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Abstract: Herein, two novel ion-selective electrodes are reported for simultaneous potentiometric
determination of Fe3* and Cu?* ions. The liquid polymeric membrane components were optimized and the
resulting pencil graphite electrodes gave Nernstian slopes of 20.7 mV/decade and 31.2 mV/decade with
lower detection of limit of 1x10® mol L and 2x10® mol L!, and wide pH range of 1.5-3.5 and 2.0-4.7 for
Fe3* and Cu?* ions, respectively. The electrodes exhibited very fast response time (<6 s). In addition, the
electrodes exhibited high selectivity for Fe3* and Cu?* ions against different cations, which were tested by
matched potential method. The sensing platform using the optimized electrodes were integrated with the
Internet of Things concept are suitable for simultaneous monitoring of Fe3* and Cu?* in real samples with
high accuracy and precision.
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INTRODUCTION disorders, thus, permissible limits of copper in
ground water and drinking water are set as 3 mg L
and 2 mg L%, respectively, by United States

Environmental Protection Agency (EPA) and The

Heavy metals have been widely used in a variety of
industries such as petrochemicals, metal processing,

organic chemicals, pharmaceuticals, pesticides, and
plastics (1). Due to the discharge of industrial
effluents into natural waters, heavy metal ions
adversely affect environment and human health (2).
Among the heavy metals, Fe and Cu are the first
and second most widely used industrial metals
worldwide (3). Fe3* plays a significant role in various
metabolic processes including oxygen transport,

enzyme catalysis, DNA and RNA synthesis, and
hemoglobin synthesis (4). Although Fe3* is
necessary for living organisms at low
concentrations, biological disorders such as

Alzheimer’s, Parkinson’s, and Huntington’s diseases
and, renal failure are seen with uptake of Fe3* at
high concentrations (5). Similarly, excess copper
causes anemia, bone disorders, diarrhea, infertility,
hepatic and renal damages, and neurological

World Health Organization (WHO) (6). In addition,
the concentration of copper should not surpass 100-
150 ug dL?t (15.7-23.6 pmol L) in human blood
according to WHO. Thus, there is a need for a
continuous and simultaneous sensing system for
copper and iron to ensure water safety and public
health.

There are many conventional techniques such as
atomic absorption spectroscopy, atomic
fluorescence spectrometry, chromatography,
inductively coupled plasma mass spectrometry and
ultraviolet-visible spectrophotometry for
quantitative determination of heavy metals (7).
Although these methods are highly sensitive and
selective, they have several disadvantages such as
labor-intensive and time-consuming experimental
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steps, the need of expensive and bulky instruments
and specialized personnel (8). On the other hand,
potentiometric method based on ion selective
electrodes (ISEs) have been widely employed for
quantitative and in-situ determination of target ion

activity in aqueous samples owing to their
advantages including simplicity, low-cost, rapid
response, miniaturization, portability and low

energy consumption (9). There have also been
various reports of liquid membrane-based ISEs
consisting of a plasticizer, a polymer (mostly
polyvinyl chloride, PVC), an ionic additive, and an
ionophore (10). Due to the semipermeable nature of
PVC, it has been widely used for ISEs application
(11). While the ionophore complexes with the metal
ion of interest, the plasticizer enhances solubility
and mobility of the ionophore in the membrane
(12). In addition, lipophilic anionic additives such as
sodium  tetraphenyl borate and potassium
tetrakis(4-chlorophenyl)borate (KTChPB) are utilized
to enhance ISE sensitivity and selectivity while
decreasing membrane resistance (11). Various
ionophores such as calixarenes, crown ethers,
macrocyclic polyethers, cyclic tetrapeptides, and
thiophenes have been applied for the fabrication of
Cu?* and Fe3* selective ISEs (13). Previously
reported electrodes have drawbacks including
higher limit of detection or interferences from other
cations.

Porphyrins, which are a class
macromolecular compounds, can
ionophores for constructing
electrodes by grafting functional groups to the
porphyrin ring (14). Recently, Chen et al.
synthesized Gd-(5,10,15,20-tetrakis (4
carboxyphenyl) porphyrin to detect Fe3* using
colorimetric and fluorometric methods (15).
Although low detection limits were achieved with the
use of a polymer-based probe, their methods
require bulky instruments an UV-visible
spectrometer and fluorescence spectrometer, and
they are not suitable for online monitoring of Fe3*,
In addition, their assay showed a limited linear
range of 10% and 0.5x10°® mol L. In our study, a
new membrane consisting of Fe(III)
octaethylporphyrin chloride (CseH44CIFeNs4) as an
ionophore was used to develop low-cost and
disposable ISEs for the first time. Selectivity and
detection limits of the fabricated Fe3* and Cu?*
selective electrodes were improved due to the
optimization of membrane components including
lipophilic additives and plasticizers. The electrodes
had fast response time (<6 s) and showed
selectivity over various interfering cations. Also, the
Internet of Things (IoT) concept was tested for on-
site and simultaneous environmental monitoring of
Cu?* and Fe3* using our developed ISEs. The
sensing platform exploits the IoT approach to
transmit the data to smartphones through a cloud
service for the end-users. Furthermore, the
characteristics of the electrodes were compared with

of heterocyclic
be utilized as
cation-selective
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the previous literature reports. The developed multi-
analyte sensor is advantageous over various
methods due to their low-cost, fast response time,
ease of fabrication, and applicability for the
simultaneous quantification of iron and copper in
water samples.

EXPERIMENTAL SECTION

Reagents and Chemicals

All chemicals and reagents were of analytical grade
and utilized as received. Tetrahydrofuran (THF),
KTChPB, Fe (III) octaethylporphyrin chloride, high
molecular weight PVC and plasticizers, o-
nitrophenyloctyl ether (NPOE), dioctylsebacate
(DOS), dibutyl phthalate (DBP), dioctyl phthalate
(DOP) were obtained from Fluka (Bucks,
Switzerland). An 8B pencil graphite (2 mm, Koh-i
Noor) was purchased from a local store and used
without any pre-treatment. Ultrapure water (~18.2
MQ-cm, 25 °C, ELGA LabWater, UK) was utilized to
prepare all solutions of metal ions from their nitrate
salts. Sodium hydroxide and nitric acid solutions
with concentration between 0.1-1 mol L** were used
for adjusting solution pH.

Apparatus

The potentiometric measurements were conducted
using a portable multi-channel potentiostat
(sensitivity: + 0.1mV) connected a smartphone
through a WiFi module based on our previous study
(16). A Ag/AgCl electrode (MF2052 model, BASI)
was used as reference electrode (RE) during
electrochemical measurements. Solution pH was
tested with HI9126 (Hanna Instruments) portable
pH/mV meter. All measurements were carried out at
room temperature (25°C). Debye-Hiickel equation
was used to calculate the ion activity coefficients
(17). The weight loss of the membrane was
investigated as a function of temperature using a
thermal gravimetric analyzer (TGA-DTA, TA
Instruments, New Castle, DE, USA). Electrode
holders were 3D printed (Formlab, USA). Modified
electrodes and the Ag/AgCl electrode were mounted
onto the 3D-printed holder for electrochemical
measurements.

Procedure

To prepare membrane cocktails, the ionophore,
KTChPB and DOS, DBP, DOP or NPOE plasticizers
were dissolved in THF (18). The cocktail solution
was let evaporate at room temperature. 20 uL of
membrane cocktail was dropped on the surface of
each pencil graphite electrode and left at ambient
temperature for 2 h to allow the THF to evaporate.
Finally, the electrodes were equilibrated into a 102
mol L™ solution of each ion for 12 h before use. The
ion-selective electrodes along with Ag/AgCl
reference electrode were assembled using a
fabricated 3D-printed holder. The potentiometric
sensors and the reference electrode connected to
the multi-channel potentiostat were dipped into 10



Ozer T. JOTCSA. 2022; 9(1): 1-12.

mL of the test solution in an electrochemical cell to

ISE 1
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perform potentiometric measurements as shown in
Figure 1.

loT
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Figure 1: Schematic representation of the electrochemical measurement cell and diagram of the IoT data
acquisition process.

RESULTS AND DISCUSSION

To investigate the potentiometric behavior of the
electrodes towards different cations, the developed
electrodes were submerged into nitrate/chloride
solutions of corresponding cations, which were
adjusted to pH=3, for overnight. The slopes of the

corresponding potential values versus logarithmic
activity of ion plots exhibited much lower than the
Nernstian slopes excepting Fe3* and Cu?* ions,
respectively (Figure 2a and 2b). Therefore, Fe(IlI)
octaethylporphyrin  chloride was selected for
preparation of Fe3* and Cu?*-selective membranes.
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Figure 2: The EMF signals of (a) Fe3*-selective electrode (b) Cu?*- selective electrode towards different
ions.

Optimization of the Proposed Electrodes

The properties and component amounts for the
membrane have significant effect on the
performance of an ISE due to rapid interfacial
reaction of a target metal ion at the membrane-
aqueous interface. After various compositions of the
membrane were prepared, their potentiometric
responses were recorded as a function of primary
ions concentration. Ion-selective membrane was
prepared using (by weight) 0.3% KTChPB, 1%
ionophore, 65.8% plasticizer, and 32.9% PVC in

THF. DOS and NPOE were used as plasticizers for
preparation of iron-selective and copper-selective
membrane, respectively. 200 mg of the membrane
components were mixed in 2 mL of THF in a glass
vial and homogenized using an ultrasonicator for 5
min. The optimized membrane composition was
used to prepare the electrodes as presented in the
experimental section. Then, a Mututoya digital
micrometer (Japan) was used to measure the
thickness of the membrane and was found to be
0.20 = 0.09 mm.
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each ion (Figure 3a and 3b). Nernstian slope, which

The potential response values of the electrodes were is the function of different activity of analytes, is

recorded in different activities of Fe3* and Cu?*
solutions and a calibration curve was plotted for

shown as the slope of the calibration curve.
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Figure 3: Calibration curve of the solid-contact (a) Cu?* ISE and (b) Fe3* ISE. Each error bar represents
one standard deviation for three measurements.

For Fe3*-selective electrode, the membrane
composition (M5) including 1% ionophore, 65.8%
DOS, 0.3% KTChPB and 32.9% PVC showed a slope
of 20.7 mV/decade, which shows the ideal Nernstian
slope for trivalent ions, and a limit of detection
(LOD) of 1x107% mol L calculated from intersection
of two slope lines. The relationship between the
potential response of the Cu?*-selective electrode
consisting of membrane M7 and logarithm of ion
activity was linear from 1x107> mol L! to 1x10-!
mol L' with a slope of 31.2 mV/decade showing
Nernstian response and a LOD of 2x10°% mol L.
According to the results presented in Table 1, it was
observed that the presence of KTpCIPB in the
membrane enhanced the calibration curve slope.

The Donnan exclusion was improved by increased
amount of KTpCIPB to 30 mol% (19). Plasticizer
NPOE is suitable for ISEs for detection of divalent
ions (11). Moreover, a polymeric membrane
including more polar plasticizer, NPOE (g 24),
exhibited an increased potential response slope and
a lower detection limit for Cu?* compared to the
membrane consisting of PVC-DOS (g 4.8).
Similarly, better sensitivity and enhanced detection
limit were obtained using PVC-DOS membrane for
Fe3* detection compared to membranes containing
other types of plasticizers. According to these
results, it was observed that the composition of ion
selective membrane has significant impact on LOD
values and sensitivity of the electrodes.

Table 1: Composition and characterization of Cu?* ISE and Fe3* ISE having PVC:Plasticizer (1:2) Membrane
consisting of 1 wt % ionophore and KTChPB (mol %)

Cu?* ISE Fe3* ISE
KTChPB Slope Detection Slope Detection
Electrode (mol %)  Plasticizer (mV/dec) limit (mV/dec) limit
(mol L) (mol L)
M1 10 NPOE 27.3 7x10°© 17.5 6x104
M2 50 NPOE 35.4 1x10° 18.6 5x104
M3 10 DOS 23.1 3x107° 18.9 3.2x10°°
M4 50 DOS 27.3 5x10-° 18.5 1x10°°
M5 30 DOS 27.7 5x10 20.1 1x10°
M6 - DOS - - 15.2 5.4x10*%
M7 30 NPOE 31.2 2x10° 18.7 6.5x10°°
M8 30 DOP 26.5 1x10# 18.4 2.3x10*
M9 30 DBP 25.3 1x104 18.2 5x104
M10 - NPOE 20.6 6.2x10* - -

Effect of pH

4

The pH effect on the potentiometric response of the
electrodes was investigated at a fixed concentration
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(1x1073 mol L1) in the pH range between 1.0 and
8.0. The potential values are plotted in Figure 4a
and 4b. It was observed that the potential response
of the electrodes were constant at pH values in the
range of 1.5-3.5 and 2.0-4.7, which could be
considered as the working pH range of iron- and
copper-selective electrodes, respectively. Due to the
binding of H*/OH~, the potential changes might be
observed with high acidity or alkalinity of the

RESEARCH ARTICLE

solution. Potential responses were not independent
at pH lower than 1.5 and pH higher than 3.5
because of protonation of the ionophore and
formation of ferric hydroxide in the solution,
respectively. Similarly, change in equilibrium
potential below 4.7 and above 2.0 could be due to
hydrolysis of Cu?* resulting in formation of more H*
ions competing with Cu?* (20).
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Figure 4: pH effect of the solutions to the EMF signals of (a) Cu?* ISE and (b) Fe3* ISE.
Response Time, Repeatability, Reproducibility, electrodes repeatedly for real-time monitoring

and Stability of the Electrodes

Electrodes response times were recorded with the
time required to achieve 95% of final equilibrium
electromotive force (EMF) signal after successive
immersion of the test solutions within the
concentration from 1.0x10°% mol L' to 1.0x102 mol
L. The electrode response times were obtained as
6 s and 4 s for detection of Fe3* and Cu?*,
respectively (Figure 5a and 5b), which is suitable for
in-situ detection. The short response time of the
electrodes was the result of the fast exchange
kinetics between association and dissociation of ions
with the porphyrin derivative ionophore at the
membrane surface. It is necessary to obtain
consistent performance after utilization of the

water. Thus, the repeatability and reproducibility
tests (n=5) of the electrodes were performed in
1.0x103 mol Lt Fe3* and Cu?* solutions. While
RSDs (relative standard deviations) have been
calculated as 2.4% and 2.7% for repeatability of
Fe3* and Cu?* selective electrodes, respectively,
RSDs were found as 3.2% and 3.0% for
reproducibility of the electrodes. Moreover, long-
term stability of the electrodes were investigated
using same electrodes during eight weeks and the
calibration plot slopes were decreased by 5% and
7% for Fe3* and Cu?* selective electrodes,
respectively. Since the change were not significant,
they could be used during this period.
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Figure 5: Response time of (a) Cu?* ISE and (b) Fe3* ISE for step change in concentrations.

Interference Study

The interference effect of other cations to the
response of developed electrodes were investigated
since selectivity coefficient represent the ability of
the electrode to discriminate the target ion in the
presence of interfering ions. For determination of
the selectivity coefficients, the matched potential
method (MPM) was used (21). The potential
response (AE) value was recorded while the activity
of primary ions changed from an = 5x10~% mol L
to aa’ = 5%x1073 mol L1, Until the same AE was
obtained, 0.1 mol L™! solution of the interfering ion

(as) was added to primary ion solution. The values
of the sensor selectivity coefficient are evaluated
using the equation (Equation 1) and presented in
Table 2.

Kas= (@'a-aa)/as (1)
It can be seen in Table 2 that interferences with
metal ions including Na*, K*, Mn?*, Zn2*, Ni?*, Co?*
Fe2*, and Cr3* are negligible for the developed
electrodes since the selectivity coefficient values
were lower than 1 (22).

Table 2: Potentiometric selectivity coefficients of the developed ISEs.

Log Ki;* Log Ki;?
Ion Cu?* ISE Fe3* ISE
Na* -3.6 -4.3
K* -3.8 -4.4
Mn?2+ -2.8 -2.4
Zn%+ -2.5 -2.4
Fe2*+ -3.0 -3.2
Cu?* - -3.5
Ni2+ -2.8 -2.9
Co?* -2.7 -2.2
Fe3+ -3.5 -
Cr3+ -4.5 -3.1

3Average value obtained from the three corresponding pairs of concentrations of Cu?*, Fe3* and the

respective interfering cation.

Thermogravimetric Analysis

The results of the thermal analysis of the
PVC/ionophore/NPOE and PVC/ionophore/DOS
membranes are presented in Figure 6a and Figure
6b, respectively. Weight loss of the membranes
started to be seen at 293 and 295 °C, respectively.
At temperatures which the initial mass loss was
observed, the loss of mass was equal to 11.68%
and 14.59% for the slow decomposition of the
material in the TGA measurement. The inorganic
contents of the component underwent degradation

based on the curve which was at 455°C onwards. A
single large peak was found at ~295°C, which
indicate the exothermic reaction in the composite in
the DTGA curve (Figure 6b). The thermal
decomposition of the polymeric membrane showed
the similar general weight loss pattern to the
reported values of 200-350 °C and 450-600 °C
(23). These results include that the membranes are
thermally stable and can be used at higher
temperatures.
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Analytical Applications

10 mL aliquot samples of tap water were spiked
with standard Fe3* or Cu?* solutions at pH=3. For
each increment, the concentration of Fe3* or Cu?*
sample solution was calculated using the change in
potential responses (mV). Next, the environmental
water sample was used for application of the
developed sensing platform integrated with WiFi to
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electrodes were utilized to determine Fe3* and Cu?*
ion concentration in spiked tap water with standard
addition method (Table 3). There were no significant
differences between the determination results of the
developed electrodes. Since the results obtained
using Fe3*-ISE and Cu?*-ISE are in good agreement
with added values, the proposed methodology has
great promise for accurate and simultaneous

an IoT based web server (ThingSpeak.com) and the quantification of Fe3* and Cu?* ions in water
real-time data was validated with standard addition samples.
method and exhibited in Table 3. In addition, the
a
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Figure 6: TGA spectra of (a) PVC/ionophore/NPOE and (b) PVC/ionophore/DOS up to 800 °C in nitrogen

atmosphere.



Ozer T. JOTCSA. 2022; 9(1): 1-12.

RESEARCH ARTICLE

Table 3: The results for the simultaneous detection of Cu?* and Fe3* in water samples using developed

ISEs.
Cu?* ISE Recovery Fe3+ ISE Recovery
Sample Added (measured (%) (measured (%)
(umol value, pmol L- value,
L) D) pmol L1)

Tap water 1 10 10.06%0.09 100.6 10.08+0.09 100.8

Tap water 2 20 20.3+0.1 101.5 19.9+0.1 99.5
Tap water 2 50 49.3+0.1 98.6 50.1+0.2 100.2

Environmental 50 49.40+0.1 98.8 49.8+0.2 99.6

water

Comparison of the Fe3* and Cu?* Ion-Selective
Electrodes with other ISEs

The response characteristics of other Fe3* and Cu?*-
ISEs in the literature ions are compared with the
proposed electrodes in Tables 4 and 5.
Consequently, the developed electrodes for
detection of Fe3* and Cu?* ions show better LOD and
wider linear concentration ranges compared to the
most of previous works.

CONCLUSION

It is important to detect metal ions in environmental
samples to protect human health and ecosystem.
The routine analysis of iron and copper are typically
performed using bulky instruments such as atomic
absorption  spectroscopy, inductively coupled
plasma-optical emission spectrophotometry,
inductively coupled plasma mass spectrometry, and
spectrophotometry, which require trained personnel
to operate, large amount of samples/reagents and
transportation of samples to the laboratory. On the
other hand, the electrochemical sensors integrated
with IoT provide autonomous decisions along with
the obtained data, allowing rapid response time of
sensing platforms in a user-friendly manner. The

utilization of smart technology is crucial for in-field
applications of environmental samples.

In this study, a new low-cost IoT-based sensing
platform using disposable pencil graphite electrodes
is developed for simultaneous and sensitive
detection of Fe3* and Cu?* ions. Fe (III)
octaethylporphyrin chloride was used as ionophore
for the polymeric membrane Fe3*-ISE and Cu?*-ISE
for the first time. The membrane components were
optimized and resulted in improved Nernstian
responses towards Fe3* and Cu?*, slope of 20.7
mV/decade and 31.2 mV/decade with LOD of 1x10°°
mol L' and 2x10% mol L, respectively. The results
demonstrate that the fabricated ISEs are able to be
employed in a pH range of 1.5-3.5 and 2.0-4.7 for
Fe3* and Cu?* ions respectively, with rapid
response, good reversibility, and a long-time
stability. The electrodes had no interference in the
presence of common ions. High thermal membrane
stability was observed in TGA studies. Furthermore,
the ISEs were successfully used to detect Fe3* and
Cu?* in spiked and real water samples with good
recoveries. The proposed system is suitable for real-
time monitoring of Fe3* and Cu?*ions in water.



Table 4: The developed Fe3*-selective electrode compared to other electrodes in the literature.

Ionophore Linear Range (mol L') LOD (mol L) Response time pH range Ref.
(s)
1) Phosphorylated Calix-6-Arene 1.0x1072- _5 _
Derivative 1.0x10~# 1.0 x 10 > 4.0-7.0 (24)
2) norfloxacin 1.0x101- 1.0x10° 5.0x10° 10 3.0-8.0 (25)
3) morin-Fe?* schiff-base complex  1.0x107%- 1.0x10° 4,5x107 <10 5.0-10.0 (26)
4) Iron (II) Phthalocyanines 1.0x10°%- 1.0x10° 1.8x107 <7 3.5-5.7 (18)
5) Iron(III) phosphate and silver 1.0x1072- 3.97x10° 2.41x10° Not tested 1 (27)
sulfide
6) Fe(III) octaethylporphyrin 1.0x10°t- 1.0x10°° 1x10° 6 1.5-3.5 This work
chloride
Table 5. The developed Cu?*-selective electrode compared to other electrodes in the literature.
Ionophore Linear Range (mol L'*) LOD (mol L') Response time pH range Ref.
(s)
1) 1-ethyl-3-methyl imidazolium chloride 1.0x10!-1.0x107 3.2x10°8 5-10 2.5-6.0 (28)
2) Rhodamine 6g 1.0x102- 4.3x107 4.3x107 15 4.0-7.5 (3)
3) phenanthroline-tetraphenyl borate 1.0x102-1.0x10° 1.0x10° 8 3.8-5 (29)
4) thiohydrazone and thiosemicarbazone 1.0x102- 1.0x10 2.5x10° 2-18 - (30)
ligands
5) cyclic tetrapeptide derivatives 1.0x102- 3.1.0x10° 2.1x10° <15 4.5-7 (31)
6) Fe (III) octaethylporphyrin chloride 1.0x10%-1.0x105 2x10° 4 2.0-4.7 This work
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Abstract: Metabolic syndrome (MetS) is a combination of several different metabolic disorders and
considered one of the major public health problems worldwide. The underlying causes of MetS include
being overweight and obesity, physical inactivity, and genetic factors. We aimed to examine the alterations
in the levels of biomarkers of oxidative stress, activities of antioxidant defense enzymes, and metal
contents of the liver in rats with MetS. Rats in control and MetS groups were fed with standard rat chow-
drinking water and standard rat chow - 32% sucrose solution (instead of drinking water) ad libitum for 16
weeks, respectively. Following the confirmation of MetS, antioxidant enzyme activities and
malondialdehyde (MDA), 3-nitrotyrosine (3-NT), phospho-Akt (pSer473) levels were measured in the
homogenates of the liver. Distributions of elements in the liver were also analyzed. The stained hepatic
tissue slides were examined by light microscopy. The activities of catalase and glutathione-S-transferase
were significantly decreased in MetS-group (about 15% and 29%, respectively) compared to the control
group, while the glutathione reductase activity and MDA and 3-NT levels were significantly increased (as
the levels of 78%, 26%, and 67%, respectively) (p<0.05). The hepatocytes in the MetS group showed
mild diffuse microvesicular steatosis. Furthermore, Cu, Fe, and Mn levels were significantly high in MetS-
group while Zn level was significantly low compared to the control group. Our results showed increased
oxidative stress, impaired antioxidant defense enzyme activities, and altered metals’ metabolisms which
may have an important role in the pathogenesis of MetS.
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INTRODUCTION disease (1). MetS affects a significant percentage of
the population and is increasingly more prevalent in
Metabolic syndrome (MetS) is a cluster of metabolic developing countries, such as Turkey, where the
conditions, such as insulin resistance, abnormal prevalence was 26.8% in men and 38.3% in women
glucose tolerance, abdominal obesity, hypertension, in 2018 (2).
hypertriglyceridemia, hyperinsulinemia, hyper low-
density lipoproteins, prothrombotic and/or pro- The pathogenesis of MetS is very complex and the
inflammatory states. Those are accepted risk factors underlying mechanisms of how the risk factors are
that increase the incidence of type 2 diabetes affecting are not known very well yet. Imbalance of
mellitus (T2DM), non-alcoholic fatty liver disease oxidant/antioxidant status may play a key role in its
(NAFLD), cardiovascular disease (CVD), and renal manifestations (3,4). Oxidative damage is resulted
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from oxidative stress and disrupts redox signaling.
The levels of biomarkers which are oxidative
damage products from lipids, proteins and DNA are
often measured for determination of the status of
oxidative stress (5). The malondialdehyde (MDA)
and 3-nitrotyrosine (3-NT) are the main products of
oxidative damage of lipids and amino acids,
respectively. Modification of protein tyrosine can
result in changes of protein structure, function, and
catalytic activity. The formation of reactive oxygen
or nitrogen species (ROS or RNS) and reparation of
oxidative damage in cells can be controlled by the
antioxidant system that consists of non-enzymatic
and enzymatic antioxidants (6). Superoxide
dismutase (SOD), catalase (CAT), glutathione
reductase (GR) and glutathione peroxidase (GPx)
are the antioxidant enzymes. SOD is a
metalloenzyme containing Cu/Zn in cytosol or Mn in
mitochondria catalyzes the formation of hydrogen
peroxide from the superoxide anion radical. CAT is
also a metalloenzyme containing Fe catalyzing the
decomposition of hydrogen peroxide to molecular
oxygen and water. GR catalyzes the reduction of
glutathione disulfide (GSSG) to glutathione (GSH)
by the NADPH-dependent mechanism and plays a
critical role in GSH metabolism. GPx containing Se
plays an important role in the reduction of hydrogen
peroxide and peroxide radicals. Glutathione S-
transferase  (GST), that is important for
detoxification of oxidative products of oxidative
stress, catalyzes the conjugation of GSH to
xenobiotic substrates for the cellular detoxification
and excretion (7).

The major tasks of the liver include maintaining
systemic glucose and lipid homeostasis through a
complex hormonal system, control of transcription
factors and signalling pathways. Moreover, it is
especially susceptible to the damage of oxidative
stress (8). Akt (PKB) is a serine/threonine-specific
protein kinase and plays an important role in cell
growth, survival, proliferation, and metabolism (9).
Furthermore, Akt signaling plays a central role in
insulin-stimulated glucose uptake in both muscle
and adipose tissue in that time it inhibits glucose
release from hepatocytes (10). Akt can affect
further processes associated with MetS and its long-
term consequences.

Experimental animal models mimicking the disease
state in humans are very important to evaluate the
pathophysiology of MetS in human. Genetic
modification, drugs and dietary manipulation were
used to induce MetS in animal models in many
pieces of research (11). Diet affects whole-body
metabolism so a single type of diet (high-sucrose,
high-fructose or high-fat) or a combination of diets
(high-sucrose/high-fat or high-fructose/high-fat)
were used to induce MetS. Rat model that is the
most used to investigate metabolic diseases displays
the closest criterion to human MetS was induced by
diet.
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In some studies of MetS in humans, metal levels
have been measured in biological samples such as
whole blood, plasma, serum, and urine (12-15).
Animal model studies are also important to
determine possible changes in metal levels in
different organs or tissues as early and direct
indicators of many syndromes. The roles of the
metals, antioxidant enzymes and products of ROS
and RNS in MetS are not clear yet. In the literature,
there were different experimental studies related to
the MetS in which CAT and SOD activities, MDA or
some metals status in serum, liver, or other tissues
were measured (16-21). However, all above
mentioned parameters and additionally GPx, GR and
GST activities and 3-NT and phospho-Akt (pSerd73)
levels in the liver were not evaluated
simultaneously. This study will contribute to the
more accurate explanation of the mechanisms
related to MetS in the liver. To the best of our
knowledge, there is not any similar experimental
study in the literature that determine all the above-
mentioned parameters in the liver of male Wistar
rats in which MetS is induced with a 32% sucrose
solution. In the present study, we aimed to
investigate the possible association between MetS
and the altered antioxidant status in terms of
enzymatic activities, the levels of oxidative stress
biomarkers, and morphological changes of hepatic
tissue and to assess the levels of metals in the liver
of rats with sucrose induced MetS.

MATERIALS AND METHODS

Experimental Animals

In this study, 2-month-old male Wistar rats (n=16)
were randomly separated into two groups: control
(n = 6); and MetS (n = 10). Initial bodily weight of
the rats was approximately 200-220 g in each
group. They were kept on a 12-light/12-h dark cycle
at 20 £ 2 °C, 30-70% humidity. All experimental
procedures approved by The Local Ethics Committee
on Animal Experiments of Ankara University (2019-
5-50) and they performed according to institutional
guidelines.

Induction and Validation of Mets in Rats

Rats in the control group were fed with standard rat
chow-drinking water and in the MetS group they fed
standard rat chow-32% sucrose solution ad libitum
for 16 weeks. Bodily weight of each animal was
recorded at the beginning of experimental studies
then at the end of 16 weeks. Glucose tolerance and
insulin resistance tests were made for control and
MetS groups at the 16™ week. Fasting blood glucose
and serum insulin levels were measured in blood
samples were taken from the tail vein, using a
glucometer (Accu-chek Nano Performa, Roche,
Mannheim, Germany) and an insulin (rat) enzyme
immunoassay kit (A05105; SPIBIO, Montigny le
Bretonneux, France), respectively. Homeostatic
Model Assessment for Insulin Resistance (HOMA-IR)
was calculated according to the formula: fasting
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insulin  (pU/L) x fasting glucose (mmol/L)/22.5
(22).

The oral glucose tolerance test (OGTT) was
performed to rats fasted for 12 h. Glucose solution
(40% (w/v)) was loaded into the stomach by a
gastric catheter at a dose of 2 g/kg bodily weight of
rats. Blood glucose and serum insulin levels were
measured at 0, 15, 30, 60, and 120 min after
glucose loading and results were calculated from the
area under the curve (AUC) of insulin and glucose.

Harvesting of the Liver and Preparation of the
Tissue Homogenate

Rats were sacrificed after intraperitoneal injection of
pentobarbital sodium (30 mg/kg) and then the livers
were immediately excised. Some small pieces of the
hepatic tissue samples were fixed in 10% formalin
for histomorphological examination and remaining
parts were stored at -80 °C until using for
biochemical analysis.

The liver homogenates were prepared according to
our previous study (16). The homogenates were
centrifuged at 10,000 g (Hettich Universal 30 RF,
Tuttlingen, Germany) for 30 min at +4 °C. The
supernatants were separated from precipitates then
their protein concentrations were determined
according to Lowry et al. by using bovine serum
albumin solution as a standard (23). Before
measuring SOD, CAT, GPx, GR and GST activities,
the protein concentrations of supernatants were
adjusted to 1 mg/mL.

Determination of MDA, 3-NT, and Phospho-Akt
(pSer473) Levels

The MDA level was assessed according to the
method of Buege and Aust (24). The results were
given as pmol MDA per milligrams of protein in

supernatants. For determination of 3-NT and
phospho-Akt (pSer473) levels in the liver ELISA
(Enzyme linked immunosorbent assay) Kkits

(ab116691, Abcam and RABO0011, Sigma-Aldrich)
were used according to the manufacturer’s
instructions. The relative amount of phospho-Akt
(pSer473) was calculated in the MetS group as
compared to the control group.

Determination of SOD, CAT, GPx, GR, and GST
Activities

SOD, CAT, GPx, GR and GST activities were
determined according to Sun et al. (25), Aebi (26),
Paglia and Valentine (27), Carlberg and Mannervik
(28) and Habig et al. (29) by spectrophotometric
means, respectively. One SOD unit was defined as
the amount of enzyme that inhibits the rate of nitro
blue tetrazolium (NBT) reduction by 50%. The CAT
activity was expressed as pmol of H.0, decomposed
per mg protein per minute. The GPx and GR
activities were expressed as nmol oxidized NADPH
per mg of protein per minute. The GST activity was
given as nmol 1-chloro-2,4-dinitrobenzene (CDNB)-
glutathione conjugate per mg protein per minute.
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Light Microscopic Examination

The hepatic tissue samples were fixed in 10%
formalin for 72 h and dehydrated for paraffin
embedding. The paraffin piece was cut into sections,
at 5 pym thickness using a microtome, then they
were stained with hematoxylin and eosin (H&E).
Slides were examined and photographed with the
Olympus BX 53 light microscope (Olympus Corp.,
Tokyo, Japan).

Determination of Metallic Levels in the Liver
The weighed liver samples were dried at 105 °C for
120 h, then dried tissues were digested with a
HCIO4/HNO3 (1:2; v/v) acidic mixture at 100 °C for
5 h. The levels of Ca, Cu, Fe, Mg, Mn, and Zn were
determined using inductively coupled plasma optical
emission spectrometry (ICP-OES; Optima 2100 DV;
Perkin Elmer, Shelton, CT, USA) and pg elements
per gram of dry tissue were calculated.

Statistics

The Sigma Plot software for Windows version 12.0
(Systat Software, San Jose, CA, USA) was used for
the statistical analysis of the results. The results are
given as mean = standard deviation (SD). Statistical
significance was evaluated using one-way ANOVA
followed by Duncan’s post hoc test for comparisons
between groups. A p-value<0.05 was considered to
be statistically significant.

RESULTS AND DISCUSSION

Bodily weight, fasting blood glucose, plasma insulin,
OGTT levels, and HOMA-IR score were measured in
both control and MetS groups as indicators of MetS.
As shown in Figure 1 (a-b), sucrose administration
caused significant (p<0.05) increases in the
following parameters: bodily weight (15%) (a),
fasting blood glucose (43%) (b), serum insulin level
(80%) (c), HOMA-IR score (162%) (d) and OGTT
level (51%) (e). These results indicate that the

metabolic syndrome was successfully induced in
rats.
As shown in Figure 2, MDA and 3-NT levels

determined in the hepatic tissue from the MetS
group were significantly higher than those of the
control group as 26% and 67%, respectively (a and
b). The phospho-Akt (pSerd473) level of the MetS
group was similar that of the control group (Figure
2c). The elevated levels of MDA and 3-NT together
with observed mild diffuse microvesicular steatosis
could be associated with hepatic fibrosis and
mitochondrial dysfunction, which represent critical
initiating events for the development of NAFLD in
the liver of MetS-rats (15,17). In the literature,
some studies reported that the increased 3-NT was
related to steatosis in the liver which may indicate a
possible involvement of peroxynitrite in the
development of MetS complications (18,30). In the
present study, the level of phospho-Akt (pSer473)
did not change significantly in the liver of rats with
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MetS compared to that of controls. Although the
difference was not significant, however, a tendency
to increase may be noted in the MetS group. In the
literature, increased basal phospho-Akt (pSer473)
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level was associated with decreased mitochondrial
production and increased ectopic fat accumulation
and oxidative stress in the liver of mice under the
high-fat-diet was reported (31).
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Figure 1: Bodily weight (a), fasting blood glucose concentration (b), plasma insulin level (c), HOMA-IR
score (d), OGTT level (e) in control (Con) and metabolic syndrome (MetS) groups. *p<0.05 vs. Con group.
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Figure 2: The levels of MDA (a), 3-NT (b), phospho-Akt (pSer473) (c) in the liver of control (Con) and
metabolic syndrome (MetS) groups. *p<0.05 vs. Con-group.

The activities of SOD and GPx in the hepatic tissue
were found similar in both MetS and control groups
(Figure 3a and 3b). However, the CAT and GST
activities were significantly low in the MetS group as
a level of 15% and 29% when compared to the

16

control group, respectively (Figure 3c and 3d). On
the other hand, the GR activity was significantly
high in the MetS group (by 78%) than that of the
control group (Figure 3e). In this study, decreased
CAT, GST activities and increased GR activity
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demonstrated oxidative stress in the MetS group.
The change of antioxidant enzyme activities can be
explained with (i) increasing of ROS and RNS
production (20), the enzymes nitration (21), and
the glycation products (3) (ii) reduced antioxidant
capacity and (iii) increasing or decreasing the
enzymes expressions (8, 32). Increased GR activity
also indicated that GSH metabolism was affected
from MetS. In our previous study, activities of SOD,
CAT, GPx, GR were all significantly decreased in the
masseter muscles of rats with MetS (16). These
results demonstrated that the effects of MetS on
different tissues varied depending on the metabolic
functions of the tissues. In the literature, there were
different results regarding changes in antioxidant
enzyme activities in rats with the MetS group.
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Nestorov et al. reported an increased expression of
Mn-SOD but the lack of correlation between Mn-
SOD activity and its protein level due to inactivation
of the enzyme by glycation (33). However, Rubio-
Rubiz et al. reported decreased SOD activity in the
liver of rats with MetS (34). Moreover, Jarukamjorn
et al. reported that mRNA expression and enzymatic
activity of SOD, CAT, and GPx were increased in the
liver of mice fed with the high-fat high-fructose diet
for 2-8 wks (35). Al Mamun et al. reported
decreased CAT and SOD activities in the liver of
high-carbohydrate/high-fat (HCHF) diet-fed rats
(36). Although hepatic tissue with MetS was
investigated, different diet, age, and animal models
that were used in these studies made it difficult to
compare the results directly.
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Figure 3: Antioxidant enzyme activities determined in the hepatic tissues from metabolic syndrome (MetS)
group compared to the control (Con) group. SOD (a), GPx (b), CAT (c), GST (d) and GR (e) activities.
*p<0.05 vs. Con group.

Hepatic parenchyma in the control group was
consisted of stacks of anastomosing plates of
hepatocytes, which were one cell thick and were
separated by sinusoidal capillaries. Hepatocytes,
with  vesicular nucleus and the hepatocyte
cytoplasm, were seen normal. Sinusoidal capillaries,
the vascular channels between the plates of
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hepatocytes, perisinusoidal spaces, the central vein,
the portal areas with hepatic artery, portal vein, and
the bile duct were seen normal (Figure 4a and 4b).
However, hepatocytes in the MetS group showed
mild diffuse microvesicular steatosis (Figure 4c and
4d).
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Figure 4: Control Group (4a and 4b). Metabolic Syndrome Group (4c and 4d). Hepatocytes (black arrows),
sinusoidal capillaries (arrow heads), central veins (CV), portal veins (P), hepatic arteries (white arrows) and
the bile ducts (*) are seen. Microvesicular lipid storage is indicated (empty arrows). Bars: 100 pm(4a and
4c) and 50 um (4b and 4d).

Table 1: Levels of metals in the hepatic tissues of rats.

Name of the Metals

Metals Levels (pg/g dried tissue)

Con Group MetS Group
Ca 40.7+£26.5 55.0+47.1
Cu 4.4+0.9 5.6£1.6*
Fe 269.1+95.1 356.6+126.2*
Mg 269.3+42.7 288.8+56.4
Mn 0.4+0.3 3.0+£0.8**
Zn 42.4%£6.3 35.9+8.6%*

The male Wistar rats in the group that had metabolic syndrome (MetS; n=10 rats) induced with a high-
sucrose diet by comparison with the normal control (Con; n=6 rats) group. Data are presented as
mean+SD. *p<0.05 and **p<0.01 compared with the Con group.

As shown in Table 1, the levels of Ca and Mg were
similar among these two groups. However, the
levels of Cu, Fe, and Mn determined in the hepatic
tissues were significantly high in MetS group
compared to the control group as 1.3, 1.3 and 7.0-
fold, respectively. The level of Zn was significantly
low in MetS group compared to the control group. In
our study, elevated Cu, Fe, and Mn concentrations
were indicated that MetS significantly related to
their status in the liver of rats and they could lead
to changes in the balance of oxidant/antioxidant
status. The increased Cu and Fe levels in the liver of
rats with MetS support the increased oxidative
stress. Because Cu and Fe as redox-cycling metals
are involved in the formation of ROS; the catalytic
function of Fe?*/Fe3* and Cu*/Cu?* in Fenton
reactions mediated generation of hydroxyl radical
from H202 should be mentioned. As a result of
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Fenton reactions, H:02 concentration may be
reduced and this may be another factor in the
reduction of CAT activity in the liver of rats with

MetS. Increased Mn level may disrupt normal
mitochondrial function by altering membrane
permeability, inhibiting ATP production, and

increasing ROS (37). In the liver, formation of
oxidative stress, alteration of enzymatic antioxidant
defense systems, and significant changes in metal
metabolism may be the cause of insulin resistance
by interfering with the ability of insulin to suppress
hepatic glucose production. This may result in
mitochondrial dysfunction with time and finally,
cause MetS. In our previous study, we found that
Cu level increased in the masseter muscle of rats
with MetS while Fe and Mn levels were like those of
controls (16). In the literature, increased Fe and Cu
levels and decreased Mn and Zn levels were
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reported in liver of rats fed a high carbohydrate-
high fat diet for up to 16 weeks (38). Flores et al.
reported the increased Cu level in serum and urine
in T2DM patients as a result of the possibility of
removing Cu from tissues (13). However, decreased
plasma Cu level in a subject with MetS was reported
by Parades et al. (14).

CONCLUSION

Our data have shown that the activities of
antioxidant defense enzymes such as CAT and GST
were significantly low in the liver of MetS-rats than
that of control rats, although the levels of MDA and
3-NT were significantly high in the liver of MetS-
rats. However, the GR activity in the liver of MetS-
rats was markedly high in that group compared to
that of control rats. The light microscopy analysis of
the livers showed mild diffuse microvesicular
steatosis in the MetS group. Furthermore, the tissue
levels of Cu, Fe, and Mn were significantly high in
MetS group while Zn level was significantly low
compared to the control group. The impaired
carbohydrate, lipid, metal and glutathione
metabolisms may have important roles in the
pathogenesis and progression of MetS. Increased
Cu, Fe and Mn levels and decreased Zn level may
also play an important role in imbalance of
oxidant/antioxidant status in the liver of rats with
MetS. Considering oxidative stress as signaling
markers for any dysfunction of organs in certain
circumstances, its control signifies a rational
curative strategy to prevent and cure hepatic
diseases in MetS.
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Abstract:

lighting applications.

Downconversion processes which include visible and near-infrared luminescence at high
energy excitation have been investigated in Yb3**/Pr** doped TeO,-ZnO-BaO glasses. The decrease of
the DC emission intensities of Pr** ions with increasing mol% amount of Pr** ions is attributed to the
concentration quenching. The CIE chromaticity coordinates of the perceived emission of Pr** ions
shifted from orange to the red region depending on the increase in the pumping power. Consequently,
Yb3*/Pr** doped Te0,-ZnO-BaO glasses could be used as functional optical materials for solid-state
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INTRODUCTION

Downconversion (DC), which is known as Quantum
Cutting (QC), is a frequency conversion process
that a photon at higher energy is cut into two
photons at lower energy. This physical energy
conversion process has represented by Dexter in
the 1950s (1). Energy conversion processes play
an important role in studies on rare earth (RE) ion
doped materials for assorted areas, for instance,
lighting technology, solar cells, optical amplifiers,
and solid-state lasers (2-5). Among the RE ions,
Pr3* ions can exhibit multi-photon emission under a
high energy excitation, as an instance of
downconversion (6). Besides, the luminescence
performance of Pr®* ions can be enhanced by
contributing the ideal rate of Yb?*' ions as an
acceptor in the energy transfer (ET) processes
between both ions (7). Therefore, Yb** ion provides
a phonon-assisted non-resonant energy transfer.
Also, the phonon structure of the material is
important due to the achievement of efficient
phonon-assisted energy transfer (8).
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Tellurite glasses have common usage in optical
fibers, mid-infrared laser applications, and optical
sensors (9-11) due to having attractive features
such as wide transmission frame, high refractive
indices, lower melting temperature, high thermal
stability against crystallization, good chemical
durability, high devitrification resistance, low
phonon energy, and high RE ion solubility (12,13).

