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ABSTRACT

A simple, effective and highly selective cloud point extraction
procedure was performed for enrichment of Pb (Il) from
aqueous matrix. The process depends on the formation of a
stable complex between Pb (I1) ions and Azure A compound
at pH6.0. The formed complex was extracted into micelle
phase “Tergitol-NP7” at 25°C. This method was used for
preconcentration of Pb (I1) before its determination by FAAS.
The values of limit of detection and limit of quantification
were determined as 2.5 and 4.7 pg I, respectively. The
enrichment factor of the method was determined as 10 for 50
ml sample volume. Pb?" analyte was quantitatively extracted
and successfully determined in the presence of the most
common foreign ions. The proposed method was then
employed for the analysis of Pb (I1) in natural and wastewater
samples.

Pb (II) iyonlarinin bulutlanma noktasi
ekstraksiyonu ile sulu ortamdan seg¢ici olarak
ayrilmasi ve tayini

0z

Pb (II) iyonlarinin sulu ortamdan zenginlestirilmesi igin basit,
etkili ve oldukga segici bir bulutlanma noktasi ekstraksiyon
prosediirii  gerceklestirilmistir. Proses, pH 6.0' da Pb (ll)
iyonlartyla Aziir A bilesigi arasinda kararli bir kompleks
olusumuna baglidir. Olusturulan kompleks 25°C'de “TNP7”
misel fazi icerisine ektrakte edilmistir. Bu yontem, Pb (II)’nin
FAAS ile tayin edilmesinden 6nce Onderistirilmesi amaciyla
kullamlmugtir. Tayin sinir1 ve gozlenebilme st degerleri
sirastyla 2,5 ve 4,7 pg 17 olarak belirlenmistir. Yontemin
zenginlestirme faktorii, S0 ml numune hacmi icin 10 olarak
saptanmugtir. Pb*2 analiti, kantitatif olarak ekstrakte edilmis ve
en yaygin yabanci iyonlarin varliginda basariyla tayin
edilmistir. Onerilen yontem daha sonra dogal ve atik su

Keywords: Azure A, cloud point extraction, lead numunelerindeki Pb (II) analizi igin kullanilmistir.
determination, TNP7.
Anahtar  Kelimeler: Azir A, bulutlanma noktas1
ekstraksiyonu, kursun tayini, TNP7.
1. INTRODUCTION quality of both surface and ground waters and can cause
serious damage and bad effects on the existing
Water is considered as an essential and valuable ecosystem.” The atom electron shell structure of these

resource for all living organisms."” The rapid
development of industrial activities in the past few
decades has caused pollution and reduced water quality.
Industrial wastewaters can contain heavy metal ions
such as lead, arsenic, mercury, nickel, cobalt and
chromium.” These  heavy metals from  various
industries, such as metal coating industries, mining,
tanneries, paint, batteries, fertilizers pollute the waters.”
Industrial waste containing contaminants can disrupt a
huge harm to the aquatic ecosystem by deteriorating the

103

heavy metals identifies their reactivity, complex
forming tendencies, physical and biochemical
activities.”

High concentration of the heavy metals with a certain
value may cause serious health problems. The heavy
metal toxicity may harm the central nervous activities,
damage the liver, lungs, kidneys and some other main
organs. Also longer exposure times may cause muscular
dystrophy, Alzheimer's disease and several types of
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cancer.” Among these heavy metals, lead is a toxic and
non-biodegradable metal which is employed in
industries such as vehicle manufacture, lubricants,
additives, brake pads, tires, insecticides, ceramic
products, batteries and dyes.8

Exposure to lead may cause the cancer, anaemia, kidney
disease, and mental retardation. Lead adversely affects
nervous system, gastro-intestinal track, Kkidneys,
reproductive system and also cause encephalopathy,
neuro-behavioral deficits.” Due to all these adverse
effects, the determination of heavy metals in waters is of
prime importance for human and environment health."’
Consequently, many technologies such as adsorption,11
chemical precipitation,” flocculation," ion exchange
and membrane filtration."* have been used for the
determination and removal of Pb(ll) ions from
wastewater samples.

The cloud point extraction (CPE) technique is one of the
most effective techniques for preconcentration of trace
metals because of its simplicity, rapidity and
environmental compatibility.15 This technique is based
on the phase separation formed in aqueous solutions of
non-ionic surfactants which becomes cloudy when
heated to a known temperature called as the cloud point
temperature (CPT). This causes to the form of two
separate phases.The first phase contains the analytes
surrounded by surfactants (water insoluble surfactant-
rich phase) and the aqueous phase that contains matrix
ions. The total volume of the surfactant containing rich
phase is much smaller than the aqueous one and that
allows very high preconcentration factors for analytes.16

In literature, there are studies focused on
preconcentration and determination of heavy metal ions
based on CPE method. CPE has been used for the
preconcentration of lead, after the formation of a brillant
cresyl blue dye and the lead has been analysed by flame
atomic absorption  spectrometry (FAAS) using
surfactant TritonX-114,"® There are also simultaneous
preconcentration and determination studies with CPE
method. For example, various metals such as copper
manganese and nickel have been simultaneously
extracted after their complexation with 2-amino-6-(1,3-
thiazol-2-diazeyl)-phenol at pH 7'" and analysed by
FAAS, using TritonX-114 as the surfactant.

In this study a highly selective cloud point extraction
procedure for separation, preconcentration and
determination of Pb (II) ions as its Azure A complex in
wastewater samples was developed. Determination of
Pb (1) ions were performed by FAAS. The optimum
conditions for quantitative recoveries were investigated.

104

According to our literature survey, the combination of
Azure A and Tergitol NP7 for lead preconcentration has
not been used before in cloud point extraction.

2. MATERIALS AND METHODS
2.1. Reagents and solutions

The non-ionic surfactant Tergitol NP7 was purchased
from Sigma Aldrich. A 1 x 10® mol I of Azure A
complexing agent solution was prepared by dissolving
appropriate amount of Azure A in distilled water. Pb?*
stock standard solution was prepared by dissolving pure
Pb(NO;), in distilled water. Pb?* solutions with different
concentrations were prepared by diluting from the stock
solution. Phosphate and citrate buffer solutions were
prepared and used in the experiments. The calibration
curves have correlation coefficients of 0.999. A sample
of the calibration curve used in the experiments is given
in Figure 1.

0.25
Pb (1) FAAS calibration curve >
0.2 A
[0}
(8]
C
_g 0.15
o]
1%}
)
S 01 A
g
w y =0,0223x + 0,0032
0.05 1 R?= 0,9994
0 T T T T
0 2 4 6 8 10

Pb (Il) concentration (ppm)
Figure 1. Calibration curve of Pb (1) used in the experiments.
2.2. Apparatus

The absorbance values of Azure A and Pb (I1)-Azure A
complex were determined by using Shimadzu UV-
160A ultraviolet/visible spectrophotometer. The atomic
absorbance values of Pb (Il) ions were measured by
using Shimadzu AA 7000 flame atomic absorption
spectrometer and a lead hollow cathode lamp. The
atomic absorption signal of Pb was measured as a peak
height versus analytical curve. A Nuve BM 402 model
thermostatic bath (Nuve Ltd. Turkey) was used to
obtain the desired cloud point temperatures. The phase
separations were performed by a Nuve NF 400 model
centrifuge. The pH measurements of the solutions were
conducted by a WTW level 1 model pH meter.
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2.3. CPE test procedure

The cloud point extraction procedure was operated by
using the designed model test solutions. A 40 ml of test
solution containing 25 mg Pb (I1) ions were transferred
into a plastic tube. A 0.35 ml of of Azure A solution of
1 x 10° mol I', a 0.5 ml of 2% (v/v) TNP7 surfactant,
and a 4.0 ml of buffer solutions of pH 6 were added on
it. The centrifuge tube was filled with covered. After
shaking the final solution, taken into a thermostatic bath
at 30°C for 10 min. Then this solution was centrifuged
to separate Pb(Il)-Azure A metal chelates from the
other matrix at 4000 rpm for 5 min. The aqueous phase
was removed and the highly viscous surfactant rich
phase was dissolved by adding 1.0 ml, 1 mol I"* HNO;
in methanol. This final solution was transferred into a 5
ml volumetric flask and the original tube washed with
small aliquots of 1 mol I* HNO; in methanol. The final
dilution was to 5 ml. The Pb (II) concentration of the
final solution was measured by FAAS. All experiments
were conducted triplicate.

3. RESULTS AND DISCUSSION

The optimization of the method was examined by
changing one variable at a time concept. The main
analytical parameters such as solution pH,
concentrations of chelating agent and surfactant,
incubation time, experiment temperature, sample
volume, and matrix ions were optimized.

3.1. The UV-Visible spectrum of Azure A and Pb
(IN-Azure chelates

Azure A (3-amino-7-(dimethylamino)phenothiazin-5-
ium chloride) is a sulphur and nitrogen contaning water
soluble organic dye used in industry and some scientific
researches about corrosion inhibitors."®*” In this study,
it is used as a chelating agent. The chemical structure
and UV-Vis spectrum of aqueous Azure A solution and
Pb (I1)-Azure A complex solution are given in Figure 2.

According to UV-Vis. spectra of Azure A and Pb(ll)-
Azure A complex, three absorption bands are observed
at 240 nm, 290 nm and 630 nm. These bands are
identical both for dye and complex. On the other hand,
the band at 210 nm was appeared after mixing the Pb(ll)
and Azure A. This can be considered as an evidence to
the formation of the Pb(I1)-Azure A complex.

3.2. Effect of Solution pH

In the CPE method, the pH value of the solution
constitutes one of the most important steps in the
extraction of Pb (Il) ions. Because, the metal chelating
capability and the stability of the Pb(Il)-Azure A
complex directly effects the extraction efficiency, and
Solution pH is also the main reason for changing them.

105

To gain the optimum extraction efficiency, the solution
pH was investigated between pH 2—-8 which is adjusted
by using phosphate, ammonium and acetate buffer
solutions. The results are given in Figure 3.

— Pb (Il)-Azure A complex

o o
o [

o
~

Absorbance

400 600 800

Wavelenght (nm)

Figure 2. The 3D chemical structure and UV/Vis. spectrum of
aqueous Azure A and Pb (II)-Azure A complex.

100

80

60

40

Pb (Il) recovery %

20

Solution pH

Figure 3. Recovery of Pb(ll) ions at different solution pHs.

The optimum recovery value was obtained at pH 6 as
given in Figure 3. Consequently, pH 6 value was
selected as the most appropriate solution acidity and
therefore rest of the experiments were performed at pH
6.

3.3. Concentration of Azure A ligand

Figure 2 clearly indicates that Pb (Il) ions and Azure A
molecules form a complex. Therefore, the effect of
Azure A concentration on the CPE recovery of Pb (lI)
ions was investigated using volumes from 0.05 to 0.6 ml
for solution of 1 x 10° mol I™.
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The results are shown in Figure 4. From Figure 4, it is
clearly seen that the recovery of Pb (II) ions increases
up to 98.2% at 0.35 ml of Azure A and remains stable
after this value. So, the 0.35 ml of Azure A was selected
for preconcentration of Pb(ll) ions for further
experiments.

100

90 +

80

70 A

60 -

Pb(ll) recovery (%)

50 +

40 T T : : :
0 01 02 03 04 05 06

Ligand volume (ml)

Figure 4. Effect of Azure A volume on the recovery of Pb(ll)
ions at pH 6.

3.4. Effect of surfactant concentration

In the CPE method, for extraction of Pb(ll), choosing an
appropriate  surfactant and optimization of its
concentration is important. Therefore, the effect of
TNP-7 surfactant concentration on the CPE recovery of
Pb(Il) ions was studied using volumes between 0.10 and
3.0 ml from 2% stock solution. The results obtained are
given in Figure 5.

100
90
80
70
60
50
40
30 H

20 T T T T .
0 0.5 1 1.5 2 2.5 3

TNP-7 Volume (ml)

O\‘\‘\J

Pb (I1) Recovery (%)

Figure 5. Effect of surfactant concentration on the recovery of
Pb(Il) ions for 0.35 ml Azure A at pH 6.

As it can be seen from the Figure 5, a 0.5 ml of TNP-7
surfactant is optimum for the quantitative recovery of

Pb(Il) ions (99.2%). Therefore, a surfactant volume of
0.5 ml was chosen as optimum and the further studies
were conducted with 0.5 ml of TNP-7.

3.5. Effect of temperature

Optimizing the temperature of the CPE medium is of
prime importance to gain high extraction efficiency and
to avoid insufficient phase separation. In CPE analysis,
it is necessary to use a low extraction temperature as the
temperature affects both the stabilization of metal
complexes and the separation of the surfactant-rich
phase from the aqueous medium. The surfactant TNP-7
used in this study has a very low cloud point
temperature (CPT = 20°C) than other non-ionic
surfactants. This allows a very low phase separation
temperature and prevents energy consumption. The
effect of the temperature was analyzed by varying from
20 to 60°C, and the results showed that the extraction
efficiencies were quantitative and stable for
temperatures up to 45°C and then decreased (Figure 6).
This decrease can be attributed to the lower stability of
Pb(I1)-Azure A complex at high temperatures. As a
result, the 25°C was applied as optimum value for
further experiments.

3.6. Effect of interfering ions

The Azure A organic compound was used as chelating
agent to bind with Pb(ll) ions. However, the possibility
of its complexing with several transition metals,
alkaline, alkaline-earth and other ions in aqueous media
was investigated at pH 6. The tests were made with each
ion separately. Obtained results are given in Table 1.
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Figure 6. Effect of temperature on the recovery of Pb(ll) ions.

The consequences in Table 1 clearly indicate that
there is no significant effect of interfering ionson the
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quantitative recovery of Pb(Il). Therefore, the CPE
method can safely be applied for preconcentration and
determination of lead ions in aqueous media and can be
detected by FAAS.

The selectivity of the Azure A complexing agent was
also studied in the presence of other chelatable
transition metal ions such as Cu(ll), Cd(ll) and Ni(ll) to
prove the selectivity for all pH values. The results
obtained are given in Figure 7.

Table 1. Effect of interfering ions on the recovery of Pb(ll)
ions for 0.35 ml Azure A at pH 6

Concentration % recovery

lon Added as

(mg 1) Pb(I1)
Mn*  Mn(NO,),.4H,0 50 96 + 3°
Cr¥*  Cr(NO3)3.3H,0 50 95+1
AP AI(NO3);.9H,0 50 95+ 2
Bi**  Bi(NO;);.5H,0 100 96+ 3
Na* NaNO; 1000 98 + 4
K* KNO; 1000 97+4
Ca** CaCl, 1000 96+ 3
Mg®*  Mg(NO,),.6H,0 1000 95+ 2

®Mean = standard deviation

The tolerable concentrations of the interfering ions were
selected as difference in the analytical signal of Pb(Il)
which is not higher than 5%, when compared with the
signal of 5.0 ug 1™ Pb(ll) in isolated solution. Figure 7
explains there is no possible competitive chelating
effect at any pH which may reduce the potential
complexing between Azure A and lead ions and
decrease the recovery of Pb(ll) ions.

100
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Figure 7. Effect of other metal ions on the recovery of Pb(Il)
ions for 0.35 ml Azure A and 0.5 ml TNP-7 at pH 6.
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3.7. Analytical performance of the CPE method

The analytical characteristics of the cloud point
extraction method such as preconcentration factor, limit
of detection and quantification were determined. The
results obtained are given in Table 2. The limit of
quantification (LOQ) and the limit of dedection (LOD)
were defined as LOQ = 10 Sd/m and LOD = 3 Sd/m,
respectively (where m is the slope of calibration curve,
Sd is the average standard deviations of 21 blank
solutions. The relative standard deviation (RSD) was
found by using ten replicate measurements of standard
solutions of Pb (I1).

Table 2. Analytical characteristics of the method

Parameters Pb(ll)
Limit of detection, ug I 2.5
Limit of quantification, pg I 4.7
Preconcentration factor 10
Relative standard deviation, % 4
Calibration curve A =0.0223C+0.0032
Correlation coefficient, R? 0.9994

3.8. Real sample analysis

Analyte addition tests for Pb(Il) ions were performed on
two natural and one industrial waste water samples to
validate the optimized method. pH of samples was
adjusted to 6 and the CPE procedure was applied to
samples and the results are given in Table 3.

Table 3. Analyte addition-recovery test in different water
samples by developed CPE method (N = 3)

Pb
Added Recovery
Samples (ug) Found (pg) (%)

Natural ) BDL )
SP””QI water 5.0 5004028  102+4
10.0 9.78 +£0.23 98+ 2

Natural ) BDL )
SIDI””QIJIWF’1ter 5.0 5.12+0.19 102+ 2
10.0 10.15+0.44 101+3

- BDL -

Factory

wastewater 5.0 5.05+0.36 101+4
10.0 10.22 £ 0.47 102+5

®Mean + standard deviation, BDL: Below detection limit
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4. CONCLUSIONS

An effective and highly selective cloud point extraction
method was established for the preconcentration of
Pb(Il) ions in natural and waste water samples prior to
their flame atomic absorption spectrophotometric
determination. The results revealed that the Azure A
ligand was highly selective for Pb(Il) ions between pH 5
and pH 8 region. The pH studies showed that the
recovery values of the Pb(ll) was quantitative in the
presence of Cu(ll), Cd(ll) and Ni(ll) ions under the
same circumstances. It was concluded that this

phenomenon could be explained by the affinity of the
Azure A ligand to Pb (I1) ions. It was also obvious that
this tendency was because of the chemical compatibility
between the Azure A and Pb(ll). The proposed method
is inexpensive and easy to operate. The analytical
performance of the method in the presence of interfering
ions was excellent for the detection of Pb (I1) ions. As a
result, the developed method may be considered as a
useful tool for preconcentration and determination of
Pb(Il) in water samples for routine quality controls.
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ABSTRACT

Apparent molar volumes of alkali metal halides in 10%
(W/W) 2-(Ethoxy) ethanol-water mixture were calculated
from the measured densities at 303.15K, 308.15K and
313.15K. Using Masson equation the partial molar volumes
were obtained which are further divided into ionic components
adopting the methods of Conway and Jolicoeur. A comparison
of values of ionic partial molar volumes of alkali metal and
halide ions with the values reported in pure water indicates a
decrease in hydrophobic hydration, which may be due to the
addition of co-solvent 2-(Ethoxy) ethanol. The conclusions
drawn from viscosity studies confirm that the structure of
water is reduced by the breaking of hydrogen bonds in 2-
(Ethoxy) ethanol-water mixture. For all the ions, the Vi;’n
values are divided into \Zgu and chge . Using the Padova’s
equation, the \7.:” values of alkali metal salts were calculated
and further divided into ionic contributions. Calculated
dimensions of ions show that the classification of alkali metal
halide salts into structure makers and structurebreakers based
on the sign of \/.° _Vc‘r)yS is not valid for the present solvent
system.

t

Keywords: Molar volumes of electrolytes, alkali metal salts,
2-(Ethoxy)  ethanol, liquid mixtures, solute-solvent
interactions.

10% (w/w) 2-(Etoksi) etanol-su karigiminda
alkali metal tuzlarin kismi molar hacimleri ve
termodinamik Ozellikleri

0z

10% (w/w) 2-(Etoksi) etanol-su karisgimlarinda alkali metal
tuzlarin gozlenen molar hacimleri 303.15 K, 308.15 K and
313.15 K’ de olgiilen yogunluklardan hesplandi. Masson
denklemini kullanarak, Conway ve Jolicoeur yodntemlerini
benimseyen iyonik bilegenlere ayrilan kismi molar hacimler
elde edildi. Alkali metal ve halojeniir iyonlarm Iyonik kismi
molar  hacimlerinin  saf suda bildirilen  degerlerle
karsilastirilmasi, hidrofobik hidrasyonda bir diisiise isaret
isaret etmektedir ki bu yardimec1 ¢6ziicii 2- (Etoksi) etanoliin
eklenmesinden kaynaklanabilir. Viskozite ¢alismalarindan
elde edilen sonuglar, 2- (Etoksi) etanol-su karigiminda
hidrojen baglarimn kirilmasiyla suyun yapisinin azaldigim

dogrulamaktadir. Tiim iyonlar igin, Vic?n degerleri \Z?ru and
V2 e ayrilir. Padova denklemini kullanarak, alkali metal

cage -
tuzlarmmVir?” degerleri hesaplandi ve ayrica iyonik katkilara

boliindii. iyonlarin hesaplanan boyutlari, alkali metal halojeniir
—0 0 . ..

tuzlarimn V, —Vcryst isaretine gore yapi olustur%lculara. ve

yapt kiricilara siniflandirilmasinin mevceut ¢oziicii sistemi igin

gecerli olmadigini géstermektedir.

Anahtar Kelimeler: Elektrolitlerin kismi molar hacimleri,
alkali metal tuzlar, 2-(Etoksi) etanol, liquid mixtures, ¢6ziicii-
¢Oziinen etkilesimleri.

1. INTRODUCTION

Water-organic mixed solvents have been the subject of
intense research conducted by many researchers all over
the world. Knowledge of their structures and properties

109

is very important on account of their application in
various areas of chemistry and modern technologies.
lon-ion and ion-solvent interactions are notable among
the interactions that occur in solutions since these are
connected with the physical and chemical properties of
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the mixtures. Studies on thermo-chemical properties and
transport properties such as viscosity, refractive index,
ultrasonic velocity, adiabatic compressibility, density
and conductivity of ionic solutions help to characterize
the structures and properties of the solutions.””

n-(Alkoxy) ethanols also known as cello solves are good
industrial solvents which are used as a component of
solvents and co-emulgators and stabilizers of emulsion
paints, lacquers and plastics. Cello solves are used as
additives to gasoline due to their Octane enhancing and
pollution-reducing properties.6 n-Alkoxy alkanols are in
fact monoalkyl ether of ethylene glycol. Therefore, its
physicochemical properties are probably between
dipolar aprotic and protic solvents. Previous studies
have shown that they exist as molecular dispersion in
water at low concentration of 2-alkoxy ethanol (at high
concentration micelle—like aggregation occurs). It would
be interesting to study the electrolyte behavior in such
an uncharacteristic solvent medium. The study of
thermal and transport properties of electrolytes in
solutions would help indicate the use of cellosolves in
various technologies like high energy batteries and ion
exchangers.” Despite the potential applications of these
solvents, there are relatively few solute-solvent
interaction studies on substances in this class and their
water mixtures. 2-(Butoxy)-ethanol and 2-(Methoxy)-
ethanol are the solvents studied to some extent.®**

Thermo chemical properties of electrolyte solutions in
2-alkoxyethanol-water mixtures have been reported
with an emphasis on solution enthalpies. However no
specific work has been reported so far on transport and
quasi thermodynamic properties of electrolytes in 2-
(Ethoxy)-ethanol ~ water  mixtures where  some
modifications are expected in the structure of water. The
objective in selecting a 10% (W/W) 2-(Ethoxy) ethanol-
water mixture in the present investigation is that the
water-rich liquid mixtures are more economical and
facilitates the desired properties required for the
industry.

The purpose of the present study is to study the density,
molar volumes and thermodynamic parameters of alkali
metal halide salts in a 10% (W/W) 2-(Ethoxy) ethanol-
water mixture. For this, it is aimed to do the following:

(i) To probe into the effect of temperature on the
solvation process.

(if) To study the effect of increasing both cation and
anion size.

(iii) To compare the partial molar volumes of alkali

110

metal salts with partial molar volumes and
thermodynamic parameters of our previous work related
to tetra alkyl ammonium bromides in the same 10%
(W/W)  2-(Ethoxy) ethanol-water mixed solvent
medium.’

2. EXPERIMENTAL

Sodium chloride, potassium chloride and potassium
iodide (Sarabhai Chemicals G. R. grade), rubidium
chloride (E.Merk analar grade) and potassium bromide
(LOBA Chemie G. R. grade) were dried at 110°C in a
hot air oven and stored in a desiccator. Electrolyte
solutions of desired concentrations were prepared each
time by mass with a precision of + 0.0001 g.

2-(Ethoxy)-ethanol (E.Merk sample) was first refluxed
for an hour with Tin Il chloride to remove the traces of
peroxide as per the procedure discussed in my earlier
communication.” The refluxed solvent was then dried
over anhydrous potassium carbonate and then
fractionally distilled. The middle fraction distilling
between 133-134°C was collected. 10% 2-(Ethoxy)
ethanol-water mixture was prepared weight by weight.
A bicapillary pycnometer of parker and parker type with
minor modifications was used to determine densities.
The uncertainty of the density measurements (95%
confidence limits) was + (8 x 10°) g cm>. The density
value we measured at 298.15 K for pure 2-Ethoxy
ethanol is 0.92407 g cm which is in reasonable

agreement with literature value: 0.9253 g cm>."

3. RESULTS AND DISCUSSION

The experimentally measured densities of alkali metal
halide salt solutions of 10% (w/w) 2-( ethoxy ) ethanol-
water mixture at 303.15 K, 308.15 K and 313.15 K
(temperature control was monitored to + 0.001 K) were
used to calculate the apparent molar volumes by using
the equation where all the terms have their usual
signiﬁcance.16 The densities along with the apparent
molar volumes of the alkali metal halides are presented
in Table 1.

