economy. In addition, it decreases energy costs and consequently provides added value in 

regions where there are limited energy sources. Recently, aerogels from cellulosic wastes have 

great interest, because they have their own perfect feature (7). These kind of aerogels, which 

are among the lightest solid and a new third-generation materials, are one of the finest 

insulation materials available (8, 9). Traditional aerogels are mainly made of silica, which is 

not environmentally-friendly. In contrast, cellulose is a major component of wood, the most 

abundant, low cost naturally occurring polymer of glucose and attracts a lot of interest for 

producing novel aerogel materials. In addition to thin films, sponges and fibers, functional 

materials with high added value, such as cellulose nanocrystals, nanofibers, hydrogels and 

aerogels can be made from cellulose (10-13). Cellulose based aerogels have several unique 

features such as super absorbent and heat insulating. In this regard, when the variety of 

sources is taken into consideration, it is aimed to use PBW found abundantly in the Eastern 

Black Sea region, especially in Rize, as an economic value in Turkey. With this study, a new 

product which is biopolymer, eco-credential, biodegradable, low-cost, and flame-retardant was 

achieved using cellulose as a raw material obtained from wastes of the pruned blueberry tree, 

which is one of the important herbal products in the mentioned region. In addition to the 

structural and thermal characteristics, flame retardation, and surface properties of CA 

biopolymer materials obtained from the study were determined with the help of the scanning 

electron microscope (SEM), Fourier transform infrared spectroscopy (FT-IR), thermal analysis 

(TG-DTG/DTA), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area 

measurement techniques (pore size, volume, type, and surface areas), and flame retardant 

measurements. 
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EXPERIMENTAL SECTION 
 
Materials 

All chemicals (urea, sodium hydroxide, and ethanol) were of analytical grade and purchased 

from Merck. All the solutions were prepared with deionized (DI) water. The isolation of 

cellulose fibers from PBW was performed by a way of an environmental friendly process for 

cellulose extraction and bleaching . 

 

Cellulose production from PBW 

The PBW was washed with DI water for a few times and filtrated using a cloth strainer to 

remove impurities such as water soluble sand, soil etc. Alkaline treatment was carried out in 

NaOH solution of 4 wt% at 80°C for three times. Alkaline treated fibers were subjected to 

NaClO2 or H2O2 bleaching of 1.7 wt% in acetic acid buffer at 80°C for 4 times. The resulting 

fibers were strained and rinsed with DI water and cloth strainer until it reached neutrality. 

Afterwards, the PBW sawdust powder was oven-dried at 105°C.  

 

Acid Treatment 

Bleached PBW product was hydrolyzed in pre-heated H2SO4 (64 wt%) (14). The high 

concentration of acid was removed through centrifugation at 10.000 rpm for 10 min and 

repeated until the solution was turbid. The resulting cellulose suspension was filtered using 

glass filter or cellulose membrane in DI water until the suspension reached a pH of 5.  

 

Production of Cellulose Aerogels  

Cellulose fibers (2 wt %) were dispersed into a sodium hydroxide/urea solution (1.9 wt %/10 

wt %) by sonicating for 6 min. Then the solution was placed in a freezer for more than 24 h for 

gelation to take place. After the solution had been frozen, it was then thawed at room 

temperature, followed by immersion into ethanol (99 vol %) for coagulation (3 h). The 

specimen’s thickness was controlled around 1 cm with a diameter of 3.8 cm using a beaker as 

a mold. After coagulation, solvent exchange was carried out by immersing the gel in DI water 

for 2 days. Freeze-drying was carried out for the sample for 2 days at −98 °C with a freeze-

dryer after pre-freezing the sample at −18 °C for 12 h (15). 