With modifier oxides (ZnO, BaO, GeO, Nb.Os, and
B.0s, etc), the physical properties of tellurite-based
glass materials can change. Among them, ZnO
indicates that a decrease in the optical band gap,
glass density, and thermal stability, whereas an
increment in the refractive index, crystallization
temperature (T.), and glass transition temperature
(Tg) (14,15). BaO also provides higher T4, thermal
stability, transmission spectra, and the cross-
linking network density to glass materials (16,17).
Additionally, high BaO concentrations in the Er3*
doped phosphate glasses give rise to intense red
and near-infrared (NIR) emissions (18).

The studies on Pr** and Yb*/Pr’* doped glass
materials are available in the literature. In the
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studies on Pr** doped Te0,-Sb,0;-WO; and TeO,-
ZnO-YFs-NaYF, glass systems, it is seen that the
luminescence intensities of Pr3* doped glasses
increase with increasing Pr®* concentration up to
1.0 mol%, and then decrease over the 1.0 mol%.
This decrement is proposed to be due to
concentration quenching (19,20). The emission of
Pr3* ions around 910 nm corresponding to 3P, - ‘G4
transition decreases down to zero at 6 mol% Yb?3*
jon concentration, and 2Fs; 2F,, emission
intensity at 978 nm of Yb*" ions decrease by
increasing Yb®' ion concentration due to the
reabsorption process of Yb%* (21). The range of
1050 nm emission of Pr** ions which is attributed
to 'D, — 3Fs4 energy transition as an occurrence by
the cross-relaxation process of Py + *Hs — *He +
D, in Yb3*/Pr3* co-doped Si0,-Nb,0s
nanocomposites had been reported (22). The
energy transition from 2Fs;, level to *F;, level of
Yb3* ion can be observed at around 1020 nm as
seen in our results due to the cross-relaxation
between Pr3* and Yb3* ions correspond to 3Py + 2F72
- G4 + ?Fs2 (23). Rajesh et. al. reported that the
emission intensity of Yb3*: 2Fs, — 2Fy, transition
decreased with increasing Yb** ion concentration
due to the back energy transfer process from 2Fs;
level of Yb®*" to 'G, level of Pr** ions (24). Marcos P.
Belangon et. al. was investigated the 612 and 645
nm emissions of Pr3* doped TWNN glasses at lower
and higher Pr3* concentrations and obtained
stronger 645 nm and weaker 612 nm emissions at
high Pr** concentration due to hypersensitive 3Py -
3F, transition of Pr®* ions (25). Seshadri et al.
proposed that the Yb3*'/Pr** co-doped TBZLN
glasses are good candidates for photonic devices
due to their yellow-orange emissions (26). V.
Himamaheswara Rao et.al observed the orange
color on Pr?** ions doped TeO,-Sb,0;-WO; glasses
(27). Furthermore, reddish-orange color was
observed on the Commission International de
L'Eclairage (CIE, France) chromaticity system
under 445 nm excitation in Pr** doped ZnO-
Na.C0s-Bi-03-B,0; glasses which are applicable
materials for lighting devices (28).

—

Apart from these studies in the literature, in our
study, the DC and tunable color properties of Yb3*
and Pr** ion-doped Te0,-ZnO-BaO (TZB) glasses
under 439 nm laser excitation were examined and
discussed.

MATERIALS AND METHODS

Yb3*/Pr3* ions doped TZB glasses were produced by
melt quenching which is the traditional technique
for fabricating the glass materials. The powder's
purities of oxides are 99.995% TeO. and 99.999%
BaO by Sigma Aldrich; 99.999% ZnO, 99.9%
Pr.0s;, and 99.99% Yb,Os; by Alfa Aesar. The mol
percent values of the oxide powers are (76-x)% for
tellurium dioxide, 16% for zinc oxide, 5% for
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barium oxide, x% for praseodymium oxide, and
3% for ytterbium oxide. The x values of
praseodymium oxides are chosen as 0.075 and
0.15 mol and the glass samples are labeled as
TZBYP1 and TZBYP2 respectively.

The oxide powders whose amounts were defined
and mixed in an agate mortar. The melt of the
mixture was obtained in the furnace at 950 °C for
1 h. The molten mixture was poured from a
platinum crucible into a stainless-steel mold. To
abate the inner stress, the melt was heated at 150
°C in the stainless-steel mold and kept for 30
minutes. After manufacturing, transparent TZBYP
glasses were prepared for the optical analyses.

The absorption spectrum of the samples was
obtained through A Perkin Elmer Lambda 35
UV/VIS Spectrophotometer at room temperature.
The analysis of photoluminescence spectra of the
glasses was done via an SP2500i monochromator
from Princeton Instruments. To define the emission
intensities of the samples, a SI 440-silicon detector
from the Acton series was used. A CNI MDL-H-975
model continuous-wave diode laser was used to
excite the glass samples. The pump power applied
on the glass samples was determined through a
FieldMaxII - TOP power meter from Coherent. To
specify the chromaticity coordinates of the
luminescence of the samples, an AsenseTek
Lighting Passport Model illuminance meter was
used.

RESULTS AND DISCUSSIONS

Absorption Spectra

Figure 1 illustrates the absorption spectra of TZBYP
glasses in the range of 400-1100 nm. In the
spectra, four absorption peaks are observed at
435, 445, 485, and 628 nm wavelengths
correspond to the ground level (°H4) excitation to
the 3P,, Py, 116, °P, and 'D, excited energy levels
of the Pr3* ions, respectively. Additionally, the
broad absorption band of Yb*" ions is observed
around 1065 nm due to the 2F;, — ?Fs;; transitions.
Moreover, as seen in the spectra, there is a rise in
the absorption band peaks depending on the
increasing concentration of Pr3* ions.

Photoluminescence Characteristics

Figure 2 indicates the DC luminescence intensities
of two glasses between 400-1100 nm wavelengths.
As seen in Figure 2, the peaks of down-converted
emissions of Pr** ions centered around 497, 530,
542, 597, 617, 647, 686, 708, and 732 nm at the
visible region, and 886 nm at the NIR region.
These peaks correspond to the 3Py — 3Ha4, 3P; — 3Hs,
3P0 N 3H5, lD2 N 3H4, 3P0 N 3H6, 3P0 N 3F2, 3P1 N 3F3,
3P, - 3F4, 3Po — 3F4 transitions at the visible region
and 'D; 3F, transition at the NIR region,
respectively. Also, the emission observed around

-
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the 1020 nm is due to Yb3*: 2Fs, — %Fy, transitions.
The spectral output of the glasses indicates that
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decreased with increasing mol% of Pr** ions on
account of the concentration quenching.

the down-conversion emission intensities
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3
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Figure 1: Absorption spectra of TZBYP glasses in 400-1100 nm range.
ut Xem: 439 nm
1 P_:336mW
| mn_ exc
——TZBYP1
- —— TZBYP2
©
A
(7)) -
cl -
-Iq-", T 2 S
S+ ) 5
| & 17 8
L =% v
< 2
500 600 700 800 900 1000 1100
A (nm)
Figure 2: Down-conversion emission intensities depending on the Pr3* concentration.
The DC luminescence intensities of the TZBYP process. The number of photons (n) was calculated

glasses were investigated as the function of the
pumping power to explain the DC energy transfer
process. Figures 3 and 4 (a) represent the DC
emission behaviors of the TZBYP1 and TZBYP2
glasses at various pump powers. As clearly seen in
Figures 3 and 4 (a), the emission intensities of
both glasses increased with an increasing 439 nm
laser pumping power. The plots of the emission
intensities versus the pumping powers in the
logarithmic scale are demonstrated in Figures 3
and 4 (b) to express the photonic absorption
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by the slope of the luminescence intensity vs.
power curve (I ~ Pn). The slope values of TZBYP1
glass are found to be n4; = 0.84, ns3 = 0.96, ne;»
= 104, Ne47 =1.05, Negs = 089, N7s = 082, Ny32 =
0.95, ngsz = 0.63 and nj0 = 0.52, respectively. For
TZBYP2 glass, the values are ngo; 0.91, ns3 =
105, Ne17 = 103, Ne4y = 103, Neses 098, Nys =
094, N7z = 096, Nggy = 0.3 and Nio20 = 055,
respectively. These results indicate that the down-
conversion energy process is due to one-photon
absorption.
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Figure 3: (a) Down-conversion luminescence at different pump powers, and (b) the intensity-power
curves for the emissions of TZBYP1.
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Figure 4: (a) Down-conversion luminescence at different pump powers, and (b) the intensity-power
curves for the emissions of TZBYP2.

Energy Transfer Mechanism

The schematic representation of the energy levels
of Yb®** and Pr** ions at visible and NIR regions is
given and the possible energy transfers (ET1 and
ET2) in the DC process in the Yb*'/Pr** doped
tellurite glasses are defined in Figure 5. At first,
Pr3* ions are excited by 439 nm blue photon from
the multiplet *Hs ground state to the multiplet 3P
excited state. Nonradiative relaxations (NR) take
place from 3P, state to 3P, state that is mostly
populated and from 3P, state to 'D. state. The
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possible energy transfers between the Pr®* and
Yb3* ions are given by the two-step sequential
resonant energy transfer (29) from 3Py !Gs
transition of Pr3* ions to *F;2 — 2Fs transition of
Yb** ions and followed by from 'Gs — 3H, transition
of Pr3* ions to %F;» — °2Fs;» transition of Yb3* ions.
The energy difference between 3P, and 'G, levels of
Pr3* ions is close to the energy difference between
F,, and °Fs levels of Yb3 ions. Moreover, the
energy gap between the lowest Stark and sub-
Stark energy levels of 2Fs;, levels of Yb** ion is
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small. Therefore, the energy transition from Pr3*
jon to Yb3" ion loads the sub-Stark level of %Fs;
state of Yb** ion and the energy transfer from the
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minimum Stark level of 2Fs, state to the minimum
Stark and sub-Stark levels of 2F;, state causes the
emission at 1040 nm (30).
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Figure 5: Energy level diagram of Pr** and Yb®* ions in the TZB glasses.

Color Analysis

Figures 6 and 7 show the photometric analysis
supplied from the illuminance meter for the
glasses. The insets in Figures 6 and 7 also indicate
the camera image of the TZBYP glasses. As seen in
the CIE chromaticity diagram of the TZBYP glasses,
the color coordinates change with the laser
pumping power. While the color coordinate values
of TZBYP1 glass were measured as (0.57; 0.42),
(0.64; 0.33), (0.63; 0.34) and (0.67; 0.32) for the
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related pump power of 70, 201, 336 and 455 mW,
respectively. These values of the color coordinates
were measured as (0.56; 0.38), (0.54; 0.43) and
(0.69; 0.31) for TZBYP2 glass at the pumping
power of 201, 336 and 385 mW, respectively. As
seen in both figures, remarkable shifts observed in
the coordinates with increasing pump power are
from the orange to the red region in the CIE
diagram.
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Figure 6: Color coordinates in the CIE diagram and luminescence spectra of TZBYP1 glass at different
pumping powers.
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Figure 7: Color coordinates in the CIE diagram and luminescence spectra of TZBYP2 glass at different
pumping power.

CONCLUSION

Te0,-Zn0O-BaO glasses doped with Yb** and Pr3*
ions were produced by the traditional melt
quenching method. Intense multi-photon
downconversion luminescence in the visible region
was observed under a 439 nm laser excitation. The
spectral output of the glasses indicated that the
increment in the Pr®* concentration quenches the
luminescence intensity of Pr** ions. The color
coordinates shifted from the orange region to the
red region with increasing excitation power.
Consequently, the Yb*/Pr** doped TeO,-ZnO-BaO
glasses can be useful material for solid-state
lighting.
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Abstract: Laccase is one of the enzymes that catalyze the oxidation of phenolic and non-phenolic
substrates and show encouraging potential as a biocatalyst in the synthesis of bioactive compounds. It is
known that phenolic acids have an antioxidant effect. Bovine serum albumin (BSA) shows gelling
activity, and nutraceutical binding ability but it does not show antioxidant activity. In this study, BSA
which has no antioxidant activity using laccase, started to show antioxidant activity with gallic acid (GA)
conjugation. The synthesized conjugates were analyzed by polyacrylamide gel electrophoresis (PAGE),
ultraviolet-visible spectrophotometry (UV-Vis), and Fourier-transform infrared spectroscopy (FTIR).
Radical scavenging capacity for antioxidant activity was measured. GA-functionalized-BSA displayed
greatly improved 2,2'-azinobis-(3- ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 1,1-diphenyl-2-
picryl-hydrazyl (DPPH) radical scavenging capacities, compared with the untreated BSA. Protein-
flavonoid conjugates can improve the natural properties of proteins, being promising products to be
used in medical, food and polymer fields where antioxidant ability is an essential feature.
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INTRODUCTION and peroxyl (ROO ") hydrogen peroxide (H202) and
hypochlorous acid (HOCI) (4). There are studies in
It is well known that phenolic compounds exhibit the literature showing that gallic acid has
antioxidant and antimicrobial activity and have antioxidant and anticancer properties (5,6).
health benefits. Phenols in foods have been shown
to have many biological functions such as Laccase (benzenediol: oxygen oxidoreductases, EC
anticarcinogens, anti-aging, antimutagenes, 1.10.3.2) catalyzes the direct oxidation of an
antidiabetic and immunostimulatory effects, aromatic substrate in the presence of molecular
leading to their recognition as potential oxygen, which is reduced to water during the
nutraceuticals (1,2). Phenolic compounds are reaction. This reaction involves the four single-
simple and naturally occurring compounds electron oxidation of the reducing substrate
containing one or more linked phenolic rings. coupled to the four electron reductive cleavage of
Various natural phenolic compounds such as gallic a dioxygen bond using four Cu atoms distributed
acid, hydroxycinnamic acid, hydroxybenzoic acid, between three regions (7). The laccase enzyme
ferulic acid, caffeic, p-coumaric acid, vanillin, has an ability to catalyze a wide variety of
benzoic acid, catechols are seen in fruits, substrates such as phenols, aromatic, aliphatic
vegetables and cereals (3). Gallic acid (GA) (3,4,5- amines, and their derivatives. Laccase was used in
trihydroxybenzoic acid), is a powerful antioxidant the enzymatic polymerization of catechol (8,9).
that protects against oxidative damage caused by Laccase catalyzed crosslinking of a-lactalbumin
reagents such as hydroxyl (HO-), superoxide (O>~) and ferulic acid was investigated (10). Some
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studies show that phenolic substrates such as
caffeic acid, ferulic acid, vanillic acid, gallate, and
p-coumaric acid can be used in laccase catalyzed
crosslinking of proteins (11,12).

Bovine serum albumin (BSA or "Fraction V") is a
serum albumin protein derived from cows. Serum
albumin, also known as albumin for short, is the
most common protein found in the blood plasma of
humans and other mammals. It makes up 60% of
the proteins in the blood. It is also found in tissue
fluids, particularly muscle and skin, and small
amounts of tears, sweat, gastric juices, and bile.
30-40% of the total albumin in the body is in the
blood. In addition to carrying fatty acids and
various other substances in the blood, its most
important function is to balance water between
blood and tissue fluids. Bovine serum albumin
(BSA) shows gelling activity, surface activity, and
nutraceutical binding ability but it does not show
antioxidant activity (13,14). In the literature,
chitosan and dextran conjugates were made with
laccase enzyme (15,16,17). However, no laccase
mediated BSA-gallic acid conjugate has been
reported.

In this study, the BSA molecule, which has various
physiological functions such as contributing to
osmotic blood pressure, drug, and other molecule
carriers, gained antioxidant activity by conjugating
with gallic acid under the effect of laccase.

EXPERIMENTAL SECTION

Materials

DPPH, ABTS, Trizma, acrylamide, ammonium
persulfate, glycerol, potassium persulfate (K2S20s)
and laccase from Trametes versicolor were
purchased from Sigma. Ethanol, methanol, sodium
dodecyl sulfate (SDS), bromophenol blue, 2-
mercaptoethanol, Coomassie brilliant blue R250,
acetic acid, and sodium acetate were purchased
from Merck. All solvents were of analytical grade.

Laccase activity

The laccase enzyme activity was
spectrophotometrically measured by measuring the
enzymatic oxidation of 0.5 mM ABTS at 420 nm.
Molar extinction coefficient for the oxidation
product was 3.6 x 104 cm™ M. A unit laccase (U)
defined as the amount of enzyme required to
oxidize 1 mol of ABTS per minute at room
temperature (18).

Preparation of acid-protein conjugates

BSA and gallic acid solutions were prepared in 10
mM 4-(2- hydroxyethyl)-1 piperazine-
ethanesulfonic acid (HEPES) buffer solution, pH 7.4
with protein concentration at 5 mg mL-!. The
oxidation reaction was initiated by adding laccase.
The sample with 2 different enzyme amounts, 5 pL
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and 15 pL, was prepared from 11 U/L enzyme. It
was left in the shaking incubation at 50 °C for 24
hours (19).

UV spectroscopy

BSA, gallic acid and conjugates were monitored
with a UV-Vis spectrophotometer (SpectraMax Plus
384 Microplate Reader, California, USA). Spectra
were collected at room temperature before and
after adding laccase.

FTIR spectroscopy
FT-IR analysis was performed on the BSA, gallic
acid, and the conjugate were recorded using the
Perkin Elmer FTIR spectrometer. The transmittance
values were measured within the spectra between
4000 and 600 cm~1,

SDS PAGE

The molecular weight distribution of BSA, gallic
acid and BSA-gallic acid conjugate were analyzed
by SDS-PAGE which was carried out on 5%
stacking gel and 12% separating gel. The 30 pL of
sample was mixed with 10 pL of 4x sample buffer
and then heated at 100 °C for 15 min. 10 pL of
samples were loaded onto the wells and SDS-PAGE
was operated at 120 volts. After electrophoresis,
Coomassie Bright Blue R250 was adapted to gel
staining for thirty minutes followed by
decolorization with water overnight.

Antioxidant Activity
DPPH radical scavenging activity
DPPH free radical scavenging activity was
measured to evaluate the antioxidant capacity. The
Brand-Williams method was used to test whether
the sample bleached the stable DPPH radical (20).
For this, 0.75 mL of plant extract was added onto
1.50 mL of DPPH solution prepared in ethanol
(0.05 mM). After shaking vigorously, the mixture
was kept at room temperature for 30 minutes.
After 30 minutes, absorbance at 517 nm was
measured in a UV-Vis spectrophotometer. The
scavenging activity of the DPPH radical was
calculated using the formula:
DPPH scavenging (%) = [(Acontrol'Asample)/AcontroI 1x
100 (Eq. 1)
Herein, Acontroi Shows the absorbance of the control
(DPPH solution without sample) and Asampie Shows
the absorbance of the test sample.

ABTS radical scavenging activity
This method, developed by Arnao et al., is based
on reducing the cationic radical formed by the
K2S20g oxidation of ABTS with antioxidants. The
blue / green colored ABTS °** radical has a strong
absorption at 600-750 nm (21).

For ABTS radical scavenging activity, the 7.4 mM
ABTS solution and 2.6 mM potassium persulfate
solution were evenly mixed, then kept in the dark
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at room temperature for 12 hours. 1 milliliter of
the formed ABTS radical solution was diluted with
an absorbance of 1.1 £ 0.02 at 734 nm
wavelength in the spectrophotometer by adding
approximately 60 mL of methanol. Then, 150 pL of
sample solution and 2850 pL of ABTS °* radical
solution were left in incubation for 2 hours in the
dark. The control solution was prepared using
distilled water instead of the sample. Absorbance
at 734 nm wavelength was measured in a
spectrophotometer. In the calculations, ABTS%
radical scavenging effect was found with the
formula below.

ABTS scavenging (%) = [(Acontroi~Asample)/Acontrol] X
100 (Eq. 2)

Here, Acontrol Shows the absorbance of the control
(ABTS solution without sample) and Asample Shows
the absorbance of the test sample.

RESULTS AND DISCUSSION

UV Analysis

The typical UV spectrum chart of the product
obtained as a result of our study is shown in Figure
1. Accordingly, it was observed that the peak
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concentrations than the two different laccase
concentrations applied weakened as in the
references and slightly shifted towards the red
region. The protein absorption band at 280 nm was
seen as a small shoulder of the dense absorption
band of gallic acid (at 258 nm). This shoulder peak
may mean conjugation has occurred. BSA in this
shoulder heteroconjugation is thought to belong to
the amino acid tyrosine. That a similar shoulder
peak at 280 nm was obtained in conjugation with
myoglobin and gallic acid. However, it is difficult to
evaluate the extent of complex formation using the
density and shear properties of these signals (22).
The weaker band at 280 nm suggests that
conjugation is hetero-conjugation. This suggests
that the amount of laccase present in the medium
is not sufficient for homo-conjugation. These
results are also supported by the references
disclosed. In addition to these, when we examined
the prepared samples, no precipitation was
observed in the samples prepared at the ratio of
BSA: GA (3: 1), while the samples prepared at the
ratio of BSA: GA (1: 1) or BSA: GA (1: 3) were
observed. It has been observed that the collapse
occurs as the amount of BSA decreases. As a
result of the reaction, gallic acid, which is oxidized
and converted to quinones, binds to tyrosine

belonging to gallic acid at higher laccase residues in BSA.
3.0
2.5 —BSA
Gallic acid
—— BSA-Gallic acid-Laccase (1.35 x 10* U)
2.0 - ~—— BSA-Gallic acid-Laccase (4.05 x 10 U)
0
<
1.5 4
1.0
0.5 -+
0.0 4

i
250

T
300

Wavelength (nm)

Figure 1: UV spectra of BSA, Gallic acid, and conjugates.

FTIR Analysis

The conjugation of gallic acid with BSA was
analyzed by infrared spectroscopy. Polyphenolic
characteristics with the existence of a phenolic ring
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-OH stretching within the 3200-3550 cm~!. Amide
band, which is located between 1700 cm™ and
1600 cm™, is composed mainly (around 80%) of
the C=0 stretching vibration of the peptidic bond
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(23). The spectral alterations observed are due to
changes in the intensity of the amide band, upon
acid interactions with protein C-O, C-N and NH
groups (hydrophilic contacts). The amide peak was
moved to a lower wavelength due to the decreased
a-helix content of the protein conjugated with
gallic acid.

In the protein-flavonoid conjugate study performed
by Kim and Paulo, FT-IR microscopy was used to
analyze the chemical bonds formed by the
conjugate. The study was carried out with a-casein
and BSA proteins. Different peak formation was
not observed in the conjugates of casein and BSA
protein structures, and a change in the intensities
of the peaks present in the protein was observed
depending on the protein used (BSA, Casein) (19).
Observation of the intensity decrease and shifts in
the peaks belonging to the functional groups
observed in the FT-IR analysis obtained in our
study shows that the conjugate is formed.
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In another study by Fan et al., bovine serum
albumin (BSA)-caffeic acid (CA) conjugate was
prepared by free radical-induced grafting method.
In the study, FT-IR spectra of resveratrol, zein,
BSA-CA conjugate and resveratrol loaded zein-
BSA-CA nanoparticle, FT-IR spectroscopy were also
used to analyze the intermolecular interactions
between resveratrol and proteins. As a result of
the analysis, zein protein and BSA-CA conjugate
spectra were observed to be very similar and
characteristic absorption bands were determined
for both structures. It was stated that resveratrol
did not cause new absorption peaks in the loaded
zein-BSA-CA nanoparticle, indicating that the
proteins and resveratrol were physically linked and
did not exhibit any covalent reaction (24). The
absence of an absorbance peak of the BSA-GA
conjugate we obtained in our study is expressed by
the fact that the interaction is not a covalent
interaction as supported by the studies in the
literature.

E \ /___. ey i _\-\\I' "/ 3 _\
i _J 1637.5 '
3336.8 \

1637.9 —— BSA-Gallic acid-Laccase (4.05 x 10°U)
= 3 3337.8 ——— BSA-Gallic acid-Laccase (1,35 x 10°V)
R = Gallic acid

1 ——BSA
] 1636.5
33389
] 1638.4
- 33251
T L] T T | L]
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)
Figure 2: FTIR of BSA, Gallic acid, and conjugates.
SDS PAGE hardly detected (line 2) due to its low molecular

The molecular weight distributions of pure BSA,
GA, and BSA-gallic acid conjugate catalyzed by
laccase were performed by SDS-PAGE (Figure 3).
BSA-GA 1 represent BSA-gallic acid-laccase (1.35
x 10 U) and BSA-GA 2 represent BSA-gallic acid-
laccase (4.05 x 10 U). The band of gallic acid was
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weight. When both gallic acid and laccase were
added to the BSA solution, the band moved slower
than that of BSA and appeared higher in the gel
because of its high molecular weight. This showed
that GA and BSA were bound in the enzymatic
process.
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Figure 3: SDS-PAGE of BSA, GA, and conjugates.

Antioxidant Activity

In the DPPH test, the ability of BSA, GA, and
conjugates to act as a donor for hydrogen atoms
or electrons to reduce DPPH to DPPH-H was
measured in a spectrophotometric manner. BSA
does not have a DPPH radical scavenging activity.
On the other hand, GA shows 94.53% radical
inhibition activity. The BSA-GA conjugates formed
as a result of the reaction show antioxidant
activity. Conjugates showed an inhibitory activity
of 86.79% and 81.96%, respectively, depending
on the excess amount of enzyme (Figure 4).
Excessive amount of enzyme causes more GA-BSA
interaction, thus increasing the activity.

120
100
x
T 80
o
=
0
= 60
=
<
S 40
bt
&
20
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In the ABTS test, the reaction between ABTS and
potassium persulfate forms the ABTS radical cation
(ABTS*) and a blue-green color is observed. When
the antioxidant is present, the radical reverts to a
colorless state. While gallic acid shows 96.57%
ABTS radical inhibition activity, BSA does not show
an antioxidant activity. The BSA-gallic acid
conjugates showed a radical inhibition activity of
84.73% and 82.67% depending on the excess
amount of enzyme (Figure 4). As in DPPH radical
scavenging, the more enzyme amount increases
the activity because it causes more gallic acid BSA
interaction.

Gallic Acid

m DDPH
Figure 4: Antioxidant activity of Gallic acid, BSA-GA 1, BSA-GA 2.

CONCLUSION

In the present study, BSA was successfully
functionalized with GA, a natural antioxidant, by
laccase. The formation of BSA- gallic acid was
proved by UV-Vis and FTIR spectra. Importantly,
BSA-GA exhibited potent ABTS and DPPH
scavenging activities, all of which were stronger
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BSA-GA 1 BSA-GA2

ABTS

than those of BSA. Protein-flavonoid conjugates
can improve the natural properties of proteins,
being promising products to be used in medical,
food and polymer fields where antioxidant ability is
an essential feature.
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Abstract: This study presents a reliable method for the quantification of metabolite concentrations
in follicular fluid with the high-resolution magic angle spinning nuclear magnetic resonance (HR-
MAS NMR) spectroscopy and the ERETIC2 (Electronic REference To access In vivo Concentrations)
based on PULCON (pulse length based concentration determination) principle. The positive effect of
the HR-MAS probe technology on spectral quality and its ability to perform analyses with very low
sample amounts were the most important factors of proposing this method. In evaluating the
performance of the proposed method, standard creatine solutions in different concentrations
containing DSS (2,2-dimethyl-2-silapentane-5-sulfonate sodium salt) as an internal reference
standard were analyzed using different pulse programs (cpmgprld and zg30). The results obtained
with the ERETIC2 were compared with the classical internal standard NMR quantification method
(DSS method). The relative standard deviation (RSD) values for ERETIC2 were in the range of
0.3% - 5.7% and recovery values were calculated as minimum 90.3%, while RSD values for DSS
method were in the range of 0.1% - 3.1% and recovery values were minimum 97.0%. Besides, it
was observed that the metabolite concentration values calculated using the ERETIC2 procedure of
follicular fluid samples obtained from the women with endometriosis and healthy controls were
compatible with the values those obtained using different methodologies. The obtained results
showed that the proposed quantification method based on the HR-MAS spectroscopy can easily be
used in biological fluids and therefore it can be utilized as a good alternative to the internal
standard method considering its accuracy and precision.
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INTRODUCTION heterogeneous systems (1). Nuclear spins in
semisolid samples are subject to some
High-resolution magic angle spinning nuclear interactions resulting in dominant spectral

magnetic resonance (HR-MAS NMR) broadening (2). This spectral broadening results
spectroscopy is a versatile analytical technique from chemical shift anisotropy, magnetic
and it was developed to obtain high-quality susceptibility, and dipolar-quadrupolar

NMR spectra in studies on semi-solid and interactions caused by sample heterogeneity
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(3). These line broadening effects are reduced
by the fast spinning of the sample in the
direction of a static magnetic field at the angle
of 54.7° in the HR-MAS technique and a high-
resolution NMR spectrum is obtained (4,5). With
these features, HR-MAS spectroscopy is an
analytical tool of increasing importance in the
characterization of metabolic structure in
heterogeneous samples such as intact tissues
and cells (6). Besides, since almost all biological
fluids except urine do not fall into the classical
definition of aqueous solution due to their
protein or macromolecule contents, the
broadened NMR signals in these fluids can be
reduced by using the HR-MAS technique (7).
Metabolic characterization, also called
metabolomics, is the systematic identification
and quantification of metabolites to obtain
important biochemical information from various
biological samples or a given organism (8). The
ability to measure metabolite concentrations,
especially in biological samples, is crucial for
examining the pathophysiology and course of a
disease, monitoring its response to treatment,
and classifying disease states (9).
Quantification of metabolite concentrations not
only allows us to identify abnormal metabolism
but also helps to compare results from different
subjects and patient groups (9). In this context,
quantitative NMR has been used for many years

by different disciplines in determining
biochemical pathways of plants and animal
species as well as the identification of

biomarkers for the diagnosis of diseases (10).
There are two main types of quantification with
NMR: relative and absolute quantification (11).
Although relative quantitation is used in many
metabolomics studies, it has a major
disadvantage. In this method, concentrations of
related metabolites simultaneously change in
some disease states. Therefore, absolute
quantitation is preferred for clinical diagnosis
and determination of metabolite concentrations
in physiological studies (12). There are two
main NMR methods, depending on whether an
internal or external reference standard is used
for absolute quantification (11). The internal
reference method is simple and easy to use
(13). However, it is not always applied in the
sample solution, as it is difficult to create the
correct combination of the solvent, analyte, and
internal standard, without any chemical
interaction between them (11). Addition of
internal NMR reference chemicals such as DSS
(2,2-dimethyl-2-silapentane-5-sulfonate sodium
salt) or TSP (trimethylsilyl propionate), which
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are mostly used in biological applications,
carries the risk of chemical interaction of these
substances with biological macromolecules in
the sample. Also, quantification becomes
difficult due to overlap signal problems (14).
The use of the external reference method can
avoid these disadvantages of the internal
method (11). In the external reference method,
the reference compound and sample are
prepared as separate solutions and NMR signals
are measured simultaneously in two separate
NMR tube systems. This method prevents
possible interactions between the reference
substance and biological macromolecules but
requires additional sample preparation time
(13). Another disadvantage, since the external
reference method depends on concentrations,
an additional source of error may occur that can
be caused by volume measurements of the
solvents used in the preparation of calibration
and sample solutions (11). An alternative
approach to the external reference method was
first introduced by Barantin et al. as a new
method in vivo quantification (15). This
method, called the ERETIC (Electronic reference
to access in vivo concentrations) method, uses
an artificial NMR signal produced by a small
loop coil that matches the RF coil as a reference
signal (12). Since the ERETIC method uses a
synthesized RF pulse during the acquisition
period when generating a reference signal, (16)
there is no need to add any internal reference
material to the sample (17). However, the need
for some modifications in the spectrometer
setup, the requirement additional specialized
hardware and the necessity of the ERETIC
signal to remain stable regularly are the
drawbacks of this method (14). Also, several
important quantification methods are available,
such as PULCON (PULse-length-based
CONcentration determination) and ERETIC2
(Bruker Topspin) (13). PULCON is an internal
standard method (18) that relates the absolute
intensities of two different spectra and uses the
reciprocity principle, which indicates that the

90° or 360° pulse lengths is inversely
proportional to the NMR signal intensity (14).
This method provides  the necessary

compensation factors for loses in coil sensitivity
originating from dielectric properties in different
samples and does not require specialized
electronic devices (19). While the development
of the PULCON method brought a noticeable
convenience to the applicability of quantitative
NMR, it also established an infrastructure for
the ERETIC2 method which is based on the
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PULCON principle. ERETIC2 is the name of a
software program developed by Bruker that
uses the PULCON principle to determine the
absolute concentration of a molecule (20).
ERETIC2 does not require specialized NMR tube
systems and any additional devices to generate
an electronic reference signal. Also, it prevents
any interaction between the analyte and the
reference compound as well as eliminating the
problems caused by peak overlaps (13). With
these features, the ERETIC2 is a good
alternative to the classical internal standard
method due to the convenience provided to
researchers in the absolute quantification of the
unknown substance (18). This study aims to
evaluate the accuracy and precision of the
ERETIC2 in the quantification of the metabolite
composition of follicular fluid samples obtained
from participants with endometriosis and
healthy using HR-MAS spectroscopy. Human
follicular fluid was chosen because it contains
important metabolites that affect oocyte
quality, fertilization, and embryonic
development and provides important
information about folliculogenesis (21,22).
Moreover, it is thought that the changes in the
metabolic profile of the follicular fluid (FF),
which constitutes the microenvironment of
oocyte, plays an important role in determining

oocytic quality and embryonic quality, and
subsequent embryonic development and
fertilization (23,24). In recent years, the

recognition of the relationship between follicular
fluid (FF) and oocyte quality and the ability to
obtain follicular fluid easily with oocyte during
standard in-vitro fertilization procedures have
attracted the interest of omics-based
technologies and different disciplines (25,26).
To the best of our knowledge, this is the first
study in literature that utilizes ERETIC2 and HR-
MAS technique for quantification of the
metabolite content of follicular fluid. To achieve
this, firstly the accuracy of ERETIC2 was
compared with the classical internal standard
method. For this purpose, different pulse
sequences and different concentrations of
standard solutions containing DSS as an
internal reference standard were used. The
ERETIC2 was then applied to follicular fluid
samples for metabolite quantification.

EXPERIMENTAL SECTION
Preparation of standard solutions

Firstly, a stock solution containing 10 mM
creatine and DSS was prepared using 10 mM
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phosphate-buffered saline (PBS, pH 7.4)
prepared in D,O (deuterium oxide). Standard
solutions of 10 mM, 5 mM, 3 mM, and 1 mM to
be used in the calibration experiments were
prepared with dilution weight by volume from
10 mM stock solution. The phosphate buffer salt
prepared in DO was used in the dilution
process. Chemicals used in this study, such as
the creatine monohydrate (%99), D.O (%99.9
D atom, 1.11 g/mL), KH;PO. (%98) and
Na,HPOs (%99) were obtained from Merck,
while the DSS (%97), KCI (%99) and NaCl were
obtained from Sigma-Aldrich. Sartorius CP225D
(readability 0.01 mg) was used for all weight
measurements.

Sample preparation for HR-MAS
spectroscopy

Follicular fluids used in HR-MAS analysis were
obtained from the patients recruited in Inéni
University Faculty of Medicine, Department of
Obstetrics and Gynecology. This study was
approved by the Human Research Ethics
committee of Malatya (No: 2016/113), and
participants was enrolled in the study after their
written informed consent. The healthy control
sample was selected from the patients having
intracytoplasmic sperm (ICSI) treatment, while
the sample with endometriosis was selected
from the patients having in vitro fertilization
(IVF) treatment. Thus, this study includes
follicular fluid samples collected from a total of
10 patients. Five of the samples were obtained
from healthy controls and 5 from patients with
endometriosis. The diagnosis of endometrioma
in patients with endometriosis was made using
transvaginal ultrasonography. The healthy
control group was selected only from patients
with infertility caused by a strong male factor
(severe azoospermia). Individuals participating
in the study had good physical and mental
health. The criteria for inclusion of individuals
with normal pelvic anatomy as a result of
ultrasonographic screening were age < 35, BMI
(body mass index) < 30 kg/m? and FSH (follicle-
stimulating hormone) < 10.0 IU/L. As exclusion
criteria, age of > 35, BMI > 30 kg/m? FSH >
10.0 IU/L and chronic systemic diseases were
chosen. Follicular fluid samples to be NMR
analyzed were collected from approximately 20
mm sized follicles during oocytic recovery and
added to individual sterile tubes. All samples
were centrifuged for 10 min at 2900 rpm to
remove possible cell impurities. After these
procedures, samples were stored at -80 °C until
NMR analysis (27).
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Figure 1: 4 mm diameter zirconium rotor and disposable HR-MAS insert consisting of three parts
(screw, plug and container). The plug seals the sample inside the sample container. The plug
restraining screw holds the plug in position. The assembled insert fits into a standard HR-MAS

rotor.

HR-MAS analyses of both standard solutions
and follicular fluids were performed in 30 pL
volumes in sealed disposable inserts (Bruker)
made from biologically inert KEL-F (poly (1-
chloro-1,2,2-trifluoroethylene). Since creatine
solutions of different concentrations are
prepared in DO, samples of 30 pL volume
taken from them are placed first in disposable
inserts consisting of one sample container,
plug, and screw, and then in a 4 mm diameter
Zr0O, MAS rotor suitable for these inserts (Figure
1). For follicular fluid samples, first 5 yL of D,0
and then 25 pL of FF were added into the
disposable insert and after the rotor assembly
was completed, samples were transferred to the
HR-MAS probe for NMR analysis. A possible
error during the assembly of the rotor may
cause some spin problems during the analysis
or loss of the lock signal as a result of sample
leakage. To avoid this, the amount of sample in
the rotor was double-checked by weighing
before and after the analysis.

'H HR-MAS analysis of samples

All one-dimensional (1D) 'H NMR experiments
were recorded using a 600 MHz Bruker Avance
III HD NMR spectrometer equipped with a 4
mm diameter HR-MAS probe (*H/3C/**N). All
samples were spun at 4 kHz using a MAS speed
controller. While the probe temperature was
controlled wusing a Bruker cooling unit,
instrumental temperature in all experiments
was retained constant at 295 K. When the
samples were placed in the magnet, HR-MAS
probe was manually tuned and matched to
reduce radio frequency (RF) reflection before
each analysis. 'H NMR spectra of each creatine
solution samples were acquired using both
standard zg30 pulse sequence (RD - 30° - FID)
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and  Carr-Purcell-Meiboom-Gill (cpmgprid)
pulse sequence (RD - 90° - {180° - 1 - (T -
180° - 1) . - T - 180°} - FID), whereas 'H NMR
spectra of follicular fluids (FF) samples were
acquired using only cpmgprld pulse sequence.
During standard zg30 pulse experiments, 64K
data points and a spectral width of 12019.2 Hz
were applied. For each sample, FID (free
induction decay) acquisitions were collected in 8
min using 2.73 sec acquisition time, 128
transients, and a relaxation delay (RD) of 1.0
sec. All CPMG 'H NMR spectra were recorded
with 32K data points and a spectral width of
7002.8 Hz. Where CPMG echo delay (1) was 0.7
msec, relaxation delay (RD) was 4.0 sec, and
the number of loops (L) was 128. The water

signal was suppressed with a weak
presaturation pulse (2.8E-5 W) on water peak
frequency during the acquisition. FID

acquisitions were collected in 27 min using 2.34
sec acquisition time and 256 transients. Bruker
Topspin  (ver. 3.2.7) was used for the
processing of NMR data. Previous to Fourier
transform, the exponential line broadening of
0.3 Hz was performed to FID. All spectra were
manually phase-corrected and baseline
corrected. The chemical shifts of creatine
samples were calibrated according to the singlet
peak at 0 ppm of the DSS reference. Spectral
assignments of follicular fluid metabolites were
determined from the published literature and
from various resources (28,29).

Comparison experiments of the internal
standard method (DSS method) and
ERETIC2

The concentrations of creatine solutions in
different concentrations (10 mM, 5 mM, 3 mM,
and 1 mM) containing DSS as the internal
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reference standard substance was calculated
using both the internal standard method (DSS
method) and the ERETIC2. First, Equation 1
was used to calculate the concentrations of
creatine samples using the internal standard
method.

[XCr]:nDSS/nCrXACr/ADSSX[DSS](Eq. 1)

In this equation, n_DSS and n_Cr show the
proton numbers of the DSS and creatine peaks,
respectively. In concentration calculations, 9
proton singlet signals of DSS in the range of
0.02 to - 0.17 ppm and 3 proton methyl signal
of creatinine in the range of 3.05 - 2.9 ppm
were used. A_Cr and A_DSS show the
calculated integral area of the creatinine methyl
peaks and the DSS peak. [DSS] is the
concentration of DSS in the sample. Secondly,
the quantification module called ERETIC2
developed by Bruker was used in concentration
calculations. ERETIC2 was carried out in two
steps including calibration and quantification. In
the calibration step, a 10 mM DSS solution
prepared in D,O solvent containing 10 mM
phosphate-buffered saline was used as the
ERETIC2 reference to generate the synthetic
signal. NMR spectrum obtained from ERETIC2
reference sample was recorded using
acquisitions parameters such as number of scan
(ns) and receiver gain (rg) specified for this
sample. The signals in the DSS spectrum are

defined as ERETIC reference from the
integration menu of the ERETIC2 module in the
software program of TopSpin and the
calibration process is completed. In the

quantification step, NMR spectra from creatine
solutions prepared at different concentrations
were recorded using the same experimental
parameters as the ERETIC2 reference sample
except for receiver gain. The receiver gain and
the 90° pulse length were determined
individually for each sample. In addition, the
same processing parameters were used in both
steps (supporting information file Figure S1).
The creatine concentrations in the sample were
then determined by Equation 2 using the
integration menu in the ERETIC2 module (18).

r.C ACr.Tcr.Hgg.nsRef

CCr *~Re
f Ref
Agep- Trep -850 -5,

(Eqg. 2)

In the Equation 2 used by the ERETIC2, Cc and
Crer @are the concentrations of the creatine and
reference samples respectively, T is the
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temperature at which analyses are performed,
B9 90° is the pulse length, ns is the number of
scans used for experiments, and k is the
correction factor accounts for the experimental
differences such as the receiver gain or
incomplete relaxation (18). To evaluate the
accuracy of both methods, 1D 'H NMR analyses
of all samples were repeated five times
(supporting information file Table S1 and Table
S2), both in the same samples and in different
samples prepared. While the analysis of the
same samples was repeated, the samples were
removed the magnet and placed back into the
magnet each time.

Metabolite quantification in follicular fluid
samples with ERETIC2

Similar to the quantification of creatine
solutions, metabolite quantification with the
ERETIC2 was also performed in two steps. In
the calibration process, for the ERETIC2
reference, the previously obtained NMR
spectrum of the 10 mM DSS solution was used.
In the quantification step, the NMR spectra of
the follicular fluid samples were used for
metabolite quantification (supporting
information file Figure S2). Also, 1D 'H NMR
analysis of each follicular fluid sample was
repeated three times with different samples
prepared.