M

dO

_ 1000(d, —d)

1
d, @

The Debye—Huckel theory serves as a basis for the
@ to The

recommended procedure for the extrapolation ofﬁ, to

extrapolation of infinite  dilution.

infinite dilution employs the Redlich—-Meyer equation.’
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Table 1. Density (d) and apparent molar volume (¢, ) of alkali metal halides in 10% (w/w) 2-(Ethoxy) ethanol-water mixture at
303.15 K, 308.15 K and 313.15 K

303.15 K 308.15 K 313.15 K
3 d 3 d 3 d
cx10 ¢V cx10 ¢V cx10 ¢V
NaCl
22.01 0.99636 13.0768 22.01 0.99436 12.6459 22.01 0.99215 15.4235
30.31 0.99672 13.6437 38.39 0.99504 14.5247 38.39 0.99284 15.8702
41.39 0.99720 14.0600 41.39 0.99518 14.3318 54.35 0.99348 16.6462
53.89 0.99774 14.3526 54.35 0.99568 15.6840 63.79 0.99386 16.8995
61.66 0.99805 14.8928 63.79 0.99606 16.0738 70.89 0.99414 17.1280
70.89 0.99840 15.6393 70.89 0.99630 16.9490 83.92 0.99462 17.3540
78.71 0.99871 15.9628 83.92 0.99684 16.9757 94.73 0.99510 17.4338
94.70 0.9993 16.9235 94.73 0.99728 17.0772 104.91 0.9955 17.6175
104.90 0.9997 17.1669 104.91 0.99766 17.4835 112.03 0.99580 17.5440
112.03 1.00004 16.7532 112.03 0.99804 16.6973
KCI
28.30 0.99678 24.4969 28.30 0.99474 25.6137 28.30 0.99258 26.0257
41.20 0.99740 25.1662 41.20 0.99534 26.4348 41.20 0.99318 26.7370
52.00 0.99786 26.6055 52.00 0.99584 26.8539 52.00 0.99366 27.4942
61.70 0.99835 26.2214 61.70 0.99630 26.9270 61.70 0.99410 27.8030
71.20 0.99880 26.3678 71.2 0.99674 27.1280 71.20 0.99450 28.4621
82.20 0.99930 26.7523 82.2 0.99703 27.5412 82.20 0.99540 28.5828
91.04 0.9997 27.0139 91.04 0.99760 27.8427 91.04 0.99500 28.6788
100.09 1.00011 27.2291 100.09 0.99805 27.7870 100.09 0.99584 28.4521
110.50 1.00061 27.2179 110.60 0.99852 28.0012 110.6 0.99630 28.7004
119.6 1.00102 27.3626 119.60 0.99892 28.1754 119.60 0.99670 28.8270
RbClI
21.11 0.99732 28.224 21.11 0.99532 27.804 21.11 0.99310 31.167
29.59 0.99808 29.152 29.59 0.99608 28.871 29.59 0.99384 32.002
40.60 0.99902 30.936 40.60 0.99709 29.015 40.60 0.99482 32.059
50.98 0.99993 31.443 50.98 0.99796 30.717 50.98 0.99574 32.158
61.10 1.00082 31.725 61.10 0.99883 31.460 51.10 0.99663 32.354
70.50 1.00165 31.858 70.50 0.99964 31.932 70.50 0.99745 32.574
80.02 1.00248 32.111 80.02 1.00048 32.050 80.02 0.99828 32.750
90.80 1.00342 32.323 90.80 1.00143 32.167 90.80 0.99919 33.237
108.90 1.00500 32.569 108.90 1.00303 32.266 108.90 1.00077 33.355
120.40 1.00601 32.636 120.40 1.00404 32.368 120.40 1.00176 33.527
KBr
30.50 0.99786 36.557 30.50 0.99587 36.631 30.50 0.99366 37.373
39.86 0.99864 35.381 39.86 0.99664 36.705 39.86 0.99443 37.302
49.15 0.99949 35.750 49.75 0.99749 36.034 49.75 0.99522 37.735
61.40 1.00046 35.789 61.40 0.99845 36.189 61.40 0.99618 37.519
70.48 1.00126 35.178 70.48 1.00012 35.249 70.48 0.99699 36.615
80.80 1.00211 35.388 80.80 1.00100 35.459 80.80 0.99783 36.785
90.50 1.00301 34.419 90.50 1.00179 35.488 90.50 0.99870 36.013
100.87 1.00385 34.806 100.87 1.00256 35.515 100.87 0.99956 36.053
109.90 1.00453 35.097 109.90 1.000296 36.200
Kl
20.90 0.9975 50.936 20.90 0.99578 48.631 20.90 0.99359 49.221
31.82 0.99903 50.279 31.82 0.99106 48.800 31.82 0.99490 48.273
40.08 1.00000 49.975 40.08 0.99807 47.816 40.08 0.99588 48.973
51.16 1.00136 48.566 51.76 0.99939 47.681 51.16 0.99720 47.983
60.30 1.00246 48.158 60.30 1.00047 47.755 60.30 0.99830 47.693
72.56 1.00395 47.571 72.56 1.00195 47.390 72.56 0.99978 47.355
80.57 1.00494 47.078 80.57 1.00288 47.674 80.57 1.00077 46.902
89.85 1.00607 46.807 89.85 1.00404 47.014 89.85 1.00190 46.668
102.27 1.00749 47.427 102.27 1.00559 46.343 102.27 1.00337 46.839
120.24 1.00967 47.051 120.24 1.00768 46.895 120.24 1.00552 46.831

Units: Molarity as ¢ x10°

— (mol dm™®); d =kg m?; @, = (cm® mol™)
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Table 2. Apparent molar volume at infinite dilution (ﬂ,) and the experimental slope (S\;) of
electrolytes in 10% (w/w) 2-(OEt) EtOH-H,0 303.15 K, 308.15 K and 313.15

Salt 303.15 K 308.15 K 313.15K
s Sy s Sy s Sy
(Cm3 mol'l) (Cm3 m0|_3/2) (Cm3 mol'l) (Cm3 m0|-3/2) (Cm3 mol'l) (Cm3 m0|_3/2)

NaCl 9.55 22.67 9.71 24.01 13.59 12.79

KCI 22.33 15.23 23.56 13.60 23.79 15.50
RbCI 26.08 20.70 24.85 23.87 29.84 10.65

KBr 37.76 -9.184 38.167 -8.87 39.569 -10.459

Kl 53.92 -22.03 50.28 -10.65 50.70 -12.37

¢ = ﬂ? n SVCUZ +q,C @) medium ismoderately high. In contrast, the negative

Where S, is the theoretical limiting slope and g, is a

constant. However the calculation of a humerical value
for S, requires knowledge of pressure dependence of
dielectric constant, which is not available for the present
solvent system under investigation. For this reason, the
Masson empirical equation of the form given below has

been used for extrapolating the ¢{, to an infinite

dilution where S\j is an experimental slope.

# = #+5°,C"

According to Masson’s equation, the apparent molar
volumes should vary linearly with square root of
concentration of the salt and the data shall fit into
Masson’s relation.”® The linear relation has been known
to be followed by many small strong electrolytes in
dilute solutions and to moderate concentrations for

some other salts as well."” Values of &, &S,
obtained by the method of least squares are presented in

®)

Table 2. In all cases studied, ¢§, vary linearly with

JJc at all temperatures as shown in Figures 1-3. S,

values indicate the data available in different solvents
including water, leads one to conclude that, in general,
negative slope is favored; (i) if the dielectric constant of
the medium is high, whether the solvent is hydrogen-
bonded or non-hydrogen bonded. (ii) if electrostatic ion-
ion interactions are weak due to large ion-size or due to
very high dielectric constant.

On the other hand, a positive slope is observed if ion-
ion interactions are strong due to the low dielectric

constant of the medium or due to small ionic size. S,

values were found as positive at all temperatures for
NaCl, KCI and RbCl indicating the presence of ion-ion
interactions, even though the dielectric constant of the

112

slope was observed for KBr and KI salts, which were
not unexpected due to the larger ionic size and in a
medium of moderately high dielectric constant. This
indicates that the strong ion-solvent interactions weaken
the ion-ion interactions.

3.1. The limiting partial molar volumes (ﬁ)

The limiting partial molar volume of solutes is regarded
as a measure of solute-solvent interactions by many

0 .
workers.”%?" In the present study, ¢V values of alkali

metal halides exhibit the order Rb* > K* > Na" at all
temperatures studied. This shows that the structure
breaking effect or solute-solvent interactions decrease in
the order Na* > K* > Rb" for cations. A similar trend
has been reported in the study of partial molar volumes
of alkali metal halides in tertiary butanol-water mixtures
by Desnoyers.”*

0 . .
On the other hand, the order of ¢V concerning anions
follows the I' > Br" > CI" which in turn indicates that
structure breaking effect decreases in the order ClI"> Br’
. 0 .
> |I". The comparatively small ¢v values for sodium
chloride can reasonably be explained based on the small
size of the cation which causes greater electrostriction

. 0
and thus gives small ¢v values.

Many researchers have inferred that the maxima in plots

0 . .
of ¢v versus t (in °C) indicate the presence of strong

solute-solvent interactions, while the minima suggest
the presence of ion-ion interactions.”>*® In the case of
rubidium chloride, a deep minima was observed,
indicating the presence of ion-ion interaction also

- * 0
supported by positive SV values. For other salts, ¢v
increased with an increase in temperature.
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Figure 1. Apparent molar volume (ﬂ, ) as a function of VC

of Alkali metal halides in 10% (w/w) 2-(Ethoxy) ethanol-
water mixture at 303.15 K, 308.15 K and 313.15 K.
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Figure 2. Apparent molar volume (ﬁ, ) as a function of VC

of NaCl, KCI and RbCIl in 10% (w/w) 2-(Ethoxy) ethanol-
water mixture at 303.15 K, 308.15 K and 313.15 K.
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Figure 3. Apparent molar volume (ﬂ,) as a function of

\Cof KBr and KI in 10% (w/w) 2-(Ethoxy) ethanol-
water mixture at 303.15 K, 308.15 K and 313.15 K.

3.2. Limiting 1onic partial molar volumes

lon-solvent interactions manifest themselves in all
molar functions obtained by extrapolation to infinite

dilutions. It is possible to assign the contribution of

cation and anion by separating the limiting molar
functions into ionic contributions. Two methods were
used in the current research:’’ (i) Convey and co-
workers and (ii) Jolicoeur and co-workers for the
purpose of comparison. A detailed discussion on the
separation of limiting molar volumes is presented in our

. - 0 -
previous publication.” From the V. the V.

Br ion Vvalues

of other ions were calculated using the additive nature
of limiting partial molar volumes of solutes. The data
obtained are presented in Table 3.

From Table 3 it can be observed that the \7,\103+ is

negative at 303.15 K and 308.15 K. The negative partial
molar volume of an ion means that, with the addition of
the ion, the decrease in the solution volume due to ion-
solvent interactions is more than the increase in the
solution volume due to the intrinsic ionic volume. From

an observation of the \7,\?&1+ values at 303.15 K, 308.15

K and 313.15 K, it is clear that as the temperature
increases the sign ofVN°a+
K, indicating that at this temperature the decrease in
solution volume due to ion-solvent interactions is less
than the increase in the solution volume due to the
intrinsic ionic volume.

becomes positive at 313.15

The short-range solvating properties of ions have been
discussed by considering the sign of the difference

Vion —Venet)-* An ion is considered as an
electrostatic positive solvating (structure making) ion if

0 —0 . . .
Mion —Veryst) 18 negative, and as a negative

solvating (structure breaking) ion it (V,o, —V ) is
positive. It is assumed that this classification is valid
even to the present aqua-organic mixed solvent system

as it is water rich.

Data in Table 4 show that (V.2 —V.° ) is negative

ion cryst
for Na* and CI ions at all temperatures (except for Na*
at 313.15 K). It is a proven fact that the small ions with
high charge density act as net structure makers.

The negative sign of (V.2 —V.°

ion oryst ) agrees with this

fact and proves that these ions are structure makers. The
other alkali metal and halide ions (i.e. K, Rb*, Br” and

I) have positive (V;o, —V., ) values showing that

ion
these ions are structure breaking ions. These facts are in
accordance with the observations of other workers.”
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Table 3. Limiting partial molar volumes of various ions in 10% (w/w) 2-(Ethoxy) ethanol-water mixture at 303.15 K,
308.15 K and 313.15 K from I: the method of Convey and co-workers, 1I: the method of Jolicoeur and and co-workers

Method I, & (cm® mol ™)

Method I, 4 (cm® mol™)

303.15K 308.15K 313.15K 303.15K 308.15 K 313.15K
Na* -3.04 -1.81 3.97 -23.19 -22.30 -16.72
K* 9.74 12.04 14.17 -10.44 -8.45 -6.52
Rb* 13.49 13.33 20.22 -6.66 -7.16 -0.47
c" 12.59 11.52 9.62 32.74 32.01 30.31
Br 28.02 26.13 25.40 48.17 46.62 46.09
I 44,18 38.24 36.53 64.36 58.73 57.24
Table 4. (\7ic?n —\Z?yst ) values for alkali and halide ions in 10% (w/w)
2-(Ethoxy) ethanol at 303.15 K, 308.15 K and 313.15 K
(\/ic?n - C?yst)
303.15K 308.15K 313.15K
Na* -5.20 -3.97 181
K* 3.82 6.11 8.24
Rb* 5.33 5.16 12.05
o -2.35 -3.42 -5.32
Br 9.33 7.44 6.71
I’ 18.78 12.84 11.13

3.3. Components of limiting ionic molar volumes

Using the multilayer hydration models of Gurney,
Frank-Wen and Eigen-Wicke for ion-solvent
interactions, Millero®®® has shown that the limiting
VA
on

ionic partial molar volume can be attributed to the

following components.

70 _\70 _ \70 70 \70
Vion _Vintr +Ve|ect +Vstru +Vcage (4)
Where V. is the intrinsic partial molar volume (the

positive increment in the \Z;’n due to the intrinsic ionic

volume). Vg, is the electrostriction partial molar

volume (the negative increment equals to the decrease
in the molar solute volume due to ion-solvent

electrostrictive interaction). \7(51”) is the disordered or

void space partial molar volume (the increment due to
the destruction of solvent structure in the region of

. 0 . .
ionic co-sphere). Vcage is the caged partial volume (the

115

negative increment is characteristic of hydrophobic
V.o . of

“Structure making” ions such as R;N" ions). (intr)

the solutes are calculated adopting Padova equation28
that makes use of both the molar volume and

compressibility
Sy
Sk

Where ¢ is the partial molar volume of the solute,

®)

Ve, =¢e+[—¢z 3

* . . 0
SV is the experimental slope obtained from ¢v

0 . . N
versus </c graph, ¢K is the partial molar adiabatic

compressibility and S: is the experimental slope

obtained from the @ versus </c graph. Using the

compressibility data*” of our work, the \7@?1”) for the

solutes are calculated only at 303.15 K (Table 5) (Since
the compressibility data is available only 303.15 K in
the present solvent system.
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Table 5. \7(i?m) calculated in 10% (w/w) 2-(OEt) EtOH-
H,0 at 303.15 K
Salt NaCl KCI RbCI KBr Kl
\70 28.61 3580 48838 2830 46.04
(intr)

Assuming that the method of Conway and co-workers
for the separation of \/ °values into ionic components is

equally applicable to separate theV° . values,’ the

(intr)
70
V(intr)

303.15K. Applying additive rule theV 2

(intr)

value is calculated to be 26.37 for Br ion at

values of the
other ions along with the V/, 2

on arecalculated.

Hepler’s semi-empirical equation® for the V2
calculation in water is
V.2 =Ar*—Bz?/r (6)

Where A, B are constants. Z and r are the charge and
crystallographic radius of the ion, respectively. This
equation is used to separate the geometric part from the
electrostrictive part of the ionic volume. %2 The first term

of the equation is equal to Vi3 +V oy and the

: 70 .
second term is equal to V(e,ect) . For mono valent ions,
the equation can be rearranged as

Vor=Ar*-B @
To separate the intrinsic size of an ion and the void
space effect, the following semi-empirical equations
have been proposed by Hepler. *!

V2 =252r* + (A-2.52)r*~Bz* /r

V2 =252r° + A'r*—B'Z%/r

ion

(®)
)

In these calculations, the void space is assumed to be
equal to the surface of the ion, A’ & B'are constants. A,
V3 xr
against r* and (V.°or—2.52r%) against r°
respectively. From the graphs in Figures 4 and 5, it can
be seen that in both cases the cations and the anions fall
into two separate straight lines and giving different A, B
and A’ B’ values for the cations and the anions.

B and A, B’ have been determined by plotting
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Figure 4. Plot of Vig,.r against r* for alkali metal and halide
ions in 10% (w/w) 2-(OEt) EtOH-H,O mixture at 303.15 K,
308.15 K, and 313.15 K.



Int. J. Chem. Technol. 2020, 4 (2), 109-120

DOI: http://dx.doi.org/10.32571/ijct. 726469

Murthy

E-1SSN: 2602-277X

Vion.r-2.52r%
N
o
1

303.15K

Rb*

K+

[ ]
Br

30

Vion.r-2.52r%
=
1

.y+l T T
Na

308.15K

5

cr

Rb

r3

10 15

Na+

cr

r3

313.15K

/Bf/

10 15

Vion.r-2.52r%

r3

cr

15

According to Hepler, ** one should not expect plots of

various functions of Vé’n , Z and r to give only one line

for both cations and anions because radii of ion cavities
are larger than corresponding crystal radii and also
crystal radii are greater for cations than for anions.

From Table 7, it can be seen that B is larger for anions
than cations. The larger B values for anions than cations
indicate that the ion-solvent interactions are greater for
anions than for cations of the same size and charge.

Table 6. V% of various ionsalong with V2 i

on

10% (w/w) 2-(OEt) EtOH —H,0 at 303.15 K

Vi Vien

Na* -5.26 -3.04
K* 1.93 9.74
Rb* 15.01 13.49
c" 33.87 12.59
Br 26.37 28.02
I 44.11 44.18

Table 7. Values of A (cm®mol™ (A°)®) and B(cm®mol™ A°)
from Eq. 6 and A’ (cm®*mol™ (A%)?) and B’ (cm®mol™ A%
and from Eq. 9 of ions at 303.15 K, 308.15 K and 313.15 K

lons 303.15 K 308.15 K 313.15K
5.8 4.60 5.2
A+
Alkali A‘ 54 7.3 7.2
Metal +
Cations B 8.0 45 16
+
' 9.5 11.0 7.0
B+
A 6.5 54 54
A‘ 10.5 8.0 8.0
Halide -
Anions B 43.2 335 35.2
B' 64.0 49.5 50.0

Figure 5. Plot of (Vion.r — 2.52 r*) against r® for alkali metal
and halide ions in 10% (w/w) 2-(Ethoxy) ethanol-water

mixture at 303.15 K, 308.15 K and 313.15 K.
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Table 8. Comparison of values of \7&500 and \7((;,80”) of alkali and halide ions by two methods in 10% (w/w) 2-(OEt) EtOH-H,0
at 303.15 K, 308.15 K and 313.15 K
lon 303.15 K 308.15 K 313.15K 303.15K 308.15 K 313.15K
i ‘ ii ‘ i ‘ ii ’ i ’ ii i ‘ ii ‘ i ‘ ii ‘ i ‘ ii
70 70
V(disor) V(electr)
Na* 281 487 178 6.59 2.30 6.50 8.42 10.00 4.73 11.58 1.68 7.37
K* 7.72 9.5 4.89 12.91 6.30 12.74 6.01 7.14 3.38 8.27 1.20 5.26
Rb* 10.63 11.83 6.74 15.99 8.69 15.77 5.40 6.42 3.04 7.43 1.08 4.73
c" 23.60 39.40 17.08 2621 17.08 26.21 23.86 35.36 18.51 27.35 19.45 27.62
Br 29.51 3992 2135 3042 2135 3042 22.15 32.82 17.18 25.38 18.05 25.64
I 40.11 48.99 29.02 3732 29.02 37.32 20.00 29.63 15.51 22.92 16.29 23.15

Note: i and ii indicate the methods.

Table 9. Dimensions of various ions (Radius in A) in 10% (w/w) 2-(Ethoxy) ethanol-water mixture

lon 303.15 K 308.15 K 313.15 K Pauling’s crystallographic
radius®

Na* 1.02 1.08 1.31 0.95

K* 1.50 1.57 1.63 1.33
Rb* 1.64 1.60 1.77 1.48

c" 158 1.55 1.50 1.81

Br 1.93 1.90 1.88 1.85

I 2.20 2.11 2.08 2.16

\7( gisord) &\7( glect) are calculated from the constants Comparison of radius of the ions in the solution with

A, B and A' and B! are presented in the table. The

0 . .
V(e,ect) values obtained for the ions cannot be compared

. . 70
with the theoretical V(e,ect) values from the Drude and
Nerst equation33 since the evaluation of theoretical

V(S,ect) requires the value of 2(n D) which is not
oP

available for the solvent system studied.

3.4. Dimensions of ions

Padova and Conway‘s equations are used to estimate
effective radii for various ions®***

0 \7ic?n =4.48 ric:;)n —8.0/ Fion (10)

(i) V.2 =2.51r3 —3.15/r2 (11)

118

effective crystallographic radius proposed by Pauling36
shows that the cations are solvated to some extent
however not much significantly, while the anions are
either least solvated or un-solvated in the present
solvent system.

4. CONCLUSIONS

The following results are obtained from this study.

o Positive values of the S,, for NaCl, KCI, and RbCl

at all the temperatures indicate the presence of ion-
ion interactions.

0 . . .
e The ¢{, values for concerning cations are in the

order Rb*> K" > Na" and structure breaking effects
are in the oreder Na" > K" > Rb". For anions, the

0 .
¢v values are in the order I" > Br > CI" and

structure breaking effect order is CI" > Br > I,
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o (Vign —V et ) are negative for Na* and CI,

C
which act as net structure makers.

Vion —Vanet) are positive for K*, Rb*, Br” and
I', which act as net structure breakers.
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ABSTRACT

Nowadays, boron and its derivatives are widely used in
industrial and technological areas. Boron minerals are the
main sources for obtaining pure boron chemicals in the usage
of different applications such as the defense industry, health,
industry, kitchen equipments, etc. In this paper, for the first
time, it has been reported the dissolution behaviors and
kinetics parameters of ulexite in the boric acid solution. To
solve ulexite by boric acid is important, because boric acid as
a solvent prevents the formation of impurities, and therfeore
our study is a first in the literature. In this context, the
dissolution of the ulexite has been investigated under various
experimental parameters such as temperatures, acid
concentration, solid/liquid ratio, particle size, dissolution rate,
and stirring speed. The experimental findings shown that the
dissolution kinetics of ulexite increase with an increase in
temperature and acid concentration and a decrease in particle
size, but decrease with mixing speed in the acid. Moreover,
the dissolution of ulexite in boric acid and activation energy
were evaluated. As a result, it was found that the dissolution
kinetics were compatible with the chemical control model and
the activation energy was 22.024 kJ mol™.

Keywords: Ulexite, boric acid, dissolution, kinetic, activation
energy.

Uleksitin borik asit ¢6zeltisinde ¢oziinme ve
kinetik parametre davraniglarinin incelenmesi

0z

Giintimiizde bor ve tiirevleri yaygin olarak endiistri ve
teknolojik alanlarda  kullamilmaktadir. Bor mineralleri
savunma sanayi, saglik, mutfak ekipmanlar1 vb. alanlarda
kullanilan saf bor kimyasallarint elde etmek icin ana
kaynaklardir. Bu calismada, ilk kez, uleksitin borik asit
cozeltisindeki ¢6ziinme davramglari ve kinetik paramaterleri
rapor edilmistir. Uleksiti borik asitte ¢6zmek 6nemlidir, ¢linkii
bir ¢6ziicli olarak borik asit safsizliklarin olusumun engeller
ve bu nedenle ¢alismamz literatiirde bir ilktir. Bu baglamda,
uleksitin ¢oziinmesi, sicakliklar, asit konsantrasyonu, kati/sivi
orani, partikiil boyutu, ¢6ziinme hizi ve karigtirma hizi gibi
cesitli deneysel parametreler altinda incelenmistir. Deneysel
bulgular, iileksitin ¢6ziinme kinetiginin sicaklik ve asit
konsantrasyonundaki artis ve partikiil boyutundaki azalma ile
arttigini, ancak asitteki karigirma hizi ile azaldigim
gostermistir. Ayrica, uleksitin borik asittteki ¢dzmesi ve
aktivasyon enerjisi  degerlendirildi. = Sonugta  dziinme
kinetiginin kimyasal kontrol modeli ile uyumlu oldugu ve
aktivasyon enerjisinin 22,024 kJ mol™ oldugu bulundu.

Anahtar Kelimeler: Uleksit, borik asit, ¢6ziime, kinetik,
aktivasyon enerji.

1. INTRODUCTION

Many different boron minerals such as borax, tincal,
colemanite, and ulexite are present and commercially
important. Generally, almost all of these minerals are
found in some different salt forms and all of these
minerals contain B203." The increasing demand for
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boron mineral in different fields such as ceramic and
glass industries, nuclear technology, refractors,
catalysts, polymer production, increases the importance
of boron minerals and derivatives. The examples of the
current studies on ulexite and boron minerals include
solidification of nuclear radioactive wastes, cementite-
based composite neutron protection properties, and
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effects on borates' portland cement.*”’ These boron
minerals mentioned are raw materials and used to
produce boron compounds.