 

RESULTS and DISCUSSIONS 
 
SEM Analysis 

The structural and morphological characteristics of CA were displayed by SEM and are shown 

in Figures 1-3. It is clear that the CA has a largely homogeneous porous structure consisting of 

microfibrillar networks (Figure 3). The pore structure results from the sublimation of frozen 
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water during the freeze-drying process (16). This property is coherent with those of nitrogen 

adsorption data, and seems to be reasoned by crystal formation during the relatively slow 

freezing process, which would have caused to press out fibrils to form the film-like structure 

(17). According to the aforesaid findings, the CA with a homogeneous microporous structure 

can be fabricated via in situ templated synthesis of sample in the cellulose gel framework (16). 

 

 
Figure 1. SEM image x100 of CA 
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Figure 2. SEM image x200 of CA. 

 
Figure. 3. SEM image x1500 of CA. 

 

FT-IR Analysis 

The FT-IR signal pertaining to the characteristic functional groups are shown in Figure 4. It can 

be observed that the several components of the CA are most likely consisted of alkene, esters, 

aromatics, ketone and alcohol, with different oxygen-containing functional groups observed, 
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e.g., OH (3450–3300 cm-1), C=O (1775–11680 cm-1), C–O–C (1162 cm-1), and C–O–(H) (1050 

cm-1) (18). 

 
Figure 4. FT-IR Spectrum of CA. 

 

Thermal Analysis 

Considering industrial applications of heat insulating materials, the thermal behavior of the CA 

was investigated by TGA analysis. As demonstrated in Figure 5, a gradual weight loss occurs 

up to about 500 degrees. The weight loss at a temperature range of 0°C-200°C can be 

attributed the loss of moisture in both surface and inner moisture evaporation in porous 

structure where removal of water is more difficult relatively (18). The stage of weight loss 

around 300−500 °C can be ascribed to the depolymerization of cellulose with generation of 

CO2 and volatile hydrocarbons (16). Finally, it appeared that the CA has high thermal stability 

(weight loss only 60 % at about 350°C). 

 
Figure 5. Thermal Stability of CA. 
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XRD Analysis 

XRD spectrum for CA was performed on a Rigaku DMAX-3C automated diffractometer using Ni 

filtered CuK-beta radiation (40 kV and 30 mA). Diffractograms were recorded from 5° to 40° at 

a scan rate of 3°/min. Figure 6 displayed a crystal structure of cellulose with typical diffraction 

peaks for the plane (200) at 2θ = 22.20° and (110) at 2θ = 19.8°. Crystallinity index (CrI) 

was calculated from the intensity of the 200 peak (I200, 2θ = 22.2°) and the intensity minimum 

between 200 and 110 (Iam, 2θ =19.8°) peaks using the empirical equation (8): 

 

��� ={(I200-Iam)/I200S×100= 76.52 %   (Eq. 1) 

 

It was observed that the cellulose aerogel had a higher crystallinity (76.52%) than that of the 

raw amorphous woody material, probably because of the remotion of hemicellulose and lignin. 

This result also reveals that amorphous and crystalline cellulose regions are considerably 

divided. 

 
Figure 6. XRD Spectrum of CA. 

 

BET Specific Surface Area 

The pore features of the CA involving the total pore volume, average pore diameter, and 

specific surface area (from N2 adsorption measurements) are shown in Table 1. The results 

showed the CA with the total pore volume and average pore diameter as 0.25 cm3/g and 4.30 

nm, respectively. The nitrogen adsorption at 77 K on CA resembles the type II isotherms 

(according to IUPAC classification), which are typical for physical adsorption on microporous 

and non-porous or macroporous solids (Figure 7). The characteristic features of these 

isotherms are the reversible part at relatively lower pressures and the hysteresis loop at 

relatively higher pressures (19). To examine the porous structure of the aerogel, nitrogen 
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adsorption and desorption isotherm techniques were performed. Figure 7 exhibits the 

adsorption and desorption isotherms, which show a hysteresis typical of a porous system. 

According to BET analysis, a specific surface area of 42.25 m2 g−1 is recorded for the CA.  

 
Table 1. Specific Surface Area and Porosity. 