RESULTS AND DISCUSSION

Spectral properties and advantages of HR-
MAS

The metabolite peaks examined in NMR studies
of biological fluids are overlapped by broad
signals originated from proteins, lipids, and
especially water, which is a predominant
component of biological samples (4). Therefore,
suppression of the water peak is very important
to obtain interpretable NMR spectra (30). Figure
2 shows the NMR spectra recorded utilizing the
identical pulse sequences of the same follicular
fluid sample with the 4 mm diameter HR-MAS
probe (Figure 2b) and the conventional 5 mm
diameter liquid state NMR probe (Figure 2a). As
seen in Figure 2, water suppression with the
HRMAS probe is more successful than the water
suppression with the conventional probe. In this
way, with a better baseline obtained in the HR-
MAS spectrum, the B-glucose (4.55 ppm) and
a-glucose (5.13 ppm) signals located in areas
close to the water signal at about 4.7 ppm are
more clearly observed. This provides an
advantage in the correct quantification of the
relevant metabolite peaks. Water suppression is
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improved by some experimental and hardware
factors. In NMR spectroscopy, some gradient-
based suppression techniques (WET,
WATERGATE, or CPMG) which can be easily
combined with most of the pulse sequences are
used to suppress unwanted signals in the
spectrum (31). Another important factor for
successful water suppression is the
homogeneity of the B, magnetic field (32).
Better B, homogeneity can be achieved by
reducing the sample volume and keeping the
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entire sample within the active volume of the
probe (33). However, in conventional 5 mm
diameter NMR probes, the receiver coil is
shorter than the sample length in the NMR
tube, and a solution volume of approximately
600 pL is required to provide the appropriate
spectral resolution in these probes. This causes
unsuppressed water in the sample to disperse
inside or outside the active volume of the
probe.
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Figure 2: Effects of two different probes on solvent suppression using the same follicular fluid
sample. 1D H-NMR spectra acquired at 600 MHz using a) a 5 mm conventional liquid state probe
and b) a 4 mm HR-MAS probe. While the watt value was retained between probes for
presaturation, different values were used for pulse length and power level for pulse in both probes
due to probe design differences. In addition, depending on the differences in the sample
requirements of the probes, 400 uL of sample were used for the conventional liquid state probe,
while only 25 pL of sample were used for the HR-MAS probe. The difference in metabolite signal
intensities in the same follicular fluid sample can be easily seen.

In HR-MAS technology, which allows working
with very low sample quantities (< 40 uL), the
receiver coil of the HR-MAS probe head is
slightly larger than the sample chamber of the
probe, so the entire sample is placed in the coil
active volume of the probe (34). This results in
better B, homogeneity and better water
suppression. Also, when Figure 2 is examined, it
is seen that the noise level in the spectrum
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obtained with the conventional 5 mm diameter
probe is slightly better than the HR-MAS probe.
However, the intensity of the peaks in the
spectrum obtained with the HR-MAS probe are
higher. The signal-to-noise (S/N) ratio values of
these two spectra in a spectral noise region of
approximately 1000 Hz were calculated as 15.9
(Figure 2a) and 12.6 (Figure 2b), respectively.
Although this depends on the sensitivity
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characteristics of the probes studied (90° pulse
in s, power level in W, etc.), the detection limit
of the HR-MAS technology is slightly better
when compared to the conventional 5 mm
diameter liquid state NMR probe under the most
optimized conditions for the studied sample. It
is possible to say that this situation is an
advantage for samples with limited quantity,
especially considering that a sample amount of
approximately 25 upL is used in the HR-MAS
technique. However, it should be noted that
sample recovery from the HR-MAS rotor is more
difficult compared to other small diameter NMR
tubes.
Performance of NMR
methods

Quantification results of creatine concentrations
in standard creatine solutions of different
concentrations determined using DSS method
and ERETIC2 are presented in Table 1. In both
methods, creatine concentrations were
calculated by means of methyl peaks using two
different pulse sequences (cpmgprld and
zg30). Also, the standard deviation (£ SD), %
recovery, and % relative standard deviation
(RSD) values are provided for all results from
the same sample and differently prepared
samples at each concentration. Recovery was
calculated with ({measured value / actual
value} x 100), and the relative standard
deviation was calculated with ({standard
deviation / mean value} x 100). In Table 1,

quantification
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when 5 repeated measurement results of the
same samples were examined in both methods,
the lowest recovery value was determined as
97.0% in the DSS method for the cpmgprid
pulse sequence, while the lowest recovery value
was determined as 108.0% for the zg30 pulse
sequence. In ERETIC2, a 90.3% recovery value
was calculated for cpmgprid pulse sequence,
and the lowest recovery value for zg30 pulse
sequence was determined as 102.0%. Likewise,
when the results obtained with the DSS method
and the ERETIC2 for 5 differently prepared
samples were compared, the lowest recovery
value for the cpmgprld pulse sequence in the
DSS method was 98.3%, while this value was
determined as 108.0% with the zg30 pulse. In
the ERETIC2, the lowest recovery values for
cpmgprld and zg30 pulse sequences were
calculated as 94.3% and 102.0%, respectively.
Besides, when the values for the same samples
provided in Table 1 are examined, RSD values
of 1.2% (for the cpmgprld) and 2.4% (for the
zg30) or lower were achieved in the DSS
method. While in the ERETIC2, RSD values of
2.2% (for the cpmgprld) and 1.7% (for the
zg30) or lower were obtained. Considering the
results obtained from differently prepared
samples, the DSS method provided 2.0% (for
the cpmgprld) and 3.1% (for the zg30) or
lower RSD. On the other hand, the ERETIC2
provided RSD values of 5.2% (for the
cpmgprld) and 5.7% (for the zg30) or lower for
these samples.

Tablel: Quantification results determined using the DSS method and ERETIC2 from standard
creatine solutions (C.S) in different concentrations (mM).

Concentrations (mM)
Method Sample type Pulse C.S
program (mM) Mean (+SD) Recovery RSD
(%) (%)
10 9.79 (% 0.02) 97.9 0.2
cpmgprld 5 4.99 (£ 0.06) 99.8 1.2
3 2.91 (£ 0.02) 97.0 0.7
1 0.98 (£ 0.01) 98.0 1.0
from the same 10 10.80 (% 0.01) 108 0.1
sample 2930 5 5.44 (+ 0.06) 108.8 1.1
3 3.42 (£ 0.02) 114.0 0.6
1 1.27 (+ 0.03) 127.0 2.4
DSS 10 9.85 (% 0.13) 98.5 1.3
method cpmgprid 5 4.92 (% 0.07) 98.4 1.4
3 2.95 ( 0.03) 98.3 1.0
from the 1 1.01 (£ 0.02) 101.0 2.0
different 10 10.80 (+ 0.01) 108 0.1
prepared 2930 5 5.44 (£ 0.04) 108.8 0.7
samples 3 3.44 ( 0.03) 114.6 0.9
1 1.28 (+ 0.04) 128.0 3.1
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10 9.51 (& 0.04) 95.1 0.4
cpmgprld 5 4.95 (£ 0.11) 99.0 2.2
3 2.71 ( 0.04) 90.3 1.5
1 0.93 (£ 0.02) 93.0 2.1
from the same 10 10.20 (% 0.07) 102 0.7
sample zg30 5 5.28 ( 0.06) 105.6 1.1
3 3.12 (+ 0.01) 104.0 0.3
1 1.18 (+ 0.02) 118.0 1.7
ERETIC2 10 9.43 (% 0.16) 94.3 1.7
cpmgprid 5 4.93 (£ 0.05) 98.6 1.0
3 2.90 (% 0.15) 96.6 5.2
from the 1 0.96 (£ 0.03) 96.0 3.1
different 10 10.02 (0.15) 102 1.5
prepared zg30 5 5.32 (£ 0.07) 106.4 1.3
samples 3 3.11 (£ 0.04) 103.6 1.3
1 1.22 (£ 0.07) 122.0 5.7

In a study using the PULCON methodology,
Watanabe et al. compared the results obtained
with the ERETIC2 and the internal standard
method using an NMR spectrometer equipped
with 5mm diameter conventional probe in the
quantification of the isolated okadaic acid
compound. When the results of different
integral regions in the spectra obtained from
the same samples using zg pulse sequence are
examined, the maximum RSD values calculated
for the internal standard method and the
ERETIC2 were reported as 5.16% and 3.77%,
respectively (20). Using the ERETIC2 as a fast
and precise method in addition to the
gravimetric method for the quantitative
determination of low molecular weight
molecules in natural isolates and reference
substances, Frank et al. used an NMR
spectrometer with the conventional 5 mm
diameter multinuclear probe hardware. They
determined the accuracy of the ERETIC2 with
the quantification of different concentrations of
benzoic acid (1.72, 6.14, and 16.21 mM) and L-
tyrosine (2.73, 7.33, and 9.99 mM) using 3.12
mM caffeine solution as their standard solution.
Recovery values calculated for benzoic acid
were 98.8%, 99.6%, and 99.2%, while
recovery values calculated for L-tyrosine were
100.6%, 100.7%, and 100.9% (35). In another
study, Selegato et al. evaluated the accuracy of
the global spectral deconvolution-based NMR
quantification method developed for the
quantification of bioactive molecules in
microbial cultures with the classical internal
standard method and the ERETIC2. In this
study, they used an NMR spectrometer
equipped with a triple resonance CryoProbe.
The reference calibration spectrum required for
the ERETIC2 was obtained from the standard
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sucrose solution of 2 mM. In their study, the
accuracy of the internal standard and ERETIC2
methodologies was determined by the
quantification of standard benzyl benzoate
solutions of different concentrations. The values
obtained for 1 mM benzyl benzoate solution
were reported as 0.96 mM for the classical
internal standard method and 1.20 mM for the
ERETIC2 (36).

In Table 1, it is clear that the quantification
results obtained by using the HR-MAS probe
exhibit lower RSD and better recovery
compared to the literature provided above. This
situation could be explained by the fact that the
standard HR-MAS probes have higher
radiofrequency (rf) field homogeneity compared
to the conventional probes (34,37). Also, even
if it was optimized for the experimental
conditions, an HR-MAS probe properly placed
into the NMR magnet can still have an
inhomogeneous rf-field. This is a result of
probe-independent factors such as the magnetic
field induced by the non-spinning components
of the NMR probe that are close to the sample,
or the presence of temperature gradients within
the sample caused by spinning and high radio
frequency (38). However, rf-inhomogeneity will
affect the internal standard method less than
the quantification method based on an
electronically generated reference signal (37).
As a result, when Table 1 is examined, it is seen
that DSS method provides a slightly lower RSD
than ERETIC2 from the results obtained from
both pulse programs. However, considering the
possibility of internal standard substances to
chemically interact with analyte molecules in
the sample, we can conclude that the ERETIC2
is @ more accurate approach for quantification.
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Besides, it is an expected result that the
accuracy of the results obtained from the same
samples will be higher due to some errors that
may occur during the preparation of different
samples. Also, when the results obtained with
both the DSS method and the ERETIC2 were
examined, it was observed that the zg30 pulse
sequence showed a shorter analysis time and
consequently a faster quantification, but higher
RSD and lower accuracy compared to the
cpmgprld pulse sequence. The zg30 pulse
sequence used in the quantitative NMR leads
broad bands that complicate the integration of
the signals in the NMR spectrum, and it
decreases the signal-to-noise (S/N) ratio and
increases the baseline distortions especially for

low sample concentrations. Therefore, some
signal resonances are overestimated in the
zg30 pulse sequence (39). Additionally,

suppressing the solvent resonance at very low
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sample concentrations with the appropriate
pulse sequence allows the use of maximum
receiver gain to improve the signal-to-noise
(S/N) ratio of the spectrum and thus increases
the accuracy of the quantitation results (10).

Metabolite concentrations calculated with
ERETIC2

ERETIC2 has become a fast and reliable
quantification method used in liquid-state NMR
spectroscopy to determine the concentrations of
target molecules in complex mixtures (35,40).
The results obtained from this study showed
that ERETIC2 method can be easily adapted to
HR-MAS spectroscopy in determining metabolite
concentrations of biological samples. Figure 3
shows the one-dimensional 'H HR-MAS NMR
spectrum obtained from human follicular fluid
sample.
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Figure 3: 600 MHz *H HR-MAS CPMG (Carr-Purcell-Meiboom-Gill) NMR spectrum recorded at a spin
rate of 4 KHz and 295 K of human follicular fluid.

When Figure 3 is examined, it is seen that the
signals of some metabolites were quite good
resolved in the NMR spectrum of the follicular
fluid. Thus, the integration of these metabolite
signals can be easily performed. The
concentration values of selected metabolites
(valine, lactate, alanine, acetoacetate,
pyruvate, glutamine, citrate, pB-glucose, a-

glucose) calculated using ERETIC2 method from
ten different follicular fluid samples (from
healthy control group and group with
endometriosis) are given in Table 2. 'H NMR
experiments repeated three times with different
samples obtained from each group. In Table 2,
small standard deviation values obtained for the
concentration results support the accuracy of
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the method. Another method that can be used
to evaluate the performance of ERETIC2
combined with HR-MAS spectroscopy in the
quantification of follicular fluid metabolites may
be to compare the results obtained in this study
with those obtained from other methodologies.

RESEARCH ARTICLE

However, while studies using NMR spectroscopy
in the precise quantification of the metabolite
composition of the human follicular fluid are
limited in the literature, relative quantitation is
currently the focus of many NMR-based
metabolomics studies (26,41).

Table 2. The absolute concentration values of the various metabolites contained in follicular fluids
determined using the ERETIC2 method.

Concentration (mM)
Metabolite Integrated area (ppm) Multiplicity Group Healthy control Endometriosis
Mean + SD Mean + SD
Valine 0.90-0.87 doublet yCHs 0.23 + 0.06 0.22 + 0.08
Valine 0.95-0.91 doublet y'CHs 0.17 + 0.05 0.16 = 0.05
Lactate 1.24-1.21 doublet BCHs 3.99 £ 1.60 5.90 £ 2.72
Alanine 1.39-1.35 doublet BCH5 0.52 £ 0.14 0.56 £ 0.16
Acetoacetate 2.13-2.10 singlet YCH; 0.07 £ 0.07 0.06 £ 0.02
Pyruvate 2.28-2.25 singlet BCHs 0.28 + 0.06 0.30 + 0.06
Glutamine 2.37-2.31 multiplet yCH: 0.87 £ 0.23 0.82 £ 0.30
Citrate 2.45-2.40 doublet a, yCH 0.29 £ 0.12 0.29 £ 0.10
Citrate 2.61-2.56 doublet a’, y'CH 0.34 + 0.15 0.34 £ 0.11
Lactate 4.06-3.96 quartet aCH 3.59 +£ 1.38 5.19 £ 2.30
B-glucose 4.57-4.50 doublet C'H 1.64 + 0.68 1.44 + 0.97
a-glucose 5.17-5.09 doublet C'H 2.29 £ 0.71 2.07 £ 1.20
In the early studies, the researchers used alanine, creatinine, glycine, D-3-
different methods other than the NMR to hydroxybutyrate, lactate, and valine in the

determine the concentrations of metabolites
such as glucose and lactate in follicular fluid,
which were predicted to be important for oocyte
quality. In their studies, Leese and Lenton
calculated the glucose concentration in follicular
fluid as 3.29 * 0.09 mM and the lactate
concentration as 6.12 = 0.17 mM where they
used an autoanalyzer for glucose and
fluorometric method for lactate. They also
reported the average pyruvate concentration
calculated for some samples as 0.26 = 0.008
mM (42). In another study, Gull et al. who
investigated the glycolysis process in human
ovarian follicles, determined the glucose and
lactate concentrations in the follicular fluid
using glucose analyzer and lactate
spectrophotometric analyzer. They calculated
the mean glucose and lactate concentrations in
follicular fluid as 3.39 £ 0.91 mM and 3.17 %
0.90 mM, respectively (43). Jozvik et al.
reported the glucose concentration as 2.78 mM
in their studies by determining the sugar and
polyol concentrations in a human follicular fluid
using high-performance liquid chromatography
(HPLC) method (44). Gosden et al. is the first
group to use 'H NMR spectroscopy to examine
the molecular composition of follicular fluid.
However, in their studies, they detected low
molecular weight metabolites such as acetate,
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follicular fluid samples of some farm animals at

concentrations exceeding 0.1 mM. In the
quantitative determination of the molar
concentrations of the metabolites, firstly,

lactate concentrations were determined in each
sample by an independent lactate
dehydrogenase experiment. Next, these lactate
values were used to determine metabolite
concentrations by considering the NMR signals
obtained from other metabolites (45). A
detailed analysis of the metabolite composition
of the human follicular fluid was first performed
by Pifiero-Sagredo et al. using a high-resolution
liquid-state NMR spectrometer equipped with a
5 mm diameter triple CyroProbe. Although the
concentrations of all metabolites determined in
this study were not precisely calculated, a linear
combination of reference NMR spectra obtained
from solutions with known concentrations of
both metabolites was used for glucose and
lactate quantification. The glucose and lactate
concentrations obtained by this method were
reported as 2 mM and 5 mM, respectively (28).
After Pifiero-Sagredo and his group introduced
a comprehensive metabolite profile of human
follicular fluid into the literature, follicular fluid
studies based on NMR spectroscopy focused on
determining the relationship between follicular
fluid metabolite composition and oocyte
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development potential,
etiology of diseases (46). Wallace et al.
conducted 'H-NMR  based metabolomics
analyzes using liquid-state NMR spectroscopy in
follicular fluids collected from in vitro
fertilization (IVF) patients. The collected
samples were analyzed considering the number
of embryo cells and noncleaving oocytes to test
the ability of the follicular fluid metabolite
composition in the prediction of successful IVF
result. In Wallace's study, the metabolite
concentrations were determined using a
different method (amino acid analyzer) and the
glucose concentration in the follicular fluid of
two groups was reported as 3.25 £ 1.24 mM
and 2.33 £ 0.57 mM (25). In another study,
Karaer et al. conducted metabolomics analyzes
using an NMR spectrometer with a conventional
5 mm diameter probe equipment to determine
whether the change in the metabolite
composition of follicular fluids collected from
ovarian endometriosis patients was identifiable.
In Karaer's study, ERETIC2 was used for the 'H
NMR-based quantitative analysis of metabolites
in the women with ovarian endometriosis and
healthy controls. The concentrations (mM) of
different metabolites for each group were
obtained as lactate (2.75 £ 1.1 and 1.6 £ 5.5),
a-glucose (1.72 + 0.5 and 1.25 + 0.2), B-
glucose (1.25 £ 0.2 and 0.83 £ 0.3), alanine
(0.38 £ 0.11 and 0.27 £ 0.09), pyruvate (0.19
+ 0.04 and 0.14 £ 0.03) and valine (0.17 +
0.03 and 0.12 £ 0.04) (27). When the results
presented in Table 2 are examined, it is seen
that lactate, alanine and pyruvate concentration
values from the patient group were calculated
higher than the healthy control group, similar to
the results obtained by Karaer et al. (27). On
the other hand, in contrast to Karaer et al., a-
glucose and pB-glucose concentration values
were higher in the control group compared to
the patient group. Although the relationship
between the ratio of glucose and lactate
concentrations and the anaerobic metabolism in
the hyperstimulated follicle is out the scope of
this study, in literature different values related
to the ratio between glucose and lactate have
been reported. In some studies, this ratio is
given approximately 1:2 (42,28) while in others
it is given approximately 1:1 (43,27). When the
results obtained from this study are examined,
it is seen that the ratio between total glucose
and lactate is approximately 1:1 for healthy
controls and approximately 1:2 in the patient
group. It has been shown that, there is a
negative correlation between follicle size and

embryo viability and
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glucose concentration and a positive correlation
between follicle size and lactate concentration
(43). In this study, the glucose and lactate
concentration values calculated from follicular
fluid samples collected from follicles with a
diameter of about 20 mm are compatible with
the concentration values obtained from the
follicles of the same size by Gull et al. (43).

CONCLUSION

NMR spectroscopy has a very important place
among quantification methods, as it provides a
direct relationship between peak area and
absolute concentration as well as providing
valuable structural and diagnostic information
within short analysis times. Recent advances in
PULCON methodology have shown that analyte
spectra used in quantitative NMR can be
obtained completely without internal standard
reference material. In this context, ERETIC2
can be easily applied in determining metabolite
concentrations in intact biological fluids. Also,
attention should be paid to the use of the same
pulse sequence in the analysis of the known
reference solution and the subsequent analyte
solution, the effects of factors such as solvent
and concentration on the acquisition
parameters such as relaxation delay and pulse
length, and the salt concentration contained in
the sample when obtaining the reference
spectrum for the ERETIC2 method. Although
HR-MAS NMR spectroscopy is generally used in
the analysis of heterogeneous sample systems,
it can be an excellent alternative in the analysis
of limited amounts of biological fluid samples
and quantification of unknown species in these
samples. Sample leakage that may occur in the
rotor system is one of the most important
factors that can lead to quantitation errors in
HR-MAS studies of biological fluids. However,
these errors can be prevented with care and
attention to be shown during rotor assembly.
Additionally, it should be noted that sample
recovery in HRMAS studies is difficult. When the
results obtained in this study and previous
literature data obtained from other
methodologies are compared, it is seen that the
ERETIC2 method combined with HR-MAS NMR
spectroscopy is reliable and accurate in
determining follicular fluid metabolite
concentrations.
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Table S1: Concentration values obtained as a result of two different methods and 5 different measurements for same standard creatine solutions at different
concentrations. Concentrations of creatine in solutions were calculated from the 9 proton singlet signals of DSS in the range of 0.02 to - 0.17 ppm and the 3
proton methyl signal of creatine in the range of 3.05 - 2.9 ppm using equation 1 and 2.

Std Concentration results obtained using two different pulse programs (mM)
Method | creatine cpmgprid zg30
solutions
(mM) Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt.
1 2 3 4 5 1 2 3 4 5

10 9.80 9.80 9.78 9.77 9.81 10.80 | 10.81 | 10.80 | 10.82 | 10.79
DSS 5 4.97 5.08 5.03 4.96 4.94 5.47 5.39 5.48 5.37 5.50
method 3 291 | 2.89 | 290 | 290 | 2.95 | 3.40 | 3.42 | 3.44 | 3.42 | 3.44
1 0.98 0.99 0.98 0.97 0.98 1.25 1.28 1.27 1.24 1.31
10 9.57 9.53 9.50 9.45 9.51 10.31 | 10.22 | 10.18 | 10.13 | 10.18
ERETIC 5 4.98 4.97 5.10 4.86 4.82 5.29 5.27 5.36 5.20 5.29
2 3 2.71 2.66 2.66 2.76 2.73 3.12 3.11 3.13 3.12 3.12
1 0.97 0.94 0.92 0.91 0.92 1.14 1.20 1.18 1.17 1.19
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Table S2: Concentration values calculated using two different methods as a result of NMR measurements obtained from 5 different samples prepared from each
standard creatine solution at different concentrations. In concentration calculations, 9 proton singlet signals of DSS in the range of 0.02 to - 0.17 ppm and 3
proton methyl signal of creatine in the range of 3.05 - 2.9 ppm were used.

Std Concentration results obtained using two different pulse programs (mM)
Method | creatine cpmgprld zg30
solutions
(mM) Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt. | Expt.
1 2 3 4 5 1 2 3 4 5

10 9.80 9.97 9.99 9.79 9.69 | 10.80 | 10.79 | 10.81 | 10.81 | 10.80
DSS 5 4.97 4.81 4.94 4.89 4.98 5.39 5.42 5.44 5.51 5.46
method 3 2.90 2.94 2.96 2.97 2.99 3.47 3.40 3.46 3.43 3.45
1 0.98 1.02 1.01 | 1.02 1.03 1.25 1.30 1.30 1.32 1.23
10 9.57 9.51 9.44 9.15 9.47 10.18 9.94 10.13 9.80 10.04
ERETIC 5 4.98 4.91 4.93 4.97 4.86 5.27 5.41 5.29 5.39 5.26
2 3 2.76 2.73 3.08 2.96 2.98 3.04 3.12 3.12 3.14 3.12
1 0.92 1.00 0.95 0.97 0.97 1.14 1.32 1.23 1.24 1.19
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Figure S1: Quantification procedure used for the ERETIC2 a) one dimensional *H HR-MAS NMR spectrum of a 10 mM DSS solution (calibration step where the
ERETIC2 signal is generated using DSS sample). To determine the 90° pulse (6s = 5.75 psec), the command pulsecal was used, where relaxation delay was 10 s;
number of experiments was 25; and the pulse calibration was performed in 0.5 psec interval within 2 psec. b) *H HR-MAS NMR spectrum of 10 mM creatine
solution containing internal standard (quantification step in which the concentration of standard creatine solutions in different concentrations is determined). The
acquisition parameters given above were used to determine the 90° pulse (64 = 6.0 psec). Besides, The FIDs were processed by multiplying with 0.3 Hz line
broadening parameter. NMR spectra were phase-corrected manually and the “absn” function was used for the baseline correction.
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Figure S2: Determination of follicular fluid metabolite concentrations (mM) using the ERETIC2 a) one dimensional *H HR-MAS NMR spectrum of a 10 mM DSS
solution (calibration step where the ERETIC2 signal is generated using DSS sample). b) representative ‘H HR-MAS NMR spectrum of the follicular fluid sample (the
relevant metabolite concentrations were determined by means of equation number 2).
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Abstract: In this study, the synthesis of various geranyloxycoumarin derivatives from hydroxycoumarin
was obtained in good yield under mild conditions using Cs>COs. In the synthesis of geranyloxycoumarin
derivatives, when 4-hydroxycoumarin reacts with geranyl bromide under mild conditions due to tautomeric
keto-enol forms, 4-geranyoxycoumarin (3a), C-alkylated coumarin (3aa) and structure 3ab formed by
hydrolysis and decarboxylation from 3aa were formed products. In addition, the alkylation reaction of 3-
OH, 5-0OH, 6-0OH, 7-OH, and 8-OH coumarin except 4-OH group produced a high yield.
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aurantifolia (36).
INTRODUCTION

Coumarin secondary metabolites with hydroxy
Coumarin and its derivatives are widely used in the group are critical in the synthesis of various
synthesis of bioactive molecules (1). The derivatives derivatives with  outstanding bioactivity. 4-
also show a broad spectrum of beneficial effects, Hydroxycoumarin and the synthesis of its
such as anti-inflammatory (2-6), anti-HIV (7-9), derivatives first attracted the attention of Shah V.R.
anticancer (10-15), antimicrobial (16-18), etal.in 1960 (36) and 4-hydroxycoumarin has since
antitumor (19-23), anti-platelet (24), COX inhibitors been used for producing a variety of coumarin
(25), antioxidant (26-33), and antibacterial (34,35) derivatives based on its keto-enol tautomeric
activities. properties (37). The alkylation of the coumarin

without the 4-OH group has also been investigated
Among them, hydroxylated coumarin secondary as a general method of synthesis. The alkylation
metabolites are essential in the synthesis of various reaction of the hydroxycoumarins has been
derivatives, such geranyloxycoumarins, with investigated as a general method of synthesis of
outstanding bioactivities. Well known naturally geranyloxycoumarins but, on the best of our view,
occurred geranyloxycoumarins are 7- the reaction strongly depended on the position of
geranyloxycoumarin (auraptene) isolated from the hydroxy group, base additive, and reaction
Poncirus trifoliata Rafinesque and 5-geranyloxy-7- conditions. Interestingly, 4-hydroxycoumarin has
methoxycoumarin, bergamottin  since been used for producing a variety of O-4 and
(geranyloxypsoralen) isolated from Citrus  C-3 coumarin derivatives based on its keto-enol
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tautomeric properties (38).

In this study, the reaction between
hydroxycoumarins (1) and geranyl bromide (2) was
studied in the synthesis of geranyloxycoumarin
derivatives (3), using both weak and strong basic
additives such as KCOsz, Cs>COs, and Ag.COs,
respectively. The C-3 and O-4 alkylation of the 4-
hydroxycoumarin under mild optimized reaction
condition has also been investigated.

EXPERIMENTAL

General Experimental Procedures

The silica gel 60 (230-400 mesh ASTM, 0.040-0.063
mm) for open chromatography and GFzss for TLC
were purchased from Merck Ltd. (Darmstadt,
Germany). All solvents and chemicals used in this
study were of analytical grade. For the
hydroxycoumarin derivatives with a different
substituent (4-hydroxycoumarin, 4-hydroxy-3-
nitrocoumarin, 3-hydroxycoumarin, 6-
hydroxycoumarin, 7-hydroxycoumarin, 3-
phenylumbelliferone, 3-chloro-7-hydroxy-4-
methylcoumarin and 6-chloro-7-hydroxy-4-
methylcoumarin), the commercially available, 97%-
98% pure TCI (Japan) and Alfa Aesar (USA)
products were used. The established methods of
synthesis were used to obtain 4-methyl-7-
hydroxycoumarin (39,41), 6-hydroxy-4-
methylcoumarin (39,41), 7-hydroxy-4-
trifluoromethylcoumarin (39,41) and 4-methyl-6,7-
dihydroxycoumarin (39,41). The alkenyl chain used
in the synthesis of geranyloxycoumarin derivatives
was 95% geranyl bromide (Aldrich, USA). For the
base, NaOH, KyCOs3, CsCO3, Ag.CO:z and
triethylamine (EtsN) were used, whereas the
solvents used in this study were ethyl acetate
(EtOAc), acetonitrile, n-hexane, dichloromethane
(DCM), ethanol (EtOH), and acetone. Nuclear
magnetic resonance spectrometer (NMR
spectrometer; BRUKER AVANCE 400 MHz, BRUKER,
Germany) was used for analysis. CDClsz containing
tetramethylsilane (TMS), which is an internal
standard, was used as analytical solvent. Chemical
shifts (&) are given in parts per million (ppm), and
coupling constants (J) are in hertz (Hz). Residual
central signals of CDCls were recorded as follows: &
H = 7.26, 8 C = 77.00. Infrared spectroscopy was
performed, in the form of KBr pellets, on FT/IR-
4200 (JASCO, Japan) spectrophotometer, to confirm
the functional groups in the compound. High-
resolution mass spectra were recorded on an SCIEX
(Qtrap 3200) liquid—chromatography-mass
spectrometer (USA). In addition, the melting point
was measured without calibrating the temperature.
A thermometer was mounted under a paraffin oil
container, and the open glass capillary method was
used.
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Common synthesis method of geranyloxycoumarin
derivative

To a stirred mixture of hydroxycoumarin 1la (1.0
mmol) and powdered cesium carbonate (1.1 mmol)
in acetonitrile (30 mL), geranyl bromide with 95%
purity (1.2 mmol) was added, and the stirring was
continued at RT for 3 hours. The reaction progress
was monitored using TLC. When the reaction
finished the solvent was removed under reduced
pressure, then DCM (20 mL) was added to the
mixture which was filtered off. After the evaporation
of the solvent, crude products were purified by
column chromatography on silica gel eluted with the
mixture of n-hexane:DCM (1:1, v/v) to obtain pure
geranyloxycoumarins (E)-4-(3,7-dimethylocta-2,6-
dienyloxy)-2Hchromen-2-one (3a), 3,3-bis((E)-3,7-
dimethylocta-2,6-dien-1-yl)chromane-2,4-dione
(3aa), and (E)-2-((E)-3,7-dimethylocta-2,6-dien-1-
y-1-(2-hydroxyphenyl)-5,9-dimethyldeca-4,8-dien-
1-one (3ab).

Characterization of (3a) (44)

White powder, Yield: 18%; m.p. 47-48 °C; IR (KBr,
cm): v 2923 (Aliphatic C-H), 1718 (C=0), 1620,
1371, 1235 (C-0), 1182 (C-0), 1104 (C-0), 923,
817, 764, 751, 500; *H-NMR (400 MHz, CDClI3): d
1.62 (s, 3H, CH3), 1.69 (s, 3H, CH3), 1.77 (s, 3H,
CHs), 2.08-2.18 (m, 4H, -CHxCH»-), 4.71 (d, J =
6.7 Hz, 2H, -CH;-), 5.08-5.12 (m, 1H, =CH), 5.51
(t, J = 6.7 Hz, 1H, =CH), 5.69 (s, 1H, H-3), 7.25-
7.33 (m, 2H, H-6 and H-8), 7.53-7.57 (m, 1H, H-
7), 7.84 (dd, J = 2.2 Hz, 5.8Hz, 1H, H-5) ppm; !3C-
NMR (100 MHz, CDCl3): & 16.82 (CHs), 17.75
(CH3), 25.70 (CH3), 26.19 (CH), 39.50 (CH), 66.27
(CH), 90.64 (CH), 115.92 (C), 116.75 (CH), 117.06
(CH), 123.19 (CH), 123.46 (CH), 123.83 (CH),
132.13 (CH), 132.31 (C), 143.74 (C), 153.35 (C),
163.15 (C), 165.61 (C) ppm; MS (EIMS): m/z 298
[M]1*; Anal. Calcd for Ci9H2203: C, 76.48; H, 7.43,
Found: C, 76.49; H, 7.40.

Characterization of (3aa) (43)

Colorless liquid, Yield: 11%; IR (KBr, cm™): v 2966
(Aliphatic C-H), 2917 (Aliphatic C-H), 2854
(Aliphatic C-H), 1772 (C=0), 1689 (C=0), 1611,
1461, 1288 (C-0), 1142, 755; 'H-NMR (400 MHz,
CDCl3): & 1.47 (s, 6H, 2CH3), 1.55 (s, 6H, 2CH3),
1.59 (s, 6H, 2CHs), 1.79 (s, 8H, 2(-CH2CH2-)),
2.70-2.80 (m, 2H, -CHz-), 2.82-2.89 (m, 2H, -
CH2-), 4.86-4.95 (m, 4H, 4 (=CH)), 7.15 (dd, J =
2.5 Hz, 8.0 Hz, 1H, H-8), 7.21-7.25 (m, 1H, H-5),
7.58-7.63 (m, 1H, H-7), 7.91 (dd, J = 2.5 Hz, 8.0
Hz,1H, H-5) ppm; 13C-NMR (100 MHz, CDCl3): d
16.21 (CH3), 17.52 (CHs), 25.49 (CH3), 26.33 (CH),
37.62 (CH), 39.65 (CH), 62.24 (C), 116.89 (CH),
117.49 (C), 119.53 (CH), 123.78 (CH), 124.66
(CH), 126.55 (CH), 131.32 (C), 136.82 (C), 140.59
(C), 154.89 (C), 170.56 (C), 194.66 (C) ppm; MS
(EIMS): m/z 434 [M]*; Anal. Calcd for Ca9H3503: C,
80.14; H, 8.81, Found: C, 80.09; H, 8.76.
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Synthesis method of (3ab)

To a stirred mixture of 3aa (2.3 mmol) and
powdered cesium carbonate (2.5 mmol) in
acetonitrile (30 mL), distilled water (2.6
mmolémmol) was added, and the stirring was
continued at RT for 9 hours. The reaction progress
was monitored using TLC. When the reaction
finished the solvent was removed under reduced
pressure, then DCM (20 mL) was added to the
mixture which was filtered up. After evaporation of
the solvent crude products were filtered by column
chromatography on silica gel eluted with the
mixture of n-hexane:DCM (3:1, v/v) to obtain pure
3ab.

Characterization of (3ab)

Colorless liquid, Yield : 35%; IR (KBr, cm™): v 1712
(-C=0); 'H-NMR (400MHz, CDCl3): d 1.54 (s, 6H,
2CH3), 1.58 (s, 6H, 2CH3), 1.62 (s, 6H, 2CHa3),
1.84-1.98 (m, 8H, 2(-CH2CH2-)), 2.25-2.32 (m, 2H,
-CHx-), 2.41-2.48 (m, 2H, -CH»>-), 3.47-3.54 (m,
1H, -C-H), 4.98-5.03 (m, 2H, 2(=C-H)), 5.06-
5.11(m, 2H, 2(=C-H)), 6.86-6.90 (m, 1H), 6.95-
6.98 (m, 1H), 7.42-7.46 (m, 1H), 7.76-7.79 (dd, J
= 1.8 Hz, 8.2 Hz, 1H), 12.66 (s, 1H, OH, D>0 exch.)
ppm; 33C-NMR (100MHz, CDCl3): & 16.10 (CH3),
17.67 (CHs3), 25.65 (CHs), 26.54 (CH2), 30.60
(CH2), 39.74 (CH:), 46.39 (CH), 118.56 (CH),
118.68 (CH), 119.65 (C), 121.10 (CH), 124.11
(CH), 130.24 (CH), 131.45 (C), 136.20 (CH),
137.59 (C), 162.93 (C), 210.28 (-C=0) ppm; MS
(EIMS): m/z 408 [M]*; Anal. Calcd for CzsH4002: C,
82.30; H, 9.87, Found: C, 82.27; H, 8.88.

Common synthesis method of geranyloxycoumarin
derivatives

To a stirred mixture of hydroxycoumarin 1b-1l (1.0
mmol) and powdered cesium carbonate (1.1 mmol)
in acetonitrile (30 mL), 95% geranyl bromide (1.2
mmol was added, and the stirring was continued at
RT for 2.5-34 hours. The reaction progress was
monitored using TLC. When the reaction finished the
solvent was removed under reduced pressure, then
DCM (20 mL) was added to the mixture which was
filtered up. After evaporation of the solvent crude
products were filtered by column chromatography
on silica gel eluted with the mixture of n-
hexane:DCM (1:1, v/v) to obtain pure
geranyloxycoumarin 3c-3l.

Characterization of (3c)

White solid, Yield: 90%; m.p. 62-63 °C; IR (KBr,
cm™1): v 3077 (Aromatic C-H), 3030 (Aromatic C-H),
2974 (Aliphatic C-H), 2914 (Aliphatic C-H), 2894
(Aliphatic C-H), 1730 (Carbonyl (ester -C=0)), 1609
(C=C bond), 1556, 1516, 1452, 1427, 1400, 1351,
1275, 1215, 1192, 1166, 1137, 1014, 999, 958,
872, 818, 781, 715, 649, 626 ; *H-NMR (400 MHz,
CDCIs): & 1.57 (s, 3H, CH3), 1.62 (s, 3H, CH3), 1.73
(s, 3H, CH3), 2.03-2.13 (m, 4H, -CH2CH>-), 4.59 (d,
J 4.0 Hz, -OCH2-), 5.01-5.06 (m, 1H, =CH),
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5.40-5.45 (m, 1H, =CH), 6.57 (s, 1H, H-3), 6.83
(d, J = 2.5 Hz, 1H, H-8), 6.88 (dd, J = 2.5 Hz, 9.0
Hz, 1H, H-6), 7.56-7.59 (m, 1H, H-5) ppm; 13C-
NMR (100 MHz, CDCl3): & 16.79 (CHs3), 17.70
(CHs3), 25.65 (CHs), 26.20 (CH2), 39.50 (CH2),
65.67 (CHz), 102.13 (CH), 106.88 (CH), 112.04
(g, 3Jcr = 5.7 Hz), 113.98 (C), 120.25 (CH), 123.00
(CH), 123.54 (CH), 126.24 (q, 3Jcr = 2.0 Hz, CH),
132.02 (C), 141.61 (q, 2Jer = 32.7 Hz, CCF3),
142.78 (C), 156.31 (C), 159.49 (C), 162.86 (C)
ppm; '°F-NMR (470 MHz, DMSO-ds): d 63.62 (s,
3F) ppm; MS (EIMS): m/z 366 [M]*; Anal. Calcd
for CxoH21F303: C, 65.57; H, 5.78, Found: C, 65.54;
H, 5.76.

Characterization of (3d) (44)

White solid, Yield: 93%; m.p. 66-67 °C; IR (KBr,
cm1): v 3082 (Aromatic C-H), 3053 (Aromatic C-H),
2972 (Aliphatic C-H), 2896 (Aliphatic C-H), 2879
(Aliphatic C-H), 2849 (Aliphatic C-H), 2833
(Aliphatic C-H), 1728 (Carbonyl (ester -C=0)), 1611
(C=C bond), 1507, 1452, 1430, 1403, 1369, 1348,
1280, 1234, 1201, 1165, 1126, 1103, 1022, 990,
889, 852, 830, 776, 760; 'H-NMR (400 MHz,
CDCl3): & 1.60 (s, 3H, CHs), 1.66 (s, 3H, CH3), 1.75
(s, 3H, CHs), 2.06-2.15 (m, 4H, -CH>CH>-), 4.59 (d,
J = 6.7 Hz, 2H, -CH2-), 5.05-5.09 (m, 1H, =CH),
5.44-5.48 (m, 1H, =CH), 6.24 (d, J = 9.5 Hz, 1H,
H-3), 6.81 (d, J = 2.5 Hz, 1H, H-6), 6.84 (dd, J =
2.4 Hz, 8.4 Hz, 1H, H-8), 7.36 (d, J = 8.6 Hz, 1H,
H-5), 7.63 (d, J = 9.5 Hz, 1H, H-4) ppm; 3C-NMR
(100 MHz, CDCl3): & 16.37 (CH3), 17.31 (CHa3),
25.26 (CHs), 25.82 (CH2), 39.11 (CH:), 65.08
(CH2), 101.18 (CH), 112.01 (CH), 112.56 (C),
112.84 (CH), 117.99 (CH), 123.20 (CH), 128.26
(CH), 131.57 (C), 141.98 (C), 143.04 (CH), 155.47
(C), 160.90 (C), 161.74 (C) ppm; MS (EIMS): m/z
296 [M]*; Anal. Calcd for CigH2203: C, 76.48; H,
7.43, Found: C, 76.45; H, 7.41.

Characterization of (3e) (45)

White solid, Yield: 91%; m.p. 54-55 °C; IR (KBr,
cm1): v 3078 (Aromatic C-H), 3028 (Aromatic C-H),
2964 (Aliphatic C-H), 2917 (Aliphatic C-H), 2856
(Aliphatic C-H), 1726 (Carbonyl (ester -C=0)), 1617
(C=C bond), 1508, 1441, 1420,1390, 1345, 1278,
1257, 1199, 1154, 1134, 1070, 992, 982, 843, 825;
1H-NMR (400 MHz, CDCl3): & 1.57 (s, 3H, CHs3),
1.63 (s, 3H, CH3), 1.73 (s, 3H, CH3), 2.03-2.13 (m,
4H, -CHxCH»>-), 2.37 (d, J = 1.1 Hz, 3H, CH3), 4.57
(d, J 6.5 Hz, 2H, -CH:-), 5.03-5.07 (m, 1H,
=CH), 5.42-5.46 (m, 1H, =CH), 6.10 (q, J = 1,2
Hz, 2.4 Hz, 1H, H-3), 6.79 (d, J = 2.5 Hz, 8.8 Hz,
1H, H-8), 6.84 (d, J = 2.5 Hz, 1H, H-6), 7.46 (dd, J
2.6 Hz, 8.8 Hz, 1H, H-5) ppm; '3C-NMR (100
MHz, CDCls): & 16.79 (CHs), 17.73 (CHs), 18.70
(CH3), 25.68 (CH3), 26.24 (CH2), 39.53 (CH>),
65.44 (CHz), 101.59 (CH), 111.85 (CH), 112.94 (C),
113.47 (CH), 118.45 (CH), 123.63 (CH), 125.46
(CH), 131.97 (C), 142.35 (C), 152.61 (C), 155.25
(C), 161.41 (C), 161.95 (C) ppm ; MS (EIMS): m/z
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312 [M]*; Anal. Calcd for CaoH240s: C, 76.89; H,
7.74, Found: C, 76.88; H, 7.72.