Ulexite is one of the raw materials and sources of boron
elements used widely to produce boric acid, sodium
perborate, etc. Ulexite as a hydrate contain
sodium/calcium borate, and its formula has been
detected as Na20°2CaO-5BZO3.16HZO.8’10 Boron oxide,
sodium perborate, boric acid are some of the
compounds obtained from boron minerals and applied
commercially and widely in various applications. Boric
acid has a wide usage area to obtain the boron mineral
among these boron compounds. For example, various
chemicals like boron carbide, boron halides, organic
borate, borate carbide are produced using boric acid.
Alkaline and alkali borates, metals mixed, acidic
minerals, and crystallized boric acid are the other
chemicals that are produced from boron minerals.
Generally, commercial methods have been preferred to
fabricate boric acid'*? So far, various acids have been
used by reacted with boron minerals to obtain boric
acid.

Ina study,13 colemanite was tested with sulfuric acid
under different experimental parameters to obtain boric
acid. However, forming gypsum as a precipitate
by-product and the presence of boric acid in the liquid

phase in this reaction are some of the harnesses such as
sulfate contamination that cause environmental
pollution. Furtherly, gypsum formation in the mentioned
reaction exhibits the other adverse effects on soil and
groundwater.”**> Therefore, many different methods
have been applied in various works. In these works, a
lot of reactants such as nitric acid, chlorides,
carbonate/sulfate of ammonia and caustic soda have
been used to obtain boric acid from different boron
minerals.”***® To reveal behaviors of leaching, some
different acids such as organic acids of citric acid, lactic
acid, acetic acid, gluconic acid have been tested on
different boron minerals."*?* However, while the
selectivity of organic acids is high, they are weak and
exhibit low activity.® Also, some inorganic acids such as
ammonium nitrate, sulfur dioxide saturated water,
sulfuric acid, hydrogen sulfate, ammonium chloride,
and phosphoric acid have also been used in various
studies related to ulexite. However, the mentioned
inorganic acids cause the formation of undesirable by-
products that prevent obtaining pure yield.”>*® For the
mentioned reasons, in this study, for the first time, we
investigated the behaviors of dissolution boric acid that
is a similar substance with B,0s; present in the
composition of ulexite. Table 1 summarizes some
studies conducted on ulexite and their activation
energies.

Table 1. Some studies related to ulexite and their kinetic results

Number Acid and solution Activation Reference
energy (kI mol ™)
1 Acetic acid 55.8 3
2 Ammonium acetate 415 16
3 Ammonium acetate 55.7 29
4 Ammonia solution saturated with CO, 55 30
5 Ammonium chloride 80 31
6 Oxalic acid 59.8 32
7 Boric acid 22.02 This study

In this study, we investigated the dissolution properties
of ulexite in boric acid solution under different
experimental parameters such as acid concentration,
temperature, solid/liquid ratio, and ulexite particle size.
Further, some activation parameters including activation
energy and fitting kinetic modes were also determined.
There is not available any papers related to boric acid in
the literature, so we think the investigation of boric acid
effect on ulexite dissolution is a very important issue.
Additionally, we think that the current study will add
novelties related to the extraction contents of boron
mineral, especially for boric acid content.

2. MATERIALS AND METHODS

2.1. Chemicals
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NaOH, HCI, EDTA used in the experiments were of
analytical degree and used without any purification, and
they were purchased from Sigma Aldrich. All glassware
was cleaned with deionized water and ethanol. The
ulexite used in the experiments was provided from
Balikesir city in Turkey. Ulexite was cleaned to remove
visible impurities and then crushed to obtain the desired
particle size for use in experiments.

2.2. Experimental procedure and the calculation of
B203 amount

The experimental route is based on that given
elsewhere.** Ulexite dissolution experiments were
carried out in a round bottom 250 ml flask at room
temperature and atmospheric pressure. The mixture was
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stirred using a thermostat mechanical stirrer to control
the temperature of the reaction medium. A typical
experiment was performed by transferring a 100 ml
boric acid solution into the reaction balloon and mixed
for 15 min to reach the equilibrium temperature.

After this time, the desired amount of ulexite was added
to this mixture and reaction launched at certain time
intervals. The dissoluted ulexite at the end reaction was
estimated by a complexometric technique conducted
using the calcium ion (Ca?*) determination method. ** In
this method, after the interactions of ulexite and boric
acid at the end of the experiment, the resulting solution
was filtered and then the amount of B203 in the latest
solution was determined by stochiometric using
reactions given below.

6HsBOs oy + 12H,0() = 6B(OH)s (a) + 6H30" ()
1)

N320.2C30.5Bzo3.16H20(k) + 6H30+ (aq) — P 2Na* (aq)
+2Ca”" (4 +10H3BO3 ) + 10H,0( 2)

Total reaction is summarized as

NaZO.ZCaO.SBZO3.16H20(k)+2H20(5) —p 2Na+(3q) +
2Ca?* (ag) + 6B(OH)y (ag) +10H,05) + 4H3BO34q) ©)

The calculation procedure of B,O; was carried out like
follows.

Firstly, a 10 ml solution taken from 100 ml solution and
diluted to 50 ml. 5 ml of the resulting solution was taken
and adjusted to pH 1 by adding NaOH solution. This
latest solution was titrated using miirecsil indicator and
0.02M EDTA solution.

Due to the equivalent grams of Ca?* and B,0s, the
conversion fraction of uleksit according to B,O; was
calculated from Eq. (4).

B, 03 amount passed to solution

(4)

X =
B, 03 Total B, 03 amount in the sample

The experimental parameters tested in this study are
given in Table 2.

Table 2. Experimental parameters tested on the dissolution ulexite in boric acid solutions

Parameters

Value

Acid concentration (% in wt)
Temperature (°C)

Partical size (mm)

Stirring speed (rpm)
Solid/liquid ratio (g mL™)

Time (min)

1,3,4,6*

30, 40*, 50, 60, 70

0.497, 0.348, 0.273, 0.177*
200, 300, 400*, 500
0.5/100, 1/100, 2/100, 4/100
3, 5, 10, 15, 20, 30, 40, 50

*Common parameters in all the experiments for dissolution ulexite in boric acid.

3. RESULTS AND DISCUSSION

3.1. The effect of temperature and acid

concentration on the dissolution rate

The effect of reaction temperature on the dissolution of
ulexite was studied at the temperatures of 30, 40, 50, 60,
and 70°C. The results obtained from the experiments are
graphed in Figure la. As can be seen from this figure,
the dissolution kinetics of ulexite increased with
increasing temperature. According to the Arrhenius
equation, the dissolution kinetics increased in direct
proportion to the exponential function of the heat.
Arrhenius equation is as follows:

k = koexp (-E/RT) )
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Where, E is activation energy (J mol™). R is universal
gas constant (J mol™® K™). T is absolute temperature (in
Kelvin). k is reaction rate. k, is reaction rate constant
and refers to the number of collisions.

The effect of acid concentration on the dissolution of
ulexite was investigated by using the acid
concentrations of 1, 3, 4 and 6% (w/w) at the reaction
temperature of 40°C, the particle size of 0.213 mm, the
solid-to-liquid 0.01 g ml™, and stirring speed of 400
rpm. The results of the experiments are graphed in
Figure 1b. As seen in Figure 1b, the dissolution rate
increased with rising acid concentration. Because of the
increase of acid concentration, the concentration of
H;O" increased in the solution. Herein, H;O" acts as a
reacting agent. These effects caused an increase in the
dissolution rate.
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Figure 1. Effects of a) temperature. b) acid concentration on
ulexite dissolution

3.2. The effect of particle size and stirring speed on
the dissolution rate

To explain the effect of particle size, ulexite particles of
0.497, 0.348, 0.273, 0.177 mm were prepared and tested
at 40°C, at a stirring speed of 400 rpm and at a
concentration of 6% (w/w) of 0.01 g ml™. The results
obtained are graphed in Figure 2a.

As seen in Figure 2a, the dissolution rate increased with
decreasing ulexite size. Effect of stirring speed on the
dissolution of ulexite was examined at 200, 300, 400,
and 500 rpm at a reaction temperature of 40°C, the
particle size of 0.177, solid-to-liquid of 0.01 g mI™ and
boric acid concentration of %6 (w/w).
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Figure 2. Effects of a) particle size, b) stirring speed on the
dissolution of ulexite.

As seen in Figure 2b, the stirring speed had little effect
on the dissolution of ulexite. Three different Kkinetic
models were tested of ulexite. Three different kinetic
models were teste to detect which parameter fits the
dissolution rate of ulexite in the boric acid solution. As
a result of these evaluations, the pseudo-homogeneous
kinetic models were evaluated. The calculations and
experimental results showed that the best kinetic model
was found to be a chemical reaction control model as 1-
(1-X)"? = kt.

Where, X is Xp, 0, given in Eg. (4). According to this
model, the graph of 1-(1-X)*? versus t at different
temperatures is shown in Figure 3.
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Figure 3. Agreement of experimental data with chemical
reaction control model at different temperatures.

3.3. Solid-to-liquid ratio on the dissolution rate
The effect of solid-liquid ratio on dissolution of ulexite

was investigated by taking 0.5/100, 1/100, 2/100, 4/100.
The results obtained are graphed in Figure 4.

1.2
1 -
0.8
S 0.6
=<
0.4 - —8—0.5 /100 g/ml|
07 - —8—1/100 g/ml
’ 2 /100 g/ml
0 —@—4 /100 g/ml
0 10 20 30 40 50
Time (min)

Figure 4. Effects of the solid-to-liquid ration on the
dissolution of ulexite.

3. 4. Kinetic evaluation of ulexite dissolution in boric
acid solution

Chemical kinetics explains the progress of reactions,
reaction steps, which eaction factors are connected,
product formation conditions. Chemical reactions can
occur in one phase (homogeneous reactions) or in more
phases (heterogeneous reactions). The process used to
dissolve the desired or undesirable products in a
solution containing more than two phases are called
leaching.*>*®

125

Reaction systems are divided into two according to their
phases as follows.

1. Homogeneous reactions: In such reactions,
substances react and form in a single phase. Phases may
be solid, liquid or gas. Homogeneous reactions can be
studied catalytically or non-catalytically.****

2. Heterogeneous reactions: These reactions take place
in at least more than two phases. There are some factors
such as interface areas, temperature, pressure, the shape
of the reaction wvessel, fluid-phase diffusion
characteristics that affect reaction rate. The systems
used heterogeneous reactions have some properties such
as solid-liquid compositions, the formation of a product
surrounding solid vyield, the variation of volume and
shape of a solid product during the reaction. The

variation shape of solid products and solid/ liquid
42-47

interaction can cause undesired results. The
reactions that will occur are listed below.

A (fluid) + B (solid) — Fluid Products (6)
Fluid + Solid Reactants — Fluid Products @)
Fluid + Solid Reactants — Solid Products (8)

Fluid + Solid Reactants — Fluid and solid product (9)

Solid Reactants — Fluid products (10)

Solid Reactants — Fluid and solid products (11)
In reactions with the excessive liquid phase, the
concentration is considered to remain constant during
the reaction.”**>***4" The equations that is applied to
systems where such a liquid component is constant and
our evaluations of the results for different models are
given in Table 3.

The kinetics of the reaction between ulexite ore and
boric acid were analyzed graphically and statistically
using homogeneous and heterogeneous reaction models.
The value of R? was found as 0.9821for the diffusion
controlled kinetic model (Table 3), and this indicated
that the diffusion control model from the fluid film was
valid.

3.4.1. Dependence on particle size and acid
concentration

Using the results of experiments with particle sizes of
0.497, 0.348, 0.273, 0.177 mm, affecting the conversion
speed, 1— (1 — X) */? values are obtained graph against t.
From the slope of the plot in Figure 5a, the apparent rate
constant (ky) values for each fraction were calculated.
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Table 3. Integer rate equations and regression coefficients for reaction kinetics

Rate equations Rate control types R?
kt = -In (1-X) The homogeneous first phase reaction model 0.7277
Kt = 1- 3 (1-X)%% + 2(1-X) Ash (or product) for fixed-size particle diffusion-controlled 0.9447
- from the film. '
kt=1- (1-X)* Controlled chemical reaction model. 0.9799
— 1 (1512 Diffusion from the fluid film for the shrinking sphere
kt=1- (1-X) controlled. 0.9821
Kt=1- (1-X)2° Diffusion from the fluid film for shrinking sphere 0.9818

controlled (small ones).

The relation between the initial rate and particle size,

k =k (Rp)* (12)
where, K is reaction rate. k; is reaction rate constant. Rp
indicates particle size. a is a constant depending on the
number of particles. k; can be expressed as follows:

ki = ko [C]o” (S/L)° (St.speed)” e ERT (13)
where Ky is reaction rate, ko is the reaction rate constant
depends on stirring speed, [C]o indicates initial acid
concentration (M). S/L is solid-liquid ratio. St.speed
indicates mixing speed. E is activation energy. R is
universl gas contant (8.314 J mol™ K™). T is temperatute
(K). b, ¢, and d are constants.

On the other hand, the linear form of Eq. (12) can be
given as follows:

Ink=Ink; +alnRp (14)
The plot of In k versus In (Rp) is shown in Figure 5a.

From the lope of this plot, The value of a was found to
be -9412.

The results calculated in Eq. (12) gives Eq. (15).

k = kl (Rp) —-0,9412 (15)
While analyzing the effect of acid concentration on
conversion rate and the values of 1-(1-X)"?, the plot of
In (k) versus In (Cy) was obtained by using boric acid
solutions of 1%, 3%, 4%, and 6% (Figure5b).

Relatioship between reaction rate constant (k;) and acid
concentration can be given as follows
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ki = k. [C]o° (16)
From the linear form of this equation, the values of In k;
against In[C], values were plotted (Figure 5b) and the
value of b was found as 0.4420 from the slope of the
obtained plot. Accordingly, Eq. (17) can be obtained as:
ki = k2 (Rp) % [C] o ***° (17
Here k, is independent of particle size and acid
concentration.

3.4.2. Dependence on solid/liquid ratio and stirring
speed

Using the values of 1-(1-X)? and the results of
experiments performed on the conversion rate with
solid/liquid ratios of 0.5 / 100, 1/100, 2/100, 4/100
g ml™, Figure 6a was obtained according to the linear
equation of Eq. (18).
ky = ks (S/L)* (18)
where, k, is the reaction rate, ks is the reaction constant
and c is a constant depends on solid/liquid rate. Figure
6a shows the plot of In (S/L) against In k,. The value of
¢ fom the slope of the plot in Figure 6a was found
-0.6450. According to this, the following equation can
be obtained

k2 - k3 (Rp) -0.9412 [C] 0.4420 (S/ L) —0.6450 (19)
Where k; is reaction rate, ks is the reaction rate constant,
Rp is particle size, [C] is concentration, S/L is
solid/liquid ratio.
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Figure 5. a) The plot of a) In (k) versus In Rp, b) the plot of
In (k;) against In C,.

The data of 1- (1-X) *? values and the results of the
experiments of mixing speeds of 20.9439, 31.4159,
41.8879, 52.3598 radians / second of the conversion
speed change were used in obtaining of Figure 6a using
the linear form of Eq. (20).
ks = kq (St.speed)® (20)
Where, k; is reaction rate. k4 is a rate constant
independent of the mixing speed. d is the exponential
constant.Figure 6b shows the plot of In ks against In
(St.speed). The value of d was determined as 0.0582
from the slope of the plot in Figure 6b.

According to this, Eqg. (21) can be obtained.

k3 - k4(Rp) —0.9412 [C]0.4420 (S/L) —0.6450 (Stspeed) 0.05809
(21)
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Figure 6. The plot of In a)(ky) against In S/L ratio, b) The
plot of In (k) versus In (St. speed).

Where, ke is reaction rate. k, is a rate constant in
dependent of particle size. [C] is acid concentration, S/L
is solid/liquid ratio. St.speed is mixing speed.

3.4.3. Dependence on reaction temperature

While examining the effect of reaction temperature on
the conversion rate, the results of experiments with
temperatures of 303, 313, 323, 333, and 343 K were
obtained. Reaction rates obtained from the result of the
experiments at different temperatures were used to
obtain the Arrhenius graph in Figure 7. Arrhenius
equation gives the change between reaction rate
constant k, and reaction temperature (Eq. 22).

ks = ko.e B/RT (22)
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Assuming that there is a relation of the shape, 1/T
values are graphed against In k, values (Figure 7) and
activation energy and Arrhenius constant were found
from the slope of the plot obtained.

-8.4 T T

0.0p28 - 0.003 0.0032
-8.6 e,

0.0p34

1/7 (K)

Figure 7. The plot of In k4 versus 1/T for ulexite reaction in
boric acid.

The speed expression representing the transformation of
the ulexite ore in the boric acid solutions by replacing
the a, b, c, d, E and k, values that show the effect of the
parameters examined according to these results, a
mathematical model was obtained as given below:

17 (17X)1/2 — k4(Rp) -0,9412 [C]O 0,4420 (S/L) —-0,6450

(St.speed) 0,05809e—2649,1226 T (23)
Where k4 is independent of paricle size. Rp is particle
size. [C]y is initial acid concentration, S/L is solid/liquid
ratio. St.speed is mixing speed.

4. CONCLUSIONS

In summary, the findings of this study can be expressed
as follows:

The common values of the parameters used in the
experiments are: particle size 0.177 mm, boric acid
concentration 6%, mixing speed 400 rpm, solid/liquid
ratio 1/100 g ml™, reaction temperature 40°C. And the
following equations can be revealed

1- (1-x) "2 = kt (24)

k = ko (Rp)® [C]o” (S/L)° (St.speed)” e ERT (25)
Herein, the values of a, b, ¢, d and -E/R values were
found as a: -1.013, b: 0.4579, c: -0.650, d: 0.0545,
E/R: —2649.1226, respectively.
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By replacing these values, the speed expression
representing the transformation of ulexite ore in boric
acid solutions can be given as follows:

1— (l_x)l/Z — [ZOZ(RP) —1,013[C]00,4579(S/L) -0,650

(St.speed)0,0545e —2649,12/ T] t (26)

Herein, it has been obtained as a mathematical model.

In this study, it was found that the dissolution rate
increased with the decrease in the particle size, the
solid/liquid ratio, the acid concentration, and the
reaction temperature. The mixing rate did not change
the dissolution rate much. In all the experiments in
which common parameters were kept constant, it was
found that the best dissolution occurred at a temperature
of 70°C for 40 min.
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ABSTRACT

Microwave-assisted activated carbon was synthesized from
almond shell by chemical activation method using ZnCl,
activator. The effects of the microwave gas medium,
microwave power, microwave time, activation temperature,
activation time and impregnation ratio on the synthesis were
investigated. Actived carbon was also synthesized in the same
way without the microwave treatment. The characterization of
the synthesized actived carbons was performed by SEM, FTIR
and BET devices. The iodine number of the microwave
assisted activated carbon (70% activator/raw material ratio,
250 W microwave power, 15 min microwave time, 500°C
activation temperature and 45 min activation time) and
activated carbon without microwave (70% activator/raw
material ratio, 500°C activation temperature and 45 min.
activation time) were determined to be 1141 mg/g and 190 mg
g%, respectively. The BET surface areas of microwave assisted
activated carbon and without microwave were determined as
1057 m? g* and 50 m? g*, respectively. The methylene blue
numbers of the microwave assisted activated carbon and
activated carbon without microwave were determined to be
201.40 mg g™ and 97.14 mg g™, respectively. According these
values, it can be said that the microwave process has a
significant effect on activated carbon production.

Keywords: Microwave, activated carbon, chemical activation,
iodine number.

ZnCl; kullanilarak badem kabugundan
mikrodalga destekli aktif karbon iiretimi ve
karakterizasyonu

0z

ZnCl, aktiflestiricisi kullanilarak kimyasal aktivasyon
yontemiyle badem kabugundan mikrodalga destekli aktif
karbon sentezlenmistir. Sentez iizerine mikrodalga gaz ortamu,
mikrodalga giicli, mikrodalga siiresi, aktivasyon sicakligi,
aktivasyon siiresi ve impragnasyon orani etkisi incelenmistir.
Ayni yontemle mikrodalga olmaksizin aktif karbon da
sentezlenmistir. Sentezlenen aktif karbonlarin
karakterizasyonu SEM, FTIR ve BET cihazlanyla
gergeklestirilmistir. Mikrodalga destekli aktif karbon (%70
aktiflestirici/hammadde orani, 250 W mikrodalga giicii, 15 dk.
mikrodalga siiresi, 500 oC aktivasyon sicakligt ve 45 dk.
aktivasyon siiresi) ve mikrodalga olmaksizin aktif karbon
(%70 aktiflestirici/hammadde orami, 500°C aktivasyon
sicakligi ve 45 dk. aktivasyon siiresi) iyot sayilari sirasiyla
1141 mg g ve 190 mg g* oldugu belirlenmistir. Mikrodalga
destekli ve mikrodalga olmaksizin aktif karbonlarin BET
yiizey alanlar1 mn sirastyla 1057 m? g ve 50 m? g* oldugu
belirlenmistir. Mikrodalga destekli ve mikrodalga olmaksizin
aktif karbonlarin metilen mavisi sayilarinin sirastyla 201,40
mg g ve 97,14 mg g oldugu belirlenmistir. Bu degerlere
gore, mikrodalga isleminin aktif karbon iiretiminde ciddi bir
etkiye sahip oldugu sdylenebilir.

Anahtar Kelimeler: Mikrodalga, aktif karbon, kimyasal
aktivasyon, iyot sayisi.

1. INTRODUCTION

Activated carbon is an excellent adsorbent used to
remove various impurities. It has various advantages
such as possesing high surface area, well developed

internal  structure and various functional groups.
Despite the advantages of the activated carbon
adsorption process, the greatest obstacle in its wider
applications is the long pyrolysis time and the provision
of large devices that require high energy for biomass
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types.2 The inclination of unsuitable heating rates
impedes active carbon quality. Therefore, a fast and
easy method must be developed to prepare activated
carbon.?

Two different methods are generally used to synthesize
activated carbon. These methods are known as physical
activation and chemical activation. Physical activation
is the activation of raw material with carbon dioxide
(COy) or water vapor.4 Chemical activation consists of a
single step and involves the usage of activators such as
zinc chloride (ZnCl,), potassium hydroxide (KOH),
potassium carbonate (K,CO;) and phosphoric acid
(HsPO,). The carbon percentage of the chemical
activation method is higher than that of the physical
activation.” In addition, the best developed porous
activated carbons are obtained via chemical activation.”
Activated carbon can be produced from many raw
materials. Examples include pistachio shell,’ Elaeagnus
angustifolia seeds,® carob bean seed husk,” almond
shell,"” and sunflower husk.™*

Almond (Prunus amygdalus L.), a hard-shelled fruit that
is grown in almost every region of the world, belongs to
the genus Prunus of the Rosaceae family of Rosales. "
There are approximately 40 different types of almonds.
The almond fruit has an important place in human
nutrition due to its high nutritional value. In addition,
almond shells, which are abundant and low-cost
residues, are suitable for being used as raw materials.™
As it is consumed for its nourishing oil, rich minerals
and vitamins, its production is increasing day by day.
The average annual production of almonds is 80,000
tons in Turkey.™

Microwave technology has attracted attention because it
provides homogeneous and fast thermal reactions.

Microwave heating provides many advantages such as
improved reaction rates and yields, performing reactions
at lower temperatures, obtaining better structural
properties, rapid temperature rise and uniform
temperature distribution.”® In addition, microwave
technology has been used successfully to synthesize
activated carbon. Impragnation process in the
microwave environment in the production of activated
carbon from almond shell is not available in the
literature, and was first performed in this study. In the
microwave-assisted activated carbon studies given in
the literature, the activation process takes place in the
microwave environment. In this study, the impragnation
process was carried out in the microwave environment.

In our study, activated carbon synthesized by the
microwave assisted chemical activation method was
obtained from almond shells. The BET surface areas of
microwave assisted activated carbon and without
microwave were determined respectively. When the
iodine number, methylene blue number and BET
surface area numbers were taken into consideration, it
was observed that microwave treatment had a
significant effect on the production of activated carbon.

2. MATERIALS AND METHODS

2.1. Materials

All chemical materials used in the experimental studies
were obtained from Merck and were of analytical
purity. Deionized pure water was used in the
experimental studies. Almond shells were obtained from
the province of Siirt, Turkey. The system used to
synthesize the activated carbon is given in Figure 1. The
system consists of a microwave and horizontal ash
oven.

After Treatment

=
o=
Sample

Microwave Oven

p—

—

S00°C

MufTule Furnace

Sample

Figure 1. System used for the production of activated carbon.
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2.2. Synthesis of activated carbon

The almond shells were milled and sieved, then washed
with distilled water and dried at 80°C. Activated carbon
was synthesized by the microwave assisted chemical
activation method. For the synthesis of the activated
carbon, 3 g of ground almond shells were mixed with 3
g of ZnCl, activator dissolved in 2 ml of distilled water
and the impregnation of the activator into the almond
shells was carried out in a microwave. In the microwave
environment, the activated carbon was synthesized by
subjecting the activation time to 45 min at 500°C in the
presence of nitrogen (N,). The activated carbon washed
with 0.5 M hydrogen chloride (HCI) and then hot
distilled water until the pH value was 6-7.