Sample 
Specific surface area 

(m2g-1) 

Average pore 
diameter 

(nm) 

Total pore volume 
(cm3/g–1) 

CA 42.25 4.30 0.25 

 

 
Figure 7. Nitrogen Adsorption-Desorption Isotherm. 

 

Flame Retardant Characteristic of CA 

Due to the investigation, the flame retardant performance of the CA produced in this work, the 

aerogel was emblazed and the burning velocity was calculated. At this stage, it was observed 

that the CA was ignited slowly, and burned only the part of 25 percent burned after 33 s of 

combustion (see the video in Supporting Information). However, the neat cellulose aerogel 

was quickly ignited (about 10 s) and burned completely after 10 s of combustion in the 

literature (16). The photo in Figure 8 demonstrates the remains of the CA after 34. The 

combustion velocity of the aerogel decreases from 4 to 3.71 mm s−1 (Figure 8). Besides, when 

the CA with the length of 40 mm was ignited, flame propagation apparently slowed, and then 

the flame gradually became smaller and finally extinguished within about 140 s. The results 

indicate that the CA is a highly an efficient flame retardant.  
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Figure 8. Flame Retardant Study. 

 

CONCLUSIONS 
 
The cellulose aerogel with a highy porous structure was produced from pruned branches and 

bushes of blueberries via in situ converting cellulose hydrogel scaffold to aerogel. This work is 

an efficient, environmentally friendly, and low cost process and the bio-polymer material is an 

effective flame retardant, porous, and potential super absorbent (next studies). It was 

concluded that the prepared cellulose aerogel has extremely porous networks and perfect 

flame retardant performance. Besides, the cellulose aerogel has good crystallinity feature and 

thermal stability. This environmentally friendly and low cost work will offer insight into the new 

opportunities for the use of inexpensive waste-derived cellulose to fabricate several materials. 

It has a major potential application in the future of “green” materials chemistry and it may be 

appropriate for industrial scale production. 
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Türkçe Öz ve Anahtar Kelimeler 

Yabanmersini Ağacı Atıklarından (Vaccinium myrtillus) Selüloz Esaslı 
Biyo-Polimer Aerojelinin Sentezi ve Karakterizasyonu 

Mehmet KAYA 

 
Öz: Selüloz aerojeli (CA) çok gözenekli bir yapıya sahiptir ve çevreyle dosttur, ısıl olarak 
kararlıdır ve alev geciktirici özelliği vardır. Malzeme dünyasında bu özellikler çok ilgi çekmekte 
olup potansiyel olarak endüstriyel bir malzeme çıkmasına da yol açabilir. Bu çalışmada, alev 
geciktirici özelliğine sahip selüloz aerojeli, yabanmersini ağacı atıklarından budanmış dal ve 
çalılarından üretilmiştir. Öncelikle selüloz ham maddesi elde edilmiş ve daha sonra selüloz 
hidrojel üretilmiştir. Ardından dondurarak kurutma ile selüloz aerojel oluşturulmuştur. 
Çalışmada, yapı iskelesi çözeltisi olarak NaOH/Üreden oluşan üç boyutlu ağ sistemine sahip 
aerojelin üretilmesi anlatılmıştır. Elde edilen selüloz aerojelin mükemmel alev geciktirici özelliği 
bulunmaktadır ve 140 saniye içinde sönüm sağlanmaktadır. Bunun dışında, selüloz aerojelin ısıl 
kararlılık özelliğinin mükemmel bir ısıl yalıtkan olabileceği düşünülmektedir. Son olarak, süreç 
sürdürülebilir özelliğe sahiptir, düşük maliyetle kolaylıkla elde edilebilir ve endüstriyel 
uygulamalar için uygundur. 
 

Anahtar kelimeler: Aerojel; Selüloz; Biyo-polimer; Yaban mersini; Hidrojel. 
Sunulma: 30 Haziran 2016. Düzeltme: 22 Ağustos 2016. Kabul: 02 Eylül 2016.  



Kaya, JOTCSA. 2016; 3(3): 765-776.   RESEARCH ARTICLE 

776 

 

 