Characterization of (3f) (46)

Light yellow solid, Yield: 93%; m.p. 136-137 °C; IR
(KBr, cm™): v 3076 (Aromatic C-H), 3027 (Aromatic
C-H), 2960 (Aliphatic C-H), 2909 (Aliphatic C-H),
2851 (Aliphatic C-H), 1720 (Carbonyl (ester -C=0)),
1604 (C=C bond), 1600 (C=C bond), 1548, 1505,
1453, 1378, 1354, 1262, 1257, 1208, 1169, 1142,
1077, 1008, 946, 873, 818, 753, 583; 'H-NMR
(400 MHz, CDCl3): & 1.60 (s, 3H, CH3), 1.66 (s, 3H,
CHs3), 1.76 (s, 3H, CHs), 2.06-2.17 (m, 4H,
CH2CH»-), 2.54 (s, 3H, CH3), 4.60 (d, J = 6.6 Hz, -
CH»-), 5.05-5.09 (m, 1H, =CH), 5.43-5.48 (m, 1H,
=CH), 6.82 (d, J = 2.5 Hz, 1H, H-8), 6.90 (dd, J =
2.5 Hz, 8.9 Hz, 1H, H-6), 7.51 (d, J = 8.9 Hz, 1H,
H-5) ppm; '3C-NMR (100 MHz, CDCl3): & 16.12
(CH3), 16.74 (CHs), 17.66 (CHs3), 25.62 (CHa3),
26.18 (CH2), 39.46 (CH2), 65.50 (CH2), 101.44
(CH), 113.10 (CH), 113.56 (C), 117.60 (CH),
118.24 (CH), 123.54 (CH), 125.74 (CH), 131.93
(C), 142.46 (C), 147.96 (C), 153.04 (C), 157.47
(C), 161.82 (C) ppm ; MS (EIMS): m/z 346 [M]*;
Anal. Calcd for CxH23ClO3: C, 69.26; H, 6.68,
Found: C, 68.70; H, 6.62.

Characterization of (3g)

White solid, Yield: 90%; m.p. 95-96 °C; IR (KBr,
cm™): v 3078 (Aromatic C-H), 3003 Aromatic C-H),
2965 (Aliphatic C-H), 2916 (Aliphatic C-H), 2856
(Aliphatic C-H), 2854 (Aliphatic C-H), 1728
(Carbonyl (ester -C=0)), 1609 (C=C bond), 1494,
1414, 1388, 1378, 1320, 1274, 1205, 1157, 1083,
1047, 982, 883, 829; *H-NMR (400 MHz, CDCl3): d
1.59 (s, 3H, CHs), 1.65 (s, 3H, CH3), 1.77 (s, 3H,
CH3z), 2.06-2.15 (m, 4H, -CH2CH2-), 2.38 (d, J =
1.2 Hz, 3H, CH3), 4.69 (d, J = 6.4Hz, 2H, -CH>-),
5.04-5.08 (m, 1H, =CH), 5.44-5.48 (m, 1H, =CH),
6.16 (dd, J = 1.4 Hz, 2.6 Hz, 1H, H-3), 6.83 (s, 1H),
7.56 (s, 1H) ppm; 3C-NMR (100 MHz, CDCl3): &
16.89 (CHs), 17.73 (CHs), 18.65 (CHs), 25.65
(CHz), 26.19 (CH2), 39.50 (CH:), 66.63 (CH>),
101.57 (CH), 112.74 (CH), 113.65 (C), 118.03
(CH), 119.34 (C), 123.54 (CH), 125.32 (CH),
132.01 (C), 142.66 (C), 151.70 (C), 153.52 (Q),
156.93 (C), 160.79 (C) ppm; MS (EIMS): m/z 346
[M1*; Anal. Calcd for C20H23ClO3: C, 69.26; H, 6.68,
Found: C, 69.00; H, 6.64.

Characterization of (3h)

White solid, Yield: 92%; m.p. 104-105 °C; IR (KBr,
cm™1): v 3054 (Aromatic C-H), 3036 (Aromatic C-H),
2965 (Aliphatic C-H), 2909 (Aliphatic C-H), 2851
(Aliphatic C-H), 1707 (Carbonyl (ester -C=0)), 1606
(C=C bond), 1503, 1450, 1443, 1429, 1365, 1272,
1220, 1178, 1123, 1105, 1012, 990, 941, 827, 784,
691, 630; *H-NMR (400 MHz, CDCI3): d 1.59 (s,
3H, CH3s), 1.66 (s, 3H, CH3z), 1.75 (s, 3H, CH3),
2.05-2.15 (m, 4H, -CH2CH2-), 4.60 (d, J = 8.0 Hz,
2H, -CHz-), 5.05-5.09 (m, 1H, =CH), 5.44-5.48 (m,
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1H, =CH), 6.84-6.87 (m, 2H, H-6 and H-8), 7.34-
7.44 (m, 4H), 7.65-7.68 (m, 2H), 7.74 (s, 1H, H-4)
ppm; 3C-NMR (100 MHz, CDCl3): & 16.76 (CH3),
17.69 (CHs3), 25.64 (CHz), 26.20 (CH:), 39.48
(CH2), 65.47 (CH.), 101.12 (CH), 113.19 (CH),
113.39 (CH), 118.38 (CH), 123.58 (C), 124.63
(CH), 128.36 (CH), 128.39 (CH), 128.74 (CH),
131.94 (C), 135.03 (C), 140.06 (C), 142.34 (CH),
155.23 (C), 160.95 (C), 161.88 (C) ppm; MS
(EIMS): m/z 374 [M]*; Anal. Calcd for CasH2603: C,
80.18; H, 7.00, Found: C, 80.16; H, 6.99.

Characterization of (3i) (44,47)

White solid, Yield: 92%; m.p 95-96 °C; IR (KBr,
cm): v 3067 (Aromatic C-H), 3050 (Aromatic C-H),
2958 (Aliphatic C-H), 2911 (Aliphatic C-H), 2870
(Aliphatic C-H), 2840 (Aliphatic C-H), 1704
(Carbonyl (ester -C=0)), 1566 (C=C bond), 1490,
1443, 1385, 1276, 1175, 1171, 1110, 1017, 922,
882, 816, 706; *H-NMR (400 MHz, CDCl3): & 1.60
(s, 3H, CH3), 1.66 (s, 3H, CH3), 1.74 (s, 3H, CH3),
2.06-2.16 (m, 4H, -CH2CH>-), 4.56 (d, J = 6.6 Hz,
2H, -CH>-), 5.05-5.10 (m, 1H, =CH), 5.45-5.50 (m,
1H, =CH), 6.42 (d, J = 9.4 Hz, 1H, H-3), 6.92 (d, J
= 2.9 Hz, 1H, H-5), 7.12 (dd, J = 2.9 Hz, 9.0 Hz,
1H, H-7), 7.26 (d, J = 9.0 Hz, 1H, H-8), 7.64 (d, J
9.5 Hz, 1H, H-4) ppm; !3C-NMR (100 MHz,
CDCl3): d 16.74 (CHs), 17.73 (CH3s), 25.70 (CHs),
26.25 (CH2), 39.53 (CH2), 65.57 (CH2), 111.08
(CH), 117.02 (CH), 117.83 (CH), 118.90 (CH),
119.15 (CH), 120.15 (C), 123.65, 131.95 (C),
141.96 (C), 143.28 (CH), 148.41 (C), 155.34 (C),
161.05 (C) ppm; MS (EIMS): m/z 298 [M]*; Anal.
Calcd for Ci9H2203: C, 76.48; H, 7.43, Found: C,
76.46; H, 7.42.

Characterization of (3j)

White solid, Yield: 89%; m.p. 57-58 °C; IR (KBr,
cm): v 3040 (Aromatic C-H), 2965 (aliphatic C-H),
2925 (aliphatic C-H), 2884 (aliphatic C-H), 1712
(C=0), 1673, 1571, 1493, 1428, 1386, 1275, 1238
(C-0), 1167, 990, 926, 838; H-NMR (400 MHz,
CDCIs): 8 1.60 (s, 3H, CH3), 1.67 (s, 3H, CHs), 1.77
(s, 3H, CHs), 2.06-2.17 (m, 4H, -CH2CH>-), 2.41 (d,
J 1.2 Hz, 3H, CH3), 4.59 (d, J = 6.6 Hz, 2H, -
CHz-), 5.06-5.10 (m, 1H, =CH), 5.47-5.51 (m, 1H,
=CH), 6.30 (q, J = 1.4 Hz, 2.6 Hz, 1H, H-3), 7.04
(d, J = 2.9 Hz, 1H, H-5), 7.13 (dd, J = 2.9 Hz, 9.0
Hz, 1H, H-7), 7.27 (d, J = 9.0 Hz, 1H, H-8) ppm;
13C-NMR (100 MHz, CDCl3): & 16.74 (CH3), 17.72
(CHz), 18.74 (CHs), 25.68 (CHs3), 26.27 (CH2),
39.55 (CH:), 65.56 (CH:2), 108.82 (CH), 115.44
(CH), 117.89 (CH), 119.00 (CH), 119.32 (Q),
120.43 (CH), 123.64 (CH), 131.96 (C), 141.96 (C),
147.84 (C), 152.02 (C), 155.20 (C), 161.03 (C)
ppm; MS (EIMS): m/z 312 [M]*; Anal. Calcd for
CxoH2403: C, 76.89; H, 7.74, Found: C, 76.86; H,
7.75.

Characterization of (3k)
White solid, Yield: 86%; m.p. 63-64 °C; IR (KBr,
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cm): v 3065 (Aromatic C-H), 2937 (Aliphatic C-H),
2917 (Aliphatic C-H), 2854 (Aliphatic C-H), 1708
(Carbonyl (ester -C=0)), 1612 (C=C bond), 1562,
1520, 1430, 1384, 1280, 1231, 1164, 984, 822;
1H-NMR (400 MHz, CDCI3): d 1.59 (s, 6H, 2CHs3),
1.64 (s, 6H, 2CH3), 1.77 (s, 6H, 2CH3), 2.06-2.15
(m, 8H, 2(-CH2CH2-)), 2.37 (d, J 1.2 Hz, 3H,
CHs), 4.67 (d, J = 6.4 Hz, 4H, 2(-CH»-)), 5.04-5.08
(m, 2H, 2(=CH)), 5.44-5.48 (m, 2H, 2(=CH)), 6.15
(dd, J = 1.4 Hz, 2.64 Hz, 1H, H-3), 6.83 (s, 1H, H-
5), 7.55 (s, 1H, H-8) ppm; !3C-NMR (100 MHz,
CDCl3): & 17.04 (CHs), 17.17 (CHs), 18.01 (CH3),
19.14 (CHs3), 25.95 (CHs), 26.52 (CHs), 26.59
(CHs3), 39.81 (CH2), 39.86 (CH:), 66.63 (CH2),
67.16 (CH2), 101.75 (CH), 108.76 (CH), 112.37 (C),
112.65 (CH), 119.06 (CH), 119.92 (C), 123.96
(CH), 132.22 (C), 141.50 (C), 141.91 (C), 145.76
(C), 149.76 (C), 152.70 (C), 153.07 (C), 161.95 (C)
ppm; MS (EIMS): m/z 464 [M]*; Anal. Calcd for
C30H4004: C, 77.55; H, 8.68, Found: C, 77.54; H,
8.66.

Characterization of (31) (44)

White solid, Yield: 87%; m.p. 72-73 °C; IR (KBr,
cm): v 3086 (Aromatic C-H), 3052 (Aromatic C-H),
2975 (Aliphatic C-H), 2917 (Aliphatic C-H), 2885
(Aliphatic C-H), 1745 (Carbonyl (ester -C=0)), 1638
(C=C bond), 1585, 1503, 1468, 1446, 1413, 1390,
1331, 1319, 1225, 1218, 1164, 1122, 996, 950,
938, 900, 864, 790, 761, 603; *H-NMR (400 MHz,
CDCI3): & 1.57 (s, 3H, CH3), 1.62 (s, 3H, CH3), 1.73
(s, 3H, CH3), 2.03-2.13 (m, 4H, -CH2CH>-), 4.61 (d,
J = 8.0 Hz, 2H, -CH2-), 5.02-5.06 (m, 1H, =CH),
5.46-5.51 (m, 1H, =CH), 6.79 (s, 1H, H-4), 7.20-
7.28 (m, 2H, H6 and H-8), 7.32-7.37 (m, 2H, H-5
and H-7) ppm; **C-NMR (100 MHz, CDCls): d 16.82
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(CH3), 17.72 (CHs), 25.66 (CH3), 26.17 (CH), 39.50
(CH), 66.24 (CH), 113.69 (CH), 116.29 (CH),
117.96 (C), 119.82 (CH), 123.59 (C), 124.64 (CH),
126.37 (CH), 128.33 (CH), 132.00 (CH), 142.51
(), 143.69 (C), 149.53 (C), 157.77 (C) ppm; MS
(EIMS): m/z 298 [M]*; Anal. Calcd for Ci9H2203: C,
76.48; H, 7.43, Found: C, 76.44; H, 7.42.

RESULTS AND DISCUSSION

In this study, our first goal was to identify the
optimal conditions for obtaining O-alkylated
geranyloxycoumarin derivatives by reaction between
hydroxycoumarin and geranyl bromide (Table 1). At
first, the reaction between 7-hydroxycoumarin (1d)
and geranyl bromide (2) was performed in the
presence of EtsN in acetone at RT to give tarry
mixture unidentified degradation products (Table 1,
Entry 1). Secondly, when changing to K>COs instead
of TEA, the desired product 3d was obtained in a
low 35% vyield with 5 hours reaction time (Table 1,
Entry 2). Prolonged the reaction time to 26 hours
give higher 62% vyield of the product 3d, but at
solvent reflux temperature we isolated desired
product at promising 73% vyield (Table 1, Entries 3-
4). Then we change solvent to CH3CN, at solvent
reflux temperature we obtained higher purity
product with a little better 74% vyield (Table 1, Entry
5). As such, the optimized CH3CN solvent was tested
using Cs>COs3 additive at 3 hours or 30 min. times,
and at RT or under CH3CN reflux temperature and
geranyloxycoumarin 3d was formed with 93% or
87% yields, respectively (Table 1, Entries 6-7). The
change base to more expensive silver(I) carbonate
(Ag2C03) give also good but low promising 85%
yield of the product 3d (Table 1, Entry 8).

Table 1: Optimization of the reaction conditions for 7-geranyloxycoumarin (3d) preparation.

m
o O OH

Base, Solvent

m
/\M
0" O 0]

1d 3d
Entry Conditions Yield (%)
1 EtsN, acetone, RT, 12 h degradation
2 K2COs, acetone, RT, 5 h 35
3 K>COs, acetone, RT, 26 h 62
4 K2COs3, acetone, reflux, 1 h 73
5 K2COs, CH3CN, reflux, 1 h 74
6 Cs2C03, CH3CN, RT, 3 h 93
7 Cs2C03, CH3CN, reflux, 30 min 87
8 Ag2CO3, CH3CN, RT, 3 h 85

Geranyloxycoumarin was synthesized in good yield
by the reaction of hydroxycoumarin excluding 4-OH
group and geranyl bromide under weak base and
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CH3CN condition. In the cases where the OH group
was positioned on the 31, 5t, 6th, 7t or 8t carbon
of the coumarin structure, the reaction of
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hydroxycoumarin
geranyl bromide

acetonitrile at RT produced a high yield of O-

(ex,
with

6-hydroxycoumarin)
cesium carbonate

and
and

alkylated compounds. In this result, the reaction of

Table 2: Synthesized geranyloxycoumarin derivatives.

R'—Br (2)

bromide under

C82C03, CH3CN
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the different types of hydroxycoumarin and geranyl
the given conditions
various novel coumarin derivatives (Table 2).

produced

=
_O_R1
o O

la~11 3aa~3l
R']-Br: MBI’
Entry Coumarin Time (h) Product Yield (%)
OH OR'!
1 mm 3 m% 18
0”7 "0 0~ 0
OH 1b OR’
O O
o © 3b
3 z 1c 3.5 m 90
lee] OH 0”0 OR'3¢
4 Z 1d 3 m\ 94
0”0 OH 0”0 OR'3d
CHj CH,
5 Z le 3 m 91
070 OH 070 OR"'3e
CHs CH,4
0~ 0O OH (o} OR'3¢
CHg CHj;
0”0 OH 0“0 OR13g
0”0 OH 0770 OR'3h
OH OR'’
0”0 0”0 3i
CHs CHj 1
10 y OH 3 OR 89

Q
o
famy
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®)
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11 _ OH 34 fjg(OR1 86°
O~ O OH 1k 0“0 OR13k
12 3 87

0”0 1l

1
0O 0

3l

“When 2 equivalents of geranyl bromide(2) are used.

Next, we studied the reaction of 4-hydroxycoumarin
(1a) with geranyl bromide (2) to produce 0O-4 and
C-3 alkylated products. Under optimized reaction
conditions for O-alkylation, the desired 4-
geranyloxycoumarin (3a) was obtained in low 18%
yield. This reaction takes place on the tautomer A
with the anion located on the oxygen atom in the C-
4 position.

On the other hand, C-3 alkylated coumarin 3aa was
formed in the reaction with 2 equivalents of geranyl
bromide (2) started on the keto form tautomer B,

O'H
Cfi o
o O
1a

+

A
/\)\/\/k Zl
= =
Br

fj@
(@] O

i
Cﬁi
O O

with anion localized at C-3 carbon atom, with 11%
yield. Moreover, compound 3ab was obtained in
35% vyield by hydrolysis and decarboxylation from
3aa. We also confirmed that 3ab was obtained by
adding 3aa to acetonitrile to which water was added
and stirring at RT for 9 hours. These results are
reported by Yi-Jen Shue et al. to obtain a C-
alkylated coumarin and a diallylated product, which
was hydrolyzed and then decarboxylated, by
reacting 4-hydroxycoumarin and cinnamyl alcohol
with water and palladium catalyst (Scheme 1) (37-
40).

3ab

Scheme 1: Reactivity of 4-hydroxycoumarin.

2
MA
(0]
3a
No reaction occurred between 4-hydroxy-3-
nitrocoumarin (1b) and geranyl bromide (2) in

Cs2C0O3, CH3CN for 72 hours at RT or in reflux
condition. It is expected that the desired product
was not obtained by the reversible structure of 4-
hydroxy-3-nitrocoumarin of the nitro and nitrous
types.

As can be seen, the alkylation reaction of
hydroxycoumarin and geranyl bromide under mild

63

conditions led to a good yield; however, a new
method of synthesis is required to achieve a higher
yield of 4-geranyloxycoumarin. In addition, as the
O-alkylated derivatives of geranyloxycoumarin are
predicted to exhibit diverse bioactivities, further
studies should be conducted on their synthesis.
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Abstract: Adsorption equilibrium, kinetics, and thermodynamics of methylene blue dye (MB) from
aqueous solutions onto activated carbon (AC) synthesized from pomegranate peel was conducted in
controlled batch systems. The effects of initial MB concentration, AC particle size, contact time, and
temperature on adsorption were evaluated. Under the optimized conditions (i.e., contact time 120 min,
pH ~ 5, particle size 125 ym, dye concentration 20 mg/L, temperature 333 K, and 0.5 g AC/50 mL MB
solution), the removal percentages can achieve ~ 98.28%. The nonlinear method was conducted for
estimating the equilibrium and kinetic parameters, where the equilibrium data were fitted to the
Langmuir isotherm model. The Langmuir isotherm suggested a maximum monolayer adsorption capacity
of 5.03 mg/g at 60 °C. The pseudo-second-order kinetic model provided the best fit to the experimental
data compared with the pseudo-first-order. Kinetic studies showed that the adsorption equilibrium was
rapidly established, with low activation energy entailed for adsorption (Ea; 15.60 kJ/mol).
Thermodynamic parameters showed that the adsorption was spontaneous (—AG° and +AS°),
endothermic (+AH?), and favorable at ambient conditions.
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INTRODUCTION industries such as sugar, textiles, electroplating,

and pesticides pollute the water to a large extent
Pollution of the aquatic environment resulting from (3). Color is one of the most obvious water
the discharging of insufficiently treated industrial pollution indicators, and the release of colored
wastes containing relatively large quantities of effluents can pollute aquatic bodies. These
some chemicals of industrial origin, such as dyes, pollutants come from synthetic dyes widely utilized
phenols, coloring materials, pesticides, and in numerous industries, incorporating dyeing of
fertilizers, into water sources is a growing textiles, paper, and plastics that consume 60%,
environmental problem and a direct threat to the 10%, and 10% of global pigment production,
life of all living organisms (1). In addition to being respectively (4). The textile industry alone uses
a major factor causing a lack of healthy food, about 1.0x10% different types of dyes (5). The
disease, and death, water pollution often leads to a  world's annual production of dyes is over 7.0 x 107
persistent shortage of clean drinking water tons (6, 7). It is estimated that 10-15% of the
accessible around the world (2). About 75 - 80% used dye is discarded in the effluent during the
of water pollution results from improperly treated dyeing process (8). Wastewater contaminated with
industrial wastewater discharges, as waste from highly colored dyes requires appropriate treatment
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before release into the environment (9). It is
difficult to remedy such wastewater by
conventional wastewater treatment methods

because the organic dye molecules resist aerobic
digestion, and some are stable to light, heat, and
oxidation processes. Moreover, some azo dyes and
their analogs contain carcinogenic compounds, so
treating liquid wastes containing these compounds
is important to protect natural waters (4). On the
other hand, the chemical treatment method
requires large quantities of chemicals, and
additional treatment should be taken into account
for secondary protection from the reaction
products, which increases the cost of the process
(10). Therefore, research continues to develop an
efficient and environmentally friendly new
technology to treat harmful organic pollutants in
industrial wastewater. Several methods have been
developed, such as coagulation, membrane
filtration, adsorption, catalyzed photolysis, aerobic
and anaerobic decomposition, advanced oxidation,
and ozone treatment to treat waste organic dyes
(11-14). Adsorption is considered one of the best
techniques used to remove dye from a solution due
to its high efficiency, effectiveness, and low cost
(15). In this regard, well-known adsorbents, such
as activated carbon (16), biomass (17) zeolite,
clay materials (18), and polymers (19), are used
to remove the contaminating dyes. The adsorption
is classified based on the adsorbate-adsorbent
interaction and the heat associated with the
process. The type and strength of the bonds
between the adsorbent and the substrate provide a
clear indication of the type of adsorption,
beginning with weaker bonds such as van der
Waals forces or so-called physical adsorption, and
even strong bonds in the case of chemical
adsorption, where chemical bonds are established
between the substrate and the adsorbent surface
(20). The adsorption capacity depends on the
relationship between the adsorbent's surface area
and the nature and size of the adsorbate. The
adsorption process is accompanied by a change in
the free energy (AG), as well as a decrease in the
entropy (AS) due to the restriction of the particles
that have adsorbed to the adsorbent surface, and
in general, the adsorption process is mostly
exothermic, and this does not prevent some types
of endothermic adsorption from occurring.
Activated carbon is a porous carbon material
increasingly used due to its exceptional properties
in desalination, wastewater treatment plants, and
air purification (21). The advantages of activated
carbon adsorbents are reasonably priced
wastewater treatment, clear process design, fast
process application, corrosive resistance, high
adsorption ability in gas and liquid purification, and
their use as supporting catalysts (22). In general,
activated carbon is produced from biomass and
agricultural waste in two major steps: pyrolysis or
carbonization and activation (23). Many low-cost
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waste materials of plant origin have been studied
to produce activated carbon because they contain
minimum organic matter, long shelf life, and a
solid structure that preserves their properties
under varying operating conditions. For this
purpose, agricultural by-products were used, such
as sugarcane bagasse, peanut husks, rice straw,
soybean husk, walnut husks, and pecan husks
(24). Methylene blue (MB) is a basic or cationic
dye, also recognized as methylthioninium chloride
and other common names; its IUPAC name is (3,7-
bis(dimethylamino)-phenothiazin-5-ium chloride).
Methylene blue is a dark green crystalline powder.
It has a slight odor; it is very soluble in water
43.60 g/L at 25 °C, and it is commonly used as a
staining agent in research labs and textile factories
and is often used as an adrenaline aid in the
ablation process (25, 26). It has a chemical
formula (CisH1sN3SCl), molecular mass (319.85
g/mol); it absorbs light strongly at wavelengths of
589 and 664 nm (15). MB molecules' highly toxic
nature makes them a possible threat to human
health and the natural environment (27). Direct
contact with MB induces dermatitis and permanent
damage to the eyes, and MB-rich water intake
results in diarrhea, vomiting, nausea, gastritis,
delirium, and heavy sweating (28). This study aims
to remove methylene blue (MB) from synthetic
wastewater by a batch adsorption process using
low-cost activated carbon (prepared from
pomegranate peel waste) as an adsorbent and to
study the process equilibrium, kinetics, and
thermodynamic using the nonlinear regression
analysis.

EXPERIMENTAL SECTION

Chemicals and Equipment

All chemicals used in this study were of analytical
grade, as follows: MB (C.I. 52015, Merck), sodium
hydroxide, and hydrochloric acid (NICE, India). A
stock aqueous solution of MB (1000 mg/L) was
prepared. A water bath (Model 1008, G.F.L.) was
used for all the adsorption experiments. For the
estimation of MB concentrations, a UV/Visible
spectrophotometer (Model CE7200, Aquarius) was
used. A muffle furnace (Carbolite) and drying oven
(SLW 15 POL-EKO-APARATURA) were used to
prepare activated charcoal.

Carbonization of Pomegranate Peel

About 100 g of well-cleaned, dried, and grounded
pomegranate peel was blended with 100 mL of 0.1
M NaOH solution in a closed crucible and
carbonized in the muffle furnace (650 °C) for 1 h
in the absence of oxygen. The crucible was then
removed from the furnace and left to cool at room
temperature. The prepared charcoal was washed
with distilled water, to remove the excess NaOH,
and with 0.1 M HCI solution to remove residues of
activating agent which clog the pores, finally
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washed with deionized water to remove any
surface impurities. The cleaned charcoal sample
was dried at 105 °C and subsequently activated at
250 °C for 24 h in an oven, then allowed to cool in
the desiccator. The dried sample was powdered
and sieved using different micrometers aperture
sieve sizes (29, 30).

Determination of of the
Adsorbent

A pre-weighed dry density bottle was filled with
the prepared activated carbon (AC), the spaces
between the carbon particles were removed by
lightly striking the bottle, then the density bottle
and its contents were accurately weighted. The
bulk density was calculated using Equation 1:

Bulk Density

weight of charcoal
volume

Bulk density = (1)

Determination of Moisture Content of the
Adsorbent

About 5 g of the AC samples were balanced in a
dry and weighed porcelain crucible. Crucible was
heated (105 °C) for 2 h in an electric oven. The
crucible was cooled in a desiccators then
reweighed. The procedure was repeated until
achieving a constant weight. The adsorbent
moisture content was calculated utilizing Equation
2:

. Wy— W,
Moisture content (%)=———>x100  (2)

Wy, =W,

Where: w1 is empty crucible weight; w» is crucible
and sample weight; ws is crucible and sample
weight after heating.

Determination of Ash Content of the
Adsorbent

About 5 g of the prepared AC was weighed into a
dry and weighed crucible and transferred to the
muffle furnace at 500 °C for 2 h (30), where ash

content was calculated utilizing Equation 3:

weight of ash

——x 100
sample weight

Ashcontent (%)= (3)

Batch Adsorption Study

Batch adsorption experiments were conducted in
an isothermal shaker at an agitation speed of 250
rpm utilizing a sequences of 100 mL Erlenmeyer
flasks. In all sets of experiments, 50 mL of MB
solutions (natural pH 5.01 without any further
adjustment) was added to 0.5 g of AC. The
influence of various adsorption parameters, initial
concentrations (10, 20, 30, 40, 50, 60, 70, 90,
110, 130, and 150 mg/L), contact time (1 - 120
min), adsorbent particle size (50, 63, 125 and 250
microns) and temperature (20 60 °C) was
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investigated by varying the parameter under
investigation, while all other experimental
parameters have remained constant. After

equilibrium, the solutions were filtered, and the
dye's concentration in the filtrates was determined
by measuring the absorbance at 664 nm using a
double beam UV-Vis spectrophotometer. The
adsorption capacity (gqe) and MB removal
percentage (R%) was calculated using the
following expressions:

(c.-c.)v
m

q.= (4)

e

C;

X100

C.
R(%)=— (5)

Where ge is the quantity of MB adsorbed per unit
mass of adsorbent (mg/g), Ci is the initial
concentration of MB (mg/L), Ce is the equilibrium
concentration of MB (mg/L), V is the MB solution
volume (L), and m is the adsorbent mass (g). All
measurements were repeated three times, and the
mean values were taken.

Statistical Analysis

The Origin software version 8.5 was used to
compute the kinetic and isotherm models'
parameters precisely in batch experiments. The
coefficient of determination (R?) of the nonlinear
optimization method was calculated utilizing
Equation 6. For the assessment of the fit of the
equations to the experimental data of the
adsorption process a nonlinear (R2), chi-square
(x?), and the adjusted coefficient of determination
(R?%4;) (Equations 6 - 8) values were determined.

Z (Qe,exp_ qe,cal)2

R*=1- (6)
Z (qe,exp_qe,mean)2

2

X2: z (qe,exp_qe,cal) (7)
qe,cal

1

Rid,:l—(l—Rz)(—n n_"p_l) (8)
p

Where ge,exp (Mg/g) is the amount of MB uptake at
equilibrium obtained from Equation 4; qe,ca (Mg/Qg)
is the amount of MB adsorbed computed from the
model using the Origin software; qemean (Mg/g) is
the average of Qeexp Values; np is the number of
experiments carried out, p is the number of
parameters of the fitted model.

Adsorption Isotherm

Two well-known equilibrium isotherm models
(Langmuir and Freundlich) were used to describe
experimental adsorption data. According to
Langmuir, adsorption occurs over a homogenous
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surface through monolayer adsorption, where all
the adsorption positions are duplicate and
energetically equivalent. The nonlinear formula of
the Langmuir model shown in Equation 9, and one
linear formula of the equation is represented in
Equation 10:

QmaxKLCe
A= = ~ (9)
1+K, C,
C C
_° 1 e (10)

=+t
qe QmaxKL Qmax

Where: ge and Qmax are equilibrium adsorption
capacity (mg/g) and maximum adsorption capacity
(mg/g) of MB on AC, respectively; Ce is the
equilibrium concentration (mg/L); K. is the
Langmuir constant (L/mg).

The nonlinear and linear forms of the Freundlich
model are described in Equation 11 and Equation
12, respectively.

(11)

(12)

Qe:KF C:
log q,=log K .+nlogC,

Where: Kr and n are Freundlich constants (31).

Adsorption Kinetics

Lagergren's nonlinear pseudo-first-order equation
(PFO) (Equation 13) and Blanchard et al. nonlinear
pseudo-second-order (PSO) (Equation 14) kinetic
models were adopted to analyze the experimental
results in order to fully understand the adsorption
process of MB on the surface of the prepared AC
(32).

q=q.l1-e™ (13)
2
2t
qz:q72 (14)
1+k,q,t

Adsorption Thermodynamics

An essential element of determining adsorption
type (physisorption or chemisorption) is conducting
thermodynamic analysis. The functions
(thermodynamic) for the adsorption of MB by AC
derived from pomegranate peel (33) can be
determined utilizing the equations:
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AG’=—RTInK, (15)
Where AG° is the Gibbs energy change, R is the
universal gas constant (8.314 J/mol.K), T is the
absolute temperature in K, and K¢ (dimensionless)
is the equilibrium constant. The equilibrium
constant was derived from the value of the best-fit
nonlinear isotherm model. Kc can simply be
acquired as a dimensionless constant depending on
the appropriate equilibrium unit isotherm constant.
Using the Gibbs equation, the relationship between
Gibbs energy changes (AG°), enthalpy change
(AH®°) and entropy changes (AS°) of adsorption
can be defined as follows:

AG’=AH’-TAS’ (16)

By substituting Equation 15 into Equation 16, the
famous Van't Hoff correlation is derived (Equation
17):

_—AH’

1 AS°
= —+
R

T R

InK

X (17)

AG®° is calculated directly from Equation 15, while
AH° and AS° are calculated from the slope and
intercept of a plot of InKc against 1/T (Equation
17).

RESULTS AND DISCUSSION

Physical Properties of the Adsorbent

Some properties (bulk density, moisture, and ash
content) of the prepared AC were presented in
Table 1. These results were consistent with the
findings of Dekhyl and Mohamed (29) and Ali and
Fatthee (34). Often activated carbon is condensed
to obtain a larger storage capacity for the same
volume (30), but a density of 0.40 g/cm3 was
obtained for the prepared AC. Some reports relate
the bulk density to the rate of adsorption (35).
Bulk density may probably have the same effect on
the adsorbent used in this study. The value of
moisture content was relatively low; according to
Moyo, Chikazaza (35), moisture content does not
affect adsorption capacity. As shown in Table 1,
the ash content was low, indicating that a
significant portion of the inorganic materials and
ash components were removed during the washing
step by NaOH and HCI solutions (36). The low ash
level increases the activity of the carbon.

Table 1: The physical properties of the prepared charcoal.

Ash content (%)

Moisture content (%)

Density (g/cm?3)

5.65 £ 0.04 8.05 £ 0.18 0.40 £ 0.01
*Values are mean + SD
Standard Calibration Curve for MB solutions between 450 - 900 nm showed

Figure 1 shows the standard calibration curve for
MB. The wavelength scanned for the standard

absorption maxima, Amax, at 664 nm. The Beer's
law was verified from the calibration curve by
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plotting graphs between concentration against
absorbance, whereby a leaner curve passed
through the origin (y = 0.19816 x) was obtained.
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Beer's law was obeyed in the concentration range
1.00 - 8.00 mg/L.

y=a+b*x
0.99514
Value

0

0.19816

16 Equation
’ Adj. R-Square

1.4 4 | Intercept

Slope

SD

0.00461

1.2 4

1.0+

0.8 —

0.6 —

Absorbance (a.u.)

0.4 -

0.2 +

0.0 T

)
4

6

Concentration (mg/L)

Figure 1: Standard calibration curve for methylene blue.

Effect of Initial Solution Concentration

It is obvious that the percentage of removed
adsorbate (MB) from aqueous solution by AC
derived from pomegranate peel depends on the
initial concentration of the dye solution, as shown
in Figure 2. The removal% is high (94.45
85.87%) at low initial concentrations of MB
solution (10 - 50 mg/L). However, the removal
percentage decreased gradually from 61.74% to
6.66% at higher dye concentrations, corresponding
to the concentration range of 60 - 150 mg/L. At
low concentrations, the dye is adsorbed by the
empty active adsorption sites on the adsorbent's
surface, while at higher concentrations, the
adsorption rate decreases due to the saturation of
adsorption sites. The accumulation of MB dye
molecules on the surface of the activated charcoal
may be attributed to the lack of sufficient surface
area to accommodate much more dye molecules
available in the solution (37, 38). However,
utilization of removal% to express adsorption
capacity should be utilized cautiously as it is very
approximate and can cause ambiguous
assumptions about relative adsorption performance

(39). So utilization removal% in the study of
adsorption equilibria can lead to inaccurate
observations and conclusions. The substrate's
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quantity adsorbed onto an adsorbent depended on
the equilibrium concentrations of dye's (ge), the pH
of solution, and temperature. Thus, adsorption
isotherm should be assumed as a relationship
between dye (Ce) equilibrium concentration and
the equilibrium adsorbed amounts per unit mass of
adsorbent (ge) at carefully controlled
environmental parameters of the system, namely
the pH of the solution and temperature. The
results demonstrate that adsorption performance
of MB on AC derived from pomegranate peel
depends on the equilibrium concentration of the
dye solution, as in Figure 5. The maximum
adsorption performance of MB (ge = 5.03 mg/g) at
60 °C was observed in the MB dye initial
concentration of 90 mg/L, where Ce is 40.00 mg/L.
At 25 ©°C, the adsorption uptakes of MB at
equilibrium increased from 1.84 to 4.32 mg/g as
the equilibrium dye concentration was increased
from 1.62 to 46.82 mg/L. In contrast, the
saturation of the active positions on the surface
occurs in this case (40), the ratio of MB molecules
in solution to wunoccupied active positions of
adsorbent becomes large, and subsequently, the
quantity of adsorbate adsorbed at equilibrium (qe;
mg/g) becomes independent of MB concentration
(41, 42).
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Figure 2: The effect of initial concentration on adsorption of MB on activated charcoal at 30°C

Effect of Contact Time

In order to study the effect of contact time on the
MB uptake, 50 mL of MB solutions with an initial
concentration of 20 mg/L was shaken with 0.5 g of
AC for different time periods ranging from 1
minute to 120 minutes at constant temperatures of
35 °C and 60 °C separately, with a rotation speed
of 120 rpm, and the solution pH was kept original
without any pH adjustment. It is evident from
Figure 6 that the adsorption capacity of MB
increased with a contact time quickly at the
beginning, and after that, the rate was gradually
lowered, and finally, the curve becomes parallel to
the time axis when the system attained
equilibrium. Based on the result, suggestion
adsorption occurs quickly at the initial stage on the
adsorbent's external surface, followed by a slower
internal diffusion process, which is perhaps the
rate-determining step (32). Moreover, the rapid
adsorption at the initial stage may also be because
a large number of surface sites are available for
adsorption, but after a lapse of time, the remaining
surface positions are challenging to be occupied. It
was found that the equilibrium state was reached
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after about 50 minutes with a removal% of >
96.5%. This result agrees with that reported by
many authors (43).

Effect of Temperature

The temperature of the solution is an essential
factor that affects the absorption efficiency; Figure
3 exhibits the correlation between the solution
temperature and the percentage of MB removal at
temperatures of 20, 30, 40, 50, and 60 °C when
the initial dye concentration was 20 mg/L, as
shown, increasing solution temperature from 20 to
60 °C leads to an increase in the equilibrium
adsorption capacity, this suggests that the
adsorption process, in this case, is endothermic
(44) as confirmed by the thermodynamic
parameter values, determined later. This increase
in adsorption capacity may suggest that increasing
the kinetic energy of MB molecules with increasing
temperature contributes to an increase in the
adsorption rate on the adsorbent surface by
increasing the number of molecules that obtain
adequate energy to adsorb to the active positions
on the surface.
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Figure 3: Effect of solution temperature on MB adsorption onto AC at constant other parameters.

Effect of Particle Size

The MB removal percentages of 250, 125, 63, and
50 mesh particles at the contact time of 2 h were
87.51, 95.94, 87.64, and 80.45%, respectively
(Figure 4). The effect of particle size on the
adsorption process was studied using a fixed
concentration of MB solutions (20 mg/L) and a
constant weight (0.5 g) of the adsorbent material.
It is evident from the obtained results that particle
size influences the adsorption efficiency, and there
is a direct relative association between particle size

and surface area. The adsorption increases until it
attains a maximum at a particle size of 125 pym,
which has the highest available surface area for
adsorption and an ideal number and size of pores;
thus, the ratio of active sites to volume increases
relatively, and then begins to decrease with the
increase in particle size due to the decrease in
surface area compared to volume, this observation
is consistent with what was reported by Emad and
Stephen (45).

Removal of MB

100

05

87
85

Femoval, M

75

70

75 100 125

150

ol

175 200 225 250

Particle size

Figure 4: Effect of particle size of AC on removal% of MB.
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Adsorption Isotherms

Adsorption isotherm illustrates the variation of 6
(the fractional coverage of the surface) with an
equilibrium concentration of adsorbate (Ce; mg/L)
at a chosen temperature. 6 can be expressed as
the quantity of adsorbate adsorbed by adsorbent
(ge; mg/g). In the literature, the most used and
studied isotherm equation is Langmuir equation.
Several additional isotherm models are also well
explored in the literature, for instance Freundlich
isotherm, Sips isotherm, Liu isotherm, and Redlich-
Peterson isotherm (46). The adsorption capacity
depends on the equilibrium concentration of the
adsorbate, the pH, and the solution's temperature.
Therefore, the absorption system's environmental
parameters must be carefully monitored at
specified values throughout the experiment period
(47). The adsorption models' parameters provide
valuable information on the adsorbate-adsorbent
interactions, surface properties, and adsorption
mechanism. However, it is less valuable than
kinetics and thermodynamics in clarifying the
adsorption mechanism. The ge versus Ce graph of
the whole adsorption isotherm plays a significant
role in determining the regions where the empirical
data for the adsorption equilibrium is actually
present (48). Vasanth Kumar and Sivanesan (49)
have proposed that using the equilibrium data
covering the entire isotherm is the best method to
achieve the parameters in isotherm expressions. In
this research, the nonlinear form of well-known
equilibrium isotherm models (Langmuir (Equation
9) and Freundlich (Equation 11)) was conducted to
elucidate the adsorptive behavior of MB dye onto
the AC and to calculate the adsorption isotherms
parameters to avoid the most common error in
analyzing adsorption equilibrium data associated
with the wuse of linear formulas of models.
According to Langmuir, adsorption takes place over
a homogenous surface through monolayer
adsorption, where all the adsorption positions are
duplicate and energetically equivalent. The
nonlinear form of the Langmuir model is shown in
Equation 9. Conversely, the Freundlich model is an
experimental equation  constructed on a
heterogeneous surface. Its nonlinear form is
described in Equation 11. Langmuir constant, K.
(L/mg) is correlated to the association amongst
adsorbents and adsorbates whereas Freundlich

constants, Ke ((mg/g)/(mg/L)n) and n,
(dimensionless; 0 < n < 1) are correlated to
adsorption capacity and adsorption intensity,

respectively (31). The Freundlich constant, n,
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which characterizes the adsorption strength,
illustrates the intensity of adsorption's driving force
or surface's heterogeneity (adsorption isotherm
becomes linear when n = 1, favorable when n < 1,
and unfavorable when n > 1).

When studying the adsorption equilibrium using
the Langmuir model, it is appropriate to compute

the wvalue of the separation factor R_

(dimensionless), through which the basic

properties of the Langmuir isotherm are

expressed. The separation factor is defined in
Equation 18 as follows:
1

Ri=17k ¢, (18)

Where R_ is a separation factor (dimensionless) of
a solid-liquid adsorption system, K. is the
equilibrium constant of Langmuir, and C, is the
initial concentration of MB. The separation factor,
RL was utilized to predict whether the adsorption
system was favorable (0 < R. < 1), unfavorable

(RL > 1), linear (RL = 1), or irreversible (RL = 0)
(31).
The adsorption isotherms (Langmuir and

Freundlich) plots for the adsorption of MB onto AC
obtained from pomegranate peel at different
temperatures are shown in Figure 5 (a) and (b),
respectively. It is evident that the experimental
data are highly consistent with the adsorption
equilibrium in the region expressed with the
Langmuir model, which is described via saturation
at high concentrations. This assumption is
supported by the higher value of adjusted
determination coefficients (R%4=0.97955) and
lower chi-square values (x?=0.02766) of the
Langmuir model compared to those of Freundlich
model (R%4=0.72963; x?=0.36572). In addition,
the exponent value, n = 0.1667 (a parameter of
the Freundlich equation), was less than 1,
reflecting favorable conditions for adsorption. Also,
the values of separation factor (RL), calculated
from Langmuir constant K., for different initial
concentrations were lying in the range of (0 < R <
1), indicates that the adsorption was favorable, as
shown in Table 2. Therefore, mathematically, the
Langmuir model is better than the Freundlich
model to describe the adsorption isotherm of MB
dye on AC., i.e., and the observed adsorption
behavior was predominantly monolayer
chemisorption.