2.3. Characterization of activated carbon

The iodine number of the active carbons obtained was
determined. lodine adsorption is performed to learn
more about the porous structure of activated carbon.
lodine adsorption in the liquid phase is considered as a
simple and rapid test. The iodine number is determined
by the surface area of the pores with a radius greater
than 1 nm. The iodine number is accepted as a basic
parameter used to characterize the performance of
activated carbon.” The method used by the International
American Society of Testing and Materials was used to
determine the iodine number (ASTM, 2006). The iodine
number was calculated using Eq. (1).

(B—A)x127xNx40
mxB

lodine number = (1)
Where, A is the amount of Na,S,03.5H,0 spent in
titration after activated carbon iodine adsorption (ml). B
is amount of Na,S,03.5H,0 spent in titration for 0.1 N
iodine solution (ml). N is iodine solution concentration.
m is the amount of activated carbon (g).

In the synthesis of activated carbon, iodine number is
used as an alternative to the BET surface area in the
laboratory environment. For this reason, the iodine
number of all activated carbons obtained was
determined and plotted. The activated carbon with the
highest iodine number was sent to BET analysis

The BET surface area of the activated carbons with high
iodine number was determined by the Quantachrome
Nova 1200 series device. The characterization of the
activated carbon with the highest surface area, pure
almond shell and non-microwave activated activated
carbon, scanning electron microscopy (SEM), and
fourier-transform infrared spectroscopy (FTIR) devices
were performed and methylene blue number were
determined. The methylene blue number was used to
estimate mesoporosity of activated carbons. A good
quality activated carbon should have high iodine
number and methylene blue number.’
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The number of methylene blue was calculated from Eq.

Q).
— (Co_Ce) V

w

e )
Where, g, is the amount of methylene blue adsorbed per
unit adsorbent (mg g'). C, is solution initial
concentration (mg I'). C. is the concentration of
solution in equilibrium state (mg 1™). V is solution
volume (ml). w is the amount of adsorbent (g).

3. RESULTS AND DISCUSSIONS
The SEM images of the almond shell, microwave

assisted activated carbon and without the microwave
treatment are given in Figure 2 (a-c), respectively.

Figure 2. SEM image of: a) Pure almond shell, b) Microwave
assisted activated carbon, c) Activated carbon without the
microwave treatment.
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As can be seen from Figure 2a, the surface of the pure
almond shell was rough, although not very porous. The
surface of the microwave assisted activated carbon
appears to be porous and flat (Figure 2b). It is seen from
Figure 2b that the microwave-assisted activated carbon
surface was more porous and smooth compared to the
almond shell. As can be seen from Figure 2, the
microwave causes the activated carbon to form a
micropore structure. In addition, it was observed that the
micropores of the microwave-assisted activated carbon
were greater than those of the activated carbon without
the microwave treatment.

The BET surface area analysis of the synthesized

actived carbon with high iodine numbers was performed
and the results obtained are given in Figure 3.

1200
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Figure 3. Variation of microwave power with surface area.

Figure 3 shows that the surface area of the activated
carbon impregnated in the microwave was 1057 m % g,
while the surface area of the activated carbon not
impregnated in the microwave was 50 m * g. The effect
of the microwave power on the impragnation of
activated carbon is clearly seen from the BET surface
area data.

The FTIR spectra of almond shell, microwave assisted
and without microwave activated carbon are given in
Figures 4a-c, respectively.

It is seen that there are more than one functional group
in the structure of the almond shell. Figure 4 shows the
presence of the OH-functional group connected to the
peak hydrogen bonds at 3700 cm™ wavenumber. It
shows the presence of C-H functional group due to peak
methyl groups at 3000 cm™.? *° The peak at 2300 cm™
indicates the presence of the -COOH functional group. It
shows the presence of C-C bonds due to peak olefenic
groups at 2000-1800 cm™. It shows the presence of the
peak CH, functional group at 1500 cm™.
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The peak at 1266 cm™ shows the presence of C-C and
C-O functional groups. The peaks smaller than 1000
cm indicate the presence of functional groups resulting
from the aromatic ring.
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Figure 4. FTIR graphs: a) Raw material, b) Microwave
assisted activated carbon; c) Activated carbon without
microwave.
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It can be seen from Figure 4 that although there are
many functional groups in the structure of the pure
almond shell, there are not many functional groups in
the structure of the activated carbon synthesized with
microwave treatment. The probable reason for this is
that the microwave power weakens the bonds formed
between the activator and the raw material. The
functional groups in the actived carbon structure, which
were synthesized without microwave treatment, are
more than the functional groups in the microwave-
assisted activated carbon structure. These results
support the idea that microwave power weakens the
bonds between the raw material and the activator.

Methylene blue number of microwave assisted activated
carbon and without microwave was determined as
201.40 mg/g and 97.14 mg g, respectively. The high
methylene blue number indicates that activated carbon
is mesoporous.’” Microwave-assisted activated carbon
seems mesoporous in the SEM images also.

Impregnation ratio is one of the most important
parameters in the preparation of activated carbon. The
effect of impregnation ratio was investigated under the
conditions of 750 W microwave power, 15 min
microwave time, 500°C activation temperature and 45
min activation time. The experiments were performed at
impregnation ratios of 20%, 50%, 70%, 100% and
150% . The variation of iodine numbers with the ratio of
impregnation is given in Figure 5.

1200
S~ 1000 A
oo
[e]1]
£ 800 -
o
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o}
c
2 400 A
3
2 200
0 T T T
0 50 100 150 200

Impregnation ratio

Figure 5. Variation of iodine number according to
impragnation ratio(microwave power 750 W; microwave time
15 min.; activation temperature 500°C; activation time 45 min.
and CO,).

It is seen that iodine number increases with the increase
of the impregnation ratio from 20% to 70%, while the
iodine number decreases when the impragnation ratio
become greater than 70%. There are two possible
reasons for this. First, when the amount of activator is
low, it does not fully activate with raw material.
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Secondly, when the amount of activator is high, the
activated carbon causes the pores to have a macro
structure. Sahin and co-workers® have found the same
result on the activated carbon obtained by the chemical
activation method using the ZnCl, activator from the
spindle nucleus. In their studies, the best impregnation
ratio has been determined to be 70% and used in
subsequent experiments. Liu and co-workers have found
that the impragnation rate of activated carbon which
they have obtained from bamboo using phosphoric acid,
was 100%."°

After determining the best impragmentation ratio, the
effect of different gases on the microwave environment
was investigated under 70% impregnation ratio, 750 W
microwave power, 15 min microwave time, 500°C
activation time and 45 min activation time. The iodine
numbers of activated carbons obtained are given in
Table 1.

Table 1. The effect of different gases on iodine number

Gas lodine number
CO, 1105

N, 1011

Ar 1024

The iodine number of the activated carbon obtained in
the presence of CO, was higher. The possible reason for
this is thought to be the weakening of the bonds
between the activator and the raw material in the
presence of CO, by the microwave. The CO, gas was
used to examine the effect of other parameters. Sharif
and co-workers have found that CO, gas in microwave
environment is effective in the activated carbon they
have obtained from sesame stem with microwave
support. The probable cause of this situation is that they
have stated that carbon dioxide has reacted with more

pores formed during the pyrolysis process.19

The effect of microwave power was investigated under
15 min microwave time, CO, gas environment, 500°C
activation temperature and 45 min activation time. The
variation of iodine number of activated carbons by
microwave power is given in Figure 6.

It is observed that the iodine number increases when the
microwave power increases from 100 W to 250 W.
However, when the microwave power became greater
than 250 W, the iodine number decreased. This may be
due to the fact that the bond between the activator and
the raw material is completely weakened when the
microwave power is 250 W.

It is also thought that the viscosity of the activator was
reduced with microwave heat and therefore,
better penetration into the interior of the activating raw
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material occurred. When the microwave power was
below 250 W, the activator did not penetrate well into
the inner side of the raw material as it did not reduce the
viscosity of the activator. When the microwave power is
low, it is thought that it does not weaken the bonds
between the activator and the raw material. For these
reasons, the iodine number was chosen to be low. When
the microwave power was above 250 W, the viscosity of
the activator greatly increased and, as a result, the pore
structure of the raw material caused macro formation.
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Figure 6. Variation of iodine number according to microwave
power (impregnation ratio 1:1; microwave time 15 min;
activation temperature 500°C; activation time 45 min and CO,).

The effect of the microwave time was investigated
under the 250 W microwave power, CO, gas
environment, 500 °C activation temperature and 45 min
activation time. The change in the iodine numbers of
activated carbons with microwave power is graphed in
Figure 7.
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Figure 7. The change in the iodine numbers of activated
carbons with microwave time (impregnation ratio 1:1;
microwave power 250 W, activation temperature 500°C;
activation time 45 min and CO,).
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When the microwave time was 10 and 15 min, the
iodine number was observed as 1071 mg g* and 1141
mg g*, respectively. However, when the microwave
time was 20 min, the iodine number was 927 mg g*.
The reason for this is thought to be that the microwave
time of 10 min did not weaken the bonds between the
activator and the raw material and did not diminish the
viscosity of the activator sufficiently. When the
microwave time is 20 min, it is thought that the
activator disrupted the structure of the raw material. In
other words, the viscosity of the activator was extremely
reduced and consequently the pore structure of the raw
material deteriorated. The best microwave duration was
determined as 15 min.

After determining the best microwave parameters, the
activation parameters were determined. The effect of the
activation temperature was investigated under the
conditions of 250 W microwave power, CO, gas
medium in the microwave and 45 min activation time.
The variation of the iodine numbers of activated carbons
with the activation temperature is graphed in Figure 8.

When the activation temperature increased from 400°C
to 500°C, it can be seen that the iodine number increases
and then decreases. The possible cause of this is thought
to be that the activation temperature of 400°C is not
sufficient to open the pores in the activated carbon
structure and 500°C s suitable to open the pores. It is
thought that the activation temperature of 600°C causes
to transform into the micropores of the macropores of
the activated carbon. The best activation temperature
was determined to be 500°C. Li and co-workers had
found that the activation temperature was 500°C better
in the synthesis of the active they obtained from rice
husk. They stated that the pore structures collapsed at
600°C."’
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Figure 8. The variation of the iodine numbers of activated
carbons with the activation temperature (impregnation ratio
1:1; microwave power 250 W; microwave time 15 min;
activation time 45 min and CO,).
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The effect of activation time was investigated under 250
W microwave power, CO, gas environment and 500°C
activation temperature. The change in the iodine number
of the activated carbons with the activation time is
graphed in Figure 9.
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Figure 9. The change in the iodine number of the activated
carbon with the activation time (impregnation ratio 1:1;
microwave power 250 W; microwave time 15 min; activation
temperature 500°C and CO,).

When the activation time was 30, 45 and 60 min, the
iodine number was determined to be 732 mg g*, 1141
mg g™ and 794 mg g, respectively. This may be due to
the fact that the activation time of 30 min is not
sufficient to fully open the pores of activated carbon.
When the activation time is 60 min, it is thought that the
activated carbon pores turns into mesopores and the
pore structure of activated carbon collapse. Ozdemir and
co-workers have found that the activation time in the
activated carbon they obtained from grape stem using
ZnCl, activator was 120 minutes at best.”’

4. CONCLUSIONS

In this study, microwave assisted activated carbon was
synthesized from almond shell. In the synthesis of the
activated carbon, the effects of different parameters
such as gas medium, microwave power, microwave
time, activation temperature, activation time and
impregnation ratio in the microwave were investigated.
The characterization of the synthesized activated
carbons was carried out by SEM, BET and FTIR. The
iodine numbers and methylene blue numbers of the
synthesized activated carbons were determined. The
iodine number of the microwave assisted activated
carbon (70% activator/raw material ratio, 250 W
microwave power, 15 min. microwave time, 500°C
activation temperature and 45 min activation time) and
activated carbon without microwave (70% activator/raw
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material ratio, 500°C activation temperature and 45 min
activation time) were determined to be 1141 mg/g and
190 mg/qg, respectively. The BET surface area values of
microwave assisted (70% activator/raw material ratio,
250 W microwave power, 15 min. microwave time,
500°C activation temperature and 45 min activation
time) and without microwave activated carbon (70%
activator/raw  material  ratio, 500°C activation
temperature and 45 min. activation time) were
determined to be 1105 m? g* and 190 m? g?,
respectively. The optimum conditions required to obtain
activated carbon with the highest surface area can be
listed as follows: CO, gas medium, 250 W microwave
power, 15 min microwave time, 500°C activation
temperature, 45 min activation time and 70%
impregnation ratio. In previous studies in the literature,
the microwave activation process was used in the
synthesis of activated carbon with and without
microwave treatment. Unlike these studies, microwave
impragnation was applied in the present study. The BET
surface area and iodine numbers show that microwave
had a significant effect on the impregnation process.
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ABSTRACT

All electronic properties of 2-(Azepan-1-yl (naphthalen-1-yl)
methyl) phenol compound were investigated using the density
functional theory (DFT) B3LYP method and 6-311 G(d, p)
set. Natural bond orbital (NBO) analysis was used to learn the
intermolecular and intermolecular binding interaction.
Electron distribution was determined by natural population
analysis. Nonlinear optical properties (dipole moment g,
polarizability a, and hyperpolarizability ) were investigated
to determine the optical properties of the compound. Also, the
effect of temperature on thermodynamic parameters (capacity,
molar entropy, enthalpy) was reported.

Keywords: NBO, NLO, alkylaminophenol, DFT.

2- (Azepan-1-il (naftalen-1-il) metil) fenoliin
dogal bag orbital (NBO) popiilasyon analizi ve
dogrusal olmayan optik (NLO) 6zellikleri

0z

2-(Azepan-1-il (naftalin-1-il) metil) fenol bilesiginin tim
elektronik oOzellikleri yogunluk fonksiyonel teori (DFT)
B3LYP yontemi ve 6-311 G (d, p) seti kullanilarak arastirildi.
Molekiiller arast ve molekiiller arasi baglanma etkilesimini
ogrenmek icin dogal bag orbital (NBO) analizi kullanildi.
Elektron dagilimi dogal popiilasyon analizi ile belirlendi.
Bilesigin optik 6zelliklerini belirlemek i¢in dogrusal olmayan
optik ozellikler (dipol moment g, polarizabilite «, ve
hiperpolarizabilite  f)) incelendi.  Ayrica, sicakligin
termodinamik parametreler (kapasite, molar entropi, entalpi)
tizerindeki etkisi rapor edildi.

Anahtar Kelimeler: NBO, NLO, alkilaminofenol, DFT.

1. INTRODUCTION

Alkylaminophenol compounds form a class of
heterocyclic compounds used in various fields from
pharmacology to polymer chemistry."® Generally, they
are used as drug active material. Also, the phenolic
groups have enabled them to have antioxidant activities
too. Usually, they are used in chemotherapy for bone
cancer treatment. These compounds are obtained
generally by the petasis reaction. The reaction takes
place by the removal of boric acid from the boronate
complex formed by the boronic acid added to the
medium after the amine and carbonyl compounds form
iminium ion. The fact that the reaction conditions have
mild provides it has been preferred in many
applications. Although there are many publications on
synthesized alkylaminophenols, there are limited studies
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on its natural bond orbital (NBO), non-linear optical (NLO)
and other physical properties. It has been observed in the
literature that these compounds are not used outside of
medical applications. Besides NBO, NLO is the most
useful concept area because of their importance in
optoelectronic applications. According to the literature
survey, in an earlier study, 2-(Azepan-1-yl(naphthalen-
1-yl)methyl)phenol ~ compound  which is an
alkylaminophenol compound has been synthesized and

calculated some of its properties.”

However, no any stduy has been reported on the NBO
and NLO properties of 2-(Azepan-1-yl(naphthalen-1-
yl)methyl)phenol compound so far. Therfore, this study
has aimed to determine a NBO analysis of 2-(azepan-1-
yl(naphthalen-1-yl)methyl) phenol compound using
high-level theoretical methods. Herein, thermodynamic
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parameters, standard molar heat capacity, standard parameters (linear polarizability, anisotropic
molar enthalpy and standard molar entropy have been polarizability and hyperpolarizability) have also been
examined at different temperatures. Moreover NLO studied using the same method.

2. MATERIALS AND METHODS

2.1. Experimental and calculation methods

B(OH),

1.4 dioxane
N, atm,
reflux, 24h

Figure 1. Synthesis and molecular elektrostatic surface of 2-(Azepan-l-y|(naphthalen-l-yl)methyl)phenol.7

2-(Azepan-1-yl(naphthalen-1-yl)methyl)phenol compo- distributions in the lower shells of atomic orbitals. The
und was synthesized with petasis reaction. This reaction distributions of electrons in the shells of atoms is as
is a three-component reaction that takes place between indicated in Table 1.
aldehyde, amine and boronic acid and used in the
previous study.’ After the experimental characterization Considering Table 1, the highest electronegative charge
of structural, some properties of the compound was is observed that is on the atoms of O11 and N33 with
determined using theoretical methods. Calculations the values of -0.69040e and - 0.57169, and the highest
include the B3LYP theory and 6-311 ++ G (d,p) set electropositive charge is on H12 and C2 atoms with the
which is composed of Becke's three-parameter energy- values of 0.48133e and 0.31362e, Core: 49.97867
functional hybrid approac and Lee-Yang and Parr's (99.9573% of 50), Valence: 127.39280 (99.5256% of
correlation function® in the Gaussian 09W program. 128), Rydberg: 0.61931 (0.3479% of 178).
Gauss-View 5.0 program was used for molecular
modelling.’ 3.2. Natural bond orbital (NBO) analysis
NBO analysis gives detailed information about the
3. RESULTS AND DISCUSSION electron density of all orbitals of the molecule. This
information is valuable in that it determines the most
3.1. Natural population analysis accurate Lewis structure for the compound, as well as

explains both intermolecular and intermolecular

. " . . . - - 11-18 - . H
NBO analysis provides all orbital information about interactions.” " In this study; in the NBO analysis, a
electronic density and explains intra-and intermolecular second-order Fock malrix was used to evaluate donor-
interactions.'’ Also, it gives us an idea of the electron acceptor Interactions.
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Table 1. Natural charges and distribution of electrons to orbitals for selected atoms in the alkylaminophenol

compound
Atom No Natural Charge Natural population (e)

Core Valence Rydberg Total (e)
C1l -0.23941 1.99905 4.22253 0.01782 6.23941
c2 0.31362 1.99864 3.66366 0.02407 5.68638
C3 -0.09462 1.99889 4.07011 0.02562 6.09462
H8 0.21732 0 0.77935 0.00333 0.78268
H7 0.21603 0 0.78213 0.00184 0.78397
011 -0.69040 1.99975 6.67768 0.01296 8.69040
H12 0.48133 0 0.51399 0.00467 0.51867
C34 0.08434 1.99903 3.88651 0.03012 5.91566
C35 0.03428 1.99901 3.93808 0.02863 5.96572
C36 -0.22711 1.99914 4.19483 0.03314 6.22711
C38 -0.10426 1.99909 4.07030 0.03487 6.10426
H42 0.20465 0 0.79129 0.00405 0.79535
H40 0.21538 0 0.78065 0.00397 0.78462
C13 -0.07347 1.99909 4.02393 0.05045 6.07347
H14 0.18465 0 0.81060 0.00475 0.81535
N33 -0.57169 1.99944 5.54474 0.02751 7.57169
C15 -0.16835 1.99920 4.14972 0.01943 6.16835
C16 -0.17097 1.99922 4.15126 0.02048 6.17097
H19 0.20578 0 0.79213 0.00209 0.79422
H22 0.20035 0 0.79751 0.00213 0.79965

The second-order Fock-matrix was carried out to
evaluate the donor-acceptor interactions within the NBO
basis. The interactions result in a lack of occupancy
from the localized NBO of the idealized Lewis shape
into an empty non-Lewis orbital. For every donor (i)
and acceptor (j) the stabilization energy (E2) associated
with the delocalization i — | is decided by the
subsequent equation:

E(2) = 4E;= qi[Fg;’1/ [E-E]] ()
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Looking at Table 2, it is seen that s-type and p-type
subshells contribute to all orbitals. p-type subshell was
contributed to C2-C3 antibonding orbital. Also, p-type
subshell was contributed to LP N33 orbital, s and p sub-
shell was contributed to LP O11 orbital too. When the
occupancy values are examined, it is seen that sp
hybridization is dominant in the binding orbitals for the
compound.



Int. J. Chem. Technol. 2020, 4 (2), 138-145

DOI: http://dx.doi.org/10.32571/ijct.751001

Ulas

E-1SSN: 2602-277X

Table 2. Natural atomic orbital

occupancies of most

interacting NBOs of alkylaminophenol

compound along with their percentage of some selected hybrid atomic orbitals

Bonds Occupancies (e) Hybrids AO (%)
oN33-C13 1.97937 sp>? 5(23.4%) p(76.5%) d(0.10%)
o C13-H14 1.97170 sp*# $(22.52%) p(77.4%) d(0.08%)
6C2-011 1.99352 sp*®® 5(24.03%) p(75.74%) d(0.22%)
o 011-H12 1.98303 sp*92 5(22.09%) p(77.81%) d(0.09%)
oC3-C13 1.96326 sp*?® 5(31.2%) p(68.77%) d(0.04%)
oC2-C3 1.97340 spt 5(38.54%) p(61.42%) d(0.04%)
oC13-C34 1.95385 sp%e 5(27.31%) p(72.65%) d(0.04%)
oC34-C35 1.94128 spt®’ S(34.77%) p(65.15%) d(0.08%)
oN33-C15 1.98281 sp>2° 5(23.8%) p(76.07%) d(0.13%)
LP N33 1.86844 spt? 5(8.329%) p(91.66%) d(0.02%)
LP 011 1.97721 spt*® 5(41.84%) p(58.12%) d(0.03%)
*N33-C13 0.03966 sp>%’ 5(23.4%) p(76.5%) d(0.10%)
*C13-H14 0.03932 sp>H 5(22.52%) p(77.4%) d(0.08%)
6*C2-011 0.02418 sp>1s 5(24.03%) p(75.74%) d(0.22%)
6*011-H12 0.01053 sp>92 5(22.09%) p(77.81%) d(0.09%)
¢*C3-C13 0.03650 sp>® 5(31.20%) p(68.77%) d(0.04%)
6*C2-C3 0.39261 sp*? s(0%) p(99.95%) d(0.04%)
6*C13-C34 0.02957 sp>% 5(27.31%) p(72.65%) d(0.04%)
6*C34-C35 0.02433 sp*& (34.77%) p(65.15%) d(0.08%)
6*N33-C15 0.02661 sp® 5(23.8%) p(76.07%) d(0.13%)

In NBO analysis, the large E(2) value indicates the
intense interaction between electron donors and
receptors. The O11-H12 bond in the phenyl ring has
been found to interact strongly with the naphthalene
ring and heterocyclic structure. As seen in Table 3, the
molecule; the O11-H12 donor has the highest energy
value with 486.90 kcal mol™ where C41-C46 is the
acceptor, the O11 donor has the lowest value for the C1-
C2 acceptor with 0.51 kcal mol™.

3.3 Non-linear optical (NLO) analysis

Nonlinear optical (NLO) properties of materials plays
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an important role in the design of electronic structure.

NLO properties of a compound are originated from 7
electrons. Increased conjugation or inclusion of donor
groups changes NLO properties. In general, quantum
chemical calculations explain the relationship between
the electronic structure and NLO properties.'®**** One
of the compounds used for investigation of NLO
properties of molecular systems is p-nitroaniline, thus p-
nitroaniline was chosen for the reference compound n
this work. NLO properties of alkylaminophenol
compounds have never been studied in the literature
before.
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Table 3. Second-order perturbation theory analysis of Fock matrix in NBO basis for selected chemical bonds

NBO(i) NBO(j) E(2) EG)-E@) F(i,j) NBO(i) NBO(j) E(2) EQG)-E®G) F(,j)
(Donor (Acceptor kcal mol™ a.u a.u (Donor (Acceptor kcal a.u a.u
Lewis) non Lewis) Lewis) non Lewis)  mol™
cC2- 011 ¢*C1-C2 0.57 1.48 0.026 ©011-H12 &*C35-C37 8.30 1.11 0.086
c*C1-C6 1.31 1.59 0.041 c*C41-C46  486.90 0.12 0.216
c*C2-C3 1.02 1.49 0.035 C13-C34  &*C2-C3 1.62 1.30 0.041
c*C3-C4 1.55 1.48 0.043 c*C3-C13 0.53 1.10 0.022
cC3-C13 c*C1-C2 231 1.19 0.047 c*C13-C34  0.55 1.02 0.021
c*C2-C3 1.50 1.20 0.038 c*C16-C21  0.58 0.79 0.019
o*C4-C5 2.42 1.20 0.048 c*C16-N33  0.59 1.04 0.022
c*C13-N33 0.71 0.82 0.022 c*C34-C36  0.79 0.67 0.022
c*C34-C36 1.82 0.58 0.031 c*C41-C46  1.93 0.04 0.008
c011-H12 ¢*C1-C2 1.57 1.36 0.041 nO11 c*C1-C2 0.51 1.16 0.022
c*C13-N33 9.40 0.99 0.087 c*C2-C3 6.12 1.18 0.076
c*C13-C34 3.77 1.10 0.058 c*C2-C3 18.32 0.43 0.086
c*C15-H19 4.14 1.50 0.070 nN33 c*C3-C13 2.67 0.65 0.038
c*C16-N33 1.25 1.12 0.033 c*C15-H19  1.25 0.97 0.032
c*C16-H21 18.21 0.86 0.120 c*C16-C20  9.81 0.58 0.069
c*C20-H28 10.94 0.98 0.092 c*C16-H21  2.00 0.33 0.024
c*C23-C26 140.71 0.31 0.185 c*C16-H22  3.07 0.68 0.042
c*C26-H32 3041 0.73 0.133

Isotropic linear polarizability (a), anisotropic linear
polarizibility Aa, first-order hyperpolarizability (8) and
total dipole moment (u) values were calculated by
B3LYP method.

(w), (@), Aa. {B) values were calculated by the use of the
subsequent equations:”’

p= e+ by + )

<o> = 1/3(oxx+ Olyy + Olzz)

Aat= [1/2((0u — Olzz)" + (Olzz

_ axx)z)] 172

2
— Oyy)” + (0Lyy
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<|3> = [(Bxxx+ BXW + szz)2+ (Byyy + Bxxy + Byzz)2+

(Bzzz + Bz + BWZ)Z] 2

NLO data by the DFT / B3LYP / 6-311 ++ G (d, p)
method of p-NA selected as standard with
alkylaminophenol compound were shown in Table 4.

Linear polarizability values are negative, indicating that
there is a dipole in the opposite direction of the
electrical field. Linear polarizability value of selected
alkylaminophenol is 2.5 times of p-NA. In anisotropic
linear polarizability value is higher than p-NA. When
the first order hyperpolarizability values are examined,
it is seen that the alkylaminophenol compound is lower
than the hyperpolarizability value of p-NA.
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Table 4. NLO values of the alkylaminophenol compound

Property p-NA B3LYP Property p-NA B3LYP
" -7.4519 -1.5179 B -99.4560 -35.7077
1y -0.001 1.3048 Ly 16.7004 18.5251
1y 0.6869 1.0776 Pz 12.9992 -13.0982
7 7.4835 Debye 2.2733 Debye Loy -0.0012 16.9110
O -58.7480 -141.5996 Loy -0.0004 -29.8279
Ty -53.2767 -150.3433 Pz 0.0001 2.6038
2 -60.6128 -148.7810 Boaz 0.4969 12.0045

<a> -8.52x10% esu -2.18x10% esu B 12.9100 -2.9584
By 0.4172 3.7631
Aa 9.79x10™” esu 1.20x10* esu B> 8.99x10% esu  2.98x10°% esu

Alkylaminophenol compound can be considered worthy
of study as a material for NLO applications according to
results and suggested for the second-order non-linear
optical research.

3.4 Thermodynamic properties

Some thermodynamic parameters of alkylaminophenol
compound have been calculated in the previous study.’

In our study, the heat capacity, C°%,n, entropy, S°, and
enthalpy, H’, values were calculated”®?’ under 1 atm
pressure at different temperature values varying from
100 to 500 K) and the results obtained are listed in
Table 5.

Correlation dependencies are also given in Figure 2.

Table 5. Temperature dependence of thermodynamic properties of the alkylaminophenol compound

Temperature (K) Heat Capacity (C) Entalpy (H) Entropy (S)
100 30.947 -1021.3010 91.857
200 56.727 -1021.2937 122.353
298.15 86.184 -1021.2823 151.194
400 116.700 -1021.2655 181.437
500 142.635 -1021.2443 210.796
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Figure 2. Correlation graph for thermodynamic parameters of 2-(Azepan-1-yl(naphthalen-1-yl)methyl)phenol compound.

Additionally, the correlation equations as functions of
temperature and corresponding correlation coefficients
are given below in follows for the 2-(Azepan-1-
yl(naphthalen-1-yl)methyl)phenol compound.

C (Cal mol™ K')=1.8991 +0.282 T + 2 x 10° T? (R*=
0.999)

H(a.u)=-1021.3+2x10°T+2x 10" T? (R*°=1)

S (Cal mol™ K™*) = 61.562 + 0.3054 T + 1 x 10° T? (R?
= _’]_)

4. CONCLUSIONS
In this study, NPA, NBO, NLO and thermodynamic

parameters of the alkylaminophenol compound were
calculated by DFT/B3LYP/6-311++G(d,p) method. The
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natural population analysis has given information about
the distribution of electrons to orbitals to understand the
structure. The NBO analysis has provided the details of
the type of hybridization and the nature of bonding in
alkylaminophenol compound. Also, the dipole moment,

polarizability, first-order hyperpolarizability values
were calculated. A standard material p-NA (p-
nitroaniline) was used for NLO properties.

Alkylaminophenol compounds can be considered as a
material for NLO applications according to the results.
In addition, it has been seen with correlations that the
temperature is effective on thermodynamic parameters
such as enthalpy, entropy, and heat capacity.
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ABSTRACT

In this study, we present the first application of magnetic
FesO4 functionalized with activated carbon (Fes04/AC) as
nano-adsorbent for the removal of gas-phase toluene by
adsorption process. Magnetic Fes04/AC was synthesized via
co-precipitation  method  within  the framework of
nanotechnology principles. Then, the effects of process
conditions such as contact time, initial toluene concentration,
and temperature on the adsorption capacity of toluene by the
magnetic Fe;04/AC were investigated using the response
surface methodology (RSM). The obtained magnetic
FesO4/AC was characterized using scanning electron
microscopy (SEM), fourier transform infrared spectroscopy
(FTIR) and thermogravimetric (TG) analysis. The maximum
adsorption capacity of the magnetic Fe;O,/AC for the
adsorption of the toluene was determined as 312.99 mg g*
under optimal process conditions such as 59.48 min contact
time, 17.21 mg I initial toluene concentration, and 26.01°C
temperature. The adsorption by the magnetic Fe304/AC
indicated the best fit with the Langmuir isotherm model, and
obeyed the pseudo-second-order (PSO) kinetic model. This
study indicated that magnetic Fe;O,/AC could be applied as an
adsorbent for the removal of gas-phase toluene.

Keywords: Nanotechnology, magnetic nano-adsorbents,
response surface methodology, adsorption, toluene.

Manyetik Fe;Oa/aktif karbon
nanoparcaciklarinin sentezlenmesi ve
adsorpsiyon prosesi ile gaz-fazindaki toluenin
giderilmesi i¢in uygulanmasi

0z

Bu calismada, gaz-fazi toluenin adsorpsiyon prosesi ile
giderilmesi igin nano-adsorbent olarak aktif karbon ile
fonksiyonellestirilmis manyetik FezO, (Fes04/AC)nin ilk
uygulamasini sunuyoruz. Manyetik Fe;O,/AC, nanoteknoloji
prensipleri ¢ergevesinde birlikte ¢oktiirme yontemi ile
sentezlendi. Daha sonra, temas siiresi, baslangi¢ toluen
konsantrasyonu ve sicaklik gibi proses kosullarinin toluenin
manyetik FesO4/AC ile adsorpsiyonu {izerindeki etkileri yanit
yiizeyi yontemi (RSM) kullanilarak incelendi. Elde edilen
manyetik Fe;O,/AC, taramali elektron mikroskopisi (SEM),
fourier dontstimii  kizilotesi  spektroskopisi  (FTIR) ve
termogravimetrik (TG) analiz kullanilarak karakterize edildi.
Toluenin adsorpsiyonu i¢in manyetik FesO/AC’ nin
maksimum adsorpsiyon kapasitesi, 59,48 dakika temas siiresi,
17,21 mg I baglangi¢ toluen konsantrasyonu ve 26,01°C
sicakliktaki proses kosullart altinda 312,99 mg g’ olarak
belirlendi. Manyetik Fe304/AC tarafindan adsorpsiyon,
Langmuir izoterm modeli ile en iyi uyumu gosterdi ve sdzde
ikinci dereceden (PSO) kinetik modele uydu. Bu c¢aligma,
manyetik Fes04/AC nin, gaz-faz1 toluenin giderilmesi igin bir
adsorbent olarak uygulanabilecegini gosterdi.

Anahtar  Kelimeler:  Nanoteknoloji, manyetik
adsorbentler, yanit yiizey metodu, adsorpsiyon, toluen.

nano-

1. INTRODUCTION

Volatile organic compounds (VOCs), which cause even
adverse health problems such as cancer, are a major
component of atmospheric pollutants. VOCs are
important air pollutants because of such detrimental
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effects as allergic reactions, nausea, throat irritation,
nose, eye and headache. Besides, they cause dangerous
environmental problems such as photochemical smog,
suspended particulate matter, stratospheric ozone
depletion and global warming. Among VOCs, toluene
pollutes the air because of tanning processes, some
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printing processes, adhesives, paints, wastewater,
industrial activities and automobiles. Also, toluene is a
chemical with high motility, toxicity, carcinogenicity,
and teratogenicity. The accumulation of toluene in the
air, food chain and groundwater endangers the security
of both people and the ecosystem. World Health
Organization (WHO) has declared in 1986 that because
of its chronic effect on human health, the toluene
concentration should not exceed 0.2-0.4 mg I. Hence,
toluene needs to be eliminated in order to preserve both
human health and the environment."™

Industrial sectors considerably intrude the gas rates in
the air. Adverse effects on air quality affect health
negatively. It is a vital requirement to decrease the
infiltration of poisonous gases in the atmosphere and to
develop reduction strategies. Therefore, pollutant
removal methods have become indispensable. There are
various techniques have been widely used for the
removal of VOC poIIutants.S'6 Among these techniques,
the adsorption is one of the least harmful process as well
as high vyield, cheap, simplicity, and renewable
properties.”” In this sense, nanotechnology offers more
unusual and impressive solutions than other traditional
methods in adsorption technology, as in all other fields.
Fe;O, is a common material widely examined in
nanotechnological  researches. It has attracted
considerable attention because of its magnetic properties
such as biocompatibility, low-toxicity, low cost and
high surface area. It efficiently solves different
analytical and industrial problems. FesO, presents high
surface areas for adsorption, helps recovery due to its
magnetic property, and most importantly, it has low
toxicity. It is a green and secure option for
environmental improvement because of its unique
properties such as size, surface area, absorptivity,
electronic and catalytic properties.'’

This study focused on the application of the toluene
adsorption by the magnetic Fe;O4/AC as nano-
adsorbent. In this context, the effects of process
conditions such as contact time, initial toluene
concentration, and temperature on the adsorption
capacity of toluene were investigated. The obtained
magnetic Fe;04/AC was characterized using scanning
electron microscopy (SEM), fourier transform infrared
spectroscopy (FTIR) and thermogravimetric (TG)
analysis. Also, the Kkinetics process of toluene
adsorption was evaluated using kinetic models.
Equilibrium adsorption data of toluene were defined by
isotherm models.

2. MATERIALS AND METHODS
2.1. Materials

Iron (I11) chloride hexahydrate (FeCls.6H,0) and
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activated carbon (AC, Z29C0045) were supplied from
Merck Chemical. Iron (Il) chloride tetrahydrate
(FeCl,.4H,0) was bought from ALFA AESAR
Chemical Company. Ethanol (CH;CH,OH) from
Sigma-Aldrich Chemical Companies. Ammonia (NHs)
from VWR Chemicals. All chemicals and solvents and
toluene (99.0%) used as adsorbate provided from Sigma
Aldrich, and they have analytical purity.

2.2. Synthesis of the magnetic Fe;O,/AC

The magnetic Fe304/AC was synthesized applying the
co-precipitation method, which is a straight forward and
convenient approach. In magnetic Fe;O,/AC synthesis,
a mixture of 4 mmol FeCl;.6H,O and 2 mmol
FeCl,.4H,0 was distributed stoichiometrically in a
mixture of 50 ml deionized-distilled water in a way that
Fe*?/ Fe* ratio would be 1/2, and AC was added in the
mixture with an amount that the mass ratio of
(Fe**+Fe*®)/(AC) would be 4/1. It was sonicated for 10
min. 10 ml NH; solution was added drop by drop to
obtain co-precipitation. Amalgamating was continued
under argon at 50°C for 30 min. The Fe304,/AC obtained
as a product was isolated from the medium by magnetic
separation. Then FesO,/AC washed several times with
deionized-distilled water and ethanol. Immediately
after, the Fe;O4/AC was dried in a vacuum oven for 20
h at 50°C.** The synthesis of magnetic Fe;0./AC is
displayed schematically in Figure 1.

OH

FeCly 6H,0 AC, Ns HL0, 50°C, 30 min. @ OH
' -

FeC14H 0 OH

Figure 1. Schematic representation of the synthesis of
magnetic Fe;O,4/AC.

2.3. Gas-phase adsorption of toluene

Detailed information for the dynamic adsorption of
toluene by the magnetic Fe;O4,/AC was presented in the
previously published procedure.12 The capacity of the
magnetic Fe;O4/AC to adsorb toluene was estimated at
atmospheric pressure. The flow rate of the gas (N,)
employed as the carrier during the adsorption process
was 100 ml min™. The optimum amount of magnetic
Fes04/AC was 80 mg.

The adsorption capacity was estimated with Eq. (1)
presented below: "

F (t
q= ;fo (Cin — Ceff)dt 1)

In this situation, m (g) is the amount of the magnetic
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Fes0,/AC. F (I min™) is the gas flow rate, t (min) is the
contact time. Cj, and Ce (mg I'") are the initial and out
toluene concentrations, respectively, q (mg g™) is the
adsorption capacity.

2.4. Characterization

The surface characteristics of the synthesized magnetic
Fe;04/AC were recorded with an FTIR (Bruker Vertex
70) spectrometer in the range of 4000-400 cm™. The
magnetic  Fe;O,/AC  surface morphology  was
characterized by SEM (Zeiss EVO 50 Model) analysis.
TG thermogram accomplished with Shimadzu DTG-60
was conducted to define the formation of the magnetic
FesO,/AC and the number of functional groups
appended to the surface. Mathematical modeling,
statistical analysis, and optimization studies for
experimental data were conducted by employing Design
Expert 12.0.8.0 Software (Free Trial Version).

3. RESULTS AND DISCUSSION
3.1. Characterization of the magnetic Fes04/AC

Characterization of the magnetic Fe;O4/AC was
conducted by FTIR, TG, and SEM analysis. SEM
images, FTIR spectra, and TG thermogram of the
synthesized magnetic FesO,AC were presented in
Figures 2-4, respectively.

3.1.1. SEM analysis

The SEM microstructure image of AC was presented in
Figure 2a. As observed in Figure 2a, AC has surface
roughness. Various sizes of heterogeneous pores and
cavities are clearly noticeable on the AC surface. The
SEM microstructure image of the magnetic FesO,/AC is
presented in Figure 2b. When the magnetic Fe;O4/AC
microstructure image was analyzed, it was observed that
the general pore formation was rough and spongy. It
was understood that the intrusions, protrusions, and
roughness increased the surface area in the magnetic
Fe;O4/AC microstructure ~ compared to  the
microstructure of AC.

3.1.2. FT-IR analysis

FTIR spectrum of the magnetic Fe;04/AC is presented
in Figure 3. As observed in Figure 3, the peak at 550
cm-1 which is the characteristic for Fe304, indicates the
presence of Fe-O bonds.. Still, the peaks at 3448 cm™
and 1404 cm™ indicate the stress and vibration peaks of
O-H, respectively. The peak at 1656 cm™ shows the
vibration peak of the C-C bond, and the peak at 1118
cm™ shows the vibration peak of the C-O bond.
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The determined peak values are in accordance with the
values presented in the literature.™*

Figure 2. SEM images of a) AC, b) Magnetic Fe;0,/AC.
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Figure 3. FT-IR spectra of a) the magnetic FesO4/AC,
b) Fe;04/AC.
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3.1.3. TG analysis

TG analysis is a technique, as a function of temperature
under a controlled atmosphere, applied to determine the
weight changes of a sample. The thermal stability of a
sample can also be observed practicing TG analysis.
The TG curve of the magnetic Fe;O,/AC is presented in
Figure 4.

100

98 1

TG (%)

94

82 1

80 1

450 600 750 900

Temperature (CC})

Figure 4. TG curve of the magnetic Fe;O4/AC.

As seen in Figure 4, the percentage of magnetic
FesO4/AC's TG temperature-weight loss graph is
approximately 10.6%. This percentage summarized the
magnetic Fe3O4/AC residue after the decomposition
stage in the thermogram, with a limited reduction in
thermal stability. The loss between 25-540°C is a
consequence of volatile organic compounds and water
loss remaining in the sample. The loss between 500-
970°C is related to low decomposition.

3.2. Experimental design, statistical analysis and
optimization for the adsorption of toluene

In this study, RSM, which is an experimental method
for the development, improvement, and optimization of
the design process, was applied to determine the
importance of the potential interactions of the
functioning parameters. The approach of RSM-based
central composite design (CCD) was employed to
perform statistical analyses and obtain the regression
model. Statistically significant model parameters were
determined by using the variance analysis (ANOVA).
For the study, the effects of parameters such as contact
time (A), initial toluene concentration (B), and
temperature (C) were analyzed. The values of the design
points of the parameters are presented in Table 1. Table
2 show the parameter values for 17 experiments in the
CCD experimental design and the capacities of the
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magnetic Fe;O,/AC for the toluene adsorption obtained
according to the experimental and predicted model.

The adsorption capacity of the magnetic Fe;O4/AC for
the toluene adsorption was statistically analyzed
employing ANOVA, and the results obtained are
presented in Table 3. ANOVA shows which factor is
most significant in an experimental design. It also
defines the relationship between the factors studied and
provides information about whether the results of the
experiment are significant.15 The validity and reliability
of the proposed model are assessed according to p-
value, F-value, correlation coefficients (R?), and adeq
precision results. In other words, the proposed model
was suitable in the situation indicating p < 0.05, F > 4,
R?> 0.95, and adeq precision > 4. As seen in Table 3,
when the ANOVA results obtained for the magnetic
FesO4/AC capacity for the toluene adsorption were
analyzed, it was observed that A, B, and C were
important model terms (p < 0.05). The high value of the
correlation coefficient (R* = 0.98) for the adsorption
capacity signified evidence of a good fit between the
experimental data and the model. The R® value of 98%
means that 99% of the total variation for the adsorption
capacity was represented by variable factors.'® Besides,
the F-value of 49.96 and adeq precision results of 22.44
indicated that the proposed model well defined
experimental data. Moreover, the fact that the
experimental and model adsorption capacity values

presented in Table 2 were very close to each other
verified the validity and reliability of the proposed
model.

The contour (2D) plots of the interaction effects of the
two factors on the capacity of the magnetic Fe;0,/AC for
the toluene adsorption are presented in Figure 5. As
seen in Figure 5a, adsorption capacity increased with
increasing contact time. The number of active sites on
the nano-adsorbent surface can be regarded as the
reason for this situation.” It was seen that the
adsorption capacity did not significantly change with
increasing initial toluene concentration. Figure 5b
presents the relationship between contact time and
temperature. The highest adsorption capacity was seen
at a high contact time and low temperature. Notably, the
amount of temperature had an essential effect on the
adsorption capacity. ANOVA results supported this
situation. When the surface plot for the initial toluene
concentration versus temperature (Figure 5c) was
considered, it was evident that the initial toluene
concentration did not have a meaningful effect on the
adsorption capacity, while the highest adsorption
capacity was seen when the temperature was close to
approximately 25°C.
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Table 1. Operating factors and properties in experimental design

Operating ranges and values

Factors
-a (-1.682) -1 0 +1 +a (+1.682)
A: Contact time (min) 6.36 20 40 60 73.64
B: Concentration (mg I™) 6.59 10 15 20 23.41
C: Temperature (°C) 19.88 25 325 40 45.11

Table 2. Experimental desigh and CCD approach results for the adsorption of toluene by the magnetic Fe;04/AC

A B C Actual Predicted
Run Contact time Concentration Temperature Adsorption capacity Adsorption capacity
(min) (mg 1) ©C) (mg g*) (mg g*)
1 60 20 25 313 310
2 20 20 40 174 177
3 40 15 45.11 191 185
4 60 10 25 252 247
5 20 10 40 71 68
6 40 15 325 264 260
7 60 10 40 238 232
8 20 10 25 132 130
9 6.36 15 325 86 82
10 40 15 325 262 255
11 40 15 325 263 269
12 20 20 25 212 209
13 40 6.59 325 134 129
14 40 15 19.88 295 290
15 73.64 15 325 276 271
16 40 23.41 325 266 260
17 60 20 40 239 245

Process conditions were optimized to define the
maximum adsorption capacity value for toluene. In the
optimization process, the values such as the contact
time, initial toluene concentration, and temperature were
analyzed in the operating range. Optimum adsorption
conditions were defined applying the desirability
program for maximum adsorption capacity of toluene
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by the magnetic Fe;O4/AC, and the optimum results
obtained are presented in Figure 6. The maximum
adsorption capacity of the magnetic Fe;O,/AC for the
toluene adsorption was determined as 312.99 mg g™
under optimal process conditions such as 59.48 min
contact time, 17.21 mg I initial toluene concentration,
and 26.01°C temperature.
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Table 3. ANOVA for the quadratic model surface

Source F-value p-value
Model 49.96 < 0.0001 significant
A-Contact time 235.33 < 0.0001
B-Concentration 85.99 < 0.0001
C-Temperature 51.64 0.0002
AB 9.86 0.0164
AC 0.0814 0.7836
BC 0.9215 0.3691
A? 51.64 0.0002
B? 30.59 0.0009
C? 3.19 0.1174

R”= 0.9847, Adeq precision = 22.44

Adsorption capacity (mg g-1)

20 0 Adsorption capacity (mg g-1)
18
0 37
& o
E’ 16 | o
& g 34
g
E 14 g 31
=
a1 5 G 28
10 . 25

20 30 40 50 60
A: Time (min)

(a) (b)

C: Temperature (° C)
(VS

0 12 14 16 18 20
B: Concentration (mg 1-1)

(©)

Figure 5. Interactive effects of contact time and initial toluene concentration (a), contact time and temperature (b), initial toluene
concentration and temperature (c) on the adsorption capacity of toluene by the magnetic Fe;0,/AC.
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Figure 6. Optimum adsorption conditions of toluene by the magnetic Fe;O,4/AC.
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3.3. Adsorption kinetics

Under the conditions defined by RSM optimization,
pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models were used to determine the
process mechanism and potential speed control steps in
the adsorption of toluene by the magnetic Fe;O4/AC.
PFO model defines the adsorption rate proportional to
the number of empty sites.”® The non-linear form of the
PFO kinetic model is presented with Eq. (2):

qr = q.(1 —e™1t) 2

Where, q. and q; (mg g) indicate the amounts of
adsorbent adsorbed at equilibrium and any t time (min),
respectively. k; (1/min) represents the rate constant of
the PFO model. This equation is valid for gas/solid
adsorption depending on the adsorbent's capacity. It
assumes that the change rate in adsorbate absorption
over time is proportional to the difference in time and
the saturation concentration and adsorbent amount.

The PSO equation, based on the capacity of the
adsorption equilibrium, suggests that the fill rate of the
adsorption areas is proportional to the square of the
number of empty areas. The rate of adsorption is related
to the concentration of active sites on the surface of the
adsorbent."® The non-linear form of the PSO kinetic
model is given with Eq. (3) below:

ky qe*t
1+k2 de t

qt = 3)

Where, g. (mg g*) is the adsorption capacity at
equilibrium, k, (g mg™ min™) is the rate constant of the
PSO model. It was determined that the PSO model
better defined the adsorption kinetic data for toluene
(Figure 7 and Table 4).

Table 4. Adsorption kinetic parameters of toluene by
the magnetic Fes04/AC.

Kinetic models Parameters Values
PFO 0 (mg gl 317.287
ks (1/min) 0.0584
R? 0.985
PSO 0 (mg gl 331.675
k. (g mg™ 0.0006
min™)
R? 0.992
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Figure 7. Adsorption kinetics of toluene by the magnetic
F6304/AC.

3.4. Adsorption isotherms

Under the conditions determined by RSM optimization,
Langmuir, Freundlich, and Dubinin-Radushkevich
(D-R) models were used to evaluate the equilibrium
isotherms for the adsorption of toluene by the magnetic
F8304/AC.

The Langmuir adsorption isotherm applies to single-
layer surface adsorption, including a limited number of
identical regions. This model assumes that the
adsorption energies on the surface are the same and that
there is no adsorbate migration from the surface. Based

on these assumptions, the Langmuir model is
formulated in the following equation.™

_ qmax KL Ce
e =7, Ky Ce )

Where, C. (mg I™) is the equilibrium concentration of
the adsorbate, g. (mg g™) is the adsorption capacity at
equilibrium, gmax (Mg g™) is the maximum monolayer
adsorption capacity. K, (I mg™) is Langmuir isotherm
constant.

The main characteristic of the Langmuir isotherm is that
the equilibrium parameter, which is a dimensionless
constant called the separation factor or equilibrium
parameter, can be expressed as R, :"’

1
T 1+K.Cip

®)

In this equation, Ci, (mg I™%) is the initial concentration.

Ry
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K is the constant related to adsorption energy. R, value
indicates the inconvenience of adsorption nature if R is
>1. IfR.=1,itislinear. If 0<R_ <1, itis suitable.™
The Freundlich adsorption isotherm is often used to
describe the adsorption properties of a heterogeneous
surface. This isotherm is formulated with the empirical
equation proposed by Freundlich:*™

1
Ge = KpCen (6)
In this equation, Ke [(mg g¢%) (I mg")™ is the
Freundlich isotherm constant. n is the adsorption
density. C. (mg I™") is the equilibrium concentration of
adsorbate. g. (mg g%) is the adsorption capacity at
equilibrium. 1/n is a function of adsorption power in the
adsorption process. The smaller 1/n, the higher expected
heterogeneity. This expression is reduced to the linear
adsorption isotherm in the situation where 1/nis 1. If n
is between 1 and 10, this situation indicates a suitable
adsorption proces;s;.19

The D-R isotherm model was developed to describe the
effect of the porous structure of adsorbent. It is based on
the theory of the adsorption potential and suggests that
in contrast to the layered adsorption on pore walls, the
adsorption process is associated with the filling of the
microporous volume. It is argued that the model of the
D-R isotherm is superior to the Langmuir isotherm
because the Langmuir isotherm takes into account a
homogeneous surface or a constant adsorption potential.
The non-linear form of this model is described by Eq.