Erwa IY et al. JOTCSA. 2022; 9(1): 67-84.

RESEARCH ARTICLE

5] (a)
) 4 A
* \4 *
- o %
9 m = u
4 -
—~
= ) 0
> 3 n experimental data at 25 °C . B experimental data at 25 °C
e nonllqear Langmuir fit at025 c —— nonlinear Freundlich fit at 25°C
% (+ ) expe-frlmental data.atlBO C . @ experimental data at 30 °C
o | —— nonlinear Langmuir fit at 30 °C —— nonlinear Freundlich fit at 30 °C
experimental data at 40 °C experimental data at 40 °C
nonlm_ear Langmuir fit at040 c nonlinear Freundlich fit at 40 °C
5] * expgrlmental data_at.50 C . % experimental data at 50 °C
nonlln.ear Langmuir it ato50 c nonlinear Freundlich fit at 50 °C
\4 expe.rlmental data.at.60 c . ¥ experimental data at 60 °C
nonlinear Langmuir fit at 60 "C nonlinear Freundlich fit at 60 °C
1 - iy 3
1 T T T 1 | ! | ! 1
0 50 100 0 50 100
Ce (mg/L)

Figure 5: Adsorption equilibrium isotherm of MB dye on AC, pH 5.01; Ci 20 mg/L; and contact time 120
min. (@) Langmuir isotherm, (b) Freundlich isotherm.

Table 2: Isotherm parameters for adsorption of methylene blue on AC at 25 °C.

Langmuir parameters Freundlich parameters
T Qmax KL 2 2 KF 2 2
°C (mg/g)  (L/mg) R Rt (mg/g)/(mg/yr " X R
25 4.47 0.50 0.027 0.979 0.167 - 0.013 2.189 0.167 0.366 0.729
30 4.54 0.95 0.059 0.959 0.095 - 0.007 2.507 0.143 0.456 0.683
40 4.81 1.07 0.107 0.937 0.085 - 0.000 2.710 0.139 0.610 0.643
50 4.87 1.23 0.095 0.947 0.075 - 0.005 2.800 0.135 0.643 0.639
60 5.03 1.22 0.083 0.958 0.076 - 0.005 2.827 0.142 0.602 0.692

Kinetics of Adsorption

The study of adsorption kinetic provides precious
information about the mechanism of the adsorption
process. Numerous kinetic models were developed
to obtain essential real values of the adsorption
kinetic constants. In the present study, two well-
known kinetic models (pseudo-first-order 'PFO' and
pseudo-second-order 'PSQ') and the general-order
kinetic equation, GO, were utilized to discuss the
adsorption kinetic of MB onto AC. The kinetic
experiments implemented at the optimal conditions
(pH ~ 5, initial concentration of dye, Ci 20 mg/L,
AC particles with 125 pm, and contact time of 2 h)
at temperatures of 35 °C and 60 °C. The common
mistake in analyzing adsorption kinetics data is the
use of linearized forms of kinetic models due to
complexities associated with recognizing the error
structure in the data when converting a nonlinear
equation into a linear equation using various
transformations and the extent to which
mathematical manipulation of the data influences
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the structure of the equation (46). Linearization
requires an equal variance for all gt values through
the data set, which is really not equal in complete
range. This might consequence in an incorrect
assessment of the best fit as evaluated by the
correlation coefficient (R), resulting in an error in
the determination coefficient (R?) as well as in the
adjusted determination coefficient (R?%aq).
Therefore, higher R2 values do not inevitably mean
a better match for experimental data. Nonlinear
kinetic models were therefore used in this analysis.
The fitting results of experimental data and the
predicted nonlinear PSO plot of adsorption of MB
dye onto AC at pH 5.0 and temperatures of 35 °C
and 60 °C were presented in Figure 6 (a). The
experimental data and nonlinear PFO, and the GO
kinetic plots for the same data and conditions were
shown in Figure 6 (b) and Figure 7, respectively.
Moreover, the kinetic parameters; k2, ki, kn, Qe,
and n, along with the values of statistical
parameters, were enlisted in Table 3. It is evident,
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from the results, that the relatively higher R%4 and
lower x? values of the nonlinear PSO equation
compared to that of the PFO confirm the nonlinear
PSO kinetic expression as the best-fit expression to
represent the kinetic uptake of MB onto prepared
AC. The adjusted determination coefficients (RZ%.q)
for the PSO model (0.9348 and 0.9626 at 208 and
333 K respectively) were much more significant
than that for the PFO model (0.6854 and 0.8538),
indicating that MB adsorption onto AC can be
explained as a pseudo-second-order model.
Furthermore, the low values of reduced chi-square
(x?) for PSO fit (0.0026 and 0.0027) compared
with that of PFO (0.0124 and 0.0106) indicate that
the adsorption capacities, Qe;cal, calculated by PSO
model were similar to the experimental data, ge;exp-
For the plots shown in Figure 7, the general-order
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adsorption kinetics model at 333 K showed low x 2
values (0.0026), and high R%g value (0.964), the
adsorption uptake at equilibrium (qge) is 2.00611
mg/g, the constant rate kn is 0.60946
(g/mg)1.8574/min and the order of kinetic model
(n) is 1.8574. The value of n (1.86) is closer to 2
than 1, reinforcing the previous observation that
the PSO kinetic model presented best-fit than PFO.
Thus, the n-value of 1.857 may as well be due to
changes in adsorption kinetics from PSO to PFO
during the adsorbate-adsorbent contact period.
Therefore, it can be possible to characterize the MB
adsorption onto AC as a pseudo-second-order

model. It can be inferred that the adsorption
process can take place faster at elevated
temperatures based on the adsorption rate

constant of PSO, k2, at 308 K and 333 K.

2.04
n ]
1.8 4
1.6 1
(@) @ Experimental data at 35°C
- g nonlinear PSO fit at 35 °C
IS @ Experimental data at 60 °C
é 1.4 4 nonlinear PSO fit at 60 °C
it
o ]
(b) Experimental data at 35 °C
1.2 4 nonlinear PSO fit at 35 °C
B Experimental data at 60 °C
nonlinear PFO fit at 35 °C
1.0 1
T T T T
0 50 100
time (min)

Figure 6: Application of kinetic models for adsorption of MB onto AC at 35 and 60 °C. (a) Nonlinear
pseudo-second-order fit (b) Nonlinear pseudo-first-order fit.
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Figure 7: Nonlinear general-order fit for sorption of MB onto AC (35 and 60 °C).

Table 3: Kinetic parameters for the adsorption of MB onto AC at various conditions from a nonlinear

method
Parameter At 308 K At 333 K
Value Standard Error Value Standard Error

Ci(mg/L) 20.00 20.00

Je,exp (Mg/Qg) 1.77 0.19 1.80 0.27
Pseudo-second-order

Qe,cal (MQg/g) 1.92 0.02 2.02 0.02
k2 (g/mg. min.) 0.6178 0.1032 0.9760 0.0546
Rigj 0.9348 0.9626

x2 0.0026 0.0027
Pseudo-first-order

Qe,cal (MQG/g) 1.85 0.03 1.9355 0.03362
ki (min-1) 1.0325 0.1432 0.6726 0.06926
Ridj 0.6854 0.8538

x2 0.0124 0.0106

General-order

Qe,cal (MQG/Qg) 2.01846 0.04743 2.00611 0.03052
kn ((g/mg)n/min.) 0.4899 0.13874 0.60946 0.06289
N 2.71673 0.38239 1.8574 0.1792
Rigj 0.96922 0.96402

x2 0.00122 0.00261
Diffusion Study identifying the adsorption mechanisms and

The diffusion mechanism of MB adsorption onto the
AC was explored using linearized transformation of

the intra-particle diffusion model presented in
Equation (19).
q.=kp,Vt+C (19)

Where kp (mg/g min'/2) is the rate constant of the
intra-particle diffusion and C (mg/g) is a constant
associated with the thickness of the boundary
layer. The fitting of the kinetic data into the intra-
particle diffusion model can be useful for
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predicting the rate limiting step of the adsorption
process. In general there are four steps involved in
transport processes during adsorption by porous
adsorbents were proposed: (a) bulk transport of
adsorbate in the solution phase to the liquid film
enclosing the adsorbent, which can occur very fast,
therefore it has no effect in kinetic. (b) film
diffusion or boundary layer diffusion (occurs
slowly) in which the adsorbate transport from the
bulk liquid phase across the hydrodynamic
boundary film to the external surface of the
adsorbent. (d) intra-particle diffusion (occurs
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slowly); here the adsorbate molecules transport
from exterior surface of the adsorbent into the
pores of the adsorbent. (e) adsorptive attachment
of adsorbate onto active sites often occurs very
quickly; therefore, it is also not significant for
kinetic design (16,17).

To determine the rate-controlling step and hence
to interpret the mechanism of adsorption process,
the intra-particle diffusion model was engaged and
the results were showed in Figure 8. The plots of
adsorbate uptake (q:) against the square root of
time (Vt) exhibited two different linear portions,
and do not pass through the origin. Such a
deviation of the straight line from the origin may
be considered due to the difference in the rate of
diffusion of the dye molecules at the initial stage of
the process. The intercepts of the plots (C) (Table
4) are 1.53 and 1.64 mg/g at 35 °C and 60 °C
respectively. The multiple linear regions plot
revelled that the adsorption process is controlled
by a multisteps mechanism not only governed by
intra-particle diffusion because the lines do not
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pass through the origin. This indicates that the
rate controlling steps involve film diffusion step
and intra-particle diffusion step. Moreover, the
value of C reflects the boundary layer thickness
effect. It observed that the boundary layer effect
slightly increases with the temperature. The first
portion of linear regions in the plot is attributed to
the liquid-film diffusion mass transfer; whereas the
second linear portion indicates that the intra-
particle diffusion of the dye molecules into the
pores of the AC controls the adsorption process
(41). Intra-particle diffusion rate constants
obtained for different temperatures are 4.99 x 10~
2 and 4.20 x 1072 mg/g min/2 at 35 °C and 60 °C,
respectively (Table 4).

The mechanism of adsorption of MB from aqueous
solutions onto AC is controlled by two slow steps of
film diffusion and intra-particle diffusion. The first
step of bulk transport of MB molecules in the
solution phase is considered as fast process, also
the last step of adsorption of adsorbate onto
internal active sites is occurs very fast.

204
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Figure 8: Intra-particle diffusion plot for MB adsorption onto AC at 35 °C and 60 °C.

Table 4: Intraparticle diffusion model parameters

Ky (Slope) C (Intercept)
At 35 °C 0.04987 1.53348
At 60 °C 0.04199 1.63795

Thermodynamic Parameters

Thermodynamic studies are a crucial element of
predicting adsorption mechanisms (physisorption
and chemisorption). The thermodynamic
parameters can be determined along with
thermodynamics laws using Equations 15, 16, and
17. The precise assessment of thermodynamic
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parameters obviously depends directly on the
precise calculation of the equilibrium constant
among the two phases (Kc¢; dimensionless). The
thermodynamic equilibrium constant Kc values can
be obtained from adsorption-isotherm constants or
partition coefficient values (50, 51). Accordingly,
the Kc value can be determined from the nonlinear
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isotherm equilibrium model constant, which
provides best fit for the empirical data (46). Thus,
Kc was calculated from the Langmuir model
constant of adsorption equilibrium, K. (L/mg) using
Equation 20, taking into account the approbate
unit conversion (31, 52):

K.=M,kx55.5X1000X K (20)

The factor 55.5 is number of moles of pure water
per liter; Mw, (g/mol.) is adsorbate's molecular
weight, methylene blue (Mw = 319.85 g/mol.).

Combining Equation 15 and Equation 20 gives:

AGOZ—RTln(MW><55.5><1000><KL) (21)
The values of the parameters AH® and AS®° can be
computed from the slope and intercept of Van't
Hoff equation, Equation 17, respectively. Figure 9
shows the dependence of equilibrium constant on
temperature, and Table 5 summarized the
information on the thermodynamic parameters of
MB adsorption onto the AC process.

The adsorption can be categorized, to a certain
point, by the magnitude of enthalpy change.
Physisorption, such as van der Waals interaction,
characterized by low enthalpy change < 20 kJ/mol,
electrostatic interaction ranges from 20 to 80
kJ/mol, and chemisorption bond strengths can be
80 - 450 kJ/mol (53, 54). The positive value of
AH® (7.53 kJ/mol) suggests the endothermic
nature of the process (23), which was further
exhibited with an increase in both adsorption
capacity (Figure 5 and Table 2) and equilibrium
constant (Table 5) as temperature rise.
Furthermore, the amount of enthalpy was steady
with Van der Waals force (55).

The negative values of AG® of MB adsorption onto
AC at all investigated temperatures suggest that
the adsorption phenomenon occurred favorably
and spontaneously with minimal requirements of
the adsorption and activation energies. This
conclusion was in good agreement with the
conclusions drawn from the separation factor
analysis (0 < RL < 1). Additionally, the AG® and Kc
values dramatically increased as the examination
temperatures increased from 30 to 50 °C,
demonstrating more energetically favorable
adsorption at elevated temperatures.
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Furthermore, Nollet, Roels (56) showed that the
physisorption process typically had an activation
energy of 5 - 40 kJ/mol, whereas chemisorption
had relatively higher activation energy (40 - 800
kl/mol). Hence, the values of AH° and AG°
suggest that a physisorption process drove the
adsorption of MB dye onto AC. Simultaneously, the
positive value of AS° confirmed the increased
arbitrariness at the solid-solute interface
throughout adsorption and spontaneity of the
process. From a thermodynamic point of view,
entropy appears to be the driving force for
adsorption (57, 58).

Determination of Activation Energy
The activation energy for the MB dye adsorption
process into AC was estimated from the values of
the rate constants at 333 and 308 K using
Arrhenius equation as follows (53, 59):

k=Ae BT (22)
kz
RIn|—
k1
E="———-+ (23)
1.1
T, T,

Where Ea is the activation energy of the adsorption
in J/mol; ki and kz are the rate constant obtained
from nonlinear analysis according to the PSO at
temperatures of T: and T2 (K) respectively; A is the
Arrhenius  constant, temperature-independent
factor in (g/mg. min.); R is the universal gas
constant (8.314 J/mol. K). The activation energy
value, computed according to the Arrhenius
equation, was 15.6 kJ/mol using 20 mg/L initial
concentration of MB, where it is of the similar
magnitude as the activation energy of activated

chemical sorption. The positive value of Ea
suggested that temperature rise assists the
adsorption. However, the obedience of the

experimental data to PSO kinetic model in addition
to the value of Ea of the process does not
necessarily suggest that the adsorption process is
chemisorption. It is essential to demonstrate the
formation of such chemical bonds using specific
analytical techniques (FTIR, Raman spectroscopy,
and so on) merged with thermodynamic
parameters of enthalpy and entropy changes to
decide whether the process is chemisorption or
physisorption.
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Figure 9: Van't Hoff plot for adsorption of MB dye onto AC.

Table 5: Thermodynamic parameters for adsorption of MB onto the synthesized AC.

T (K) Kc AG® (kJ/mol) AH® (kJ/mol) AS° (3/mol. K)
298 8875838 - 39.64
303 16864091 - 41.92
313 18994292 - 43.61 7.53 163.35
323 21834560 - 45.38
333 21657044 - 46.76

CONCLUSION ACKNOWLEDGMENTS

The adsorption of methylene blue from aqueous
solution onto activated carbon prepared from
pomegranate peel was investigated. The
equilibrium isotherm, kinetics, and
thermodynamics parameters of adsorption were
determined using nonlinear regression analysis.
The system attained equilibrium state after 50
minutes with a removal% of > 96.5%. The
maximum uptake of MB at equilibrium (ge = 5.03
mg/g) was observed at 60 °C susing 90 mg/L
initial concentration of dye solution and 125 pm
particle size of adsorbent. The adsorption
equilibrium study revealed that the Langmuir
model was best fitted to the equilibrium data of
adsorption, Langmuir constant K. 1.22 L/mg at
60 °C. The kinetic data has been best explained by
pseudo-second-order kinetic model (R2.4= 0.9626
and x2 = 0.0027 at 333 K). The mechanism of
adsorption process involve both external film
diffusion and intra-particle or pore diffusion as
limitting steps. The values of the thermodynamic
equilibrium constant (Kc) were determned from
Langmuir adsorption-isotherm constants. The
thermodynamics parameters showed that the
adsorption of MB onto AC was spontaneous (AG°®
between - 39.64 kJ/mol to - 46.76 kJ/mol) and
endothermic (AH° = +7.53 kJ/mol) in nature.
Moreover, the (+AS°) value (163.35 J/mol.K)
indicated an increased randomness at the solid-
solution interface during the adsorption process.
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Abstract:

A series of novel 8-(aryldiazenyl)quinolones have been synthesized effectively with excellent
yields by using 8-amimoquinoline and a variety of aryldiazonium salts containing electron donating and
withdrawing moieties in aqueous media. The structure of the synthesized azo dyes has been characterized
by NMR, FTIR, mass spectroscopy, and UV-Vis techniques. The compounds’ absorption maxima values are
in the range of 427 nm and 445 nm due to n-n* charge transfer transition. It can be evaluated that
azobenzenes have more absorbance ability in the strong donor systems.
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INTRODUCTION

Azobenzenes are an important class of organic
compounds that are widely used as organic dyes (1,
2), protein probes (3, 4), chemosensors (5, 6),
cosmetics (7-9), nanotubes (10, 11) and polymers
(12-14). Due to the presence of N-N linkages, they
have been used for pharmacological applications
such as antiviral, anti-inflammatory, antimicrobial,
antitumor, antidiabetics, and antituberculotic (15-
25). Beyond their potential in these application
areas, azo-compounds are mostly used as dyes.
Until the late 1800s, all dyes were obtained from
natural sources. However, limitation of the natural
dye sources led scientists to synthesize dyes with a
wide variety of new colors. Azo dyes can be easily
prepared by using diazo and coupling components
that are generally low-cost materials (26). Due to
remarkable stability, light resistance and easy
diversification of donor and acceptor groups in the
organic compounds, azo dyes are one-step ahead of
other dyes (27, 28). Currently, the dyes and
pigments market are valued for approximately USD
$33 billion (29) and keeping the number and
production volume about 70% in mind, azo dyes are
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the largest class of organic dye around the world
(30). Having such a large market share, as a matter
of course increases the tendency towards azo dyes.

Quinoline backbones are considered as one of the
main classes of heterocyclic chemistry and are
found in many natural products, alkaloids, and
synthetic molecules (31-33). Quinoline forms the
main framework of drugs used clinically in the
treatment of many diseases (34). After first
discovering chloroquine as an antimalarial drug in
1934, many other analogues were explored such as
mefloquine, piperquine, primaquine and
amodiaquine (35-39). Also, they are used as
antibiotics such as gatifloxacin, moxifloxacin,
ciprofloxacin, sparfloxacin, levofloxacin, and
norfloxacin (40-42). In addition, due to the
formation of stable complexes with many metals,
quinolines are known as the best chelating agents
(43-48).

In this regard, herein the author reports the simple,
efficient synthesis and characterization of 8-
(aryldiazenyl)quinolines (6a-g) by using 8-
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aminoquinoline (3a) and aryldiazonium salts (5a-g)
in agueous media.

EXPERIMENTAL SECTION

General considerations

All the chemicals used were used as received
without further purification. IR spectra were
recorded on a PerkinElmer Spectrum 100 FT-IR
spectrometer. The UV-Visible absorption spectra
were carried out with a Shimadzu UV-3600 UV-Vis
NIR spectrophotometer in the wavelength range of
200-800 nm. Melting points were determined by
using a Stuart melting point apparatus. NMR spectra
were recorded on a 500 MHz Varian or Bruker
spectrometer. Mass spectra were recorded on a
Bruker microflex LT MALDI spectrometer. The
spectra are presented in the Supplementary Section
at the end of this article.

Synthesis of 8-aminoquinoline (3a)

Under an ice bath, sulfuric acid (2.0 mL) was added
onto quinoline (5 mmol, 1.0 equiv) then 65% nitric
acid (3.0 equiv) were added dropwise and stirred for
4h at rt. The mixture was poured into the ice water
and neutralized with NaOH; and then extracted with
dichloromethane. After dried over Na.SOs4 and
evaporated in vacuo, used next step without
purification(49).

Mixture of nitroquinolines (2a-b) and 5% Pd/C was
solved in ethanol and suspension was saturated with
hydrogen gas under atmospheric pressure at 40 C°
until the starting material was consumed. 2 h later,
the mixture was filtered and evaporated. The crude
product was purified by silica gel column
chromatography, eluting with EtOAc in hexanes to
yield the desired 8-aminoquinoline 3a is isolated as
a brown solid in a yield of 32% (50).

Obtained as a brown solid (231 mg, 32%); 'H NMR
(500 MHz, CDCl3) & 8.71 - 8.60 (m, 1H), 7.93 (d, J
= 8.2 Hz, 1H), 7.29 - 7.16 (m, 2H), 7.02 (d, J =
8.1 Hz, 1H), 6.80 (d, J = 7.4 Hz, 1H), 4.89 (s, 2H).

General Procedure for
Diazonium Salts (5a-g)
The appropriate aniline (2.0 mmol) and 0.68 mL
50% HBF4 aq. in 2.0 mL distilled water was placed
in an ice bath and the temperature was set to 0 °C
then sodium nitrite (2.0 mmol) solution in 1.5 mL
distilled water was added dropwise. The reaction
was stirred 30 min., precipitate was filtered and
washed with water (15 mL) and diethyl ether (15
mL). After final filtration, the compound was dried
under low pressure and yielded the desired product
(51).

Synthesis of Aryl

4-tert-butylbenzenediazonium tetrafluoroborate

(5a)
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Obtained as a white solid (416 mg, 84%); 'H NMR
(500 MHz, DMS0O-d6) & 8.58 (d, J = 7.3 Hz, 1H),
8.03 (d, J = 7.3 Hz, 1H), 1.35 (s, 9H).
4-Trifluoromethylbenzenediazonium
tetrafluoroborate (5b)

Obtained as a white solid (462 mg, 89%); *H NMR
(500 MHz, DMSO-d6) & 8.90 (d, J = 8.0 Hz, 2H),

8.42 (d, J = 8.0 Hz, 2H).

2-Chlorobenzenediazonium tetrafluoroborate (5c)
Obtained as a white solid (294 mg, 65%); *H NMR
(500 MHz, DMS0O-d6) & 8.85 (d, J = 8.1 Hz, 1H),
8.28 (d, J = 8.2 Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H),
7.96 (t, J = 6.2 Hz, 1H).

2-Trifluoromethylbenzenediazonium
tetrafluoroborate (5d)

Obtained as a white solid (369 mg, 71%); 'H NMR
(500 MHz, DMS0O-d6) & 9.08 (d, J = 6.6 Hz, 1H),
8.49 (s, 2H), 8.39 - 8.30 (m, 1H).

3-Fluorobenzenediazonium tetrafluoroborate (5e)
Obtained as a white solid (231 mg, 55%); 'H NMR
(500 MHz, DMSO-d6) & 8.67 (d, J = 6.0 Hz, 1H),
8.59 (d, J = 7.8 Hz, 1H), 8.22 (t, J = 7.4 Hz, 1H),
8.09 - 8.01 (m, 1H).

4-Ethynylbenzenediazonium tetrafluoroborate (5f)
Obtained as a pale brown solid (344 mg, 73%); 1H
NMR (500 MHz, DMSO-d6) & 8.67 (d, J = 7.9 Hz,
2H), 8.06 (d, J = 7.8 Hz, 2H), 5.15 (s, 1H).

4-Fluorobenzenediazonium tetrafluoroborate (5g)
Obtained as a white solid (243 mg, 58%); 1H NMR
(500 MHz, DMSO-d6) & 8.83 - 8.73 (m, 2H), 7.88
(t, 3 = 8.7 Hz, 2H).

General Procedure for Synthesis of 8-
(aryldiazenyl)quinoline (6a-g)

8-aminoquinoline (0.1 mmol, 1.0 equiv) and aryl
diazonium salt (0.11 mmol, 1.1 equiv.) was
dissolved in 2.0 mL distilled water and stirred 30
min at RT. Extracted with ethyl acetate, dried over
Na>S04 and evaporated in vacuo. The crude product
was purified by silica gel column chromatography,
eluting with EtOAc in hexanes to yield the desired
product.

(E)-5-((4-(tert-butyl)phenyl)diazenyl)
amine (6a)

Obtained as a reddish-orange solid (28 mg, 92%);
mp: 149-151 °C, 'H NMR (500 MHz, CDCI3) d 9.31
(d, J = 8.5 Hz, 1H), 8.85 (s, 1H), 8.01 (d, J = 7.5
Hz, 1H), 7.91 (d, J = 7.5 Hz, 2H), 7.56 (d, J = 7.3
Hz, 3H), 6.97 (d, J = 7.5 Hz, 1H), 5.50 (s, 2H),
1.41 (d, J = 0.9 Hz, 9H); 3C NMR (126 MHz, CDCls)
0 153.28, 151.39, 147.82, 147.79, 147.42, 138.43,
137.18, 132.32, 127.98, 125.96, 125.91, 122.22,
122.18, 115.10, 109.02, 34.92, 31.31; IR (neat,
cm) 3478, 3353, 2952, 2919, 2855, 1615, 1587,
1565, 1508, 1473, 1428, 1174, 1126, 846, 785;

quinolin-8-
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MALDI-TOF m/z calcd
305,177, found 305.336.

for CioH21Na ([M + H]*)

(E)-5-((4-(trifluoromethyl)phenyl)diazenyl)
quinolin-8-amine (6b)

Obtained as a maroon solid (31 mg, 98%); mp:
137-139 °C; 'H NMR (500 MHz, CDCI3) & 9.28 (d, J
= 6.5 Hz, 1H), 8.85 (s, 1H), 8.14 - 7.95 (m, 3H),
7.78 (d, J = 7.0 Hz, 2H), 7.58 (d, J = 2.2 Hz, 1H),
7.02 - 6.84 (m, 1H), 5.69 (s, 2H); 3C NMR (126
MHz, CDCI3) & 155.33, 148.73, 147.94 (d, J = 3.8
Hz), 138.02, 136.89, 132.14, 130.79 (q, J = 32.4
Hz), 128.37, 126.62 - 125.81 (m), 125.22, 123.05,
122.86 (d, J = 5.4 Hz), 122.54, 116.22, 108.87; IR
(neat, cmt) 3433, 3317, 2951, 2918, 2851, 1609,
1553, 1504, 1475, 1440, 1382, 1154, 1104, 1065,
843; MALDI-TOF m/z calcd for CieH12F3N4 ([M + H]*)
317,101, found 317.139.

(E)-5-((2-chlorophenyl)diazenyl)quinolin-8-amine
(6¢)

Obtained as an orange solid (25 mg, 89%); mp:
156-158 °C; *H NMR (500 MHz, CDCls) 9.37 (d, J =
8.1 Hz, 1H), 8.85 (s, 1H), 8.13 (d, J = 7.5 Hz, 1H),
7.83 (d, J = 7.0 Hz, 1H), 7.57 (d, J = 4.6 Hz, 2H),
7.35 (t, J = 13.9 Hz, 2H), 6.98 (d, J = 7.0 Hz, 1H),
5.63 (s, 2H); 3C NMR (126 MHz, CDCl3) & 149.49,
148.42, 147.88, 138.55, 137.00, 134.40, 132.47,
130.60, 130.27, 127.79, 127.21 , 122.95, 118.16,
117.67, 108.96; IR (neat, cm™) 3457, 3301, 2949,
2917, 2845, 1610, 1587, 1508, 1370, 1340, 1244,
1175, 1120, 824, 785, 754; MALDI-TOF m/z calcd
for Ci5sH12CIN4 ([M + H]*) 283,075, found 282.933.

(E)-5-((2-(trifluoromethyl)phenyl)diazenyl)
quinolin-8-amine (6d)

Obtained as a rust solid (30 mg, 95%); mp: 145-
147 °C; 'H NMR (500 MHz, CDCl3) & 9.37 (dd, J =

8.6, 1.7 Hz, 1H), 8.85 (dd, J = 4.1, 1.7 Hz, 1H),
8.12 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.1 Hz, 1H),
7.84 (d, J = 7.8 Hz, 1H), 7.67 (t, J = 7.5 Hz, 1H),

7.59 (dd, J = 8.6, 4.1 Hz, 1H), 7.50 (t, J = 7.6 Hz,
1H), 6.98 (d, J = 8.5 Hz, 1H), 5.72 (s, 2H); 13C NMR
(126 MHz, CDCls) & 175.95, 150.49, 148.69,
147.87, 138.42, 136.85, 132.40 (d, J = 4.5 Hz),
128.90, 128.06, 126.71 - 126.25 (m), 125.40,
122.96, 118.26, 116.35, 109.12; IR (neat, cm™)
3458, 3318, 2952, 2915, 2851, 1621, 1600, 1506,
1424, 1387, 1310, 1238, 1130, 1048, 1032, 815,
791, 751; MALDI-TOF m/z calcd for CieH12F3N4 ([M
+ H]*) 317,101, found 317.072.

(E)-5-((3-fluorophenyl)diazenyl)quinolin-8-amine
(6e)

Obtained as a rust solid (24 mg, 91%); mp: 136-
138 °C; '*H NMR (500 MHz, CDCI3) & 9.19 (dd, J =
8.5, 1.7 Hz, 1H), 8.75 (dd, J = 4.1, 1.7 Hz, 1H),
7.95 (d, J = 8.5 Hz, 1H), 7.69 (dd, J = 7.9, 0.6 Hz,
1H), 7.62 - 7.52 (m, 1H), 7.48 (dd, J = 8.5, 4.1 Hz,
1H), 7.40 (td, J = 8.0, 6.1 Hz, 1H), 7.08 - 6.99 (m,
1H), 6.89 - 6.83 (m, 1H), 5.52 (s, 2H); 13C NMR
(126 MHz, CDCI3) 0 164.41, 162.45, 155.06 (d, J =
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7.1 Hz), 148.35, 147.95, 137.91, 137.02, 132.22,
130.15 (d, J = 8.5 Hz), 128.28, 122.75, 120.23 (d,
J 2.7 Hz), 116.47, 116.30, 115.87, 108.94,
107.56, 107.38; IR (neat, cm™) 3430, 3309, 3165,
2951, 2920, 2851, 1729, 1619, 1566, 1508, 1475,
1379, 1335, 1246, 1205, 1100, 965, 866, 780, 682;
MALDI-TOF  m/z calcd for CisH12FN4 ([M + H]*)
267,1046, found 266.992.

(E)-5-((4-ethynylphenyl)diazenyl)quinolin-8-amine
(6f)

Obtained as a rust solid (23 mg, 84%); mp: 186-
188 °C; 'H NMR (500 MHz, CDCl3) &6 9.30 (d, J =
8.2 Hz, 1H), 8.85 (s, 1H), 8.05 (d, J = 8.3 Hz, 1H),
7.92 (d, J = 8.2 Hz, 2H), 7.71 - 7.51 (m, 3H), 6.97
(d, J = 8.2 Hz, 1H), 5.60 (s, 2H), 3.23 (s, 1H); 3C
NMR (126 MHz, CDCIl3) & 153.09, 148.23, 147.88,
138.23, 137.02, 132.96, 132.22, 128.23, 123.17,
122.65, 122.41, 115.73, 108.96, 83.62, 78.92; IR
(neat, cmt) 3429, 3305, 3177, 2923, 2847, 1719,
1611, 1508, 1378, 1328, 1246, 1192, 839, 790;
MALDI-TOF m/z calcd for C17H13N4 ([M + H]*)
273,114, found 272.861.

(E)-5-((4-fluorophenyl)diazenyl)quinolin-8-amine
(69)

Obtained as an orange solid (26 mg, 96%); mp:
162-164 °C; 'H NMR (500 MHz, CDCIs) d 9.28 (d, J
= 6.7 Hz, 1H), 8.85 (s, 1H), 8.00 (d, J = 21.5 Hz,
3H), 7.57 (d, J = 4.3 Hz, 1H), 7.22 (s, 2H), 7.03 -
6.92 (m, 1H), 5.55 (s, 2H); '3C NMR (126 MHz,
CDCI3) & 164.61, 162.61, 149.98, 147.86 (d, ]
5.0 Hz), 147.78, 138.04, 137.09, 132.18, 128.03,
125.03 - 123.91 (m), 122.50 (dd, J = 7.9, 5.7 Hz),
115.91 (dd, J = 23.3, 6.2 Hz), 115.38 (d, J = 5.0
Hz), 108.95; IR (neat, cm™) 3446, 3321, 2925,
2851, 1615, 1591, 1567, 1510, 1492, 1385, 1334,
1248, 1223, 1184, 847, 788; MALDI-TOF m/z calcd
for CisH12FN4 ([M + H]*) 267,105, found 266.961.

RESULTS AND DISCUSSION

In this work, novel azobenzenes (6a-g) have been
synthesized with excellent yields. The synthetic
route has been illustrated in Scheme 1. At first,
quinoline was nitrated in the presence of nitric acid
and sulfuric acid, and a mixture of 5-nitroqoinoline
and 8-nitroquinoline (2a-b) was obtained. Without
any purification, this mixture was subjected for
hydrogenolysis in the presence of H>/Pd and amino
quinoline forms (3a-b) were attained by full
conversion. On the other hand, aniline derivatives
were converted to the corresponding diazonium
salts (5a-g) in single step with good and acceptable
yields. Finally, azobenzenes as target products were
synthesized by reacting with 8-aminoquinoline (3a)
and aryl diazonium salts (5a-g) in aqueous media
at room temperature in facile manner. Diazonium
salts with electron donating or withdrawing groups
substituted at different positions of benzene gave
the target product 8-(aryldiazenyl)quinolines (6a-g)
quite successfully with exceptional yields. Structural
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features of the 8-(aryldiazenyl)quinolines (6a-g) were fully elucidated using NMR, UV-Visible
absorption spectra and mass spectrometry.

02 NH, NH;
, 't
' N N
: Z 1 N
: 3a : 3b
. + E
: N,BF, ! NH,
HNO3/H,S04 ; ; 4&
; : HBF,4
' 5a-g ' 4a-g
N, iR
4 HZO, rt
1
/
2~@)
H,N N
6a-g
7\ 7\
,)\J—Q—t—Bu N CF3
H,N N H,N N
6a, 92% 6b, 98%
e » %
oN N HoN N HoN N
6¢c, 89% 6d, 95% 6e, 91%
7\ 7 N\
— ,,N—< >—F
/,N —
N N <:> H,N N
6f, 84% 6g, 96%

Figure 1: Synthetic route for the preparation of azobenzenes.

UV-Vis spectra of the compounds were collected in The absorption bands are slightly shifted to longer
acetonitrile solvent with Shimadzu UV-3600 UV-Vis wavelengths (redshifted) in the order of 6a, 6g, 6c,
NIR spectrophotometer and they were presented in 6e, 6b, 6d, and 6f. Generally, as the electron
Figure 2. Their maximal values and molar donor strength increases, the absorption band
absorption coefficients were also recorded in Table maximum shifts to longer wavelengths (53);
1. As seen in Table 1, the absorption maximal however, here the opposite effects were observed,
values of the compounds are between 427 nm and similar to the literature (54). When their molar
445 nm due to n-n* charge transfer transition (52). absorption coefficient was compared, 6a had the
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biggest molar absorption coefficient and 6f had the
lowest molar absorption coefficient among the
compounds presented. It can be concluded that the

RESEARCH ARTICLE

compounds have more absorbance ability in the
strong donor systems.

1.6
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Figure 2: UV-Vis spectrum of the compounds (50 uM) in ACN.

Table 1: Absorption maximal values of the compounds.

Molar Absorption

Compounds Absorption Maxima Coefficient (g) (cmM)

6a 427 27,180

6b 442 23,500

6¢C 430 12,640

6d 442 16,560

6e 435 20,740

6f 445 8,260

69 428 24,220
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'H NMR (CDCls, 500 MHz) spectrum of 4-tert-butylbenzenediazonium tetrafluoroborate (5a)
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'H NMR (CDCls, 500 MHz) spectrum of 4-trifluoromethylbenzenediazonium tetrafluoroborate (5b)
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'H NMR (CDCls, 500 MHz) spectrum of 2-chlorobenzenediazonium tetrafluoroborate (5¢)
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'H NMR (CDCls, 500 MHz) spectrum of 2-trifluoromethylbenzenediazonium tetrafluoroborate (5d)
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'H NMR (CDCls, 500 MHz) spectrum of 3-fluorobenzenediazonium tetrafluoroborate (5e)
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'H NMR (CDCls, 500 MHz) spectrum of 4-ethynylbenzenediazonium tetrafluoroborate (5f)
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'H NMR (CDCls, 500 MHz) spectrum of 4-fluorobenzenediazonium tetrafluoroborate (5g)
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'H NMR (CDCls, 500 MHz) spectrum of 8-aminoquinoline (3a)
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'H NMR (CDCls, 500 MHz) spectrum of (E)-5-((4-(tert-butyl)phenyl)diazenyl)quinolin-8-amine (6a)
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13C NMR (CDCls, 126 MHz) spectrum of (E)-5-((4-(tert-butyl)phenyl)diazenyl)quinolin-8-amine (6a)
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'H NMR (CDCls, 500 MHz) spectrum of (E)-5-((4-(trifluoromethyl)phenyl)diazenyl)quinolin-8-amine (6b)
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13C NMR (CDCl3, 126 MHz) spectrum of (E)-5-((4-(trifluoromethyl)phenyl)diazenyl)quinolin-8-amine (6b)
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'H NMR (CDCls, 500 MHz) spectrum of (E)-5-((2-chlorophenyl)diazenyl)quinolin-8-amine (6¢)

[eo BN n TTOOTANOMNNON N [32)
MEH ® S oHRRNNEMMNG S ©

[e)Me)] [ee] COCONNNNNNNNOO n
' | s =

7

N

/,N
H,N N

N
~ ~— — NN ~— o~
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
13.5 13.0 125 12,0 115 11.0 10.5 10.0 9.5 9.0 8.5 f8.(0 )7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
1 (ppm



13C NMR (CDCls, 126 MHz) spectrum of (E)-5-((2-chlorophenyl)diazenyl)quinolin-8-amine (6c)
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'H NMR (CDCls, 500 MHz) spectrum of (E)-5-((2-(trifluoromethyl)phenyl)diazenyl)quinolin-8-amine (6d)
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13C NMR (CDCl3, 126 MHz) spectrum of (E)-5-((2-(trifluoromethyl)phenyl)diazenyl)quinolin-8-amine (6d)
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'H NMR (CDCls, 500 MHz) spectrum of (E)-5-((3-fluorophenyl)diazenyl)quinolin-8-amine (6€)
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13C NMR (CDCls, 126 MHz) spectrum of (E)-5-((3-fluorophenyl)diazenyl)quinolin-8-amine (6e)
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'H NMR (CDCls, 500 MHz) spectrum of (E)-5-((4-ethynylphenyl)diazenyl)quinolin-8-amine (6f)
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13C NMR (CDCls, 126 MHz) spectrum of (E)-5-((4-ethynylphenyl)diazenyl)quinolin-8-amine (6f)
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'H NMR (CDCls, 500 MHz) spectrum of (E)-5-((4-fluorophenyl)diazenyl)quinolin-8-amine (6g)
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13C NMR (CDCls, 126 MHz) spectrum of (E)-5-((4-fluorophenyl)diazenyl)quinolin-8-amine (6g)

— 0 0 T © oM =N o an

T o QNN O NN T T LN U0 N*'\
O O < MmMmmnmaAaNdNANAN — O ™~ o)
— — — = - oA A — ~ ~N
N/ ~F SN ~

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 f10(0 ) 90 80 70 60 50 40 30 20 10
1 (ppm



Eshchanov Kh O, Baltaeva MM. JOTCSA. 2022; 9(1): 115-120. RESEARCH ARTICLE

00006

Journal of The Turkish Chemic \| Socier
Secrion: A Cl n\nsne\

TURKISH
CHEMICAL SOCIETY

Determination of the Molecular Mass of Hydrolyzed Fibroin Obtained
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Abstract: In our previous scientific publications, we have recommended spectrophotometry as a
method for determining the molecular mass of silk fibroin. As a result of our research, we were able to
obtain hydrolyzed fibroin ("HF"”) with high polyfunctional high sorption properties from natural silk fibroin
by thermal methods under acidic conditions and the influence of UHF rays. We used spectrophotometry
to determine the molecular mass of “"HF” obtained by two different methods. It was observed that there
are differences between the molecular masses of “HF” obtained by thermal methods and under the
influence of ultra-high frequency (UHF) rays. It was found that the molecular mass of “HF” obtained
thermally under acidic conditions was 246,6 kDa, and the molecular mass of “HF” obtained under the
influence of UHF rays was 307 kDa. The main reason for the different molecular masses of “HF” was

considered to be the fact that the process duration of “HF” production methods varies.
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INTRODUCTION

Silkworm fiber is a thin, hard, and shiny fiber, a
natural textile raw material made from the fluid
that comes out of the silkworm's two silk glands.
Silk is made up of two strands wrapped around a
silkworm cocoon that are not glued together,
coated with sericin (silk glue), and glued together.
This fiber contains 70-75% fibroin (protein), 20-
25% sericin, 2-3% various minerals, 1-1,5% wax
and oils.

Silk is used for silk weaving, baked yarn and in
engineering, aviation, aerospace and electrical
engineering (1). In production technologies, fibers
and films are made on the basis of natural
€ocoons.

The fibroin in silk is insoluble in water. In hot
water, the sericin protein dissolves, which covers
the top of the fiber. Silk fiber can withstand
temperatures up to 140 °C. When the temperature
rises to 140-170 °C, the protein in the fiber
undergoes a structural change. The density of the
fiber depends on the type of silk. For example, the
densities of Mulberry and Tussah silks are 1.33 and
1.32 g/cm3, respectively. Other types of silk have
an average density of 1.6 g/cm3 (2, 3).

Fibroin is a fibrillar protein that forms the polymer
basis of natural silk. The primary structure of these
proteins depends on the nature of the natural
cocoon, the silkworm's diet, time, and other
biological factors. The largest mass fraction (90%)
in the fibroin macromolecule corresponds to the
amino acid residues Gly, Ala, Tyr, Ser. There is
also a very small amount (w<1%) of Cys in the
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fibroin macromolecule. The polypeptide chain of
fibroin contains hydrophilic and hydrophobic amino
acid groups in a 6.3:1 ratio. The fibroin molecule
consists of crystalline (B-structure) and amorphous
(a-spiral) parts in which the polymer chain is
sequentially arranged (4, 5).

Fibroin is insoluble in alcohol, ether, benzene,
acetone, carbon disulfide, and other organic
solvents. Salts of calcium, strontium, barium,

which form a solution in a neutral medium, and
hydrogen halide acids, and Schweizer's reagent
form colloidal systems in alkaline solutions. Soluble
in concentrated phosphate, sulfate, hydrochloric
acid, and liquid ammonia at low temperatures
(between 9 and 11 °C) (6).

Silk fibroin is also soluble in concentrated ZnCl>
solution and ammoniacal solutions of nickel(II)
hydroxide. Fibroin is well soluble in copper(II)
glycerate and ethylenediamine copper(II) in
solutions of dichloroacetic and formic acids.
Solutions of 0.7% to 1% concentrates of fibroin
can be prepared in solution. It is possible to form a
fibroin solution in N-methylmorpholine-N-oxide at
74-76 °C. Fibroin is well soluble in hydrotron
solvents, such as iodides and rhodanides of Li*, K*,
Na*; halides and rhodanides of Ca2*, Zn2*; di and
trichlor (or fluorine) are soluble in acetic acids.
With 56% of NaSCN with 10% DMSO, the viscosity
of silk fibroin at 25 °C in aqueous solution is well
studied, and the following expressions apply to this
solution (6, 7):

[n]=0.4x10"*M}>* (Eq.1)

Silk fibroin is well soluble in a solvent mixed with
CaCl2:C2Hs0H:H20 (8). Examination of the solution
by UV spectrophotometry revealed that the
maximum absorption wavelength is close to 280
nm.