(7).

de = (qs exp(—ﬂgz) )

In this equation, g. (mg g™) is the adsorption capacity at
equilibrium. g, (mg g?) is theoretical isotherm
saturation capacity. g (mol® (kJ)™) is the adsorption

energy, and € (J mol™) is the adsorption potential. The
adsorption potential is described by Eq. (8).%°

¢ = RTIn (1 +Ci)

e

(8)

In this equation, R (8.314 J mol™ K™, T (K), and C,
(mg 1) represent gas constant, absolute temperature,
and adsorbate equilibrium concentration, respectively.
Adsorption energy is is expressed by Eq. (9).

1

77

Numerical value of E provides about the adsorption
mechanism. If E < 8 kI mol™, physical adsorption is

E= ©)
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dominant. However, in the situation indicating 8 kJ
mol™ < E < 16 kJ mol™ and E > 16 kJ mol™, adsorption
occurs by ion exchange and diffusion, respectively.”*

According to the isotherm data calculated in Table 5, R_
was 0.362, indicating that the Langmuir isotherm model
was suitable. In this study, the maximum monolayer
adsorption capacity (Qmax) Obtained from the Langmuir
isotherm model was 385.208 mg g™, K. (Langmuir
Constant) was 0.200 | mg™. The value of R? was 0.999,
indicating that experimental data was better defined by
Langmuir isotherm model in the adsorption of toluene
by the magnetic Fe;O,/AC. The E value in this study
was determined to be 0.446 kJ mol™, indicating that the
adsorption wasa physical process (Figure 8 and Table
5).

350
300 A
250 4
T 200
(=]
on
E 150
o
100 1
* Experimental points
S0 = Langmuir medel
— « — Freundlich model
04 # ===« DR model

10 15 20
Ce(mg 1-1)

(-
o
~
o

Figure 8. Adsorption isotherms of toluene by the magnetic
F9304/AC.

Table 5. Adsorption isotherm parameters of toliiene
by the magnetic Fe;0,/AC.

Isotherm models Parameters Values
Langmuir Omax (Mg ™) 385.208
K. (I mg™h 0.200
RL 0.362
R? 0.999
Fruendlich Ke [(mg g™ 116.396
(' mg*)*"]
n 3.067
R? 0.996
D-R s (mg g™¥) 315.135
B (mol? (kJ)™) 2.507*10°°
E (kJ mol™ 0.446
R* 0.997
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4. CONCLUSIONS

In this study, we presented the first application of
magnetic Fe3O, functionalized with AC as nano-
adsorbent for the removal of gas-phase toluene by
adsorption process. Firstly, the magnetic Fe;04/AC was
synthesized via co-precipitation method within the
framework of nanotechnology principles. Then, the
effects of process conditions such as contact time, initial
toluene concentration, and temperature on the
adsorption of toluene by the magnetic Fe;04/AC were
investigated using the RSM. The obtained magnetic
Fe;O4/AC was characterized using SEM, FTIR, and TG
analysis. The maximum adsorption capacity for the
toluene by the magnetic Fe;O,/AC was determined as
312.99 mg g™ under optimal process conditions such as
59.48 min contact time, 17.21 mg I initial toluene
concentration, and 26.01°C temperature. The adsorption
was in the best fit with the Langmuir isotherm model.
The adsorption followed by the PSO kinetic model. This
study indicated that magnetic FesO,/AC could be
applied as a promising adsorbent for the removal of gas-
phase toluene.
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ABSTRACT

In this study, the molecular geometry of 4-Cyanostyrene
molecule was optimized by using the Hartree-Fock (HF) and
density functional theory (DFT/B3LYP) with 6-311G(d,p)
basis set in the ground state. After the optimization, infrared
vibration bands of 4-Cyanostyrene molecule were calculated
by using the Hartree—Fock (HF) and density functional theory
(DFT/B3LYP) with 6-311G(d,p) basis set. The theoretically
calculated vibrational frequencies were multiplied by a scalar
factor to correlate to experimental results. These theoretically
obtained frequencies were compared exactly with the
experimental results of 4-Cyanostyrene. All calculated
frequencies were discussed. Finally, the correlation graphs of
the theoretical and experimental results were obtained. The
results were seen to be quite compatible with each other.

Keywords: 4-Cyanostyrene, Harteree-Fock (HF), density
functional theory (DFT), infrared (IR).

4- Siyanostirenin infrared spektrumunun
Hartree-Fock (HF) ve yogunluk fonksiyon
teorisiyle (DFT) hesaplanmasi

0z

Bu c¢alismada, 4-Siyanostiren molekiiliiniin temel halde
molekiiler geometrisi, Hartree-Fock (HF) ve 6-311G (d, p)
temel sete sahip yogunluk fonksiyonel teorisi (DFT/B3LYP)
kullamlarak optimize edildi. Optimizasyondan sonra 4-
Siyanostiren molekiiliiniin infrared titresim bantlari, Hartree-
Fock (HF) ve 6-311G (d, p) temel sete sahip yogunluk
fonksiyonel teorisi (DFT/B3LYP) kullanilarak hesaplandi.
Teorik olarak hesaplanan titresim frekanslari, deneysel
sonuglarla iligkilendirmek i¢in bir skale faktor ile carpildi.
Teorik olarak elde edilen bu frekanslar, 4-Siyanostirenin
deneysel sonuglariyla tam olarak birebir karsilastirildi.
Hesaplanan tiim frekanslar tartisildi. Son olarak teorik ve
deneysel sonuglarin korelasyon grafikleri elde edilidi.
Sonuglarm birbiriyle olduk¢a uyumlu oldugu goriildi.

Anahtar Kelimeler: 4-siyanostiren, Harteree-Fock (HF),
yogunluk fonksiyon teorisi (DFT), kizil6tesi (IR).

1. INTRODUCTION

Styrene is most commonly found in cigarette smoke,
polluted atmosphere and working areas. Styrene and
styrene-7,8-oxide are used in plastic reinforcement and
rubber industry. Styrene-7,8-oxide molecule is the basic
metabolite of styrene in the human body." Many
researchers have revealed that styrene and styrene-7,8-
oxide substances cause various cancers, and increase
risk of cancer in groups working in the plastics industry.
19 styrene model is studied on the rotation of a vinyl
group attached to the benzene ring. Thus, many
scientists have worked on this topic. Hollas and co-
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workers have accepted the structure of styrene as planar
and determined its vibrations with the help of the
electronic absorption spectrum.** Zilberg and Haas have
studied the fluorescence spectra of the styrene, and also
they have investigated trans-B-methyl styrene
substances in both the ground state and twice-excited
state, finally carried out the theoretical ab initio study."
The rotational constant of the vinyl group in the planar
structure of the styrene has been calculated by Bock and
co-workers based on ab initio calculations.”® In the
literature, although there are many experimental and
theoretical studies about styrene and trans-f-methyl
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styrene, it is seen that 4-Cyanostyrene, a derivative of
styrene, has not been studied both experimentally and
theoretically. Therefore, in this study, it is aimed to
calculate the infrared vibration frequencies of the planar
4-Cyanoster molecule using HF and DFT methods.

2. CALCULATIONS

Infrared vibration calculations were carried out using
the Gaussian 09 software on a windows system.™* As
mentioned above, the shape of the molecule was
considered as plane, and the input data was created by
using Gauss View molecular visualization program.™
The data created above was reused in HF/6-311G (d, p)
and DFT/B3LYP/6-311G (d, p) to find optimization,
that is, the lowest energy level of the molecule. In this
case, bond lengths, bond angles and dihedral angles in
the molecule were calculated. Thus, by optimizing the
molecule, negative vibrations were prevented. All the
vibration frequencies in the basic state of the molecule
were obtained using the same HF/6-311G (d, p) and
DFT/6-311G (d, p) calculation methods. The
theoretically calculated number of vibrations is
considerably greater than that observed experimentally.
This means that the compound is large and the
calculations are done in gas phase. Since the 4-
Cyanostyrene molecule is planar and has a Cssymmetry,
all vibrations are both raman and infrared active.
Considering the method mentioned above, a total of 45
vibrations were calculated as 31 in-plane (A") and 14
out-of-plane (A"). The frequencies obtained were
multiplied by scalar factors of 0.9085 and 0.9669,
respectively. All the frequencies are assigned in terms
of fundamental, overtone and combination bands. As
shown in Figure 1, the 4-Cyanostyrene molecule has 17
atoms.

29 990
9 J)Q

J

Figurel. 4-Cyanostyrene molecule.

3. RESULTS AND DISCUSSION
3.1. Combination and overton bands

The experimental infrared vibrational spectra of
4-Cyanostyrene molecule are shown in Figure 2."°

The infrared vibration frequencies obtained from the
calculations and the experimental data are given in
Table 1. As seen in Figure 2, the bands between 2100
cm™ - 1700 cm™ are the combinations of the benzene
ring. For example, in Figure 2, the band at 1846 cm™ is
determined as the sum of the 536 cm™ and 3100 cm™
bands. The bands between 3100 cm™ - 4000 cm™ are the
overtone bands. The band at 3392 cm™ is designated as
the overtone band, which is four times the 848 cm™
band.

3.2. Vinyl group vibrations

Asymmetric and symmetric C-H stretch vibrations in
the vinyl group appear between the regions 3090 cm™ -
3075 cm™ and 3050 cm™ - 3000 cm™, respectively."’
The 3090 cm™ band observed in the spectrum was
marked as asymmetric C-H stretch and was calculated
as 2991.3675 cm™ in HF and 3120.3907 cm™ in DFT.
Symmetrical C-H stress vibration at the spectrum was
observed at 3012 cm™ and calculated as 2861.8122 cm™
in HF and 342.5710 cm™ in DFT. The C-H tensile
vibration band in vinyl appears around 3000 cm™.
Looking at the spectrum, this band was observed at
2994 cm™ as medium and was calculated as 2839.0217
cm™ in HF and 3033.3085 cm™ in DFT. The calculation
of HF deviated from the experimental value by
approximately 150 cm™. In general, in the infrared
spectrum, C = C tensile vibration bands of vinyl,
vinylidine and cis alkenes are observed in the range of
1600 cm to 1635 cm™."" However, this C = C tensile
vibration band was observed at 1627cm™ with medium
intensity. This band was calculated as 1677.4357 cm™ in
HF and 1634.5753 cm™ in DFT.

In-plane bending vibrations of the vinyl molecule
appear between 1075 cm® and 1415 cm™'" In the
spectrum, the band observed at 1423 cm™ with medium
intensity was marked as symmetrical in-plane bending
(scissoring) vibration of the CH, group in vinyl. In
Figure 2, the band that appears to be rather weak at
1310 cm™ was marked as the C-H in-plane bending
vibration. The band observed at 1014 cm™ with medium
intensity was marked as rocking in the plane. It is
understood from Table 1 that these three bands marked
are in harmony with the calculated values.

The out-of-plane C-H bending vibrations in the vinyl
group are generally observed in the range of 985cm™ to
915 cm™.'" A closer look at the spectrum revealed that
the band at 991 cm™ was very intense and marked as
out-of-plane C-H bending vibration. Likewise, the band
which was observed to be very strong at 922 cm™ was
marked as out-of-plane wagging. It is understood from
Table 1 that these bands are in agreement with the
theoretically calculated results. As a consequence, these
values are compatible with many experimental and
theoretical results."””°
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Figure 2. The experimental infrared vibrational spectra of 4-Cyanostyrene molecule.

3.3. C=N vibrations

In the infrared spectrum, C=N tensile vibration bands of
benzonitriles between 2220 cm™ and 2240 cm™ are
observed to be strong. This C=N stretch band may slide
higher or lower depending on the condition of the
groups attached to the benzene ring.””** Looking at the
infrared spectrum, it was observed as a very strong at
2225 cm™, and it was assigned as C=N strain vibration.
The peak observed at 536 cm™ was marked as the C-N
out-of-plane bending band. From Table 1, it seems that
the experimental results and the theoretical results are
highly compatible with each other.

3.4. Ring vibrations
3.4.1. C-H vibrations

The peaks observed between 3000-3100 cm™ are
aromatic C-H tensile vibrations®® and they are pure.
Looking at the spectrum, the peak that appear at 3066
cm™ with medium intensity was marked as aromatic
C-H stretch band. This peak was calculated at
2873.7293 cm™ in HF and 3066.5823 cm™ in DFT.
In-plane and out-of-plane C-H bending vibrations are
observed at 1000-1300 cm™ and 950-800 cm®,
respectively.”** Looking at the spectrum, the bands
observed at 1284 cm™, 1207 cm™, 1176 cm™ and 1119
cm™ at medium intensity were marked as in-plane
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bending. These bands were calculated as 1315.5468
cm™, 1216.6726 cm™, 1197.0028 cm™ and 1078.4971
cm™ in HF and 1284.7295 cm™, 11915421 cm™,
1189.9749 cm™ and 1104.8523 cm™ in DFT,
respectively. However, as seen in Table 1, it can be said
that the calculated HF values deviate slightly from the
experimental values. The band that appears to be very
strong at 848 cm™ in the spectrum is marked as out-of-
plane bending and is compatible with DFT calculation.

3.4.2. C-C vibrations

In the infrared spectrum, aromatic C-C stretch
vibrations generally occur between 1620 cm™ and 1400
cm™." Looking at the spectrum, the bands at 1627 cm™,
1605 cm™, 1552 cm™, 1504 cm™, 1423 cm™ and 1404
cm, which appear to be strong and very weak in this
range, were marked as C-C ring strain vibrations. The
bands observed very weak at 745 cm™ and medium
strength at 419 cm™ were marked as out-of-plane C-C
bending vibration. From Table 1 these signs seem to
agree with the theoretical results.

Although the observed bands are compatible with the
literature, there is some difference in calculation. This
may be due to the calculation of the molecule in the gas
phase. It is also known from the literature that the
frequencies calculated by the HF method are higher than
other methods.***
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Table 1. Frequencies obtained from the calculations and the experimental data along with their assignment

Calculation
HF/6-311G(dp)

Calculation

DFT/B3LYP/6-311G(dp)

N T Frequency IR Int. Scaled® Frequency IR Int. Scaled" Exp.© Assignment

1 A 67.1829 0.6598 61.0356 28.7136 0.3670 27.7631 - (C,Hs5) torsion

2 A 207.0090 1.3737 188.0676  103.7538  1.3654  100.3195  -------- Butterfly

3 A 217.6998 4.3485 197.7802 1412461  4.3033  136.5708  -------- B (CoH3)+ B (C=N)
4 A 337.7575 4.0868 306.8526  244.7321  4.3430  236.6314 = -------- Fluctation

5 A 354.4086 2.2227 321.9802 2454644 12741  237.3395 = -------- B (CoH,)

6 A 4187019 0.5483 380.3906  384.9904  0.3762  372.2472 = ---—--- v molecule

7 A 472.9675 0.0651 429.6909  408.4511  0.2545  394.9313  ------- v (CCH)

8 A 524.9858 1.4553 476.9495  426.7356  4.0108  412.6106 419 m v (CCH)

9 A 581.2008 4.7494 528.0209  511.2766  2.9985  494.3533  -------- B (CHyp)

10 A 653.8436 15.9323 594.0169  559.0377 18.8979  540.5335 536s v (CCN) at Cy.
1 A 655.5855 0.5163 5955994 5743667  0.2203  555.3551 = -------- B (CCN) at Cy.
12 A" 721.9496 0.3528 655.8912  655.1946  3.3536  633.5076  -------- v (CCH)

13 A 751.8163 0.1759 683.0251  662.7756  0.1241  640.8377  ----—---- Ring Deformation
14 A 752.0514 2.3801 683.2386  685.7267  0.0990  663.0291 = ----—---- Molecule Deformation
15 A"  861.3360 1.0637 7825237 7704318 0.0814 7449305  745vw v (CCH)

16 A 891.5065 1.7953 809.9336  826.4174  0.3285  799.0629  ----—---- Ring Deformation
17 A" 1023.1287  57.4272 929.5124  846.6817  0.8861  818.6565 « -------- v (CH) at ring
18 A" 10317333 0.1472 937.3297  867.8710 48.0671 839.1444 848 vs v (CH) at ring
19 A" 1114.0998 0.3477 1012.1596 9453533 423555 914.0621 922 vs CH, Wagging
20 A" 1127.8882  46.5517  1024.6864 977.8831  0.4127 9455151 = - v (CH) at ring
21 A" 1151.3583 3.6369 1046.0090 982.7572  0.0812  950.2279  ----—--—-- v (CH) at ring
22 A" 1151.8021 1.2139 1046.4122 1028.8205 16.1885 994.7665 991 vs v (CH) at V.
23 A" 1166.6827 0.3499 1059.9312 1033.1801 2.5824  998.9818  ----—---- Ring breathing
24 A" 11817350 21.5229  1073.6062 1049.6640 4.9647 1014.9201 1014 m CH, Rocking
25 A" 1187.1185 3.4969 1078.4971 1142.6749 3.6784  1104.8523 1119m B (CH) at ring
26 A" 1283.8421 5.2075 1166.3705 1199.4351 3.2776  1159.7337  -------- v C-(C=N)

27 A" 1317.5596 5.5843 1197.0028 1230.7115 1.1041  1189.9749 1176m B (CH) at ring
28 A" 1339.2104 4.7716 1216.6726 1232.3323  0.3595  1191.5421 1207w B (CH) at ring
29 A" 1359.1966 2.7419 1234.8301 1315.2104 5.7635 1271.6769  -------- B (CH)at V.
30 A 1448.0428 2.9391 1315.5468 1328.7098 0.2190 1284.7295 1284 m B (CH) at ring
31 A 1484.8981 0.0234 1349.0299 1355.5765 0.8538  1310.7069 1310vw B(CH)atV.
32 A" 1566.5226  16.8539  1423.1857 1438.4795 11.8529 1390.8658 1404 s v(CC) at ring
33 A 1612.0305 4.5415 1464.5297 1462.0319 2.9805 1413.6386 1423 m (CH,) Sc. +v(CC) at ring
34 A 16937875 252312  1538.8059 1540.0096 14.3853 1489.0352 1504 s v(CC)at ring
3% A 1739.4688 3.4180 1580.3074 1589.3371 1.1049  1536.7300 1552vw v(CC) at ring
36 A 1801.0285 429698  1636.2343 1649.0936 18.7440 1594.5086  1605s v(CC) at ring
37 A 1846.3795 3.6552 1677.4357 1690.5320 4.7590 1634.5753 1627m  v(C=C)atV.+u(CC)at ring
38 A" 2446.3422 955720 22225018 2335.1359 46.0782 2257.8429 2225vs v(C=N)

39 A 31249551 4.6786 2839.0217 3137.1482 13.3434 3033.3085 2994 m v(CH) at V.
40 A 3150.0410 9.2565 2861.8122 3146.7277 3.2470 30425710 3012m S.v(CH) at V.
41 A" 31631583  17.6060 2873.7293 31715610 9.0007 3066.5823 3066 m v(CH) at ring
42 A" 31835435 5.6943 2892.2492 3184.2780 3.7021  3078.8783  -------- v(CH) at ring
43 A" 3185.6607 7.1484 2894.1727 3197.9466  6.8913  3092.0945  -------- v(CH) at ring
44 A" 32047402  10.0409 29115064 3200.2597 1.9608  3094.3311 = -------- v(CH) at ring
45 A" 3292.6445 145605 2991.3675 3227.2114 10.7017 3120.3907 3090 m A.v(CH) at V.

Scaled® 0.9085, scaled”: 0.9669, A.: asymmetric, A" in-plane, A": out-of-plane, Sc.: scissoring, S.: symmetric, Cy.: cyano, V.: vinyl, v: in
plane stretch, f: in plane bending, y: out of plane bending, T: type, N: number, c: Ref.16.
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Some vibration types of the 4-Cyanostyrene molecule are listed in Figure 3.
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Figure 3. Vibration types of the 4-Cyanostyrene molecule.

4. CONCLUSIONS

The IR frequencies and intensities of the fundamental
vibrational bands of 4-Cyanostyrene were calculated
using HF and DFT/B3LYP methods with 6-311G(dp)
basis set. The infrared absorption and intensities,
computed by B3LYP method, are in reasonable
agreement with the experimental data. The results
confirm the ability of the methodology applied for
interpretation of the vibrational spectrum of the 4-
Cyanostyrene molecule in the solid state. It is important
to do such a study first time on the 4-Cyanostyrene
molecule.
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ABSTRACT

The pyrolysis of olive pomace was carried out at two different
heating rates at 500°C in the absence and presence of catalysts
(commercial fluid catalytic cracking (FCC), aluminosilicate
zeolite (ZSM-5) and red mud) using pyrolysis-gas
chromatography/mass  spectrometry  (Py-GC/MS).  The
products obtained from biomass components in different
temperature ranges by sequential pyrolysis of olive pomace
were investigated. In addition, the apparent activation energy
of olive pomace was calculated by thermogravimetric analysis
method and determined as 105.6 kJ mole? by Kissinger-
Akahira-Sunose (KAS) method and 110.2 kJ mole™ by Flynn-
Wall-Ozawa (FWO) method. According to Py-GC/MS results,
the main components in bio-oil consists of phenolic
compounds. In sequential pyrolysis, while the highest organic
acid was obtained at low temperatures, phenolic compounds
were formed at high temperatures. While bio-oil obtained by
fast pyrolysis has higher organic acid content than that of bio-
oil obtained by slow pyrolysis, slow pyrolysis bio-oil contains
more furan and aliphatic ketone, aldehyde and ester. Catalytic
studies revealed that catalysts were more effective in the slow
pyrolysis process, which allows prolonged catalyst-pyrolysis
vapor contact.

Keywords: Pyrolysis, TGA, Py-GC/MS, olive pomace waste,
catalyst.

Zeytinyag1 endiistrisi atiklarmnin pirolizi
tizerine kinetik ve analitik caligma

0z

Piroliz gaz kromatografisi/kiitle spektrometresi (Py-GC/MS)
kullanilarak, pirinanm iki farkli 1sitma hizinda 500°C'de
katalizér yoklugunda ve varliginda (ticari akigkan katalitik
catlama (FCC), alimiinosilikat zeolit (ZSM-5) ve kirmizi
camur) pirolizi gergeklestirildi. Prinanin basmakli pirolizi ile
farkli sicaklik araliklarindaki biyokiitle bilesenlerinden elde
edilen driinler incelendi. Ayrica pirinanin gézlenen aktivasyon
enerjisi termogravimetrik analiz yontemiyle hesapland1 ve
Kissinger-Akahira-Sunose (KAS) metoduna gore 105.6 kJ
mole, Flynn-Wall-Ozawa (FWO) metoduna gére ise 110.2 kJ
mole® olarak belirlendi. Py-GC/MS sonuglarina gore
biyoyagin icindeki baslica bilesenler fenolik bilesiklerden
olusmaktadir. Basamakli pirolizde, en yiiksek organik asit
icerigi diigiik sicakliklarda elde edilirken fenolik bilesikler
yiiksek sicakliklarda olugmustur. Hizli piroliz ile elde edilen
biyo-yag, yavas piroliz ile elde edilen biyo-yagdan daha
yiiksek organik asit i¢eriine sahipken, yavas piroliz biyo-yagi
daha fazla furan ve alifatik keton, aldehit ve ester
igermektedir. Katalitik ¢alismalar, katalizérlerin, uzun siireli
katalizor-piroliz buhar temasma izin veren yavas piroliz
isleminde daha etkili oldugunu ortaya koymustur.

Anahtar Kelimeler: Piroliz, TGA, Py-GC/MS, pirina atigi,
katalizor.

1. INTRODUCTION

Due to the depletion of fossil fuels and their
environmental impact, renewables resources have been
sought in recent years. Biomass materials are an
abundant resource that is widely spread all around the
world as well as the only carbon source among the other
renewable resources. Although biomass materials are
generally used as solid fuel in traditional methods,
different conversion technologies have been developed
to use biomass more efficiently and environmentally.*
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Among them, pyrolysis is one of the well-known
thermochemical methods fot converting biomass into
value-added products in absence of oxygen. The yield
and quality of the resultant products strongly depend on
the conditions of pyrolysis as well as biomass type.
Biomass consists of three major components, namely
cellulose hemicellulose and lignin, and also relatively
small amount of ash and extractives. Each component of
biomass has different degradation routes during
pyrolysis, giving different products. Basically, a high
amount of solid product, so-called “biochar”, can be
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produced at low temperature pyrolysis and heating rates,
while fast heating rate and high temperatures prefer the
High vyield of liquid products (bio-oil). Bio-oil is
a mixture of more than hundred oxygenated organic
compounds and has low quality in terms of fuel
properties such as poor stability, low pH, high water
content and viscosity etc. In order to improve its quality,
bio-oil can be upgraded via heterogeneous catalysis.
The main purpose of the upgrade is to obtain bio-oil
with high energy content and stability by lowering the
oxygen content of the bio-oil. Upgrading process can be
applied in two ways, in-situ and ex-situ. These two
processes distinguish between each other based on
placement of the catalyst, as into the pyrolysis reactor or
as separate reactor. There have been several studies on
ex situ and in situ upgrading of bio-oil in presence of
hete;rogeneous catalysts such as zeolites, metal oxides,
etc.

Besides these parameters, pyrolysis design is also
effective on the characteristic of bio-oil. Bio-oil
obtained from lab-scale pyrolysis systems probably
depends on the pyrolysis unit, recovery and
characterization methods. Therefore, a reliable data
comparison, which is independent from reactor design,
is required to investigate the effect of various conditions
such as heating rate, temperature, the presence of
catalyst, etc. on bio-oil composition. For this purpose,
pyrolysis coupled with gas chromatographic separation
and mass spectrometry detection is being used to
provide preliminary chemical information on potential
compounds derived from bio-oil.> This system is called
pyrolysis-gas ~ chromatography/mass  spectrometry
(Py-GC/MS). Py-GC/MS offers repeatable and rapid
chromatographic separation with using small quantities
of sample. Several works have been performed to
investigate the pyrolysis parameters such as
temperature,’ heating rate,” biomass type,”’ particle
size,® catalyst”™, and catalyst contact type ** on bio-oil
composition.

Thermogravimetric analysis is another technique for
investigating the pyrolysis behavior of biomass by
determining Kinetic parameters that provide useful
information for pyrolysis parameter optimization and
reactor design. Kinetic studies can be performed by two
methods, isothermal and non-isothermal model.
Non-isothermal method is widely used due to
elimination of systematic errors arisen from unfitting
assumptions of the reaction mechanism."®> On the other
hand, biomass pyrolysis involves very complex and
competitive reactions that cannot be expressed by
simple mechanism pathways. At this point, the model-
independent approach, that is, the iso-transform method,
gives more reliable results in determining the Kinetic
parameters.’® Basically, iso-conversional method is
calculated as a function of the extent of conversion
at different heating rates. Kissinger-Akahira-Sunose
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(KAS) and Ozawa-Flynn-Wall (OFW) are the
examples of iso-conversional models based on integral
approach for TGA data processing.

Mediterranean countries have an important potential in
the olive oil sector by producing 97% of the world's
olive ail production.17 Over the past five years, olive oil
production in Turkey has increased by 20% and reached
the second highest level in 2019 production with annual
production of approximately 200,000 tons.'® A large
amount of olive pomace are produced from olive oil
extraction by the olive oil sector. Depending on the
manufacturing process, olive pomace contains 45-70%
of moisture. Olive pomace is usually treated with
organic solvents to extract the residual oil, which is
called pomace oil.

In this study, pyrolysis of olive pomace after solvent
extraction was conducted under various conditions by
using Py-GC/MS. Thermal degradation of olive pomace
was analyzed using thermogravimetric method in order
to determine apparent activation energy. Thermal and
catalytic pyrolysis experiments were performed at slow
(25°C/min) and fast (1200°C/min) heating rates in order
to investigate the effect of catalysts on bio-oil
composition. Sequential pyrolysis was also carried out
to determine the change in chemical compounds in bio-
oil as a function of biomass components.

2. MATERIALS AND METHODS
2.1. Material

Olive pomace, a byproduct of olive oil company, was
supplied from olive pomace oil company in Izmir city,
Turkey. Olive pomace was dried at 105°C overnight, it
was grinded to a particle size less than 250 mm and
stored in sealed glass bottles until its use. Ultimate
analysis was carried out using LECO CHNS 932
elemental analyzer according to ASTM D5291-96. The
proximate analysis was done according to NREL/TP-
510-42622 and ASTM D3175-89a for ash and volatile
matter, respectively. The procedure reported by Li and
co-workers™ was followed to determine the components
of olive pomace. Proximate, ultimate and component
analyses were performed in duplicate to ensure
reproducibility of the characterization results. Relative
deviation of the analyses was found to be less than 5%.
The properties of olive pomace are given in Table 1.

Three different catalysts were tested in catalytic
pyrolysis run. ZSM-5 is sodium aluminosilicate zeolite,
which is commercially available (Zeolyst International).
Fluid catalytic cracking (FCC) is commonly used in
petroleum refineries for conversion of crude oils into
more valuable products such as gasoline, olefinic gases,
etc. Commercial FCC was provided from lzmir
Refinery, Turkey.
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Table 1. Properties of olive pomace

Proximate analysis (Wt%)
Moisture 8.1
Volatile matter 69.5
Fixed carbon 19.1
Ash 3.3
GCV, MJ kg™ 20.6
Ultimate analysis (dried weight) (wt%0)
Cc 50.6
H 59
N 2.3
S 0.2
o? 37.7

Component analysis (dried weight) (wt%0)

Cellulose 45.3
Hemicellulose 22.9
Lignin 31.1
Extractives 0.7

% Calculated from difference.

Red mud is a by-product of Aluminum company which
contains high amount of iron oxides. FCC, ZSM-5, and
red mud were tested as catalysts. Catalysts were
calcinated at 550°C prior to each run. Red mud was
activated according to procedure reported by Pratt and
Christoverson.”” BET and micropore surface area of
catalysts were determined by N, adsorption
measurement by Gemini V Series Surface Area
Analyzers. Metal content of catalysts were analyzed by
XRF analyzer (SPECTRO 1Q IlI). Table 2 represents
composition and some properties of catalysts.

2.2. Method

Table 2. Properties of catalysts

Pyrolysis experiments were carried out at two different
heating rates; namely fast and slow in presence of
catalyst. Analytical pyrolysis (Py-GC/MS)  was
performed using a CDS 2000 pyroprobe and a CDS AS-
2500 autosampler (Chemical Data Systems, US). In a
typical thermal pyrolysis, 10 mg of biomass sample was
loaded into a quartz tube. In case of catalytic pyrolysis,
biomass sample was placed between two catalyst layer
with a ratio of 1:2:1 (catalyst: biomass: catalyst). The
quartz tube was then placed to the probe, which is
heated by a filament. Probe was heated to 500°C at a
heating rate of 25°C min™ for slow pyrolysis and
1200°C min™ held at 500°C for 15 s. Sequential
pyrolysis was also conducted with a fast heating rate
(1200°C min™) at the various temperature intervals, i.e.
25°C-200°C, 200°C-300°C, 300°C-400°C, and 400°C-
500°C. Sequential pyrolysis is donated as S200, S300,
S400 and S500, where numbers of labels show the final
pyrolysis temperatures of each fragment.

A Perkin—Elmer AutoSystem XL Gas Chromatograph
fitted with a DB 1701 column (60 m - 25 mm with 0.25
um film thickness) was used to separate vapours
produced with a split ratio of 1:25. The oven program
was held temperature at 45°C for 4 min then heated to
240 °C at a rate of 4°C min™. The injector and detector
temperatures were set at 28°C. Electron impact mass
spectra were obtained by Perkin—Elmer MS GOLD
(UK) at 70 eV. Proposed assignments of the main peaks
were made from mass spectra detection using (NIST98
MS library). ldentification of Py-GC/MS spectra was
carried out by the comparison of the mass ions (m/z) of
each peak. Relative area of individual compounds was
calculated by taking into the consideration the GC peak
areas to semi-quantify these compounds detected.
Compounds that had concentration higher than 0.3%
took into account for the calculation of relative area.
The detected compounds were classified in terms of
their chemical structures.

Catalyst BIZET& Micropore 25 “Tface area,  Bulk der_135 ity, Main metal content
m-g m°g gcm
ZSM-5 355 237 0.34 SiO,/Al,O3: 24
FCC 207 163 0.84 SiO,/Al,O3: 0.68
Fe,05:41.10%,
Red mud 158 n.d. 0.69 Al,03:21.32%,

Si0,:17.02%

n.d.: not determined.
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Thermal behaviour of olive pomace was also
investigated in a thermogravimetric analyszer (Elmer
Diamond TG/DTA) under N, gas with a flow rate of
100 ml min™. Different heating rates (5°C min™, 10°C
min™, 25°C min™, 50°C min™ and 75°C min™) were
applied. Approximately 10 mg of olive pomace was
placed in a seramic crucible and heated from room
temperature up to 900°C. Iso-conversional models,
namely Kissinger-Akahira-Sunose (KAS) and Flynn-
Wall-Ozawa (FWO) were applied to determine apparent
activation energy of olive pomace pyrolysis. KAS and
FWO methods can be expressed by Equations (1) and
(2), respectively.

Eq

In(3) = i[5 - @
log(B) = log [;;]—Em] ~2.315 - 04572 @)

where, S is the heating rate (K s). A is the pre-
exponential factor (s'), E, is the apparent activation
energy (kJ mole™). R is the gas constant (8.314
Jmole™ .K™). T is the reaction temperature (K) and g(a)
is the temperature-independent function of reaction
model. The conversion degree (a) is described in

Eqg. (3).

_ (mi-my)

©)

- (mi—my)

where, m; and m; are the initial and final mass of olive
pomace. m; is the mass of olive pomace at time t. As the
validity of iso-conversional method is limited according
to conversion range, the values of E, were determined in
the conversion range of 0.1 and 0.8 for both models. E,
values were determined by plotting In (8/7%) against 1/T
for KAS, while they were determined from linear plot of
log (B) versus 1/T for OFW.

3. RESULTS AND DISCUSSION
3.1. Kinetic studies of olive pomace

The KAS and OFW plots or different conversion values
(o) are presented in Figure 1. The coefficient of
determination (R?) values were higher than 0.95 for all
cases, which is the evident of good fitting of model. In
both methods, apparent activation energy increased at
higher conversion degrees and temperatures. Yet,
activation energy is not linearly dependent on the
conversion. Lignin in biomass may be responsible for
higher activation energy at higher conversion values. At
higher temperatures, condensation reactions of the
aromatic structure in lignin can occur, causing an
increase in Ea.’ E, values of OFW and KAS were quite
similar for all conversion values. The mean values of E,
were found to be 105.6 k] mole™ for KAS and 110.2 kJ
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mole™ for OFW (see Table 3). Calculated E, values in
this study were close and lower than that in previous
studies.”® Mishra and Mohanty16 reported that activation
energies of different biomasses such as pine sawdust,
poplar wood, rice husk and olive cake were between
127.8-350.2 kJ mole™ for KAS and 103.2-342.1 kJ
mole™ for OFW model depending on the biomass type
and heating rate.

Table 3. Activation energies at different conversion degrees

KAS R? OFW R?
Conversion (o)
0.1 75.0 0.9556 80.0 0.9648
0.2 78.1 0.9704 83.6 0.9769
0.3 86.7 0.9691 91.9 0.9754
0.4 99.6 0.9740 1045  0.9789
0.5 113.2 0.9779 117.7  0.9817
0.6 123.4 0.9839 1275  0.9865
0.7 129.7 0.9824 1337  0.9851
0.8 138.8 0.9874 142.6  0.9893
Mean 105.6 110.2

3.2. Sequential pyrolysis

Sequential pyrolysis results for olive pomace are shown
in Figure 2. The total amount of compounds detected
was above 79% of total compounds. Notable differences
on compounds can be seen in the first stage, which is a
fraction of decomposed products up to 200°C. S-200
was found to have highest organic acids, namely acetic
acid and heteroatom containing compounds. High acetic
acid vyield is in agreement with previous study
conducted by Martinez and co-workers.” Aceytl groups
in hemicelluose started to eliminate at lower
temperatures, which yielded acetic acid.

Phenolic compounds, mainly 2,6-dimethoxy-phenol,
2-methoxy-4vinyl- phenol and 2-methoxy-phenol,
started to form at further stages due to lignin
decomposition at elevated temperatures. At lower
temperature, ketone formation was lower than that of
further steps. In the same manner, furans mainly
occurred above 300°C. Levoglucosan was mainly
formed at the first stage. Interestingly, levoglucosan
could still observe above 300°C without decomposition.
It should be also noted that bio-oil from second stage
(S-300) had the highest furfural formation (2.97 %).
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Figure 1. a) The plots of In (#/T2) against 1/T for KAS method, b) The plots of log (4/T?) against 1/T for OFW method.

In a previous study done by Greenhalf and co-
workers,”* sequential pyrolyis of willow SR was
conducted at fast (1500°C/min) and slow (25°C/min)
heating rates. They proposed that levoglucosan was
converted into furfural at high heating rate, where as 2-
furan methanol was obtained at lower heating rate.
Based on these results, it is possible to obtain selective
liquid products by sequential pyrolysis which makes the
bio-oil more feasible for biorefinery purposes.

3.3. Effect of heating rate on pyrolysis products
Thermal experiments were performed in order to

investigate the heating rates on bio-oil composition
(Figure 3).
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From Figure 3, some differences were found in the bio-
oil compositions. For both heating rates, phenolic
compounds are the main compounds in bio-oil. The
amount of phenolics in bio-oil from fast pyrolysis was
less than that from slow pyrolysis. This result is
probably due to the fact that longer reaction time led to
polymerization of phenolic compounds and formation of
high molecular weight multi-ring structures which
cannot detected in GC-MS.?

Fast pyrolysis produced more organic acids, particularly
acetic acid and phenols whereas bio-oil from slow
pyrolysis had more furans and aliphatic ketones,
aldehydes and esters.
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Figure 3. Relative peak areas of the products obtained by slow and fast pyrolysis.

Contrary to our results, Saftari and co-workers,”® who
investigated the effect of heating rate and temperature
on products of pyrolysis of six different biomass,
reported that high heating rate led to decrease in
alcohol, ketone and aldehyde content, resulting from
secondary reactions. It should be noted that long
reaction times with slow heating rate may endorse
secondary reactions, leading to convert organic acids to
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other organic compounds. In addition, no hydrocarbons
was obtained in fast pyrolysis whereas a small amount
of hydrocarbons were detected in bio-oil from slow

pyrolysis.

It was also noticed that distrubution of individual
furanic compounds varies at different heating rates
(Table 3). The quanties of each individual compounds
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were partially higher in case of slow heating rate.
However, only the amount of furfural was slightly
higher at fast heating rate. This result was consistent
with possible mechanism of levaglucosan decompostion
proposed by Greenhalf and co-workers. %2 It was stated
that the short residence times prevented the proton
addition, resulting in the formation of furfural.

Table 3. Furanic compounds at different heating rates, relative
area %.

Fast Slow
Pyrolysis pyrolysis

Furan, 2-methyl- - 0.5
Furfural 2.8 2.3
2(3H)-furanone, 5-methyl - 0.32
Ethanone, 1-(2-furanyl)- 0.4 0.5
2-furan methanol 0.6 0.9
2-furancarboxaldeyde, 5-methyl- - 0.3
2(5H)-furanone 0.8 1.0
Benzofuran, 2,3-dihydro- 0.5 0.6
Benzofuran, 6-methoxy-3-methyl- 0.3 0.5
Total 5.4 6.92

3.4. The effect of catalyst

Three different catalysts were studied in order to
investigate the effect on pyrolysis product distrubution
in case of slow and fast heating rate (Figure 4).

In case of fast pyrolysis, all catalysts except for RM did
not significantly effect on products. In presence of RM,
phenolic compounds were decomposed while the
relative amount of acids, furans and aliphatic
ketones/aldehydes/ethers increased.

Differently from fast pyrolysis, bio-oil content varied
depending on the catalyst in case of slow pyrolysis.
Acidic compounds were increased in presence of all
catalysts. Phenolic compounds were dramatically
decreased in presence of RM and ZSM-5 whereas
higher amount of phenolics were detected in bio-oil
obtained in presence of FCC. It is known that ZSM-5
catalyst provides aromatization resulting from
decomposition of phenolic composition.”* However,
none of aromatic compounds was detected in all
pyrolysis products. This may be due to polymerization
of aromatic compounds into high molecular weight
compounds such as PAH and secondary coke formation
onto catalyst surface.””°

On the other hand, the effect of RM on bio-oil
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consuption is significant for both heating rate. The
amount of phenols and aromatic
ketones/aldehydes/ethers dramatically dropped by using
RM, particularly in slow pyrolysis. This decrease can be
attributed to formation of PAH compounds and coke
formation in presence of RM as in case of ZSM-5.
Similar results were found in previous studies reported
by Veses and co-workers.”” and Gupta and co-
workers.”® Gupta and co-workers”® reported that relative
yields of furfurals and organic acids increased and
phenol yields decreased by using RM. They concluded
that RM had furfural selectivity and facilitated the
cleavage of carbon-carbon and carbon-oxygen bind in
C6 and C5 molecules. In addition, high yield of acetic
acid, which is product of hemicellulose via
deacetylation, was attributed to synergistic effect of
individual metal oxides in RM, mainly Fe,O3, Al,O3 and
TiO,. On the other hand, Veses and co-workers.?’ found
that PAH content of bio-oil decreased in case of mineral
based catalysts whilst RM led to form PAH compounds.
Since a considerable amount of phenols were converted
into PAH, the relative percentages of acids, furan and
aliphatic ketones/aldehydes/ethers increased in bio-oil.

4. CONCLUSIONS

In this study, pyrolysis of olive pomace at different
conditions was investigated by using Py-GC/MS and
TGA techniques. E, of olive pomace pyrolysis is close
(105.6 kJ mole™ for KAS method and 110.2 for OFW)
and lower than that of different types of biomasses. For
all cases phenolic compounds is the major compound
ranging from 159% to 49.3% depending on
experimental conditions. It was found that enrichment
of individual organic compounds was achieved by
conducting pyrolysis at different temperature intervals.
Sequential pyrolysis seems a promising method to
separate pyrolysis products, such as production of
organic acids and alcohols at the low temperature
stages, ketones/aldehydes and phenols at the high
temperatures.

In case of catalytic pyrolysis, the effect of catalyst was
more pronounced in case of slow heating rate due to
high longer contact time between catalyst and pyrolysis
vapor. Slow pyrolysis secondary reactions may take
place at slow heating rates, resulting in formation of
high  molecular weight compounds via de-
polymerization. RM had the most effective catalyst on
formation of acetic acid and furans while it decomposed
phenolic compounds by reducing the yield from 48.0%
to 36.6% and 40% to 15% in case of fast and slow
pyrolysis, respectively. This study therefore exhibits a
promising approach to produce targeted chemical
compounds by selecting spesific conditions for
pyrolysis process.
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ABSTRACT

Covalent organic structures (COFs) are extraordinarily porous
solids defined as organic polymeric materials with large
surface area. COF compounds are widely studied for
nanotechnology applications.  Additionally, there are
applications for its usability in semiconductor technologies
and drug delivery systems. Within the scope of this article, a
new covalent organic structure (COF) was synthesized using
triformylbenzene (TFB) and 3,3'5,5-tetramethyl benzidine
(TMB), which were not previously included in the literature.
The compound synthesized here is the two-dimensional imine-
linked COF (LA-COF-2) compound. The synthesized COF
compound was characterized using FT-IR, SEM, TGA, PXRD
and elemental analysis. The LA-COF-2 compound is
composed of aggregated particles of approximately 200 nm.
The thermal stability of LA-COF-2 compound is high and
compatible with the literature. The compound is stable to base,

N,N-Dimethylacetamide (DMA) and water.

Keywords: Synthesis, characterization,
framework (COF).

covalent organic

Yeni bir 2D-imin bagli kovalent organik
yapinin sentezi ve karakterizasyonu

0z

Kovalent organik yapilar (COFs), genis yiizey alanina sahip
organik polimerik malzemeler olarak tanimlanan olaganiistii
gozenekli kati maddelerdir. COF bilesikleri nanoteknoloji
uygulamalari i¢in genis capta incelenmektedir. Ek olarak, yar1
iletken teknolojilerinde ve ilag dagitim sistemlerinde
kullanilabilirligi i¢in uygulamalar vardir. Bu proje kapsaminda
triformilbenzen (TFB) ve 3,3.,5,5-tetrametil benzidin (TMB)
kullanilarak, daha once literatiirde yer almayan yeni bir
kovalent organik kafes (covalent organic framework-COF)
yapisi sentezlenmistir. Burada sentezlenen bilesik, iki boyutlu
imine bagli COF (LA-COF-2) bilesigidir. Sentezlenen COF
bilesigi FT-IR, SEM, TGA, PXRD ve elementel analiz
kullanilarak karakterize edildi. LA-COF-2 bilesigi, yaklasik
200 nm'lik kiimelenmis partikiillerden  olusmaktadir.
LA-COF-2 bilesiginin termal kararliligr yiiksektir ve literatiir
ile uyumludur. Bilesik baz, N,N-dimetilasetamit (DMA) ve
suya karst karalidir.

Anahtar Kelimeler:Sentez, karakterizasyon, kovalent organic
kafes (COF).

1. INTRODUCTION

Covalent organic frameworks (COFs) have extremely
low densities which are a new type of porous organic
material formed by the binding of organic units through
strong covalent bonds between entirely light elements
(C, Si, B, O, N). COFs have been firstly developed as
the crystalline porous organic polymers via the
dehydration reactions of 1,4-benzenediboronic acid
itself (COF-1) by Yaghi and co-workers. Then, COF-5
and COF-105 containing boronate ester bonds have
been synthesized from the reaction of boric acids with
catechol derived compounds.’” After the synthesis of
COF-5 and COF-105, many more two-dimensional and
three-dimensional COFs (2D and 3D COFs) having
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different structures have been synthesized using
monomers  with  different functional  groups.”®
Especially, due to the COFs derived from B-O bonds
with low chemical stability, COFs containing C-N
bonds such as imine,”**" triazine'* and hydrazon®’
linkages have also been improved in addition to boron
compounds, over times. In particular, two-dimensional
crystalline COFs have attracted attention as porous
crystalline polymers. 2D-COFs have been investigated
for nanotechnology application areas such as
conductivity,"**  optoelectron  devices,"®  optical
sensing,®”"" catalizing™ and electrochemical sensing™
due to their electron rich, big n-delocalization and film
forming properties.
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Schiff base condensation reactions are widely used for
the preparation of COFs via solvothermal reactions in
sealed vials." Herein, a new framework-based imine
linked COF material has been designed and synthesized
with the condensation reaction of building block
3,3,5,5-tetramethyl benzidine (TMB) with linking unit
triformylbenzene (TFB). The COF synthesis reaction was
performed in under solvothermal conditions. The
characterization of COF was investigated using FT-IR,
SEM, TGA, PXRD and elemental analysis. In addition,
the chemical stability of COF was investigated in base
(6 N NaOH), N,N-Dimethylacetamide (DMA) and
water by using TGA and FT-IR analyses.

2. MATERIALS AND METHODS

2.1. Chemical and reagents

TFB and TMB were obtained from Sigma Aldrich.
mesitylene, 1,4-dioxane, ethanol, dimethylformamide
and tetrahydro furan were purchased from Merck. All
other reagents were of analytical grade.

2.2. FT-IR analysis

FT-IR spectra were obtained using a Perkin Elmer mark
FT-IR Spectrophotometer. The spectra were recorded
for starting materials and LA-COF-2 at the scanning
range of 4,000-650 cm™.

2.3. Thermogravimetric analysis

The thermogravimetric analysis (TGA) was carried out
on NETSZCH TGA-DSC Thermogravimetric Analyzer.
The analyses were done under N, gas flow, and the
samples were heated from 0°C to 700°C at 10 K/min.

2.4, Powder X-ray diffraction

Powder X-ray diffraction (PXRD) analyses were carried
out using a full-fledged Bruker D8 Advance instrument
with Cu Ka line focused radiation at 40 kV and 40 mA
from 26 = 3.0° up to 90°.

2.5. Field emission-scanning electron microscopy
(FE-SEM)

Scanning electron microscopy (SEM) was carried out
using a LEICA/ICAMBRIDGE LEO  S-440
STEREOSCAN SEM to investigate the surface
morphology of the samples. The materials were coated
with gold as a thin layer using a Gatan Precision
Etching Coating System (PECS).

2.6. Synthesis of LA-COF-2

TMB (32.979 mg, 0.155 mmole), TFB (14.595 mg, 0.09
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mmole), 3 ml 1,4-dioxane and 0.6 ml 3 M acetic acid
were poured into the pyrex tube. The pyrex tube was
frozen with liquid N, and evacuated the 150 mTorr
internal pressure. The evacuated pyrex tube was placed
at 180°C in an oven and reaction was continued for 3
days to yield a yellow solid in pyrex tube. The
precipitate was obtained by filtration and washed three
times with 10 ml of anhydrous THF and DMA and
acetone. The solid which is insoluble in common
organic solvents was dried at 100°C for 12 h. Yield:
76%. Elemental analysis, calculated; (Ci4sH126N12)n: C
85.46; H 6.23; N 8.31. Found; C 84.01; H 6.91; N 8.82;
0 0.26.

2.7. Chemical stability

The chemical stability of LA-COF-2 was investigated in
6 N NaOH, distilled water and DMA. Correctly
weighed LA-COF-2 samples were placed in 20 ml of
6 N NaOH, DMA and distilled water and carefully
mixed for 120 h. The mixtures were filtered by the
centrifuge. The precipitate was dried at 100°C for 24 h.
The dried samples were weighed again, and mass losses
were determined. FT-IR analyses were repeated for the
treated samples. Spectra were compared to the starting
spectrum of LA-COF-2 samples. In addition, TGA
thermograms were compared to determine the change in
the thermal stability of the samples treated.