The silk fibroin molecule consists of 3 chains, the
heavy chain (which can range from 390 kDa to 500
kDa), the light chain (26 kDa), and the P-25
glycoprotein (25 kDa) (9). The literature indicates
that the molecular weight of fibroin is 60-150 kDa
(average 84 kDa) as determined by
ultracentrifugation and diffusion methods (10). By
measuring the osmotic pressure, it was determined
that the molecular mass of silk fibroin is 30 kDa
(11).

Silk fibroin was found to be up to 250 kDa in 9.3 M
LiBr solution by SDS-PAGE (8). Silk fibroin was
found to be 300 kDa in CaClz-ethanol solution
using the SDS-PAGE method (12).

To determine the molecular mass of silk fibroin, it
is necessary to convert it into a solution. We have
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shown in our previous work that we used
spectrophotometry to determine the molecular
mass of silk fibroin (13).

As a result of our research, we studied the
methods of production of hydrolyzed fibroin with
high sorption properties from silk fibroin and
determined the optimal conditions. “HF” from silk
fibroin fiber was obtained by the thermal method
under acidic conditions and the influence of UHF
rays (2450 MHz). The result is a powdery white
“HF". It was studied that the time of obtaining “HF”
from silk fibroin under the influence of UHF rays
ends 5-6 times faster than the thermal method
(14). “HF”s multifunctional high sorbent properties
have the potential to be used in pharmaceuticals,
cosmetics, food, and other industries.

EXPERIMENTAL SECTION

Materials

Fibrous waste of silk (cleaned of additives,
Khorezmipagi LLC, Urgench, Uzbekistan), Sodium
carbonate (purity 99,9%), HCl (chemically pure)
was purchased from Chimreaktivinvest
(Uzbekistan). Calcium chloride and ethyl alcohol
(98%) were purchased from Fortek company
(Uzbekistan).

Instrumentation

Bidistilled water is obtained from the “GFL 2104
Double distillation water still” device (Germany).
The experiments wused UV-1800 Shimadzu
spectrometer, Thermostat spare parts (Assistant
cat. N2 3180) (Hamburg, Germany).

Procedure

Obtaining "HF” thermally in an acidic environment
The cocoon is placed in a 500 mL heat-resistant
beaker and a 0.5% NaxCOs solution (1:50 w/v) is
poured over it. Boil a glass of water in a bath for
30 minutes. The fiber is then removed from the
beaker and boiled for 10 min with distilled water.
The boiled fiber is washed with a mixture of
distilled water until salts are removed from the
mixture. The fiber is dried in an oven at 70 °C for 4
hours. Transfer the obtained fiber to a 500 mL
heat-resistant beaker and top with a 3% HCI
solution (1:50 w/v). Heat in a glass container at a
temperature of 90-95 °C for 80-90 min. The result
is a white powdery "HF".

Obtaining “"HF” from silk fibroin under the influence
of UHF rays

Put cocoon fiber and 0.5% Na2COs solution (1:50
w/v) in a 500 mL beaker. Boil the solution in a
glass for 30 minutes. At the end of the allotted
time, remove the fiber from the container and
rinse with distilled water (untii no NaxCOs3
remains). Transfer the washed fiber to a 500 mL
beaker and top with a 3% HCI (1:50 w/v) solution.
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The glass is placed in the microwave. Hydrolysis of
fibroin fibers is carried out under the influence of
510 W UHF rays (2450 MHz). The result is a white
powdery “HF”.

Determination of molecular masses of "HF”
samples obtained by thermal and UHF rays by
spectrophotometry

The measured “HF” powder mass was dissolved in
a solution of CaClz:CoHsOH:H2O (1:2:8 mol) at a
temperature of 65 °C. In order to determine the
molecular mass of “HF” obtained thermally in an
acidic environment, solutions with a concentration
of 0.04, 0.06, 0.0833, 0.1, 0.125, 0.25, and 0.5
g/L were prepared. The UV-1800 Shimadzu
spectrophotometer indicated that the maximum
absorption wavelength of the prepared solutions of
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determine the molecular mass of “HF”, solutions
with concentrations of 0.508, 0.14, 0.07, 0.035,
and 0.0175 g/L were prepared. The light
absorption of “HF” solutions obtained under the
influence of UHF rays was determined.

RESULTS AND DISCUSSION

The UV spectra of “"HF” obtained thermally in an
acidic environment were studied (Figure 1). The
light absorption values of "HF” solutions at 280 nm
were determined and the A// and C correlation
graphs were plotted (Figure 2). To determine the
molecular mass of “HF”, it is necessary to
determine the angular length (a) of the graph line
A/I—C concerning the C axis. Molecular mass is
determined by the following formula.

“HF” was 280 nm. The light absorption was
determined in a 1 cm thick (/) cuvette. =€
tga (Eq. 2)
The above operations were also performed for “HF”
obtained under the influence of UHF rays. To
[or]
o
™
|
0,000
| | |
190,00 400,00 00,00
nm,

Figure 1: UV spectra of thermally obtained “HF” solutions.
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Figure 2: Graph of A/l and C dependence of “"HF” solution.
obtained by thermal method.
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Based on the results obtained by the
spectrophotometric method, it was determined
that the molecular mass of “HF” obtained by the
thermal method using formula (Eq. 2) is 246.6
kDa. The molecular mass of “HF” obtained from
silk fibroin under the influence of UHF rays in an

RESEARCH ARTICLE

acidic medium was also determined by
spectrophotometry. The light absorption of “HF”
solutions obtained under the influence of UHF rays
was determined and the A//-C correlation graph
was plotted (Figure 4).

1,095 T

1,000

Abs.

\
0,500 =\

0,000

-0,050 L L

232,22 250,00 300,00

350,00 400,00 423,3€

nm.

Figure 3: UV spectra of “"HF” solutions obtairned under the influence of UHF rays.
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y=1,513x+0,0032
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o /
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’/'_‘IZS?"
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0,2 0,4 0,5
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Figure 4: Graph of A// and C dependence of “HF” solution obtained under the influence of UHF rays.

The angular length of the graph line relative to the
concentration (C) axis was found to be 57°. The
molecular mass of “HF” obtained under the
influence of UHF rays was found to be 307 kDa
using formula (Eqg. 2).

CONCLUSION

We hypothesized that the reason for the
differences between the molecular masses of “HF"s

obtained by thermal methods and under the
influence of UHF rays is that the process of
obtaining “HF” takes place at different times.
Because it takes more time to obtain “HF” from silk
fibroin by thermal methods, fibroin molecules are
hydrolyzed into smaller pieces. Therefore, it can be
observed that the masses of “HF” molecules
obtained by thermal methods are smaller.
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Determining the molecular mass of fibroin-
containing proteins using the method of
spectrophotometry is superior to other methods of
determining the molecular mass with speed and

low cost, accuracy. In this method, the
determination of molecular mass is almost
unaffected by various external factors. In

determining the molecular mass, coagulation, and
sedimentation of the protein in solution may
adversely affect the results. Therefore, special
attention should be paid to the state of the solution
of the protein, the molecular weight of which is
determined.
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Abstract: This study covers the synthesis and release behavior of chitosan-graft-polyacrylamide
copolymers in aqueous media at different pH values. The copolymers were synthesized using redox
polymerization with ceric ammonium nitrate (CAN) in 1% aqueous acetic acid solution as the initiator.
Optimum condition for the graft copolymer synthesis was determined as 3.85 g/L chitosan, 0.27 M
acrylamide (AAm) monomer at 40 °C with a CAN per gram chitosan as 6 mmol using 0.05 M stock solution
in 0.1 N HNOs. Then the crosslinked copolymers were synthesized using methylenebisacrylamide (MBA) as
a crosslinker varying mass proportions of AAm:MBA as 15:1, 20:1, and 30:1. Obtained material amount
(polymer yield) and molecular weight of crosslinked copolymers were lower than the graft copolymer as
expected. Acetylsalicylic acid (ASA) release behaviors of all copolymers were monitored with UV-visible
spectroscopy at different pH values (2, 6, and 8.5) corresponding to different media in the body (stomach,
skin, and intestine, respectively). According to the results, the release behavior changed the least among
the samples with respect to medium pH and of was the most affected.
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INTRODUCTION semicrystalline copolymer (3). Solubility also
increases with increasing DDA; amine groups of the

Chitosan is the second most abundant chitosan has a pK value of approximately 6.5

macromolecule in nature after cellulose. It has
many aspects being biocompatible, biodegradable,
non-toxic, convenient to modification, etc (1,2). It
has a linear structure which is composed of 1,4-3-2-
amino-2-deoxy-D-glucose (deacetylated D-
glucosamine) and N-acetyl-D-glucosamine units.
Chitosan is obtained by deacetylation of chitin; in
fact, chitin and chitosan are only different in degree
of deacetylation (DDA); when DDA is higher than
50% the biopolymer is called as chitosan, otherwise
as chitin. The structural features such as
crystallinity and solubility are also very closely
related with DDA, i.e. chitin and chitosan portions of
the 50% DDA biopolymer form an amorphous block
copolymer while 99% DDA is a linear, random

indicating that if the medium pH < 4 chitosan is
soluble forming a polycationic structure (3-5).

Ceric ion initiated polymerizations are widely used
for aqueous grafting vinyl polymers onto reducing
agents which has one or more O-H groups (6), i.e.
PEG (7), cellulose (8,9), and xylan (10). Initiation
step involves oxidation of O-H groups through a
radical pathway. First, ceric ion and reducing agent
(i.e. cellulose) form a 5-membered chelate complex;
then in acidic medium this complex decomposes,
creating a radical on either carbon or oxygen,
reducing Ce(IV) to Ce(IIl) (9). The creation of
radicals is a set of complex equilibria including the
concentrations of components, temperature and
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duration of the reaction. If these factors are not set
properly reaction may lead to oxidation of reducing
compound terminating the radical created (i.e. low
polymer vyield). Another problem may be self-
creation of radical from air oxygen or from solvent
(water) leading to homopolymers. In order to
prevent the mentioned side effects an optimum
condition has to be found. Having active sites
chitosan also can react with ceric ion like cellulose
and other polysaccharides (11,12).

Controlled release systems or controlled drug
delivery systems are used for delivering some
therapeutic agent at a certain site or releasing it
slowly in the body; thus the agent is needed to
incorporate to a polymeric network structure (13).
Chitosan is widely preferred for controlled release
systems especially due to unique properties which
are mentioned above including biocompatibility and
swelling behavior at low pH (1,13). After
modification with polyacrylamide swelling property
of chitosan enhances and this copolymer may be
used as a matrix which become very popular
component for controlled release systems. There are
many parameters affecting swelling, and in turn
release behavior, of the copolymer; some of these
parameters are pH, temperature, concentration, and
salinity (2,14,15). Chitosan-polyacrylamide release
matrix is used in earlier studies with several
differences, for example Bulut has used chitosan-
graft-polyacrylamide matrix ~ supporting with
carboxymethylcellulose to encapsulate and release
ibuprofen (12), and Wang et al. has grafted
polyacrylamide and poly(N-isopropylacrylamide) to
chitosan to use obtain a gel structure both sensitive
to pH and temperature (16). Presence or number of
crosslinks among the copolymer which is grafted
onto chitosan chains may affect the release rate in
media with different pH values.

In this study, chitosan functionalization via redox
polymerization using ceric ammonium nitrate as
initiator to graft linear or crosslinked polyacrylamide
moieties onto chitosan has aimed in order to obtain
controlled release systems. First, optimization of the
reaction conditions was achieved. Then spectral and
physical characterizations of the samples was done.
Finally, controlled release experiments were done at
different pH values which were corresponding to
different environmental values as acidic (pH 2,
stomach), nearly neutral (pH 6, skin), and basic (pH
8.5, intestine).

MATERIALS AND METHODS

Chemicals and solutions

Chitosan 99% DDA (Sigma Aldrich), nitric acid
(65%, d=1.40 g/mL, Merck), acrylamide (AAm)
(Merck), methylenebisacrylamide (MBA) (Fluka),
sodium hydroxide (Merck), acetylsalicylic acid (ASA)
(Sigma-Aldrich), glacial acetic acid (Merck),
isopropyl alcohol (technical grade, distilled prior to
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every use), acetone (Merck). Rest of the chemicals
were all of Merck brand and used as received.

Ceric ammonium nitrate (CAN) was Sigma-Aldrich
brand and it was used as a stock solution of 0.05 M
in 0.1 M nitric acid.

Acidic buffer solution (pH 2) was prepared dissolving
KCI (7.45 g) in water; then HCI (37%, 1.75 mL) was
added to the mixture and completed to 1.0 L with
distilled water.

Slightly acidic buffer solution (pH 6) was prepared
dissolving NazHPO4-7 H>0 (1.307 g) and
NaH2PO4:H20 (13.127 g) in water; then the mixture
completed up to 1.0 L with distilled water.

Basic buffer solution (pH 8.5) was prepared
dissolving H3BO3 (61.83 g) and NaOH (10.00 g) in
water; then the mixture completed to 1.0 L with
distilled water.

Instruments

FTIR measurements were carried out on Thermo
Scientific Nicolet 380 equipped with a diamond
crystal ATR module in a range of 4000-400 cm™ in
percent transmission mode.

NMR measurements were carried out on an
Agilent instrument (500 MHz for 'H, 11.7 T) using
D>0 as solvent.

UV-visible spectra were taken on Perkin Elmer
Lambda 25 model instrument in 200-400 nm
wavelength range.

Molecular weight determination

Molecular weight determinations were carried out
using viscometric method with Ubbelohde
viscometer. Mark-Houwink constants for
polyacrylamide was K = 6.31x103 mL/g and a =
0.80 in water at 30 °C. (17) Intrinsic viscosity ( [’7]

) was determined using Solomon-Ciuta equation
(1). (18,19)

[rl]z\/z_(rlsp_lnnrel) (1)
C

Thermogravimetric analyses

Thermogravimetric analyses (TGA) were carried out
on a Perkin Elmer Pyris 1 TGA with a heating rate of
20 °C/min in 30-1000 °C range.

Statistical analysis

Principal component analysis (PCA) was performed
on first derivative FTIR data using R software
(version 4.0.0) running on 64-bit MS Windows 10
platform. First order derivatives of the spectra in
range between 1800 and 850 cm<, which were
calculated via the Savitzky-Golay algorithm
averaging 4 points left and right side using a third
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order polynomial, were used in order to eliminate
the errors that could arise from overlapping.

Synthesis of Chitosan-graft-Poly(Acrylamide)
(ChAAm)

Chitosan (0.1 g) and AAm (0.5 g) were dissolved in
10 mL 1% acetic acid separately in 15 minutes at
40 °C; then both solutions were mixed to have a
chitosan:AAm mass proportion of 1:5. After stirring
at 40 °C for another 15 minutes 6 mL of CAN
solution was slowly added to the mixture in 15
minutes. Polymerization was allowed to continue for
3 hours at the same temperature. Then the mixture
was poured into 5 volumes of isopropanol to
precipitate grafted copolymer. The medium pH was
adjusted with to approximately 9 with 1 M NaOH;
then the alcoholic mixture was left to precipitate the
small chains overnight at -35 °C. The graft
copolymer was separated centrifuging at 200-G for
5 minutes, then left to dry first in air, then in the
vacuum.

The percentage (G%) and efficiency (E%) of
grafting was calculated as following equations (2)
and (3). (11)

G %= Wcop_Wchitosanxloo (2)
chitosan
E%= C()‘i/_WChimsanX]_OO (3)

Synthesis of Crosslinked Grafted Copolymer
(ChAAX)

Polymerization procedure for crosslinked copolymers
was similar, but after addition of CAN solution
methylenebisacrylamide (MBA) was added to the
mixture as crosslinking agent in different
proportions relative to AAm. The proportions of
AAmM:MBA were 15:1, 20:1, 30:1, by mass. The
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termination and precipitation parts of the procedure
was followed likewise.

Loading and Releasing Acetyl Salicylic Acid
Loading of ASA was carried out using polyelectrolyte
complex (PEC) method. The copolymer (108 mg)
was dissolved in 10 mL of 1% acetic acid; in
another container acetylsalicylic acid (ASA) was
dissolved in 10 mL of water, then it was made
alkaline with addition of 1 M NaOH. The alkaline ASA
solution was dripped slowly into acidic copolymer
solution in 10 minutes. Afterwards, the ASA-
copolymer mixture was poured into acetone solution
to precipitate. In order to accelerate and promote
precipitation the final solution was cooled in deep
freeze (-25 ©°C). The loaded copolymers were
collected centrifuging the cold mixture. The loaded
samples were washed with acetone, dried first in
air, then in vacuum. Then the loaded copolymer was
pressed to convert into a pellet.

Release of ASA from the copolymer matrix was
monitored using UV-visible spectroscopy using the
intensity of the signal located at 300 nm. First
calibration curves were obtained for ASA at 3
different pH using proper buffer solutions. Then the
loaded copolymer was placed in a container with 10
mL  appropriate buffer  solution and uv
measurements were done periodically.

RESULTS AND DISCUSSIONS

Chitosan is a naturally occurring polymer and is
mainly composed of [(-2-amino-anhydroglucose
units linked through 1 to 4 positions. Having active
OH sites chitosan reduces ceric ion, creating radicals
with a redox reaction leading to initiation of a vinyl
polymerization (6). Radical generation from
cellulose is related with a chelate complex formation
(8,9). Thus a similar path is expected for chitosan;
the formed radical may be on nitrogen, oxygen, or
carbon (Figure 1).
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Figure 1: Plausible mechanism of radical generation with ceric ion and chitosan.

Although a reducing agent is needed to create
radicals, sometimes ceric ion and aerial oxygen (or
water) can also react to produce radicals, leading to
homopolymers. The possible reactions were given in
the scheme below. This unfavorable situation can be
prevented adjusting reaction conditions. Other
unwanted side reactions involving reducing agent,
chitosan, were degradation in acidic medium or
oxidation by ceric ion.

Radical generation
Ch—H+Ce*">[Complex]»Ch-+Ce* " +H"

M+Ce* "> M-+Ce* " +H"
Chain initiation
Ch-+M>Ch—M-:
M-+M->M—-M -

Propagation
Ch—M-+(n—1)M=>Ch—M,-

M—M-+(m=2)M>M,,-

Termination
Ch—M  -+Ch—M, -~ Graft copolymer
Ch—M ,-+M, -~ Graft copolymer
M, -+M_ n-->Homopolymer
Ch-+Ce"" > Oxidation products
Ch—M, +Ce"">Oxidation products

Scheme 1: Possible reactions in the medium
containing chitosan (Ch), CAN (Ce**), and monomer
(AAm, MBA).

Ceric ion initiated polymerization reactions were
affected by several factors including total acid
concentration, reducing agent type, concentrations,
reaction temperature, and duration (7,20,21). These

factors were interfering among each other; thus an
optimization run was necessary for different
monomer and/or reducing agent couples to have a
maximum vyield of desired product, i.e. graft
copolymer. As previous studies implied each factor
had an individual apex interfering with each other
starting with a predetermined condition obtained
from earlier works was favorable (7,8,10).

Releasing experiments were carried out in 1% acetic
acid in order to carry out the reaction in a
homogeneous solution as chitosan was soluble in
acidic solutions. As the results indicated that using
inert atmosphere was not needed. Changes in
temperature and/or reaction period caused a
decrease in G% and E%. Optimum conditions were
determined as 40 °C, 3.85 g/L chitosan, 0.27 M
AAm; CAN proportions were used as 6 mmol CAN
per gram chitosan, and 43 mmol CAN per mol AAm.
Under these conditions a G% of 350% was observed
(E% was 70%) and copolymer labelled as ChAAm.

Blank experiment (using the same conditions
without chitosan) resulted in a reaction yield of 8%.
This result indicated that chitosan was needed to
produce radicals to start the polymerization.

After determining optimum conditions crosslinked
copolymers  were  synthesized using same
parameters with addition of MBA as crosslinking
agent at different amounts. AAm:MBA proportions
were set as 15:1, 20:1, and 30:1 by mass; these
proportions were corresponding to 33:1, 43:1, and
65:1 AAm:MBA by mole. The crosslinked
copolymers were labelled as ChAAx-15, ChAAx-20,
and ChAAx-30 after their AAm:MBA proportions.
Introduction of MBA resulted in a decrease in
obtained product amount in the first place. When a
detailed examination was made it was seen that G%
was decreasing with an increase in AAmM:MBA
proportion. As the proportion was adjusted as 15:1,
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20:1, and 30:1 the G% values were observed as
317, 206, and 157%, respectively. Also, E% was
affected in a similar manner; it was observed as 60,
40, and 31% for ChAAx-15, ChAAx-20, and ChAAXx-
30 while it was 70% for ChAAm. This occurrence
was probably due to crosslinks of MBA were both
amongst acrylamide chains and chitosan chains at
the same time.

Characterizations of Graft Copolymers

Molecular weight determinations were done utilizing
the viscometric method. Intrinsic viscosity, and in
turn molecular weight of the copolymers, was
determined by Solomon-Ciuta and Mark-Houwink
equations, respectively. Mark-Houwink constants
(6.31x103 mL/g and a = 0.80) belong to
polyacrylamide in aqueous solution at 30 °C (17).
Although this method could not give the absolute
molecular weight, it might give useful information
about the samples for comparitive purposes. The
molecular weight of ChAAm was determined as
55 kDa while increasing MBA component caused a
decrease; molecular weight of ChAAx-15 was 17
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kDa, it was measured as 12 kDa for ChAAx-20 and
as 10 kDa for ChAAx-30.

Characteristic FTIR signals that were related to
chitosan were summarized as O-H and N-H
stretching vibrations (overlapped) as a broad signal
with peak positions at 3357 and 3282 cm™!, various
C-H stretching vibrations with a peak at 2870 cm™.
Amide I and/or adsorbed water vibrations were
observed at 1644 cm, amide II vibration at 1566
cm™, various C-C-H, C-O-C, C-C-O bending, and C-
C, C-0O stretching vibrations between 1500-800 cm-
1. The signal at ca. 899 cm™ belonged to the
anomeric (Ci) region of the chitosan indicating
conformation (5).

The FTIR spectrum of obtained copolymer (ChAAm)
displayed characteristic signals of polyacrylamide
besides chitosan; stretching vibrations at 3341 and
3206 cm™, amide C=0 stretching (amide I) at 1660
cm, bending (amide II) at 1621 cm™, stretching
(amide III) at 1422 cm™* (22) (Figure 2).

T T T i 4 T T T T T
Chitosan
ChAAm
-
)
3
g
E
z
o
g
H
1 I l i I | L il | i | | | i I 1 i I | H
4000 3000 2000 1800 1600 1200 1000 800

Wavenumbers (cm”

1400
]')

Figure 2: FTIR spectra of chitosan and ChAAm copolymer.

Comparison of FTIR spectra belonging to chitosan
and ChAAmM indicated that grafting of
polyacrylamide onto chitosan was achieved.
Crosslinking agent, MBA, caused a broadening in

amide I, and II signals, also an additional signal at
amide III region was observed. As these signals
appeared with introduction of MBA it was thought
that crosslinked copolymers were obtained.
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Additionally, C;i related signal was observed around
895 cm™ for crosslinked copolymer indicating a
slight conformational relaxation on chitosan
backbone.

FTIR spectra of chitosan and acrylamide copolymers
were quite similar in many aspects. Moreover, C=0
stretching vibrations of acrylamide moieties
overlapped with chitosan signals. In order to identify
and characterize copolymers a statistical method,
PCA, was applied to the FTIR data. Sampling a
typical FTIR spectrum several hundreds of points in
correlation to each other stored. Applying PCA this
correlation was removed creating uncorrelated
variates known as principal component (PC) scores.
The PCs could be defined as new, orthogonal axes
where variances were maximized. Thus, the
projection of PCs against one another could reveal
the clustering or structural information regarding
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the major components that are responsible for the
change in certain region of the spectrum.

The scores plot of the first three PCs, which
together account for 99% of total variance, was
shown in Figure 3. In the plot PC1 and PC3 were
used as x- and y- axes, respectively, same colors
indicating near-by groups in PC2. Chitosan appeared
nearly at the center of the plot while ChAAm was
observed at the right-hand side of PC1l. As this
occurrence was related with grating a detailed
analysis on loadings plot of the PCs indicated that
positions on the plot were mainly related with amide
C=0 stretching vibration (from AAm) around 1670
cm and C-O (of chitosan backbone) related signals
in 1300-900 cm™ range. Introduction of crosslinking
agent resulted in shifts on PC3 while slight changes
were observed or PC1l. This result also supported
that the presence of MBA leads to more crosslinked
structures than grafting onto chitosan backbone.
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Figure 3: Resulting scores plot of PCA for copolymer samples.

Thermal characterizations of copolymers were
carried out using TGA. First loss was due to
adsorbed water, and was observed as a broad signal
starting around 40 °C and ended around 150 °C
with a proportion of 10 to 15%. This loss had a
maximum weight loss temperature, Th2o, observed
at 101 °C for chitosan. Then another degradation
was observed between 250 and 430 °C; the
maximum degradation temperature, Tmax, for this
event was also determined from derivative TGA
(DTGA) plot as 334 °C.

Introduction of polyacrylamide moiety onto chitosan
backbone resulted in an increase in Th2o; it was
observed as 125 °C for ChAAm. In addition, an
increase in the intensity of derivative peak indicated

that introduction of polyacrylamide moieties
increased the water uptake of the copolymer as
expected. The second decomposition, which was
related, with mainly decomposition of
polyacrylamide portion observed between 250 and
400 °C with a peak position at 300 °C in DTGA.
There was also an additional signal maximum in
DTGA located at 487 °C that was related with the
second stage decomposition of polyacrylamide.

Crosslinked copolymers displayed slightly higher
values for each thermal event. Water loss signal
was observed as 112 °C for ChAAx-15, 130 °C for
ChAAx-20, and 93 °C for ChAAx-30. Polyacrylamide
decomposition pattern was observed in the same
range with ChAAm; however, maximum degradation
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temperatures were changing according to AAm:MBA
ratio. ChAAx-15 and ChAAx-30 had a small signal
around 280 °C and a stronger signal peaked around
310 °C which was very close to the peak signal for
ChAAm. However, ChAAx-20 displayed two distinct
signals in this range one was located around 330 °C
and another at 386 °C. The shape pattern was also
different for this decomposition. This occurrence
was probably due to different amounts of
crosslinking in the structure.

Release Experiments

Controlled release experiments were done using 4
different copolymer matrices (ChAAm, ChAAx-15,
ChAAx-20, ChAAx-30) at 3 different pHs (2, 6, and
8.5). Releasing material was acetylsalicylic acid
(ASA). The experiments were carried out at ambient
temperature; ASA:copolymer proportion were kept
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constant at 1:3 by mass. ASA was loaded to the
copolymer matrix using polyelectrolyte complex
(PEC) method. In this method, ASA was
encapsulated by copolymer matrix.

After preparation the pellets were placed in
corresponding buffer solutions for pH 2, 6, or 8.5.
The pH selection of the buffers was done for
imitating the medium of stomach (strongly acidic),
skin (weakly acidic or nearly neutral), and intestine
(basic) for in vitro studies, respectively. In order to
monitor  the release of ASA  calibration
measurements were done separately in
corresponding buffer solutions. The collected data
was evaluated in two ways: the effect of the
crosslinking at the same pH (Figure 4), and the
effect of the pH for same matrix (Figure 5).

(a)

Released ASA (%)

(b)

{c) — Ch-PAAx-15
- Ch-PAAX-20 |
—— Ch-PAAX-30
—— Ch-PAAmM

0 20 40 60 80 0 20

40

60 80 0 20 40 60 80

Time (min)
Figure 4: ASA release from the ASA:copolymer matrix at pH a) 2, b) 6, c) 8.5.
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Figure 5: ASA release from the ASA:copolymer matrix based on a) ChAAx-15, b) ChAAx-20, c) ChAAx-30,
d) ChAAm.

The UV-visible spectrum of ASA displayed several
absorption bands within the wavelength range of
200-450 nm. The strongest signals were located
around 200 nm with two peak positions one was
located around 215 nm, and the other was at 225
nm. This distinction was clear for pH 2, but for other
pH values 225 nm signal lost intensity and became
a shoulder to 215 nm. Another strong signal was
located at 300 nm. All signals were shifted
insignificantly as a result of changing medium pH.
Chitosan displayed a signal only around 200 nm due
to amide carbonyl transitions especially for pH 2, in
the other two spectra this signal was observed
slightly lower than 200 nm, so only tailing part of
the signal was seen. Thus, quantitative ASA
measurements were taken using the signal at 300
nm in order to prevent interferences.

The release rate was influenced by medium acidity
as the matrix was very sensitive to pH (Figure 4a-
c). Having N-H groups with an approximate pK
value of 6.5 (4,5) chitosan backbone was expected
to dissolve in acidic media. However, grafted
polyacrylamide moieties retarded or prevented
complete dissolution possibly due to extensive
hydrogen bonding and/or crosslinking resulting in
swelled structures. Increasing amount of MBA
resulted in a structure with a higher number of
crosslinks; thus, swelling behavior was influenced
by composition.

For ChAAm, release behavior was extremely
different from the rest of the samples at strongly
acidic pH. First, a high and rapid UV response was
observed when the matrix was placed in release
medium; then the response decreased until 1.4%
and then increased again. A possible explanation for

this event was fast expansion of the matrix in acidic
medium. In this case, hydrogen bonds were the
only interaction holding the matrix together; when
dissolution occurred in the buffer, the loaded ASA
was released at once in an uncontrolled fashion.
However, later the dissolved polymer chains
readsorbed ASA leading to a decrease in the UV
absorption and then release of ASA was started
again at a lower rate.

Unlike ChAAm, crosslinked copolymers displayed a
more stable release behavior as expected. All
crosslinked copolymers displayed a linear model for
release, except ChAAmM-20 that released ASA
displaying a logarithmic model. Among the
crosslinked copolymers, the slowest release was
observed for ChAAx-15, which had the highest MBA
proportion thus the highest number of crosslinks.
This was expected, as intensive number of
crosslinks caused the smallest pore size of the
matrix; thus, ASA was released slower via these
pores of the swelled matrix at a small rate. At this
pH ChAAx-30 was also displayed a similar behavior
indicating even a small number of covalently bonded
crosslinks was affecting the swelled structure and its
pore size as the matrix did not disperse easily in the
medium and standing together forming up a swelled
structure. Then ASA should permeate through the
pores of this swelled structure. ChAAx-20 and
ChAAx-30 displayed similar results with an
exception in release model. When compared the
release based on the component ChAAx-20 matrix
was nearly linear while ChAAx-30 matrix was more
a fit to logarithmic model.

When pH was changed to 6.0 release rate slowed
down for all copolymers. Still being in a medium
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more acidic than pK value of chitosan, ChAAmM
based matrix displayed the highest release rate
among them. The rest of the matrices displayed
very close results. All matrices displayed an almost
linear release model.

A similar result was also observed for pH 8.5; this
time even release from the matrix based on ChAAm
was very close to the crosslinked copolymers.

At the same pH the difference in release behavior
was due to swelling characteristics; as expected the
smaller the pore size or the higher the number of
crosslinks the slower the release rate.

In Figure 5a-d release behavior was shown as a
function of copolymer composition; the release
differences for the same copolymer at different pH
values.

When the plots were evaluated, it was seen that pH
clearly affected the release rate as well as
composition of the copolymer. Amongst the
copolymers, the slowest release was observed for
ChAAx-15 regardless the medium acidic properties.
It was the least affected matrix material due to
extensive crosslinks of MBA.

Because of a decrease in MBA amount of the
copolymer, corresponding to a decrease in crosslink
intensity matrices became more sensitive to the
medium pH. ChAAx-20 and ChAAx-30 gave very
similar results; they released ASA rapidly in acidic
medium while release was slowed down to similar
values at higher pH values for both. The most
sensitive matrix was ChAAm based; it was affected
by medium pH dramatically. As mentioned above it
released ASA at once re-adsorbing and re-releasing
it again at a slower rate in acidic medium. At pH 6
release rate decreased and became more stable
than acidic medium. In basic medium, the release
rate decreased down to the lowest rate, which was
very close to the rest of the copolymers.

CONCLUSION

ChAAmM was synthesized with an efficiency of 68%
corresponding to 340% grafting. Using determined
condition crosslinked copolymers were synthesized
with 15:1, 20:1, 30:1 mass proportions of
AAM:MBA  (ChAAx-15, ChAAx-20, ChAAx-30,
respectively). The expectation was as the AAm:MBA
proportion went higher MBA amount went lower
resulting in a decrease in crosslinking. The results
indicated that change in AAm:MBA proportion lead
to different efficiency and grafting percentages.
Thus, optimizing studies could be done for higher
efficiency values for different proportions and/or a
kinetic model would be determined.

The release behaviors of the prepared copolymers
were monitored at 3 different pH values as 2, 6, and
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8.5 for model media for stomach, skin, and intestine
media, respectively. Loading ASA and monitoring
release at different pH media indicated that the
least pH sensitive matrix among these was ChAAx-
15 as it was stable and similar release behavior at
all pH values, and the most pH sensitive was
ChAAm as it had nothing but hydrogen bonds to
hold the matrix together. According to the results,
ChAAm based release matrices were suitable for
skin-care applications while ChAAx-15 based ones
were suitable for all pH values to release at a steady
rate. Further studies could be done with different
therapeutic agents, at different temperatures, and
in vivo tests could be run.
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Abstract: Cellulose fibers were extracted from the recycled Tetra Pak aseptic food package wastes, and
high value-added cellulose nanocrystals (CNC) were produced by the acidic hydrolysis. At the optimum
H.S04 concentration of 25% w, the whiteness index of CNC obtained at 30 °C for 30 min CNC was
84.42%, while it was 56.00% for 50 °C for 60 min CNC. The effects of temperature and time on the
hydrolysis yield were optimized by the Central Composite Design and the maximum yield was determined
at the condition where the temperature was high and the time was the lowest. The physical and structural
properties of different CNCs were investigated using several characterization techniques. The FTIR and TGA
analyses of the CNCs obtained at different temperatures and times showed similar spectra and degradation
temperatures with each other, respectively. The crystallinity index of alkaline-treated cellulose calculated
from the XRD patterns was much lower than those of all of the CNCs. According to AFM measurements and
SEM micrographs, it was confirmed that as the temperature and time increased, the diameters of the CNCs
were reduced. The lowest diameter value was measured as 175 nm at 50 °C for 60 min CNC, whereas, on
the other hand, the highest diameter value was measured as 403 nm at 30 °C for 30 min CNC.
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INTRODUCTION

Today, in the European Union, nearly 100 million
liters of liquids and beverages such as milk and fruit
juice are packaged in cartons which means 977,000
tons of packaging material and waste (1). More than
179 million Tetra Pak packages were being sold
worldwide in 2014 (2, 3). After the consumption of
food or the liquid product, most of packages end up
as household and/ or municipal solid waste. At this
stage, treatment of the waste arises as an
important problem for sustainable processes. The
recycling of Tetra Pak packaging has the benefit of
minimizing the need for virgin material, decreases
the air pollution, also contributes to energy savings
and provides a reduction in CO2 emissions (2).
Some parts of these packages are systematically

recuperated, sorted, and then recycled. According to
declared data by Tetra Pak (2021), number of
recycled Tetra Pak packages increased from 32
billion in 2010 to 50 billion in 2020 which is
approximately 27% of the total number of packages
produced (4).

In the recycling of Tetra Pak packages, one of the
most important parts is the recycling of the
paperboard layer, which contains mostly cellulose,
hemicellulose, and lignin, because of its natural
biodegradable content (5). As a chemical raw
material, cellulose has been mostly used in the form
of fibers or derivatives for a wide range of products
and materials such as plastics, composites textiles,
a food structuring agent, photographic films, and
rayon (6). It exists in the cell walls of various
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plants, for maintaining their structure and also in a
wide variety of living species, such as bacteria,
algae, fungi, and tunicates (7). Furthermore,
cellulose is renewable, biodegradable and
biocompatible, so it is considered as an alternative
to nondegradable fossil fuel-based polymers (8).
Different cellulose sources have different cellulose
content such as banana peel, nut shell, and corn
stover having 13.2, 25-30 and 38% cellulose
content, respectively. The properties like
crystallinity or thermal degradation might be varied
depending on the cellulose content of the starting
material and treatment method/condition (9).

Increased demand for high-performance materials
with tailored mechanical and physical properties has
resulted in searching for different materials like
nanocellulose which is recently the most attractive
renewable material for advanced applications.
Nanocellulose can be divided to three types which
are cellulose nanocrystal, cellulose nano fiber, and
bacterial cellulose (10). Cellulose nanocrystals are
mainly produced from cellulose fibers involving
selective hydrolysis of amorphous cellulose parts,
resulting in high crystallinity of particles. Rod-like
shaped cellulose nanocrystals are renewable,
biodegradable, biocompatible, and nontoxic eco-
friendly materials.

The cellulose in the Tetra Pak waste sources always
contains substantial lignin and hemicellulose
fractions. These materials should be removed to
obtain pure cellulosic fibers prior to the production
of cellulose nanocrystals (11). The alkali treatment
is good for removing the impurities such as lignin,
hemicellulose, pectin, and waxes in the fibers.
Besides, it can expose the larger area of cellulose
(12). The following bleaching procedure contributes
to the removal the residual phenolic molecules like
lignin that was refractive to alkali treatments and
part of the hemicellulose yielding a white cellulose
material suitable for a more effective production of
cellulose nanocrystals (3). The purpose of this
bleaching treatment is to break down phenolic
compounds or molecules with chromophoric groups
present in lignin, and to remove the by-products,
and thus whitening the material. Bleaching might be
performed by chlorine based agents such as NaOCI
or NaClO; and oxygen-based agents such as H>O0> or
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ozone. NaOCI or NaClO; are cheap oxidizing agents
which make it possible to render the removal of
lignin efficiently. H202, used as a precursor in
sodium chlorite treatments, can break alkaline-
resistant linkage which is formed between lignin and
hemicellulose after alkaline treatment, and also act
as an oxidizing agent to delignify lignocellulosic
fiber. If oxygen-based agents are used, the
bleaching process takes more time (13).

In this study, the necessity of purifying the recycled
cellulose fibers from the Tetra Pak packages used as
starting material and the variation of the processing
conditions on the reaction efficiency were
investigated. In order to investigate the success of
the valorization of Tetra Pak packages, the physical
and structural properties of the cellulose
nanocrystals obtained from hydrolysis, at various
processing conditions such as H>S04 concentration,
temperature, and time were examined using some
characterization techniques and the yield was
optimized.

EXPERIMENTAL SECTION

Chemicals and Methods

The recycled Tetra Pak which is used as a cellulose
source was supplied from the waste management
company Selkasan Kagit ve Paketleme Malzemeleri
Imalat San ve Tic. A. S. (Manisa, Turkey). Sodium
hydroxide (NaOH) in the form of granules for alkali
treatment, sodium hypochlorite (NaOCl) used as a
bleaching agent, and for hydrolysis, 97% pure
sulfuric acid (H2S04) were purchased from Merck
(Darmstadt, Germany). All the chemicals were
reagent grade and distilled water was utilized as the
diluent  solvent. Commercial microcrystalline
cellulose powder was purchased from Sigma Aldrich
(Ireland) with dimension of 20 um used as the
reference standard.

The product material, nanocellulose was extracted
from paperboard based recycled |liquid food
packages, which were selected milk and juice
packages. The purification and isolation steps of the
whole process involve cellulose extraction, alkali
treatment, bleaching, and the production of
cellulose nanocrystals (CNC) as shown in Figure 1.
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Figure 1: Flow diagram of production of nanocrystal cellulose from Tetra Pak waste packages.

Cellulose Extraction from Tetra Pak Waste
Packages

For easier separation of the paper layer from the
other two layers, Tetra Pak packages were cut into
5x10 cm pieces which are shown as Figure 2 (a).
Then they were placed into a bowl which was full of
water at room temperature for 1 hour. After 1 hour
in water, the paperboard layer was peeled off as

.(ﬂ} ﬁi

(b)

shown in the Figure 2 (b), not completely separated
from polyethylene and labeled as raw recycled

cellulose. To increase the surface area, the raw
recycled cellulose was shredded into pieces about
1x1 cm as shown in the Figure 2 (c). At the end of
this step, the raw recycled paperboard was ready
for the alkaline treatment.

Figure 2: (a) Tetra Pak packages of 5x10 cm, (b) raw recycled cellulose separated from Tetra Pak
package, and (c) shredded raw recycled cellulose.

Alkaline Treatment

The extracted raw cellulose was treated with a 2%
w aqueous NaOH solution with a pH of 12 at a solid
to liquid ratio of 1:100. The purpose of a 2% w
aqueous NaOH treatment is to remove the different
impurities such as waxes, pectin, proteins, soluble
mineral salts, and silica ash etc., present in the raw
material. Then the mixture was placed onto a multi
hotplate WiseStir type SMHS-6 magnetic stirrer at

90 °C at 1000 rpm for 2 hours (3). The cellulose
fibers obtained were filtered and washed with
distilled water until a neutral pH was reached in
order to avoid any reactions in the following steps.
The filtered cellulose fibers were dried at 50 °C for
24 hours in a closed air-circulating oven with normal
room air (14). Figure 3 (a) and (b) show filtered and
dried alkaline-treated cellulose after alkaline
treatment with a 2% w NaOH.
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The dried cellulose fibers were submitted to a
second alkali treatment using a 5% w aqueous
NaOH solution with a pH of 13.5 at a solid to liquid
ratio of 1:100. The purpose of the subsequent alkali
treatment using a 5% w aqueous NaOH solution
specifically targeted a reduction of the lignin content
in the recycled fibers without inducing swelling.

Bleaching

Alkaline-treated cellulose bleached twice with a 5%
w aqueous NaOCI solution. The cellulose biomass
was treated with a 5% w aqueous NaOCI solution at
a solid to liquid ratio of 1:100 (15). The mixture was
placed onto a magnetic stirrer at 75 °C at 1000 rpm
for 2 hours. For the second bleaching, the same

Figure 3: (a) Filtered and (b) dried alkaline-treated ceIIu_Io‘se after a 2% w NOH treatment.

Figure 4: (a) Filtered and (5 dried alkaline-treated cellulose after a 5% w NaOH treatment.
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Then the mixture was again stirred at 90° C at 1000
rpm for 2 hours and then the filtered and washed
cellulose fibers were dried at 40 °C for 24 hours as
described above. At the end of the cellulose
extraction process, the obtained cellulose fibers are
named as alkaline-treated cellulose as shown in
Figure 4 (a) and (b).

procedure was repeated. Similar to the alkali
treatment, the filtered and washed bleached
cellulose was dried at 50 °C for 24 hours. The

filtered and dried bleached cellulose after the first
and second bleachings are illustrated in Figures 5
and 6, respectively.

Figure 5: (a) Filtered and (b) dried alkaline-treated cellulose after the first 5% w NaOCI treatment.
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Figure 6: (a) Filtered and (b) dried alkaline-treated cellulose fter the second 5% w NaOCI treatment.