3. RESULTS AND DISCUSSION

LA-COF-2 shown in Figure la was synthesized by
heating the suspension of 3,3’-dimethoxybiphenyl-4,4’-
diamine and TFB in a mixture of 1,4-dioxane and
aqueous acetic acid within the sealed pyrex tube. LA-
COF-2 is insoluble in common organic solvents such as
dimethyl sulfoxide, tetrahydrofuran, acetone, N,N-
dimethylformamide. The honeycomb structure of LA-
COF-2 is given in the Figure 1b.

3.1. FT-IR analysis

FT-IR analyses were performed to confirm the imine
linkages formed between aldehyde and primary amine
functional group of the starting material. The spectra of
LA-COF-2, TMB and TFB compounds are given in
Figure 2a. FT-IR spectrum of LA-COF-2 showed that
the imine linkage peak (C=N stretching) was observed
at 1626 cm™. When compared the spectra of starting
materials with the LA-COF-2, the C=0 and N-H bands
of starting materials are weaker in LA-COF-2. The
attenuation of the peaks is further evidence of the
formation of the imine linkages. Also, it can be
concluded that the weak peaks at these wave numbers
were attributed to the unreacted terminal amino and
aldehyde groups of COF.
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Figure 1. a) Synthesis of LA-COF-2, b) Honeycomb structure of LA-COF-2.

In addition, the stretching vibrations of C-N single
bonds are weak or moderate in the wave numbers range
of approximately 1080-1360 cm™. Accordingly, in the
LA-COF-2 compound, the peaks observed at a wave
number of 1131.30 cm™ indicate the stretching
vibrations of the C-N single bond of the imine structure.
When the obtained spectrum was compared to the
literature,”'? it was seen that the similar spectrum was
obtained.

3.2. PXRD analysis

The crystallinity of LA-COF-2 was investigated by Cu
Ka radiation with powder X-ray diffraction (PXRD)
analysis. X-ray diffractogram of LA-COF-2 compound is
shown in Figure 2b. The peak observed at 26 = 1.98°
indicates that the compound has a crystalline structure.
Banarjee and co-workers” explained that when the
pores of the COF compounds increased in width, the
sharp peak position observed at ~5° was observed at
lower 20 values. As seen in Figure 2c, the pore
apertures of  LA-COF-2 were calculated as 30 A. On
the other hand, the wide peak observed at about
20 = 15° can be linked to the n-m interactions of the 2D
layers shown in Figure 2d.
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Similar PXRD spectra for imine-linked COF structures
have been also obtained for the TpBD-COF
(triformylphloroglucinol-benzidine) series by Banarjee
and co-workers.”’ Similarly, the results from the present
study are consistent with previous studies.”*

The previously reported three-dimensional diamond
structure, the imine-bonded COF-300, is arranged with
nitrogen atoms of imine bonds. Due to this arrangement,
it was reported that COF-300 was reported to be able to
coordinate with metal ions with less effect.
Accordingly, a new imine-linked LA-COF-2 which is in
two-dimensional layered-sheet structure (Figure 2d) can
be an ideal choice for incorporating a variety of metal
ions.

3.3. SEM analysis

The surface morphologies of the synthesized LA-COF-2
compound were examined using SEM analyses. Figures
3a and 3b show the SEM images taken in various
magnifications of LA-COF-2. As seen in this figures,
the LA-COF-2 compound consists of particles
aggregated approximately 200 nm in size. These
particles have a layered leaf-shaped morphology.
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Figure 2. a) FT-IR spectra of LA-COF-2, TMB and TFB, b) X-ray diffractogram of LA-COF-2, ¢) 3D model of LA-COF-2, d) Side

representation view of 2D-layers of LA-COF-2.

It can be thought that this structure is formed as a result
of the n-m interaction of hexagonal units and the layers
coming together to form aggregates.

In addition, EDX mapping analysis was performed for
the synthesized COF compound. Figure 3c, 3d and 3e
show the carbon, nitrogen and oxygen distribution of
LA-COF-2 compound. Figure 3f illustrates the EDX
spectrum, which gives the percentages of the atoms in
the compound by weight. The amounts of carbon,
nitrogen and oxygen in LA-COF-2 have been
determined as 85.44%, 10.05% and 4.50%, respectively.

Results obtained with EDX mapping analysis are
compatible with elemental analysis results. The amount
of oxygen was calculated as 0.26% by elemental
analysis which is a more precise analysis method.
Considering the chemical structure, it can be said that
the oxygen observed in the LA-COF-2 compound is the
remaining terminal oxygen of the unreacted triformyl
benzene.
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3.4. TGA analysis

Thermogravimetric analysis was used to investigate the
thermal stability of LA-COF-2 and thermogram is given
in Figure 4. The maximum decomposition temperature
for the LA-COF-2 was determined as 446°C. The
second decomposition temperature was observed as
529°C, and when the temperature reaches to 700°C, it
was seen that 71% of the framework structure was
degraded. The thermal stability of the synthesized
compound is very close to the thermal stability values of
imine-linked COF compounds obtained in previous
studies.”™**

4.5. Chemical stability of LA-COF-2

In order to determine the chemical stability of
LA-COF-2, 15 mg of the samples were put into 20 ml of
water, DMA and 6 N NaOH solution for 5 days.
Samples recovered by filtration were weighed again
after drying.
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Figure 3. SEM images of LA-COF-2: a) 50 KX, b) 30 KX magnifications. EDX mapping analysis of LA-COF-2:¢) C, d) N, ) O, f)
EDX spectrum of LA-COF-2 (inset table shows weight percentage of C, N and O atoms).

No mass loss was observed as a result of weighing.
TGA and FTIR analyses were performed on the samples
treated with solvents.

DTG and TG% thermograms for LA-COF-2 and solvent
treated LA-COF-2 samples are given in Figures 5a and
5b, respectively. In addition, DTG max and total mass
loss values of the samples are shown in a table given in
Figure 5b. As can be seen from the table, the main
decomposition temperature of about 446°C for
LA-COF-2 compound did not change significantly
when the samples were treated with the solvent. After
446°C, all samples began to decompose at 24.4-29.4%
up to 700°C.
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As understood from TGA thermogram, LA-COF-2
compound was seemed to remain stable when treated
with different solvents for 5 days. FT-IR spectra of LA-
COF-2 compound and solvent treated LA-COF-2
samples are given in Figure 5c. The C=N stretching
peak, which specifically indicates the imine structure in
the spectrum, was recorded at approximately the same
wave number after solvent treatment. However, in the
sample treated with NaOH, this peak was observed at
different severity. But, no change in peak intensity was
observed in the other solvents. The obtained results
proved that LA-COF-2 compound has high chemical
stability against base, water and organic solvent and
structural integrity is maintained in the solvent.
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It has been reported in the literature, that the previously
synthesized COFs are insoluble in water and common
organic solvents such as hexane, tetrahydrofuran,
acetonitrile, acetone, methanol and N,N-
dimethylformamide.”"® However, it has not been
investigated under hard conditions such as NaOH.
Whereas, LA-COF-2 was found to be stable to NaOH in
the present study.

4. CONCLUSIONS

In the present paper, a new imine-linked COF molecule
with high chemical and thermal stability was
successfully synthesized. The vibration peak of the
imine bond (C=N) of LA-COF-2 was observed at 1626
cm™ wave number. As a result of the images recorded
by SEM analysis, it was determined that LA-COF-2
compound  consisted of aggregated particles
approximately 200 nm in size. From TGA analysis, it
was determined that the synthesized compound had high
thermal stability. It was observed that the synthesized
LA-COF-2 compound remained stable to base, DMA
and water. As a result, it was concluded that LA-COF-2
could be used in nanotechnology application areas such
as drug delivery and gas storage thanks to its porous
structure.
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ABSTRACT

Basil (Ocimum basilicum L.), an aromatic and medicinal plant,
is used for food and pharmaceutical purposes. In this work,
quantitative analyses of phenolic compounds for commercial
basil cultivars, which are Sweet (1), Purple (2), Lettuce (3),
Brush (4) grown in Tokat city in Turkey's ecology, were
executed by Liquid Chromatography Time-of-Flight Mass
Spectrometry (LC-TOF-MS). Antioxidant activities of related
genotypes  were  determined using  2,2-Diphenyl-1-
picrylhydrazyl (DPPH)’s radical, 2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS)’s diammonium
salt and the ferric reducing antioxidant power (FRAP) assays.
The activity-compound relationship was revealed. Brush (4)
genotype revealed the most DPPH [296 pmole TE (Trolox
equivalent/g DW (gram dry weight)], ABTS (706 pmole TE/g
DW), and FRAP (650 umole TE/g DW) activities. It was
determined that rosmarinic acid was in the highest amount in
all genotypes. Among the genotypes, it was determined that
Lettuce contained the most rosmarinic acid with a value of
180460.6 (mg kg DW).

Keywords: Ocimum basilicum L., antioxidant activity, basil
cultivar, quantitative analysis, LC-TOF-MS.

Ticari feslegen ¢esitlerinin (Ocimum basilicum
L.) fenolik bilesiklerinin LC-TOF-MS ile
kantitatif analizi ve antioksidan etkileri

0z

Aromatik ve tibbi bir bitki olan reyhan (Ocimum basilicum L.)
gida ve ilag amagl kullanilmaktadir. Bu ¢alismada,
Tiirkiye'nin ekolojisinde Tokat gehrinde yetisen Sweet (1),
Purple (2), Lettuce (3), Brush (4) olmak iizere dort ticari
feslegen cesidinin fenolik bilesiklerinin kantitatif analizleri
LC-TOF/MS ile gerceklestirilmistir. Ilgili ~genotiplerin
antioksidan aktiviteleri, 2,2-Difenil-1-pikrilhidrazil (DPPH)
radikali,  2,2-azino-bis(3-etilbenzotiazolin-6-siilfonik  asit
(ABTS)’in diamonyum tuzu ve indirgenme giicii (FRAP)
yontemleri kullanilarak belirlendi. Aktivite-bilesik iliskisi
gosterildi. Brush 4 genotipi en yiiksek DPPH [296 umol TE
(Trolox ekivalent) /g DW (gram kuru agirlik)], ABTS (706
umol TE/g DW) ve FRAP (650 umol TE/g DW) aktivitesi
gosterdi. Rosmarinik asidin biitiin genotiplerde en yiiksek
miktarda oldugu belirlendi. Genotipler arasinda Lettuce
(3)’iin, 180460.6" lik (mg kg™* kuru bitki) bir deger ile en fazla
rosmarinik asit igerdigi belirlendi.

Anahtar Kelimeler: Reyhan, antioksidan aktivitesi, reyhan
kiiltiirdi, kantitatif analiz, LC-TOF-MS.

1. INTRODUCTION

Natural products have been consumed extensively for
therapeutic properties for centuries.”” Herbal medicines
have been accepted as a main basis of crucial health
care in many countries.® Almost 80% of the world
population  still  depends on folk medicine.
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Spectroscopic developments have led to the isolation of
active compounds from plants in the 19" century.
Hence, many organic advances have been inspired by
natural products. Synthetic chemists have begun
to synthesize natural products with pharmaceutical
properties due to the isolation of natural products.”
Natural compound frameworks have been regarded as
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special structures consist of the basis of effective
medicines.”® The importance of natural products is due
to the active compounds they contain.'®*®

Ocimum basilicum L., basil, which is an aromatic and
medicinal plant belonging to the Labiatae family
consists of more than 150 species. Although this plant is
native to Mediterranean, Africa, America and Asia, it is
widely grown in many countries.” Due to its
significance for medicine, it is sold as fresh, dried, or
frozen as well.”’ This plant with essential oils has been
employed widely in diet, cosmetics, and dental for many
years. Ocimum basilicum L. has been consumed for the
remedy of various illnesses such as viral ocular and
hepatic infections, headaches, coughs, diarrhoea, worm,
warts, constipation, kidney malfunction.”* The main
essential oil compounds of Ocimum species have been
identified as linalool, geraniol, camphor and 1,8-cineol,
which are classified as monoterpenes.22 Ocimum
basilicum L. essential oil consisting of linalool and
eugenol as major products has showed an antibacterial
activity on Giardia lamblia.”> Phytochemical studies on
Ocimum genus has revealed that this plant contains
some significant secondary metabolites such as
flavonoids, steroids and terpenes, anthocyanins.24 Due
to the including bioactive secondary metabolites,
Ocimum has exhibited a large variety of biological
effects such as anticancer, antioxidant, anti-aging,
immunity  enhancement, antibacterial, diabetes
mellitus.”

The compounds of essential oil have terpene skeletons
with the high volatility that protects plants from external
threats. Essential oils are generally terpenoids, a great
various class of secondary metabolites. They have been
used extensively in flavour and cosmetic applications
since ancient times. Due to their high volatility, the
essential oils are released into the air space around the
plant. Hence, they play a significant role as signaling
compounds for pollinators and herbivores.?®

The eighteen Turkish basil essential oils have been
studied, and cluster analysis has been carried out by
presenting the variety of essential oils in the landraces.
So, seven various chemotypes have been elucidated.”

Antioxidants reveal a significant role for human health
by decreasing oxidative stress. In addition, they are used
to prevent food from deterioration. Antioxidants have
attracted attention against oxidative stress. Antioxidants
are divided into natural and synthetic products. Natural
antioxidants are preferred by consumers since they are
safe, non-toxic and no side effects.*

In this work, the quantitative analyses of phenolic
compounds were carried out for 4 commercial basils
(Sweet 1, Purple 2, Lettuce 3, Brush 4) grown in Tokat
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where Turkey's ecology and antioxidant activity was
executed on cultivar basil.

2. MATERIALS AND METHODS

2.1. General
The standard compounds, 2,2-Diphenyl-1-
picrylnydrazyl radical (DPPH’), 2,2'-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), potassium hexacyanoferrate (I11), sodium
peroxydisulphate, potassium dihydrogen phosphate,
trolox, trichloroacetic acid (TCA), sodium carbonate,
sodium hydroxide, iron (I11) chloride, iron (11) chloride,
ethanol, formic acid, acetonitrile,  methanol,
dichloromethane were supplied from the Sigma-Aldrich
company.

2.2. Plant Materials

Seed of four basil cultivars (Ocimum basilicum L.),
Sweet (1), Purple (2), Lettuce (3), Brush (4) were
cultivated at the research field of Tokat Gaziosmanpasa
University. The plants were harvested during vegetative
period. Plant materials were dried at the shade under
room temperature.

2.3. Extraction

Each dried plant sample (0.4 g) was extracted with
methanol/dichloromethane (4/1, 20 ml). After vortex
stage, each extract solution was kept in the ultrasonic
bath at 30°C for 30 min, then the solution was mixed at
room temperature for 24 h. The solvent was evaporated
by reduced pressure to yield the crude extract for
analysis of antioxidant activity and phenolic
compounds.  Quantitative analyses of phenolic
compounds were performed in 4 commercial basil
cultivars (Sweet 1, Purple 2, Lettuce 3, Brush 4) by
Liquid  Chromatography  Time-of-Flight ~ Mass
Spectrometry (LC-TOF-MS).

2.4. Analysis of phenolic compounds

The extract solutions of O. basilicum cultivars were
prepared (5 mg I'"). The solutions were filtered through
0.22 um syringe type PTFE filter then injected into the
vials. Quantitative analyses were executed by HPLC
system equipped with Agilent 1260 infinity LC pump,
6210 TOF-MS detector and Zorbax SB-C18 (4.6 x 100
mm, 3.5 um, 2.7 mm) (Agilent Technologies) column.
The water with 0.1 formic acid (X) and acetonitrile (YY)
were applied for mobile phase. The program was
adjusted as follow: 0-2 min 10% Y, 2-21 min 45% Y,
21-25 min 75% Y, 25-29 min 15% Y, 29-35 min, 20%
Y. The elution was completed for 35 min. Positive ion
mode was used for analysis, the temperature of gas was
320°C, the voltage of fragmentary was 175 volts. The



Int. J. Chem. Technol. 2020, 4 (2), 179-184

DOI: http://dx.doi.org/10.32571/ijct. 795629

Erenler and co-workers

E-1SSN: 2602-277X

calibration graph was employed to identify the phenolic
compounds. LC-TOF-MS analysis was executed
according to retention time and molecular masses of
each standart. Concentrations of phenolic compounds
were calculated as mg kg™ dry plant.

2.5. Antioxidant assays
2.5.1. DPPH’ free radical assay

DPPH" activities of O. basilicum cultivars were carried
out.** 1.0 ml, 0.26 mM of DPPH" solution was treated
with O. basilicum extract at 20, 40, and 80 pl
cconcentrations at room temperature for 30 min. The
absorbance was read by a spectrophotometer at 517 nm
in which lower absorbance of the reaction product
revealed the higher activity. DPPH’ scavenging activity
was calculated from Eq. (1).

DPPH" scavenging activity (%) =[(A1 — A2)/A2] x
100 o))

where Al and A2 are control and sample absorbances.*’
2.5.2. ABTS™ scavenging assay

The reaction of ABTS (2.0 mM) with K,S,0g
(potassium persulfate) (2.45 mM) in phosphate buffer
for 6 h in dark at room temperature yielded the
formation of ABTS™ radical cation solution. Each O.
basilicum extract solution (40 and 80 pul) was completed
to 3 ml with phosphate buffer (pH 7.4, 1.0 ml).
Consequently, 1.0 ml of ABTS™ solution was reacted
with O. basilicum extract solution (3. 0 ml). After
incubation for 10 min at room temperature, absorbance
measurement was executed at 734 nm. The ABTS™
scavenging effect was calculated for each O. basilicum
extract concentration. The absorbance was measured at
734 nm. ABTS™ scavenging activity was calculation
from Eq. (2)

ABTS™ scavenging effect (%) =[(A1—A2)/A2] x
100 )

where A1l is the initial concentration of ABTS™, and A2
is remaining concentration.*

2.5.3. Reducing power

After preparation of sodium phosphate buffer (0.2 M,
pH 6.7), each sample solution was treated with 1.25 ml,
1% of potassium ferricyanide [K3Fe(CN)g] for thirty
min at 45°C. The buffer solution was added to the
reaction mixture until the volume reached to 2.5 ml.1.25
ml, 10% of trichloroacetic acid and 0.1%, 0.25 ml of
iron (111 chloride were added to the reaction mixture.

181

The absorbance measurement was executed at 700 nm
using a spectrophotometer.*

2.6. Statistical Analyses

SPSS software (SPSS 15.0) was used for the statistical
analysis. The trials were repeated triplicate, and the
results were presented as mean value and standard
deviation (SD). ANOVA one-way analysis was carried
for the evaluation of results. Significant variances in
groups were indicated at p < 0.05.

3. RESULTS AND DISCUSSION

Quantitative analyses of phenolic compounds from four
cultivar basil (Ocimum basilicum L.) were presented.
Some phenolic compounds were used for the standards
(Table 1). Quantitative analysis revealed that rosmarinic
acid was the major compound in all genotypes (Table
1). Among the corresponding genotypes, Lettuce (3)
consisted of the most rosmarinic acid (18460.6 mg kg™
DW). Brush (4), Sweet (1), Purple (2) contained the
rosmarinic acid with the quantity of 17880.1 mg kg™
DW, 78059 mg kg' DW, 2610 mg kg* DW
respectively. Besides rosmarinic acid, Sweet (1) cultivar
consisted of the rutine and chicoric acid as major
products with the quantity of 1376.9 mg kg DW and
211.0 mg kg™® DW respectively. However, Purple (2)
consisted of rutin and 4-hydroxybenzoic acid with the
value of 669.8 mg kg™ DW and 216.6 mg kg* DW,
respectively. Rutin (35324 mg kg DW) and
4-hydroxybenzoic acid (228.4 mg kg* DW) were
detected as the second and third main compounds in
Lettuce (3). Brush (4) included the rutin and
4-hydroxybenzoic as the major compounds as well.
These cultivars did not contain the chlorogenic acid,
apigenin-7-O-glucoside and naringenin.

A research was carried out on three purple Basil
(Ocimum basilicum L.) cultivars, and six standards were
used. It was presented that plant maturity influenced the
anthocyanin, phenolic concentrations and reducing
capacity significantly, while cultivar had a significant
effect on anthocyanin concentrations and FRAP
antioxidant activity. Rosmarinic acid was found as a
major compound.® It is also major compound in our
study. Another study was executed on Ocimum
basilicum L. obtained from three different city of Egypt.
The variations of the chemical composition of essential
oils were determined. Linalool, estragole, methyl
cinnamate, bicyclosesquiphellandrene, eucalyptol, alpha
bergamotene, eugenol were the major compounds in all
essential oil contents. In addition, methanol extract
revealed the more antioxidant activity than that of the
essential oils.** A research was carried out on 15 basil
(Ocimum basilicum L.) cultivars. It was presented that
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Table 1. Phenolic compounds of Basil (Ocimum basilicum L.) Landraces (mg k™ dried plant)

LR GA GEA CA HA PA CFA HBA RU CUA CCA FA RA SA
1 96.02 40.03 15538 13953 0.00 155.61 7.71 1376.94 0.00 211.00 40.49 7805.92  86.46
2 10177 51.78 153.79 216,59 0.00 140.85 10.23 669.77 11.89  0.00 0.00 2610.15 100.77
3 0.00 4470 15403 22841 0.00 22317 14.46 353235 0.00 14419 0.00 18460.56 87.85
4 14015 58.32 26492 43583 12517 277.77 849 2026.14 0.00 0.00 44,57 17880.05 91.59

1: Fr sweet, 2: Fr purple, 3: Fr lettuce, 4: Fr brush. GA: gallic acid, GEA: gentisic acid, CA: caftaric acid, CHA: chlorogenic acid,
HA: 4-hydroxybenzoic acid, PA: protocatechuic acid, CFA: caffeic acid, HBA: 4-hydroxybenzaldehyde, RU: rutin, CUA: p-coumaric acid,
CCA: chicoric acid, FA: ferulic acid, HE: hesperidin, AG: apigenin-7-O-glucoside, RA: rosmarinic acid, SA: salicylic acid, N: naringenin,

LR: landraces. Landraces genotypes do not contain CHA, HE, AG and N.

cultivar influenced the phenolic composition and
antioxidant activity. Nine of the cultivars had chicoric
acid in high concentrations than rosmarinic acid.
Individual phenolic acid composition  strongly
influenced antioxidant activity.*®

The antioxidant activities of water, ethanol, and acetone
extracts of purple basil were investigated. It was
determined that ethanol extract revealed the most
antioxidant activity.36 Our research includes some
novelty compared to the corresponding study.

Seventeen standards were utilized. The cultivar
conditions and basil genotypes were completely
different. Hence the results contain novelty in

comparison with the previous work.

Antioxidant activities of four basil cultivars (Ocimum
basilicum L.) were investigated as well. Brush (4)
showed the most antioxidant activity. DPPH", ABTS™
and FRAP activities for Brush (4) were assigned as
296.0 umole TE/g DW, 706.3 umole TE/g DW, 650.5
umole TE/g DW, respectively. Lettuce (3) cultivar
showed the second most activity in all assays including
DPPH', ABTS™, and FRAP with the values of 291.8
umole TE/g DW, 566.9 umole TE/g DW, 634.9 umole
TE/g DW, respectively. Sweet (1) was determined as
third active genotype. The activities of DPPH’, ABTS™
and FRAP for Sweet (1) were assigned to 161.5 umole
TE/g DW, 390.0 umole TE/g DW and 417.0 umole
TE/g DW, respectively. Purple (2) genotype revealed
the least activity among the investigated genotypes with
the values of 93.2 pmole TE/g DW, 203.0 pmole TE/g
and 150.6 pmole TE/g corresponding to the DPPH’,
ABTS"™ and FRAP assays, respectively (Table 2).

Lettuce (3) (22889.7 mg kg™) and Brush (4) (21353.0
mg kg™) contained the most phenolic content. Hence, it
was seen that there was a direct proportion between
phenolic content and activity. However, there could be
an active compound in the genotype revealing the
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excellent activity caused the genotype to be high in the
activity. All cultivar basil composed rosmarinic acid as
a major compound. Rosmarinic acid occurs throughout
Boraginaceae and Lamiaceae family. Rosmarinic acid
is the bioactive compound revealing a large amount of
biological activity such as antioxidant,
antiinflammatory, antimutagen, antibacterial, and
antiviral. Moreover, it is also utilized in cosmetic and
food additive to avoid food decay. Therefore,
rosmarinic acid is accepted to be one of the most
talented food functional polyphenols.37 As a
consequence, Basil genotypes could be an effective
source of rosmarinic acid.

Table 2. Antioxidant activity of Basil (Ocimum silicum L.)
landraces (pmole TE/g DW)*

Landraces DPPH’ ABTS™ FRAP
Sweet (1) 161.5 +14.8b 389.9+6.6c 417.0+13.1¢c
Purple (2) 93.2+1.5¢c 202.9+2.0d 150.8 +2.6d
Lettuce (3) 291.8+3.9a 566.8 +4.0b  634.9+10.1b
Brush (4) 296.0+0.1a 706.3+49a 650.2+7.1a

*There is no a significant difference between the mean valuesto
the same letter at the column according to the Ducan test (P <
0.05).

4. CONCLUSSION

It was determined that Basil (Ocimum basilicum L.)
included significant phenolic compounds. Hence, this
aromatic and medicinal plant could be a source of
corresponding compounds. It was seen that all
commercial cultivar basil consisted of rosmarinic acid
as a major product with a considerable quantity.
Therefore, these genotypes could be the source of
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executed to increase the quantity of rosmarinic acid in
the Ocimum basilicum L.
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