The improved whiteness of the alkaline-treated, first
and second bleached cellulose samples under

2

Production of Cellulose Nanocrystals

The bleached cellulose was hydrolyzed with H2SOg,
where, cellulose nanogel was obtained. Cellulose
nanocrystals are produced from cellulose nanogel
via the steps of cold-water precipitation,
centrifugation, filtration, sonication, and drying.

Hydrolysis

The effect of three main parameters that affect the
hydrolysis efficiency such as concentration of H2SO4,
temperature, and hydrolysis time were examined.
The ratio of the bleached cellulose and aqueous
H>S04 solution was kept constant at 1:100 where
the concentration of H2SO4 was changed to 10, 20,
25, 30, and 40% w. H2SO4 was added to the
cellulose-water mixture drop by drop on the
magnetic stirrer at 1000 rpm placed in a cold-water
bath (at 4 °C) in order to eliminate the burning of
the cellulose because of the exothermic reaction
between H>SO4 and H20. In order to achieve the
highest hydrolysis efficiency, three different
temperatures of 30, 40, and 50 °C and three
different hydrolysis times of 30, 45, and 60 minutes
were investigated at constant H,SO4 concentration.

mechanical stirring are shown in Figure 7 (a), (b),
and (c), respectively.

Figure 7: (a) Alkaline-treated (b) bleached cellulose for tHé first time, and (c) bleached cellulose for the
second time.

Cold water precipitation and centrifugation

At the end of the hydrolysis process, in order to
finish the hydrolysis reaction, the hydrolyzed
cellulose must be quenched with 100 mL of cold
distilled water at 4 °C. For removing any colloidal
impurities from hydrolyzed cellulose, a
centrifugation step was carried out twice at 5000
rpm for 15 min.

Filtration

In order to remove remaining acids and salts from
the hydrolyzed cellulose, a filtration step was carried
out. The centrifuged cellulose was filtered and
washed with distilled water until a neutral pH was
reached after 7 days. 100 mL of distilled water was
added to the filtered and dried cellulose.

Sonication

A Bandelin Sonopuls ultrasonic homogenizer
equipped with 3 mm probe at a power of 70 W and
amplitude of 30% for 10 minutes was used in the
ice bath for avoiding agglomeration (3). The
cellulose nanocrystal suspension resulting from this
process was stored at 4 °C for further analysis.
After sonication, the samples were dried in a closed
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air-circulating oven at 40 °C and the resulting
products are shown in Figure 8.

Characterization Methods

Color determination values for the calculation of the
whiteness indices of the samples were determined
using a Hunterlab ColorFlex CFLX-45-2 (Reston,
USA). After adjusting the H2SO4 concentration to an
optimum  value depending on the color
measurement values, the effects of temperature
and time on hydrolysis efficiency were investigated
by further characterization methods. The functional
groups of the samples were obtained by Fourier
Transform Infrared spectra (FTIR) using KBr pellets
with a Perkin Elmer Spectrum 100 Model in 650-
4000 cm! spectral range with a resolution of 4 cm-
at room temperature. X-ray Diffraction (XRD)
analysis was conducted to identify the
crystallographic structures of samples by Rigaku
Smartlab Diffractometer. Thermal stability behavior
(TGA) was investigated at atmospheric pressure
using a TA Instrument SDT Q600. The morphology
and dimension analyses of the different cellulose
nanocrystals were investigated with an AFM method
using a BRUKER Dimension Edge with Scan Asyst
atomic force microscope at peak force tapping mod
on an area of 20 x 20 ym. A detailed morphological
characterization was carried out by a Thermo
Fischer  Scientific = Apreo scanning electron
microscope (SEM). Prior to analysis, samples which
were sonicated and coated on glass lamella were
sputter-coated with gold/platinum using a vacuum
plasma spray under argon atmosphere.

Whiteness index calculation

One of the several numerical indices was used to
indicate the whiteness index (WI), which is an
important output to proceed with the most effective
H>SO4 concentration, as in Eq. (1) (16):

WI=100-(100— L)*+(a*+b*)]" (1)

where L, a, and b refer to coordinates in Hunter's L,
a, and b Color Difference Equation.

Yield calculation

Before hydrolysis, the bleached celluloses was firstly
weighed and recorded. Then the resulting cellulose
nanocrystal product obtained after sonication and
drying were weighed and recorded. The yield, which
is an important output to determine the optimum
temperature and time, was calculated as in Eq. (2)
(17):
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m
Yield=—- x100% (2)

m,

where m; is the mass of the cellulose nanocrystals
obtained after sonication and drying and m; is the
mass of the bleached cellulose before hydrolysis.

Crystallinity index calculation

The crystallinity index was calculated from the X-
Ray diffraction patterns obtained over the range of
26=5-70°. From the XRD patterns, the crystallinity
index (CrI) of samples was calculated based on the
intensity between (200) and (101) lattice diffraction
peaks by using following Eq. (3) (18):

I,,,—1
Crl= (Ta0=Ten) %100 % (3)

200

where Io0 represents both crystalline and
amorphous region of cellulose (maximum intensity
at 20=22.5°) and I.m represents only amorphous
phase (intensity of diffraction at 26=16°).

Data Analysis

In terms of experimental design, the effects of two
important factors, temperature within the limits of
30 to 50 ( °C, Xi), and time within the limits of 30
to 60 (min, X2) on the hydrolysis yield were
performed with the help of the face centered (a=1)
Central Composite Design (CCD) of the Response
Surface Methodology (RSM) using Design Expert®
12.0.1.0 software (Stat-Ease, Inc., Minnesota, USA,
2019). The central condition was defined as 40 °C,
and 45 min, then a unit scale was set as 10 °C for
temperature, and 15 min for time. Consequently,
there were 13 base runs consisting of 4 cube points,
5 center points in cube, and 4 axial points. The yield
was correlated with the independent operating
variables and defined in terms of a second-order
polynomial equation (Eq. (4)):

Y=a0+2 aiX#Z anXiz"'zainin @

where, ao, ai, ai, and aj; are constant, linear,
quadratic, and interaction coefficients, whereas Xi,
Xi?, and X; represent the linear, quadratic, and
interaction effects of factors, respectively. At a 95%
confidence interval, the model significance and
suitability were determined using the analysis of
variance (ANOVA).
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Figure 8: Resulting dried products after sonication at different temperatures and hydrolysis times.

RESULTS AND DISCUSSION

Effect of H>SO; Concentration on Hydrolysis
Efficiency

Paper fibers, still containing polyethylene and
aluminum, must be treated with acetic acid solution
for 100% separation (19). Thus, if an extra
chemical treatment was performed via acetic acid
solution, then it would cause additional cost during
production. However, the main purpose of this study
is to achieve suitable reaction conditions and to
improve efficiency with lower cost. The amount of
acid is the key factor for determining the costs and
environmental impacts. The first stage of this
investigation is the possibility of using a lower acid

(a

amount to produce cellulose nanocrystals. In order
to determine the effect of acid concentration and
identify a suitable concentration, five different
concentrations of aqueous H2SO4 solutions were
prepared such as 10, 20, 25, 30, and 40% w at a
constant temperature of 40 °C and time of 45 min.
Figure 9 (a)-(e) shows the effect of acid
concentration on the color with the increasing
amount of H>SO4. With the increasing amount of
H>S04 from Figure 9 (a) to (e), the decomposition of
cellulose increases. On the other hand, excessive
amount of H>SO04 causes the cellulose to become a
dark color of cellulose as seen in Figure 9 (e) which
is an undesired situation for cellulose nanocrystal
quality.

Figure 9: Cellulose samples after H,SO4 treatment with concentrations of (a) 10%, (b) 20%, (c) 25%,
(d) 30%, and (e) 40% by weight at 40 °C and 45 min.

137



Akgiin D, Ova Ozcan D, Ovez B. JOTCSA. 2022; 9(1)

Figure 10 shows the effect of acid concentration on
the whiteness index (WI%). The color of the
hydrolyzed cellulose became darker with the
increasing H2SO4 concentration as was proven
previously in Figure 9. Until the 30% w of H2SOa,
the darkening occurred slowly and the cellulose
nanocrystals had a relatively lighter color. At 30% w
of H2SQ04, the color of cellulose nanocrystal turned
into brown and after this concentration, i.e. at 40%
w of HxSO4, the cellulose nanocrystal showed the
darkest color. 25 wt% of H2SO4 appeared to be the
most acceptable concentration in terms of level of
whiteness.

Compared to the studies in literature, H2SO4
concentration range appears to be in-between 50-
72% w (20) and the optimum concentration is
determined to be 64% w in most of the studies (21,
22). However, this value depends on the cellulose
source. When the resource changes, the hydrolysis
conditions also alter accordingly, where, in this
study, the concentration of H,SOs that was
necessary for an effective hydrolysis reaction was
found to be 25% w.

Effect of Temperature and Time on Hydrolysis
Efficiency

The effect of temperature and time on hydrolysis
efficiency was investigated at constant H2SO4
concentration of 25% w. The hydrolysis reaction
performed at three different temperatures which
were 30, 40, and 50 °C and for three different times
which are 30, 45, and 60 min.

: 131-148. RESEARCH ARTICLE
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Figure 10: The effect of acid concentration on the
whiteness index (WI%).

Whiteness index output

After the color determination test, whiteness
indexes of cellulose nanocrystals were calculated
using L, a, and b values which are given in Table 1.
The lightness values (L) decrease with increasing
temperature and time, whereas, the redness values
(a) of the cellulose nanocrystals increase with
increasing temperature and time. The yellowness
values (b) increases slightly with increasing
temperature and time. The change of color was
evident for the darkening of cellulose nanocrystals
at higher temperature and time. According to Table
1, the whiteness index values decreases with the
increasing amount of temperature and time, so, the
color of the cellulose nanocrystals became darker.
As expected, the highest white color was observed
for the cellulose nanocrystal obtained at 30 °C for
30 min as 84.42% and the darkest color was
observed for cellulose nanocrystal obtained at 50 °C
for 60 min as 56.00%.

Table 1: The whiteness index (%) values due to varying temperature and time.

Temperature (°C)

30
30 84.42
Time
(min) 45 73.55
60 69.84

40 50
64.08 57.96
67.68 67.23
62.45 56.00

Yield optimization

The vyield of cellulose nanocrystals was calculated
based on the samples after sonication and filtration
in order to avoid the effect of the oversized particles
from agglomeration and incomplete reaction. The
yield results of the experimental base runs of
uncoded values for the selected temperature, and
time are tabulated in Table 2.

As it can be deduced from Table 2, that the highest
and lowest vyields were observed for cellulose
nanocrystal obtained at 30 °C for 30 min as 61.20%
and 50 °C for 60 min as 46.32%, respectively. The
binary effects of the two factors on the yield are
depicted by the three- dimensional response
surface, together with the contour plot in Figure 11
(a-b).
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Table 2: The yield (%) values under different temperature, and time factors and their levels.

Std Run Temperature Time Yield
order order (°C) (min) (%)
1 1 30 30 61.20
13 40 45 57.22
2 3 50 30 56.09
9 4 40 45 57.98
6 5 50 45 50.75
7 6 40 30 59.62
12 7 40 45 57.45
4 8 50 60 46.32
5 9 30 45 59.10
8 10 40 60 52.11
10 11 40 45 56.93
11 12 40 45 57.13
3 13 30 60 58.20
a ;:::‘cp‘:: :::: AEHIE b © Factor Coding: Actual
@ Above Surface @ Design Points
O Below surface 4632 [ 612

46.32 [ 612

Time (min)

SN
e o
\

45
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Temperature (°C)

Figure 11: (a) The surface and (b) the counter plot of the yield with respect to the changes in the
temperature (°C), and time (min).

As seen in Figure 11 (a), by decreasing or
increasing the temperature and time
simultaneously, the yield of cellulose nanocrystals
deteriorated as Lu and Hsieh (2010) have found
(23). These conditions form the endpoints of the
curvature. The counter plot in Figure 11 (b) proves
that the lowest yield values shown by the blue color
were achieved at low-low and high-high
temperature and time. The maximum vyield was
obtained at the condition where the temperature
was high, and the time was the lowest. As referred

in Diop and Lavoie (2017)’s study, the phenomenon
about higher yield at lower time is related to the
irregularity of the crystalline region (3).

As a result of the modelling studies, the second-
order polynomial equation of the yield (%) as a
function of temperature, and time was expressed as
in Eq. (5):

Y =36.01609+1.24486x T +0.429726x t (5)

-0.014493%x T?-0.002264x t*-0.011283x Txt
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Table 3: ANOVA of the yield data for temperature, and time effects.

Source DF Adj SS Adj MS F-value P-value

Model 5 196.47 39.29 71.48 0

T (X1) 1 107.02 107.02 194.67 0

t (X2) 1 68.55 68.55 124.69 0

T2 (X12) 1 5.80 5.80 10.55 0.0141

t2 (X22) 1 0.72 0.72 1.30 0.2912
Txt (X1 X2) 1 11.46 11.46 20.84 0.0026
Residual 7 3.85 0.55
Lack of Fit 3 3.20 1.07 6.58 0.0501
Pure Error 4 0.6483 0.16

Total 12 200.31
. . Std. Dev. R2 (%) R2?-adj (%) R2-pred (%)

Fit Statistics 0.7414 98.08 96.71 87.92

In equation 5, T stands for temperature (°C), and t
for time (min). The analysis of variance for the
proposed quadratic model is tabulated in Table 3.
The model F-value of 71.48 and the lack of fit of the
p-value of 0.05 presented in Table 3 implied that
the model was significant and exhibited a good fit.
All the terms of the model were significant due to P-
values being smaller than 0.05, except the
quadratic term of time. Both from the F-value being
the highest and p value being the lowest, it is clear
that the temperature is more effective factor on the
yield compared to the time. The correlation
coefficients, R?, R?-adj, and R2-pred being 98.08%,
96.71%, and 87.92%, respectively could be
attributed to the observed and the predicted value
agreement (Table 3).

FTIR analysis

After the paper and polyethylene layers were
separated appropriately from the Tetra Pak
package, functional groups of alkaline-treated and
bleached cellulose have been analyzed using FTIR
spectroscopy (Figure 12).

From Figure 12, it can be observed that both
alkaline-treated, and bleached -cellulose showed
peaks at 3345 and 2921 cm™ which were attributed

to aromatic and aliphatic O-H stretching
0,30
0,25 Alkali treated cellulose
——Bleached cellulose

8

=

m

a

=

)

%]

a

g

3600

3100

2600

intramolecular hydrogen bonds for cellulose and to
the C-H stretching vibrations of the methyl group
respectively (24). For the alkaline-treated cellulose
two peaks were encountered at 1516 and 1590 cm-
1 but not observed for bleached cellulose because
these peaks were related to the O-H bending in
water and C=C stretching vibration of the aromatic
ring in the residual lignin (25) which can be clearly
seen in the magnified FTIR spectra in Figure 13. The
peaks which were observed at wave numbers of
1436 and 1321 cm™ were related to respectively the
CH; bending vibration in cellulose and the CH:
rocking vibration. These two peaks were attributed
to cellulose, hence they both existed in the alkaline-
treated and bleached cellulose. However, the peak
at 1280 cm™ was not observed in the bleached
cellulose since this peak was related to the C-O-H
stretching at Ce¢ which was attributed to lignin and
xylan content (26, 27). The peaks appeared at the
wave numbers of 1197, 1035, and 903 cm™ were
related to C-O-C symmetric stretching and OH
plane deformation, C-O-C pyranose ring stretching
vibration, and the cellulosic B-glycosidic linkages,
respectively (26, 27). When the alkaline-treated and
bleached cellulose were compared, this observation
could corroborate that the alkaline treatment and
bleaching process had successfully reduced most of
the impurities, especially its lignin content.

2100 1600 1100 600

Wavenumber (cm™)
Figure 12: FTIR spectra of alkaline-treated and bleached cellulose.
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Figure 13: Magnified FTIR spectra of alkaline-treated and bleached cellulose revealing the vibration
between 1700 and 1100 cm™!.

Figure 14 represents FTIR spectra of CNCs produced
at different temperatures and times in comparison
with commercial microcrystalline cellulose.
According to Figure 14, at 3345, 2921, 1516, 1590,
1436, 1321, 1197, 1035, and 903 cm, the same
peaks appeared for all samples. All characteristic
peaks of cellulose were observed similarly for the
CNCs obtained at nine conditions. Comparing Figure
12 and 14, it is seen that the CNCs have the same
peaks like bleached cellulose. Unlike alkaline-treated

cellulose, the peaks were not observed at the wave
numbers of 1590, 1516, and 1280 cm™. So, with
the acid hydrolysis process, any kind of change does
not occur in the structure of the bleached cellulose.

XRD analysis

XRD analyses of the cellulose nanocrystal samples
produced at different temperature and time in
comparison with the alkaline-treated cellulose were
performed (28) as seen in Figure 15.

0,30
——300C-30min = 300C-45min -300C-60min
0,25 ——400C-30min ——40°C-45min 409C-60min
——500C-30mMin === 509C-45min ==—500C-60min
0,20 ——Commercial

0,15

Absorbance

0,10

0,05

0,00 RS

3600 3100

2600

2100 1600 1100

Wavenumber (cm™1)

Figure 14: FTIR spectra of cellulose nanocrystals produced at different temperatures and times.
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Figure 15: XRD patterns of the alkaline-treated cellulose and cellulose nanocrystals produced at different
temperatures and times.

According to Figure 15, the XRD patterns of
alkaline-treated cellulose and cellulose nanocrystals
showed similar peaks at three different planes which
are 26=15.5 (plane 110), 26=22.5 (plane 200), and
26=34.2 (plane 004) which are the characteristic
peaks of the cellulose I crystalline structure (29,
30). This observation was suggested that the
crystalline structure of cellulose I remained even
after alkali and acid hydrolysis treatments (31, 32).
At two peak points, the alkaline-treated cellulose
slightly differed from the cellulose nanocrystals. At
the first point, around 15.5°, two peaks were
observed for the cellulose nanocrystals and only one
peak was observed for the alkaline-treated cellulose
which was attributed to higher crystallinity (33). At
the second point, peaks at 15.5°, 22.5°, and 34.2°,
were more intensified for the cellulose nanocrystals
according to the alkaline-treated cellulose. During
acidic hydrolysis, hemicellulose and lignin were
dissolved and the remaining crystalline cellulose
part was isolated. These particles caused intense
and sharp peaks because of efficiently removing the
amorphous parts (33) meaning that with acidic
hydrolysis, most of amorphous parts were removed
and crystallinity was increased.

The variation of the crystallinity index values
calculated by Eq. (3) for the alkaline-treated

cellulose and cellulose nanocrystals is shown in
Figure 16. The crystallinity index values of all the
cellulose nanocrystals were greater than that of the
alkaline-treated cellulose. The reason for this is the
residual lignin and hemicellulose content after the
alkali treatment and bleaching procedure, the
crystallinity index slightly increased because of
removing most of the impurities (33). According to
Figure 16, the crystallinity index values of cellulose
nanocrystals were found as 72, 71, and 69% for 30
°C for 30 min, 40 °C for 45 min, and 50 °C for 60
min, respectively which are very close to each
other. Similar behavior was observed by dos Santos
et al. (2013) and Nascimento et al. (2018) (21, 34).
Another parameter affecting the crystallinity index is
particle size. Shorter particles foster a better
surface contact with the hydrolytic solution and
result in a more efficient access to the inter-
crystalline regions. So, the crystallinity index tends
to extent. Hence, the reason for the lower
crystallinity index could be attributed to the larger
particle size.

TGA analysis

The thermal stability behaviors of the cellulose
nanocrystal samples produced at different
temperature and time in comparison with the
alkaline-treated cellulose are shown in Figure 17.
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Figure 16: The crystallinity index values of the alkaline-treated cellulose and cellulose nanocrystals
produced at different temperatures and times.
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Figure 17: TGA curves of alkaline-treated cellulose and cellulose nanocrystals produced at different
temperatures and times.

In Figure 17, two degradation phases and small
mass losses (<10%) were detected for all samples,
which corresponded to the evaporation of water
from the surface of the samples (21, 35, 36). The
first degradation was observed around 100 °C and
the temperature range between 100 and 200 °C is a
signal of the depolymerization of non-cellulosic
components such as hemicellulose revealing the
breakage of the glycosidic bonds. The second
degradation peaks were observed at 354, 345 and
352 °C for CNCs produced at 30 °C for 30 min, 40
°C for 45 min, and 50 °C for 60 min, respectively
showing the degradation of the a-cellulose (37, 38).
The degradation temperature for all of the cellulose
nanocrystals were nearly the same. Besides, mass
losses for the cellulose nanocrystals were also
almost identical (65%). So, the degradation
temperature of CNCs did not vary significantly with
respect to the hydrolysis temperature and time.
Also the thermogram of 30 °C for 30 min CNC has a

small peak at 279 °C corresponding to hemicellulose
decomposition  (27). This shows that the
hemicellulose was not exactly removed from 30 °C
for 30 min CNC, however exactly removed from 40
°C for 45 min, and 50 °C for 60 min CNC.

The thermal degradation for three of CNCs started
at nearly 220 °C, while for the alkaline-treated
cellulose degradation began at nearly 290 °C. The
replacement of hydroxyl groups by acid sulfate (O-
SOs3H) groups in the hydrolysis step decreased the
activation energy for the degradation of CNCs,
making the sample less resistant to the pyrolysis.
Therefore, the dehydration reactions occurred
leading to the release of water and catalyzed
nanocrystal decomposition (33).

AFM analysis and dimension measurement
The 3D AFM images of the cellulose nanocrystals
obtained at various temperature and time are
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shown in Figure 18, where, the bright and dark
regions represented the crystalline areas and the
amorphous portions in the direction of the fiber axis
in the cellulose structure, respectively (39). As the
temperature increased from 30 °C to 50 °C and
time increased from 30 min to 60 min, the brighter
regions occupied larger area than the darker regions
meaning that the cellulose consisted both

amorphous and crystalline parts and with the
increment in temperature and time, the crystalline
regions were enhanced while amorphous regions
were reduced as expected. Moreover, rod-shaped

1 131-148.
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nanoparticles with individual nanocrystals and some
aggregates of the cellulose fibers could be observed
from Figure 18. During the process of acidic
hydrolysis, the amorphous parts of cellulosic fibers
were transversely cleaved, while the straight
crystalline parts intact remained. Consequently, the
sizes of the fibers were reduced. The aggregates
were probably corresponded to the high specific
area and strong hydrogen bonds existing in
cellulose. Therefore, the bundles of cellulose
nanocrystals fabricated larger dimensions (40).

Figure 18: The 3D AFM images of CNCs produced at various temperatures (°C, x axis) and times (minutes,
y axis).

The diameters of the cellulose nanocrystals
produced at different temperature and time were
tabulated in Table 4. The diameters of the cellulose
nanocrystals were reduced with the increasing
temperature and time as expected (22, 34). The

highest diameter value was measured as 403 nm at
30 °C for 30 min CNC, and conversely, the lowest
diameter value was measured as 175 nm at 50 °C
for 60 min CNC.

Table 4: The diameters (nm) of CNCs due to varying temperature and time.

Temperature ( °C)

30 40 50

30 403 314 205

Time g 319 314 189
(min)

60 306 306-314 175
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Figure 19: SEM images of (a) alkaline-treated cellulose, and the cellulose nanocrystals produced at (b) 30
°C-30 min, (c) 40 °C-45 min, and (d) 50 °C-60 min.

The dimensions of nanocellulose depend strongly on
the processing techniques. H2SO4 hydrolysis usually
could cleave the amorphous parts of cellulose fibers
transversely, resulting in the diameter reduction of
fibers (41). Another factor that affects the diameter
of cellulose nanocrystal is the starting source of the
cellulose. In the literature, the approximate
diameters for most of the cellulose nanocrystals
obtained from different sources like arecanut husk,
bamboo, beer residue and elephant grass were
found to be in the range of 1-10, 50-100, 146-173,
and 8-5 nm respectively (42, 43, 34). The
measured diameters from the AFM images of the
cellulose nanocrystals were larger than the actual
values due to the severe tip broadening effect in
AFM measurements. Aggregation and overlapping of
the individual fibers made it difficult to determine
the accurate size and aspect ratios of the CNCs.

SEM Analysis

The detailed morphological structures of the
alkaline-treated and cellulose nanocrystals produced
at different temperature and time (30 °C-30 min, 40
°C-45 min, and 50 °C-60 min) were investigated by
SEM images taken at 50 pm in Figure 19 (a-d),
respectively. The rod-shaped cellulose nanocrystals
were examined in all of the images (33, 44). In
Figure 19 (a), it is seen that the alkaline-treated
cellulose had a smoother surface without flakes, but
there existed still small dots on fibers that might be

because of the hemicellulose and lignin content.
According to Figure 19 (b), the cellulose nanocrystal
obtained at 30 °C for 30 min had aggregation and
its fibers were long and tortuous. With the
increment in temperature and time based on Figure
19 (c) and (d), the surface of cellulose nanocrystals
became smoother, the complexity of the structure
and aggregation on the surface decreased. Besides
that, the diameters of the cellulose nanocrystals
reduced and the fibers were much more individually
distributed and aligned.

CONCLUSION

In this study, a potentially viable recycling route
was followed to produce cellulose nanocrystals,
which have wide application areas and an
ecofriendly nature, from multilayered recycled
aseptic Tetra Pak waste food packages by the acid
hydrolysis method with H2SO4 after a series of alkali
treatment and bleaching processes. The effects of
temperature of 30, 40, and 50 °C and time of 30,
45, and 60 min on the hydrolysis efficiency were
investigated. At the optimum H>SO04 concentration of
25% w, the whiteness index was measured as
49.13%, after this point, this value rapidly
decreases. The whiteness index of the cellulose
nanocrystals at 30 °C for 30 min was 84.42%, while
it was 56.00% at 50 °C for 60 min showing that the
whiteness index decreased with respect to an
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increase in temperature and time. Optimization
studies using the experimental design carried out
for the yield showed that the maximum yield was
obtained at the condition where the temperature
was high and the time was the lowest.

The FTIR spectra of the cellulose nanocrystal
obtained at different temperatures and times were
nearly the same with each other and showed
similarity with the bleached cellulose. The XRD
patterns of cellulose nanocrystals showed that with
the acidic hydrolysis, the amorphous parts were
removed and crystallinity was increased. The
crystallinity index of alkaline-treated cellulose was
much lower than those of the cellulose nanocrystals.
From TGA graph, it was seen that the degradation
temperatures of all cellulose nanocrystals were
nearly the same and lower than the alkaline-treated
cellulose. With respect to AFM results, it was
concluded that as the temperature and time
increased, the diameters of the cellulose
nanocrystals were reduced. The lowest diameter
value was measured as 175 nm at 50 °C for 60 min
CNC, whereas, on the other hand, the highest
diameter value was measured as 403 nm at 30 °C
for 30 min CNC. SEM micrographs also confirmed
that the surface of cellulose nanocrystals became
smoother, the diameters of the cellulose
nanocrystals reduced and the fibers were much
more individually distributed with the increment in
temperature and time.
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INTRODUCTION

Many experimental and theoretical studies have

Thiol-ene reaction has attracted attention in the
polymer field due to its unique mechanism, which
combines the advantages of classical radical and
step-growth polymerizations as a radical step-
growth procedure (1-3). It also has a "click
chemistry" feature (3) as it exhibits properties
such as being fast, solvent-free, insensitive to
oxygen, showing late gel points, with a high yield
(4), not forming by-products, forming a uniform
polymer structure, and giving products with a
narrow glassy transition temperature (3). Thiol-
ene polymerization was first used on surface
coatings and films by photo-curable polymers and
resins (5). Today, there are many applications
from electro-optical materials (6) to dendrimers
(7) and from drug carriers (8) to microfluidic
devices (9-11).

focused on the elaboration of steps of thiol-ene
polymerization and factors affecting the process
(12), such as the effect of solvent medium (13-
15), the influence of substrate (12,16), or thiol
reactivity (17-19). It was demonstrated that the
main drawing force for the thiol-ene polymerization
is the rate ratios for propagation and chain transfer
reactions (kp/ket)(12). However, the literature
studies have shown that one of the factors
affecting the polymerization processes is the
electronic structure of the initiator. Experimental
and theoretical studies on this subject are limited
(20,21). As depicted in Scheme 1, one of the side
reactions is radical initiator addition to alkene
functionality, leading to classical free radical
initiation of homopolymerization. Recombination of
initiator radicals, disulfide formations, and
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termination by the combination of carbon-centered
radicals are other possible side reactions. This
study basically focused on the initiation of
homopolymerization since this side reaction can
consume one of the thiol-ene polymerization

RESEARCH ARTICLE

about this point by investigating a limited number
of thiol and alkene functionality (21). In this study,
elaboration of initiator performance was extended
a larger reaction sets with eight alkenes, four
thiols, and two different initiators.

reactants. Our previous study has given clues
I R- Initiator Decomposition
24 + B — 1 Combination of Initiator Radicals
R'S-H + E- B'S. + B-H Imitiation
E'8 + Y R'S "“”"h}i Propagation
R'S ‘v’““x B R'S-H E'S Sy + RS Chain Transfer
B ‘w—’“‘x N Ay RS \,,-J\-\,/I . Homopolim erization
Homopolym erizati on Initiati on
E- + e R V,J . -
E'S- + BS. RS _3E' Disulfide Formation
X X X X
R'S TSR RS cg' Temination by Combination
X X X X

Scheme 1: List of possible reactions during thiol-ene polymerization (22).

Hydrogen abstraction from thiols by initiator
radicals is the critical step for initiating thiol-ene
polymerization. However, initiator radicals can also
attack alkene C=C double bond, which initiates
classical radical polymerization and is considered a
side reaction. Therefore, the reactivity analysis of

radicals generated from azobis(isobutyronitrile)
(AIBN) as a classical radical polymerization initiator
and 2,2-dimethoxy-2-phenylacetophenone (DMPA)
as a thiol-ene polymerization initiator has a crucial
role in investigating the efficiency of an initiator for
an effective thiol-ene polymerization.

150



Degirmenci I. JOTCSA. 2022; 9(1): 149-162.

RESEARCH ARTICLE

Initiators

Monomers N=N
/ )TC =N
Azobisisobutyronitrile 2.2-Dimethoxy-2-phenylacetophenone
Ethvlene 2-Butene 1.3-Butadiene
(D @ 3) (AIBN) (DMPA)
/:\_/ — Thiols
2 4-Hexadiene 2.4 6-Octatriene 1 @ .
“ )]
Methyl Thiol Thiophenol
A =\ =\ T1) (T2
Cl C=N 0o— o -
Vinvl chloride Acrylonitryle Methvl Vinyl Ether )|\/\ |
)] @ ® ~o 3! \O/I\/ =)
Methyl 3-mercaptopropionate Methyl thioglycolate
(T3) (T4)

Scheme 2: Chemical structures of monomers, thiols, and initiators investigated in this study.

Methyl thiol (T1

), thiophenol

(T2), methyl

Boltzmann’s constant (1.380658x10-23 ].K™1), and

mercaptopropionate (T3), and methyl thioglycolate
(T4) were used to analyze the effect of thiol
functionality. Moreover, eight alkenes were tested
due to their different electronic natures, from
electron-deficient to electron-rich or conjugated
structures, to investigate thiyl radical attacks to
monomers, which gives by-products.

METHODOLOGY

Quantum chemical calculations were carried out by
using the Gaussian 16 program package (23). All
geometry optimizations, frequencies, and energies
were calculated by using M06-2X functional (24).
M06-2X/6-31++G(d,p) level of theory has been
performed successfully to model thiol-ene
polymerization (15,17). Therefore, this level of
theory is preferred to model the performance of
initiators. The rate constants were predicted using
the transition state theory mentioned in the
literature (25). The tunneling (k) coefficient was
calculated based on the Wigner approximation,
given in the following equation (26,27).

1 hooi2
24 |k T

Where, h is Planck’s constant (6.6260755x10-34
J.s), w* is the imaginary frequency, ks is the

K(T):1+

T is the temperature (298.15 K). Moreover, the
stability of concerned radicals was expressed by
the standard radical stabilization energies (RSE)
(28, 29).

RESULTS AND DISCUSSION

Thiol-ene reaction has appeared in literature since
1905 (30). Many experimental (12,31-36) or
theoretical (15-17,19,21) studies have been
carried out to elucidate the mechanism of thiol-ene
polymerization. However, limited studies have
focused on the role of the initiator on
polymerization involving thiol-ene reactions (20-
22,37,38). For the first time, a comprehensive
investigation was carried out by application of
quantum chemical tools in this study.

It was elaborated that whether
azobis(isobutyronitrile) (AIBN) and 2,2-dimethoxy-
2-phenylacetophenone (DMPA) give side reactions
in thiol-ene polymerization. Exposure to light or
heat leads to the decomposition of these initiators
to form radicalic species. Since the polymerization
reactions are performed as based on the reactivity
of the radicals formed, the decomposition step of
the initiators was not modeled by quantum
chemical methods. What is expected from the
radicals formed is that they initiate thiol-ene
polymerization by abstracting the hydrogen atom
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from thiols. Otherwise, the initiator radical can give
a side reaction by attacking the monomer
effectively. This possibility reduces the efficiency of
the thiol-ene polymerization.

Hydrogen Abstraction from Thiols

Application of AIBN as the initiator produces 2-
cyano-2-propyl radical (NC(CH3)2Ce). On the other
hand, when DMPA is used as the initiator, two

RESEARCH ARTICLE

different radicals are formed in the first place, the
benzoyl and dimethoxy radicals. While the benzoyl
radical (CeHsCOe) is stable, the other radical is
unstable and undergoes further decomposition to
yield methyl radical (CHze) and methyl benzoate
(39). For this reason, when examining the
reactivity of DMPA, the reactions of CHse and
CeHsCOe radicals have to be taken into account.

¢N
N = _ :
CZQ /4C><N4 ><C A or hv 2 N=C + N,
| N
<
2-cyano-2-propyl
O0—
A or hv O\ +
—_—
(@)
AN
dimethoxybenzyl benzoyl
O
v
(0] ©/\O i CH,
~
(0]
™~ methyl benzoate methyl

Scheme 3: Radicals formed from the initiators.

Hydrogen abstraction reactions of the NC(CH3)2Ce
radical are significantly less exothermic than the
reaction of the other radicals (Table S1). This is
because NC(CH3)2Ce radical is much more stable
than the others (21). For example, while the
enthalpy of the reaction with thiophenol is -45.90
kl/mol, it is -110.84 kJ/mol when the CHsze radical
reacts with the same thiol, -54.13 kJ/mol when the
CsHsCOe radical reacts. Reactions with other thiols
have a similar tendency. The fact that the
enthalpies of the reactions carried out with T3 and
T4 thiols are similar is due to almost the same
stability of the sulfur-centered radicals (Table S1).
The order of stability for considered thiyl radicals is
T2-r > T1-r > T3-r = T4-r (Figure S2), causing the
reaction enthalpies to have the same order in
terms of exothermicity (Table S1). All exothermic
reactions can be interpreted as breaking the weak
H-S sigma bond and forming a relatively stronger
C-H sigma bond instead.

The stability of the attacking radical has a critical
role in both the reaction enthalpies and the size of
the activation energies. For example, when the

most stable NC(CH3).Ce radical reacts with the T4
thiol, the reaction enthalpy is -15.56 kJ/mol, and
the reaction barrier in Gibbs free energy is 67.72
kJ/mol. When the most unstable CHze radical
attacks the same thiol, the reaction enthalpy is -
80.49 kJ/mol, and the reaction barrier in Gibbs
free energy is 38.84 kJ/mol. It is a fact that when
the thiol structure changes, the reaction barriers
and enthalpies change accordingly. However, it is
seen that the barriers of the reactions with the
NC(CH3)2Ce radical are larger than 55.00 kJ/mol,
while the barriers in the reactions of other radicals
are smaller than 45.00 kJ/mol. These results show
that the radical formed from AIBN performs a
much slower hydrogen abstraction reaction than

the radicals formed from DMPA. Another
remarkable point is that the reaction barrier is
significantly = reduced when the hydrogen

scavenging reaction is carried out with thiophenol.
It means that the reaction with the thiol takes
place faster than the others.
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Addition Reactions

The radicals generated from AIBN and DMPA
initiators have the potential to react with
monomers as a side reaction. The conformational
analysis for this reaction of radicals is given in
Figure S4. The located activated complex
geometries found out from this study are shown in
Figures S5-S7, and all reaction energetics and
kinetics are given in Tables S2-S4.

Based on the quantum chemically calculated
results, the exothermicity of the reactions with the
AIBN radical is less than the reactions of the other
radicals. Even, it is endergonic for 2-butene and
vinyl ether (1.25 kJ/mol and 5.13 kJ/moal,
respectively). All reactions of other radicals (CHze
and CeHsCOe) are relatively exothermic. For
example, when the CHsze radical is added to vinyl
ether, the reaction enthalpy is -106.42 kJ/mol, and
when CeHsCOe is added to the same monomer, it is
-80.44 kJ/mol.

It was observed that there was a direct
relationship between the stability of the attacking
radicals to the monomers and the activation Gibbs
energies. The more stable NC(CH3)2Ce radical has
higher reaction barriers, while the less stable CHze
and CeHsCOe radicals have lower activation
energies (Table S2). If the reactivity of CHze and
CeHsCOe radicals are compared among
themselves, interestingly, it is seen that the
barriers to the reactions of the more unstable CHze
radical are relatively higher. The SOMO energies of
the radicals can explain this. It was calculated -
0.28407 Hartree for CHse, while SOMO energy is
relatively higher (-0.26103 Hartree) for CsHsCQe.
Therefore, SOMO of CsHsCOe has the potential to
more stabilizing the transition state structure by
effective interaction with n* orbital of the
substrate. In addition, the interaction of the
monomer with the n orbitals in the pi bond system
of the CeHsCOe radical leads to more stable
transition state geometries (Figure S7).
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Reaction Kinetics

In this study, what is expected from a good
initiator candidate is that the generated radical
should prefer to react with thiol instead of
monomer. This preference is presented by a large
difference between the rate constants (kua>>ki).
More favored hydrogen abstraction from thiol can
result in more homogeneous thiol-ene
polymerization. If there is a competition between
these two reactions, the initiator radical reduces
the monomer concentration, increasing the
heterogeneity of polymerization product. The
mentioned rate constants are given in Table 1, and
the logarithms of the ratios of these calculated rate
constants, log (kua/ki), are given in Table 2.

The addition reaction of alkyl thiyl radicals to
electron-deficient monomers occur relatively faster
(1,3-butadiene, 2,4-hexadiene, 2,4,6-octatriene,
and acrylonitrile) than the electron-rich monomers
(2-butene, vinyl chloride, and methyl vinyl ether).
If the rate constants of the hydrogen abstraction
reactions from thiols are evaluated, it is seen that
they are greater than 107 M.s! for the radicals
CHse and CsHsCOe. When the radical formed from
AIBN is used in the hydrogen abstraction reaction,
this value is lowered below 10> M-1,s%,

When the hydrogen abstraction reaction rate is
closer to the addition reaction rate for the AIBN,
the initiator enhances the side reaction. However,
it was calculated that the hydrogen abstraction
(1.82E+04 Mt.s?!) from CeHs-SH by the formed
radicals from AIBN occurred faster than other
thiols. It means that using the AIBN initiator, the
best thiol-ene polymerization is possible with the
preference of aromatic thiols. In the case of using
the DMPA initiator, better results are obtained as a
general tendency of initiators. However, by-
product formation is possible for electron-deficient
monomers (1,3-butadiene, 2,4-hexadiene, 2,4,6-
octatriene, and acrylonitrile) since they have
relatively fast addition reactions. Especially for
acrylonitrile, the rate constant in the addition
reaction with CsHsCOe is very large (1.03E+06 M-
1s1).
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Table 1: Addition (ki) and hydrogen abstraction reaction (kua) kinetics (M-1.s') for NC(CH3)2Ce, CH3e,
and CsHsCOe radicals.

| NC(CH3)2Ce | CHse | CeHsCOe
Addition to monomers (ki)

ethylene (1) 2.57E-01 1.24E+02 | 4.04E+02
2-butene (2) 5.69E-02 3.92E4+00 | 3.76E+02
1,3-butadiene (3) 1.78E+02 3.49E+04 | 2.86E+04
2,4-hexadiene (4) 6.46E+00 2.99E+02 2.44E+04
2,4,6-octatriene (5) 2.20E+02 2.16E+03 | 8.22E+04
vinyl chloride (6) 2.78E+00 7.17E+02 | 1.55E+03
acrylonitrile (7) 6.04E+01 4.59E+04 1.03E+06
methyl vinyl ether (8) 1.27E+00 9.13E+00 | 3.63E+02

Hydrogen abstraction from thiols (kna)*
T1** 1.50E+02 4.66E+07 | 3.01E+08
T2 1.82E+04 1.36E+08 | 3.62E+08
T3** 2.18E+03 2.32E+07 | 5.25E+07
T4 4.73E+02 4.41E+07 2.37E+08

* Wigner's tunneling correction was performed. ** Reference (21)

The hydrogen abstraction rate constants of
NC(CH3s)2Ce radical vary between 1.50E+02 M-i.s!
and 1.82E+04 M-.s! (Table 1). Moreover, rate
constants of its addition to alkenes vary between
5.69E-02 M-t.st (2-butene (2)) and 2.20E+02 M-
151 (2,4,6-octatriene (A5)). These results show
that the rates of the specific reactions are very
close to each other when the AIBN initiator is used.
Especially in conjugated monomers, such as 1,3-
butadiene or 2,4,6-octatriene, the addition reaction
rate constants are in the order of 102 M-l.si,
Therefore, the possibility of desired thiol-ene
polymer product cannot be obtained due to this
side reaction. Furthermore, an increase in the
initiator concentration also leads to an increase in
the probability of side reaction. These findings
explain why AIBN is not a good initiator for the
polymerization. When DMPA is used as the
initiator, kinetic data for the hydrogen abstraction
rate constants of the radical CHze vary between
2.32E+07 Mt.s?! and 1.36E+08 Ml.s! (Table 1).
For the addition reaction of the same radical,
kinetic data changes from 3.92E+00 M-l.s?! (2-
butene (2)) to 4.59E+04 M-1.s! (acrylonitrile (7)).
The kinetic data addition reaction for the
commercial monomers, especially 1,3-butadiene
and acrylonitrile, are in the order of 104 M,st,
Compared to the AIBN radical (NC(CH3)2Ce), a
larger difference is obtained between the rate
constants. The hydrogen abstraction by the
benzoyl (CeHsCOe) radical, another radical formed
from DMPA, is significantly fast and its rate
coefficient changes from 5.25E+07 Ml.s?! to
3.62E+08 Ml.sl. As a side reaction, attacking the
same radical to the alkenes is relatively slow, and
rate coefficients of this reaction change from
3.63E+02 M1.s! (methyl vinyl ether) to 1.03E+06
M-1.s! (acrylonitrile). Again, the difference between

the rate constants is better compared to the AIBN
radical (NC(CHs).Ce). Nevertheless, the rate
constant of the addition to commercial monomers,
especially acrylonitrile, is above the order of 10> M-
151, As a result, electron-poor monomers have a
great possibility to give heterogeneous thiol-ene
polymerization products with both radicals formed
from DMPA. This probability decreases as the
initiator concentration decreases, or better results
can be obtained without using an initiator.

Table 2 makes kinetic evaluation more
understandable and straightforward. The data in
the table were obtained by taking the logarithm of
the kua/ki ratio for the reactions. In this way, it is
made visible to what extent the rates of both
reactions compete with each other. The log(kua/ki)
data colors were determined according to the
following definition; red for values less than two,
yellow for values between two and three, and blue
for values greater than three. The red color
symbolizes that the presence of side reactions is
significant, the yellow color symbolizes that the by-
product may show itself, albeit partially, and the
blue color symbolizes that the presence of the by-
product is negligible. As a result, it was
demonstrated that the AIBN initiator is not a good
option for the polymerization since it has a high
probability  of  forming by-products. The
applicability of the DMPA initiator for thiol-ene
polymerization is well known and has also been
proven by quantum chemical calculations. It was
predicted that the heterogeneity of the
polymerization product resulting from side
reactions would increase when initiator
concentration is kept high. These findings are also
well  correlated with a kinetic modeling
investigation in the previous literature study (38).

154



Degirmenci I. JOTCSA. 2022; 9(1): 149-162.

RESEARCH ARTICLE

Table 2: Ratios for the reaction rate constants of hydrogen abstraction from thiols and addition reactions
of NC(CH3)2Ce, CHsze, and CsHsCOe radicals to monomers on a logarithmic scale, log(kua/ki).

NC(CH3),Ce
Monomers

CHze CeHsCOe

ethylene (1)
2-butene (2)
1,3-butadiene (3)
2,4-hexadiene (4)
2,4,6-octatriene (5)
vinyl chloride (6)
acrylonitrile (7)

methyl vinyl ether (8)

T1 T2 T3 T4

TL T2 T3 T4 |T1

T2 T3 T4

The colored values defined as red is x<2, yellow is 2<x<3, and blue is x>3 (x= kua/ki).

CONCLUSION

This comprehensive quantum chemical study
demonstrates the importance of initiator selection
for thiol-ene polymerization. It was found out that
aromatic thiols (such as thiophenol) were more
prone to thiol-ene polymerization when AIBN is
preferred as the initiator. Best results with this
combination were obtained with 2-butene and
methyl vinyl ether. Regardless of the type of
initiator, 2-butene has a high affinity for the thiol-
ene reaction. It is worth noting that initiators have
a high tendency to initiate classical radical
polymerization as a side polymerization with
electron-deficient or conjugated monomers. As a
general assessment, the performance of AIBN is
not satisfactory compared to the application of
DMPA.

Radicals formed from DMPA have been found to
initiate the thiol-ene reaction without any
problems, regardless of the thiol structure, except
for electron-poor or conjugated monomers.
Especially 2-butene, vinyl chloride, methyl vinyl
ether have a low tendency to give by-products with
this initiator. Even conjugated 2,4-hexadiene
monomer can effectively initiate thiol-ene reaction
instead of classical radical polymerization initiation.
Another finding is that the CsHsCQOe radical is more
likely to form by-products than the CHse radical for
the DMPA initiator. In any case, it was calculated
that radicals formed from DMPA had a lower
tendency to side-reactions than radicals formed
from AIBN.

It is worth noting that these results only provide
some information about the initiation step of the
thiol-ene polymerization. A good initiation does not
always mean that it results in a good

polymerization; other reactions in the thiol-ene
polymerization mechanism, such as propagation
and chain transfer, strongly depend on the
chemical structures of monomers and thiols, as
mentioned in the introduction. On the other hand,
a poor initiation performance always results in a
heterogeneous product.
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Figure S1: Schematic representation of conformational analysis at the transition states for hydrogen
abstraction reaction of NC(CH;).Ce, CHse, and CsHsCOe radicals from T1, T2, T3, and T4 thiols.
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Table S1: Energetics (kJ/mol) and kinetics (L.mol™.s™) for the hydrogen abstraction reaction from T1,
T2, T3, and T4 thiols by NC(CH3),Ce, CH3e, and CsHsCOe radicals.

NC(CH),Ce

CHg.

CeHsCO.

Thiol
T1
T2
T3
T4
T1
T2
T3
T4
T1
T2
T3

T4

AHy,
-21.72
-45.90
-15.57
-15.56

-86.66

-110.84

-80.51

-80.49

-29.95

-54.13

-23.80

-23.78

160

AGh,
-13.57
-35.92

-9.88

-8.20
-81.28

-103.63
-77.59
-75.91
-27.20
-49.55
-23.51

-21.83

AH?
21.66
3.87
8.25
11.10
2.84
-2.29
1.18
-2.50
-2.42
-14.41
-15.02

-16.59

DG
70.67
58.61
64.11
67.72
38.77
35.85
40.41
38.84
33.96
33.29
38.14

34.55
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Figure S2: Chemical strucutres of thiols, formed thiyl radicals form the considered thiols and their radical
stabilisation energies (RSE) in ki/mol.
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Abstract: The present paper reports the synthesis, characterization, and DFT calculations of two
oxovanadium (IV) Schiff base complexes symbolized as VOL: and VOL,, which prepared by the reaction of
bivalent tridentate Schiff base ligands (E)-2-((5-chloro-2-hydroxybenzylidene)amino)acetic acid and (E)-2-
((2-hydoxy-5-nitrobenzylidene)amino)acetic acid and VO(acac): as vanadium source. The Schiff base
ligands and its oxovanadium (IV) complexes were characterized by the elemental analysis (C, H, N), FTIR,
!H NMR and 13C NMR, DFT calculations were performed to derive some of their molecular properties. Schiff
base ligands coordinated to vanadium center via nitrogen from the azomethine group and one oxygen from
the hydroxyl attached to the benzene ring and one oxygen from hydroxyl of carboxyl group. The catalytic
activity of the two complexes were tested against cyclooctene and found that both complexes were highly
effective and selective in optimized conditions when used as cyclooctene epoxidation catalysts with the
conversion percentage of 91.85% (with VOL1) and 87.40% (with VOL>) at 78 °C within a period of ten
hours. To understand the structural properties of the two complexes, the two complexes were well
optimized at B3LYP/6-31G(d,p) level of theory, structural parameters such as electron affinity, global
electrophilicity, global hardness, electronegativity, ionization potential, and electron chemical potential
based on HOMO and LUMO energy values were calculated.

Keywords: Schiff base, DFT calculations, epoxidation catalysis, geometry optimizations, oxovanadium
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INTRODUCTION oxidation of hydrocarbon (9,10), epoxidation

(11,12), and other related catalytic process (1).

Transition metal complexes synthesized from Schiff
bases have shown high potential to be versatile
catalysts in organic synthesis and have remarkable
developments in recent decades, and engage in
some types of chemical transformations such as
hydrogenation, hydration (1), decarbonylation (2),
olefin metathesis (3), Diels-Alder reaction (4), nitro
aldol reaction (5), isomerization (6),
cyclopropanation (7), enol-ester synthesis (8),

Metal complexes synthesized from Schiff bases have
also showed high activity in asymmetric catalysis
(13), and those complexes derived from aromatic
carbonyl compounds have found to be very active in
metalloprotein modeling as well as asymmetric
catalysis (14-16). Epoxidation reaction catalysis as a
special field has received great attention in last few
years and many reports have raised on several
methods of synthesis of catalytic complexes from
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many Schiff bases along with their catalytic activity
evaluation (17-20).

One of the most important petrochemical industrial
reactions is conversion of alkenes to alkene
epoxides (21), a process that considers as a primary
source for many fine chemicals, hence in organic
synthesis researchers from over the globe have
engaged in such catalytic epoxidation of alkenes and
investigation is directed to olefin epoxidation
catalysis (22,23), many transition metal complexes
of titanium (24), manganese (25), molybdenum
(26), and rhenium (27) have been synthesized and
their activities were tested in the alkene
epoxidation. Remarkably, styrene oxide as industrial
precursor has been synthesized in good yield using
transition metal catalysts, since then this epoxide
has been used in many industries, among them is
soap, pharmaceuticals, cosmetic essences,
perfumes, and food flavoring agents (28,29). After
establishing of many industrial epoxide's synthesis
methods, researchers have directed their efforts to
understand the catalytic pathways, many reports
agreed with the pathways through generation of
some transition metal ions as reaction intermediates
with higher oxidation states (21), one interesting
example is the asymmetric epoxides that
synthesized from cis-disubstituted and cis-
trisubstituted olefins, in this regard manganese(III)
complexes of specific chiral salen are found to be
enantioselective with very high yields (30), in some
other cases, pathways have been found to pass
through synthesis of heterogeneous complexes
which were found to be of great advantage over
homogeneous catalysts because of their higher
stability under wide range of temperatures, and
easy products separation (31,32), following this
Janssen et al. have synthesized manganese(III)
salen dimeric complex (33), which is retained in
cross-linked polymer membrane have shown high
activity in epoxidation synthesis. Special interests
have been forwarded to pharmaceutical and
agrochemical fields to use asymmetric epoxidation
of alkenes for synthesis of desired drugs through
chiral intermediates mechanisms, in this regard
Jacobsen-Katsuki Salen (Mn)-catalyzed reaction is
widely used for the asymmetric epoxidation of non-
functionalized olefins (34,35).

Vanadium complexes have been commonly utilized
and widely used in epoxidation catalysis,
oxovanadium complexes prepared from Schiff-based
ligands are the most wuseful, for example,
oxovanadium (IV) complexes when combined with
oxygen or other peroxide were found to be very
effective in sulfide and olefin epoxidation (36,37).
Mukaiyama aldol additions have been unraveled by
the catalytic activity of vanadyl complexes based on
2,2'-biphenol core ligands, hence
diastereoselectivity (up to 90/10 (anti/syn)) was
achieved, the other worthy mentioned finding is that
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revealed by Uang (38), he used V(O)(acac): in the
aerobic oxidative coupling of 2-naphthols.

In this paper, we focused on developing a new type
of active vanadyl complexes specifically for the
epoxidation process by study the synthesize and
characterization of two new oxidovanadium (IV)
complexes obtained from the reaction of VO(acac):
and HzL: (5-chlorosalicylaldehyde-glycine) and HalL»
(5-nitrosalicylaldehyde—-glycine) ligands (Scheme 1)
and to carry out catalytic activity and a detailed DFT
investigation of these complexes. The structures of
the two complexes are shown in Figure 1.

EXPERIMENTAL SECTION

Materials

For synthesis and analysis processes all reagents
and solvents were purchased from Merck and were
used as received without further purification.
Deuterium oxide, 99.9%, was obtained from Aldrich

chemical company USA. Cis-cyclooctene, 95%,
Substituted salicylaldehyde (5-chloro, 5-nitro),
amino  acids (glycine), sodium hydroxide,

tris(acetylacetonato)vanadium (IV) and VO(acac):

were purchased from (Sigma Aldrich). Ethanol,
acetonitrile, n-hexane, methanol, p-xylene,
acetophenone, and isopropanol were used as

solvents for purification,
epoxidation, and solution making.

recrystallization,

Instrumentation

Infrared spectra of the |ligands and their
corresponding catalysts were recorded on FTIR
spectrometer 10.5.1, frontier (FTIR)-Perkin Elmer-
ZnSe/Diamond-ATR. NMR spectra of the ligands and
catalysts were recorded on Bruker AVIII 40, 'H NMR
500 MHz, 13C NMR 126 MHz, US. For complexes and
ligands, elemental analyses were recorded on HEKA
tech EURO EA (CHSN). an Agilent GC Model 7890B
was used for determining the epoxidation of
cyclooctene to cyclooctane epoxide, GC column used
as Agilent HP-5 with dimensions 0.25 um, the oven
temperature was set at 70 °C.

Synthesis of the ligands (HzL: and H:L>)

The preparation of the ligands HzL:i and H.L, were
carried out by mixing of 1:1 molar ratio solution of
nitro-salicylaldehyde or chloro-salicylaldehyde in
methanol with a solution of glycine dissolved in
methanolic solution under reflux condition for
several hours.

The reaction is carried in a 250 mL round-bottomed
flask containing 150 mL of absolute ethanol, to the
flask's content 10 mmol (1.565 g) of 5-
chlorosalicylaldehyde or 10 mmol (1.671 g) 5-
nitrosalicylaldehyde, 10 mmol (0.75 g) of glycine,
and 10 mmol (0.40 g) of NaOH, the mixture was
refluxed with stirring for 5 hrs. After cooling to room
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temperature, the mixture was poured into a 100 mL
ice-water in a beaker and left overnight in a
refrigerator, vyellow crystals were precipitated,
filtered off, washed with slightly cold water, and
dried in an oven (39), and finally recrystallized from

ethanol until a pure product was obtained, the
synthesized ligand from substituted chloro-
salicylaldehyde  (H2Li) is  2-{[(E)-(5-chloro-2-

hydroxyphenyl) methylidene) amino} acetic acid
and from substituted nitro-salicylaldehyde (H:L>) is
2-{[(E)-(2-hydroxy-5-nitrophenyl) methylidene]
amino} acetic acid.

HzL:1 [(E)-2-((5-chloro-2-hydroxybenzylidene)
amino)acetic acid]

Color: Shiny yellow. Yield: 92%. FT-IR (KBr, v, cm-
1): 3100 (OH) (Ar-OH), 3050 (OH) (Carboxyl-OH),
1910 (C=0) (Carboxyl), 1680 (C=N). 'H NMR (500
MHz, D20, 8, ppm): 9.90 (s, 1H, COOH), 8.15 (s,
1H, CH=N), 7.37 (s, 1H, C-H ring), 6.59 (d, 2H, CH-
CH ring), 3.37 (s, 2H, CH2COOH). !3CNMR (126
MHz, CDCl3, 8, ppm): 118.32 (1C, Ar-CH-CCI),
167.07 (1C, Ar-CCl), 125.30 (1C, Ar-CH-C), 115.93
(1C, Ar-C-CH2), 129.79 (1C, Ar-C-0), 124.74 (1C,
Ar-CH-CH), 172.66 (1C, C=N), 42.15 (1C, CH>-N),
193.30 (1C, COOH). Anal. Calcd. for CoHgCINOs: C,
50.55; H, 3.77; N, 6.56. Found: C, 50.30; H, 3.40;
N, 6.53.

HzL2 [(E)-2-((2-hydroxy-5-nitrobenzylidene)
amino)acetic acid]

Color: Faint Yellow. Yield: 86%. FT-IR (KBr, v, cm-
1): 2890 (OH) (Ar-OH), 2605 (OH) (Carboxyl-OH),
1725 (C=0) (Carboxyl), 1650 (C=N). *H NMR (500
MHz, D20, 8, ppm): 9.92 (s, 1H, COOH), 8.3 (s, 1H,
CH=N), 8.05 (s, 1H, C-H ring), 6.52 (d, 2H, CH-CH
ring), 3.45 (s, 2H, CH>.COOH). 3CNMR (126 MHz,
CDCl3, 8, ppm): 128.53 (1C, Ar-CH-C NO2), 172.49
(1C, Ar-CCl), 124.00 (1C, Ar-CH-C), 123.25 (1C, Ar-
C-CH2), 131.18 (1C, Ar-C-0), 135.10 (1C, Ar-CH-
CH), 179.68 (1C, C=N), 41.43 (1C, CH2>-N), 193.57
(1C, COOH). Anal. Calcd. for CoHsN20s: C, 48.17; H,
3.60; N, 12.50. Found: C, 48.08; H, 3.14; N, 12.30.

Synthesis of VOL; and VOL> complexes
Subsequently, after successful preparation of the
two ligands, the prepared ligands HzL: or HaLz and
VO(acac)2 in a molar ratio of 1:1 in methanol were
refluxed for 10 hours, then the vanadyl Schiff base
complexes were separated.

In a 100 mL round-bottomed flask, 5 mmol of each
ligand (1.138 g of HzL:i or 1.190 g of H:L2) were
dissolved in 45 mL of methanol and to this solution
5 mmol of VO(acac), (1.280 g) dissolved in 10 mL
of MeOH was added, the content was refluxed with
stirring for 4 hours. After reducing the solvent to
one-fifth volume, the content was left to cool to
room temperature and kept in a refrigerator for
seven days, greenish crystals were separated,
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filtered off, washed with n-hexane, and dried in an
oven (39).

VOL;

Color: Faint green. Yield: 67%. FT-IR (KBr, v, cm™):
940 (V=0), 1740 (C=0), 1620 (C=N). 3CNMR (126
MHz, CDCls, 6, ppm): 121.6 (1C, Ar-CH-CCI), 166.1
(1C, Ar-CCl), 134.9 (1C, Ar-CH-C), 122.4 (1C, Ar-C-
CH2), 164.5 (1C, Ar-C-0), 132.4 (1C, Ar-CH-CH),
174.8 (1C, C=N), 62.1 (1C, CH2-N), 204.0 (1iC,
COO0). Anal. Calcd. for CoHsCINO4V: C, 41.01; H,
2.73; N, 4.78. Found: C, 41.09; H, 2.83; N, 4.38.

VOL>

Color: Faint greenish blue. Yield: 64 %. FT-IR (KBr,
v, cml): 995 (V=0), 1645 (C=0), 1593 (C=N).
13CNMR (126 MHz, CDCls, d, ppm): 121.7 (1C, Ar-
CH-CNO2), 137.0 (1C, Ar-C NO3), 129.8 (1C, Ar-CH-
C), 119.7 (1C, Ar-C-CH2), 131.4 (1C, Ar-C-0),
135.0 (1C, Ar-CH-CH), 191.29 (1C, C=N), 62.92
(1C, CH2>-N), 204.1 (1C, COO). Anal. Calcd. for
CoHeN206V: C, 39.58; H, 2.63; N, 9.23. Found: C,
39.55; H, 2.82; N, 9.03.

General procedure of the epoxidation reaction
Batch reactions were conducted in 4 mL of GC-
grade acetonitrile as solvent. The reactions were
started by the addition of a solution of the catalyst
(VOL: or VOL?) dissolved in acetonitrile to a solution
of cis-cyclooctene (0.2015 mmol) and H202 (50%
(w:v) in water) (0.403 mmol) according to the
stoichiometry of (1 cis-cyclooctene:2 H>0; : 1
catalyst) in acetonitrile to give a total reaction
volume of 4 mL. The progress of the reaction was
monitored by periodic sampling for GC
determination, therefore aliquots of the reaction
mixture were withdrawn and added to activated
MnO: as a H.0> decomposition agent to quench the
reactions (39). To remove solid materials, quenched
reaction mixture was filtered off over activated
neutral alumina oxide, then two GC samples were
prepared for each experiment using 200 pL of
filtrate, 500 pL of external standard solution (p-
xylene and acetophenone 4 mg/mL in iPrOH) and

800 pL of n-hexane. Time-dependent vyield
experiments were conducted in a total volume of 12
mL  using the same stoichiometry  and
concentrations. Control experiments were

performed as a reference without the use of a
catalyst.

Computational method

Electronic structure calculations were performed
using the Gaussian 16W software (40) mainly to
reveal the vibrational properties and structural
characteristics of the ligands and their
corresponding complexes. Geometry optimizations
for the target complexes VOL; and VOL, were
fulfilled using Density Functional Theory (DFT)
based on Beck's three parameter exchange
functional and Lee-Yang-Parr nonlocal correlation

165



Wady AF et al. JOTCSA. 2022; 9(1): 163-208.

functional (B3LYP) (41,42) and the 6-31+G(d,p)
orbital basis sets for all atoms to describe their
molecular properties including their stability and
reactivity. Characterization of the located stationary
points as minimal or transitional states is carried out
by vibrational frequency calculations at the same
level of theory. Unrestricted DFT at the B3LYP/6-
31+G(d,p) level of theory is used to fully optimize
the two complexes with no constraints and extract
the geometries in gas phase and some selected
solvents, in this regard all calculations were
performed in the presence of the selected solvent by
placing the molecules in a cavity within the solvent
field. The integral equation formalism variant along
with the Polarizable Continuum Model (IEFPCM) is
used for the calculations (43).

With the help of the ChemCraft program (44) the
vibrational modes were examined. To correlate
between experimental and calculated frequencies a
factor of 0.96 is used to account for the
inharmonicity of the calculated frequencies. For both
complexes the natural population analysis (NPA) is
used for assigning the partial charge distributions.
GaussView version 6.0.16 (45) is used to visualize
the final optimized structures. Then the relationship
between the molecular, the electronic structure, and
the stability of the molecules were investigated.
Therefore, some molecular descriptors such as the
calculation of the highest occupied molecular
orbitals (HOMOs) and the lowest unoccupied
molecular orbitals (LUMOs), frontier orbital energy
gap, molecular dipole moment (p), electron affinity
(EA), ionization potential (IP), electronegativity (x)
that determines the tendency of the electrophile to
acquire an additional electronic charge, global
hardness (n), softness (o), and electrophilicity index
(w), were calculated using the DFT method along
with Koopman's theorem and have been used to
understand the properties and activity of the newly
prepared complexes, reference 46 accounts for
more theoretical equations. Furthermore, VOL; as a
representative, its optimization is confirmed by a
higher basal set using Orca Program Version 4.2.1
(47), and Gamess US Program Version 30 JUN
2019-R1-Patch-1-mkl (48), for both programs,
Avogadro software version 1.2.0 (49) is used to
draw molecular structures and generate input files,
as well as GaussSum version 3.0 (50) which is used
for NBO and frontier molecular orbital analysis,
finally the catalytic cycle mechanistic aspects are
followed with the DFT at the B3LYP/6-31+G(d,p)

and UPBEPBE (unrestricted Perdew, Burke, and
Enzerhof exchange and correlation
functional)/LanL2DZ (Los Alamos National

Laboratory Double Zeta) level (51-54).
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RESULTS AND DISCUSSION

In this work, the two isomers of the ligands and
their complexes were characterized by spectroscopic
techniques (FT-IR, 'H and *3C NMR) and theoretical
DFT is carried to confirm their molecular structures.
The preparation procedure of the ligands HzL; and
H.L> and their corresponding VOL: and VOL:
complexes was presented in Scheme 1 (detailed
method of preparation can be found above). After
ligands preparation, the ligands HzLi or H:L, and
VO(acac)2 in a molar ratio of 1:1 in methanol were
refluxed for 10 hours, then the vanadyl Schiff base
complexes were separated.

The complexation reaction of metal:ligand was
proceeded as 1:1 molar ratio, this pattern was
indicated from the analytical data and suggested a
coordination through azomethine nitrogen and two
oxygen atoms from the deprotonated phenolic
groups and the carboxyl group, also the analytical
data revealed that four of the V(IV) equatorial
coordination sites are bound to the ligand molecule
leaving fifth site empty which will be filled later to
maintain the epoxidation reaction. Figure 1 shows
the optimized structure diagram of complexes VOL;
and VOL..

Elemental analysis

The elemental analysis of C, H, and N of the
compounds considered are given under each
compound experimental data, the results of C, H
and N percentages agreed with the structural
composition suggested for the ligand and the
vanadyl complexes and confirmed a 1:1 (metal:
ligand) stoichiometry.

Infrared spectral studies

The FTIR spectra of the ligands and their complexes
were compared to determine any changes during
complexation and to confirm their structures. The
assignment of infrared bands of the Schiff bases and
their vanadyl complexes agreed with the expected
values. The ligands (Hz2L: and H:L2) showed a
medium broad band in the range of 3000-3080 cm!
which attributed to the phenolic and carboxylic OH
groups, an intense band at 1680 cm™! for H,L: and
1650 cm™ for HoL, that are due to v(C=N) stretching
vibration mode, medium band at 1739 cm! for HaL4
and 1736 cm™ for H:L» are assigned to v(C=0)
stretching frequency, and phenolic C-O stretching
absorption is seen at 1273 cm for HyL: and 1288
cm-?t for Halo.
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Scheme 1: Preparation pattern of the new tridentate (O, N) Schiff base ligands HL: and HzL> and its VOL;
and VOL, complexes.

The FTIR spectra of the complexes compared with
those of the ligands indicated that the v(C=N) band
appeared at 1620 cm* for VOL; and 1592 cm™! for
VOL2 complexes which are shifted on complexation
indicating complexation through the nitrogen atom
of azomethine (55,56), the band showed at 1300
cm™ for VOL: and 1290 cm™ for VOL; attributed to

v(PhC-0) stretching, the OH stretching bands found
in the ligands’ spectra appeared on the region of
3000-3080 cm™ are absent in the complexes’
spectra, indicative of complexation of vanadium by
OH group of phenolato and carboxyl after
deprotonation.

Figure 1: The optimized structure and atom numbering scheme for complex VOL; (top) and VOL, (bottom),
structure optimization is carried out using B3LYP/6-31+G(d,p) level of theory.
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The v(C=0) stretching absorptions emerged at the
region (1740 and 1730 cm™! for complexes VOL; and
VOL: respectively). Conclusive evidence of bonding
is also shown by the observation of new bands in
the spectra of the complexes appearing at (870 and
840 cm! for complex VOL:) and (840 and 800 cm
for complex VOL,) where these are assigned to v(V-
O-carboxyl) and v(V-O-phenol) stretching
respectively, these two bands are not observed in
the ligand’s spectrum. Oxovanadium complexes
generally showed vy=0) of polynuclear linear chain
structures (V=0.....V=0.....) at around 860 cm™!
with orange color, and monomeric structure at
around 950 cm-! with a green color in the solid state
and solution (57,58). Sharp FTIR bands at 941 cm™!
and 937 cm! for complexes VOL: and VOL:
respectively are noticed and attributed to the
monomeric form of VOL complexes in the solid state
(59). Vergopoulos et.al (60) used crystallographic
means to establish similar monomeric nature of
related complexes. Beside that the n-bond located
in the C=C benzene ring of the ligand does not show
a significant shift of the stretching mode that
noticed around 1600 cm™ upon complexation.
Hence the FTIR data indicated a pattern of
complexation through the azomethine nitrogen,
phenolic and carboxylic oxygens, similar structure of
vanadium complex is suggested by Jamaluddin et.
al. (61), for more details please refer to Figures S-1
to S-6 in the appendices.

NMR spectra

The 'H NMR and !3C NMR spectra of Schiff bases
ligands HzL: and HzL> and their complexes VOL; and
VOL, have been studied using D0 as a solvent. All
expected region of protons calculated from the
integration curves and those obtained from the
values of the expected (CHN) analysis agreed with
each other. In the 'H NMR spectral data of the two
ligands as shown in Table 1, both ligands show a
broad signal at 9.90 ppm (13.00-DFT) (H.L:) and
9.92 ppm (13.00-DFT) (H:L2) due to the carboxylic
OH resonance.

The absence of this signal in the complexes (as the
whole NMR spectrum of the complexes are not
found due to the paramagnetic nature of the
vanadium (IV)), suggested that this is in conformity
with the coordination of the phenolate oxygen to the
vanadium center. Phenolic proton does not usually
appear in proton NMR because they are rapidly
exchanged with D20 and or (in this case) hid due to
the chloro group’s orientation in benzene ring.

The proton observed as a signal at around 8.15 ppm
(8.70-DFT) (HzL:1) and 8.30 ppm (8.74-DFT) (HzlL2)
corresponding to azomethine proton resonance
(CH=N), which have been showed a slight
calculated downfield shift (Ad-DFT 0.02-0.12 ppm)
of the proton signal in the ligands with respect to
the corresponding complexes suggested the
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coordination of the azomethine nitrogen atom to the
vanadium center.

Aromatic and CHz protons of the ligands, as well as
in the complexes, appeared well within their
expected ranges. The 'H NMR of oxovanadium (IV)
complexes VOL: and VOL, were recorded in DMSO-
ds at 500 and 126 MHz. In all cases, no signal was
observed. This is due to the paramagnetic nature of
the vanadium (IV) center.

It has been found from 13C analysis, Table 1, that
large Ad (= d-complex-06-ligand) values (not shown
in the Table) for the carbon atoms attached to the
phenolic oxygen (Cs), azomethine nitrogen (Cis in
case of HzL:i and Cis in case of HxL> and both
complexes), and carboxylic carbon atom (Ci4 in case
of HzL: and Ci3 in case of HzL> and both complexes)
suggest coordination of these atoms to the
vanadium center (62).

DFT calculations is also carried out with the 70
NMR, which revealed that a large downfield shift
occurred for phenolic oxygen, giving rise for Ad
values to be 153.6, and for carboxylic OH oxygen to
be 144.5, also >N NMR of azomethine nitrogen
reveals upfield shift, and giving rise for Ad to be
31.0. All these findings suggest the coordination of
these atoms. Good correlation between the
calculated and experimental 'H and !3C chemical
shifts in D20, and DMSO-ds results is confirmed in
Figure S-7 in the appendices with good correlation
factor R? ranged from 0.80-0.98 values, for more
details please refer to Figures S-8 to S-15 in the
appendices.

UV-Vis spectral analysis

TD-DFT calculations were carried out to obtain
information on the nature of the excited state, UV-
Vis absorption spectra of VOL: and VOL. in gas
phase and some selected polar and nonpolar
solvents were simulated by using Time-Dependent
density functional theory (TD-DFT) and the
polarizable continuum model (PCM) method with the
unrestricted 6-31+G(d,p) basis set. The electric
charges were obtained using natural bond orbital
(NBO) calculations.

Due to the presence of many n electrons allocated
in the aromatic ring and many nonbonding electrons
allocated in oxygen and nitrogen atoms in the two
complexes VOL; and VOL;, the n - n* and n - n*
electronic transitions are the main contributors to
UV-Vis absorption. These electronic transitions
emerge from electron motions between the frontier
molecular orbitals (FMOs), which are the higher
occupied molecular orbitals (HOMOs) and the lower
unoccupied molecular orbitals (LUMOs). PCM/TD-
B3LYP/6-31+G(d,p) method is used to calculate the
theoretical UV-Visible electronic transitions in some
solvents, results are shown in Figures 2 and 3. The
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absorption wavelengths maxima are obtained by
applying the above method of theory from single
point calculations on the ground state, optimized
geometries in gas phase and selected solvents
(vertical transitions). One interesting observation
that can be derived from Figures 2 and 3 (internal
graphs) is that the slight but continuous change in
excitation wavelength with the change in solvent
polarity, in the case of VOL: the excitation
wavelength (excitation energy) is decreased with
increasing solvent polarity, while in the case of VOL>
the excitation wavelengths is decreased with
decreasing solvent polarity.

This contradictory effect is observed due to the
difference in electronic density around the molecule
which in turn comes from the difference in the
functional group presence in the benzene ring, the
chloro group in VOL; is classified as a donor group,

1400
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— Water
1200 4 Nitromethane
Methanol
Acetonitrile
1000 DMSO
J—— Chloroform
— CCl4
= 800
c
o
2
w600 -
400
200
0
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hence increasing electron density in the whole
molecule specially around vanadium center, and
more energy needed to excite the vanadium
individual electron upon increasing solvent polarity,
inversely nitro group in VOL; is classified as
withdrawing group, hence the electron density from
the whole molecule is withdrawn, and the electron
density around vanadium center is became less
intense and electron is excited easily, this lead to
notice that the excited state in both complexes is
affected by solvent polarity, and indicates that
beside n — n* and n - n* electronic transitions the
excited state has a dominant ligand to metal charge
transfer character (LMCT).

Geometry optimization

The structures of VOL: and VOL. were optimized
using DFT at the unrestricted B3LYP/6-31+G(d,p)
level of theory.

432+

Wave Length (nm)
S
=
—o—

~
(2]
L

b

SEIR I
2 4 6 8
Solvent Polarity Index

T T T
300 400

T T T T T
500 600 700

Wave length (nm)

Figure 2: VOL; complex absorbance wavelengths for solvents: Gas phase = 430.0 nm, THF = 415.5 nm,
Water = 413.6 nm, Nitromethane = 414.0 nm, Methanol = 413.9 nm, Acetonitrile = 413.9 nm, DMSO =
414.0 nm, Chloroform = 416.8 nm, CCls = 420.4 nm, calculated UV-Vis is simulated by using the Time-
Dependent density functional theory (TD-DFT) and the polarizable continuum model (PCM) method with the
unrestricted B3LYP/6-31+G(d,p) level of theory.
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Table 1: Comparison of the calculated chemical shifts (GIAO B3LYP/6-31+G(d,p)) with experimental ones in D20.

Comp. Atom numbering and NMR values
HzLi H-7 H-8 H-9 H-17 H-19 H-21 H-22
Exp. 7.40 7.25 6.70 8.15 3.35 9.90 3.35
DFT-1 7.77 7.71 7.40 8.70 5.00 13.00 4.43
C-1 C-2 C-3 c-4 C-5 C-6 C-13 C-14 C-16
Exp. 129.79 124.74 125.30 118.32 167.07 115.93 42.15 193.30 172.66
DFT-1 119.80 118.70 119.50 107.60 147.20 105.40 53.45 158.30 155.40
HaL2 H-7 H-8 H-9 H-16 H-18 H-20 H-21
Exp. 8.30 7.90 6.55 8.30 3.40 9.92 3.40
DFT-1 8.70 8.73 7.34 8.74 5.13 13.92 4.18
C-1 Cc-2 C-3 c-4 C-5 C-6 C-12 C-13 C-15
Exp. 131.18 135.10 124.00 128.53 172.49 123.25 41.43 193.57 172.49
DFT-1 115.80 128.70 117.60 105.90 153.2 104.60 52.31 155.3 152.00
VOL. H-7 H-8 H-9 H-16 H-20 H-21
DFT-1 7.91 7.86 7.21 8.72 5.16 4.69
DFT-2 7.91 7.85 7.21 8.70 5.16 4.68
DFT-3 7.91 7.85 7.21 8.71 5.16 4.69
C-1 C-2 C-3 c-4 C-5 C-6 C-12 C-13 C-15
Exp. 164.50 132.40 134.90 121.60 166.10 122.40 62.10 204.00 174.80
DFT-1 124.86 119.85 122.43 111.01 152.19 106.63 58.25 161.38 156.57
DFT-2 124.87 119.90 122.36 110.98 152.18 106.67 58.26 161.16 156.46
DFT-3 124.87 119.88 122.39 111.00 152.18 106.65 58.25 161.27 156.51
VOL: H-7 H-8 H-9 H-16 H-23 H-24
DFT-1 8.92 9.09 7.26 8.87 5.22 4.77
DFT-2 8.92 9.08 7.26 8.86 5.21 4.76
DFT-3 8.92 9.08 7.26 8.87 5.22 4.76
C-1 C-2 C-3 c-4 C-5 C-6 C-12 C-13 C-15
Exp. 131.40 135.00 129.80 121.70 137.00 119.70 62.92 204.10 191.29
DFT-1 119.68 130.42 121.36 110.78 158.04 107.44 58.56 160.70 153.03
DFT-2 119.71 130.40 121.27 110.73 157.99 107.45 58.57 160.48 153.93
DFT-3 119.70 130.41 121.31 110.76 158.01 107.45 58.57 160.59 153.98

Solvents: (DFT-1 = D20, DFT-2 = Ethanol, DFT-3 = Nitromethane). For atom labeling, see structure diagram Figure 1.
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Figure 3: VOL> complex absorbance wavelengths for solvents: Gas phase = 424.9 nm, THF = 440.9 nm,
Water = 443.8 nm, Nitromethane = 443.5 nm, Methanol = 443.4 nm, Acetonitrile = 443.4 nm, DMSO =
443.6 nm, Chloroform = 439.1 nm, CCls = 449.7 nm, calculated UV-Vis is simulated by using the Time-

Dependent density functional theory (TD-DFT) and the

polarizable continuum model (PCM) method with the

unrestricted B3LYP/6-31+G(d,p) level of theory.

Table 2: Selected bond distances (&) and angles (°) for VOL, optimized complex using three different
calculation methods.

Characters G16W DFT Orca MO6L def2- Gamess- Experimental Reference
B3LYP/6- TZVP def2- US UHF-
31+G(d,p) TZVP/C MO06 -SPK-
DZP
Optimized bonds (A)
V21-022 1.5610 1.5827 1.567 1.581 (63)
1.599 (64)

V21-O10 1.8837 1.9147 1.886 1.869 (63)
V21-017 1.8900 1.9070 1.893 1.891 (63)
V21-Ni11 2.0175 2.0071 2.006 2.076 (63)
0O10-Cs 1.3100 1.3046 1.306 1.355 (64)
017-C13 1.3237 1.3260 1.327

Optimized angles (°)
022-V21-017 115.6 118.9 115.6
022-V21-O10 115.7 120.5 115.6
022-V21-N11 106.8 107.1 106.0
V21- O10-Cs 130.8 129.7 128.5
V21-017-Ci3 120.0 119.6 119.7
V21-N11-Ci2 109.9 110.0 110.1
V21-N11-Cis 126.4 125.8 125.9 121.7 (64)
Elect. Energy -1851.44 -1860.59 -1850.93
(Hartree)

The HF energies were found to be -2106.52 and -
1851.44 Hartree, respectively. To confirm the
optimized structures, VOL.; is further optimized with
two more different methods, first the structure were
inserted in Avogadro software and input files were
generated, one input file is called by Orca Program

Version 4.2.1 and MO6L def2-TZVP def2-TZVP/C
bases set is applied which took 127 hrs. to
converge, the other input file is called by Gamess
US Program Version 2019-R1-Patch-1-mkl, and UHF
MO06 SPK-DZP bases set is applied which took 168
hrs. to converge. The bond lengths and angles are
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listed in Table 2. The bond distances in optimized
structures are shown in Figure 1. Generally, there
are no significant differences in the angles and bond
distances between the three optimized structures,
and this in agreement with some bond distances
found in literature for some known bond distances,
for example, (V=0).

Frontier Molecular Orbitals (FMO)

To get some insights in to the chemical stability of a
molecule and in the interactions between atoms,
frontier molecular orbitals (FMOs) are performed.
FMOs effectively can determines some interesting
characteristics of the molecules, including optical
properties and biological activities, and mostly can
be used in the HOMO (highest occupied molecular
orbital) and the LUMO (lowest unoccupied molecular
orbital) determination. Determining the HOMO and
LUMO can, in turn, represents what parts on the
molecule that can play as the donor or acceptor.

Figures S-16 and S-17 (in the appendices) show the
electron density in HOMO and LUMO molecular
orbitals for VOL: and VOL. complexes, respectively.
The HOMO and LUMO orbitals were found to be

RESEARCH ARTICLE

delocalized over the complex molecule. The high
electron density is concentrated on nitrogen atoms
in HOMO and reduced in LUMO suggesting a
transition pattern of n - n*. In LUMO of the two
complexes, part of the electron density was found to
be localized on the benzene rings. The TD-DFT
calculations indicate that the absorption spectra of
complex VOL; have three dominant bands at 404.5
nm, 423.5 nm, and 430.0 nm, and for complex VOL>
there are four dominant absorption bands at 400.7
nm, 424.9 nm, 457.6 nm, and 498.3 nm in the
region studied theoretically, more details can be
found in Tables 4 and 5.

The essential band for VOL; complex is 430 nm (Rrel
= 14.15) corresponding to a-spin HOMO(a) to
LUMO(a) transition (34% and AE = 0.98 eV) and H-
1(a) to L+4(a) transition (13% and AE = 0.37 eV),
together with a B-spin HOMO(B) to LUMO(B)
transition (41% and AE = 1.18 eV), while the
essential band for complex VOL: is 424.9 nm (Rrel =
10.71) corresponds to a-spin HOMO(a) to L+4(a)
transition (48% and AE = 1.40 eV) and HOMO(a) to
L+5(a) transition (17% and AE = 0.50 eV).

Table 3: The calculated vertical excitation energies (eV), wavelengths (nm), oscillatory strength, and main
orbital contributions to the excited states (only contributions>10% are given) for the VOL; complex
calculated with TD-DFT/6-31+G(d,p) method in the gas phase.

Energy Wavelength Oscillatory Major orbital contribution
(eV) (nm) strength
2.40 517.3 0.0001 HOMO(a) - LUMO(a) (53%), HOMO(B) — LUMO(B)
(38%)
2.49 498.0 0.0002 H-1(a) - L+2(a) (56%),
H-1(a) - L+3(a) (16%)
2.89 430.0 0.0161 HOMO(a) - LUMO(a) (34%), HOMO(B) — LUMO(B)
(41%),
H-1(a) - L+4(a) (13%)
2.93 423.5 0.0032 H-1(a) - L+4(a) (53%)
3.07 404.5 0.001 H-2(a) - LUMO(a) (18%),
H-3(a) - LUMO(a) (11%),
H-1(B) —» LUMO(B) (17%),
H-2(B) - LUMO(B) (13%)
When investigating  the  electronic  density 1(a) to L+4(a) (53% and AE = 1.55 eV) and is seen
distribution in the orbitals involved in these as ligand-based transitions with a dominant n - n*
transitions Figures S-16 and S-17 (in the character. The band at 404.5 nm includes more
appendices) for VOL: and VOL, complexes transitions, which involves contributions from H-

respectively, both indicated that these excitations
have dominant ligand to metal charge transfer
characters (LMCT), this is supported by the
observation held in the inner graphs Figures 2 and
3 which involves the change in the excitation
wavelengths with change in solvent polarity, and
accordingly both excited states are sensitive to any
change in the surrounding environment that involve
charging species or polar solvents. Simulated
spectrum for complex VOL: Figure S-16 (in the
appendices) holds other electronic transitions, the
band at 423.5 nm involves the contribution from H-

2(a) (18% and AE = 0.55 eV), and H-3(a) (11%
and AE = 0.34 eV) to LUMO(a), and H-1(B) (17%
and AE = 0.52 eV), and H-2(B) (13% and AE = 0.40
eV) to LUMO(B), and are ligand-based transitions
with dominant n — n*, and to less extent transition
from n - n* and n(nitrogen) — d(one of vanadium d
orbital) characters, the effect of chlorine atom on
the electron density of excited state is significantly
observed in the transition at 430 nm which involve
HOMO(a) to LUMO(a), HOMO(B) to LUMO(B) and H-
1(a) to L+4(a).
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Table 4: The calculated vertical excitation energies (eV), wavelengths (nm), oscillatory strength, and main
orbital contributions to the excited states (only contributions>10% are given) for the VOL. complex
calculated with TD-DFT/6-314+G(d,p) method in the gas phase.

Energy (eV) Wavelength (nm)

Oscillatory strength

Major orbital contribution

2.49 498.3 0.0002
2.71 457.6 0.0002
2.89 430.1 0.000045
2.92 424.9 0.0006
3.10 400.7 0.0008

HOMO(a) - L+3(a) (55%)
H-1(a) -LUMO(a) (38%),
HOMO(B) — LUMO(B) (33%)
H-7(a) - L+1(a) (42%),
H-6(B) —» L+1(B) (40%)
HOMO(a) - L+4(a) (48%),
HOMO(a) - L+5(a) (17%)
H-1(a) - LUMO(a) (17%),
H-1(a) —» L+1(a) (25%),
HOMO(B) — L+1(B) (24%)

Ligand to metal charge transfer character (LMCT)
can be observed in the simulated spectrum for
complex VOL;, Figure S-17 (in the appendices) at
498.3 nm band, which involves the transition
HOMO(a) to L+3(a) (55% and AE = 1.37 eV),
beside that the band at 400.7 nm involves the
transitions H-1(a) to LUMO(a) (17% and AE = 0.53
eV), H-1(a) to L+1(a) (25% and AE = 0.78 eV), and
HOMO(B) to L+1(B) (24% and AE = 0.74 eV) and is
ligand based transitions with dominant n - n*, the
band at 457.6 nm involves contributions from H-
1(a) to LUMO(a) (38% and AE = 1.03 eV) and
HOMO(B) to LUMO(B) (33% and AE = 0.89 eV), and
is seen as ligand based transitions with dominant n
- n*, and to less extent transition from n - n*, also
the effect of nitro group on the electron density of
excited state is significantly observed in the
transition at 424.9 nm which involves transition
from HOMO(a) to L+5(a).

Molecular electrostatic potential surface

To investigate the molecular structure of both
oxovanadium complexes more deeply, molecular
electrostatic potential surface (MEP) -calculations
were performed using the results from TD-DFT
calculations. MEP calculation is performed to
illustrate the distribution of charges (positive,
negative, and neutral) regions in the complex and
that help in understanding the interactions between
the molecules, also to determine the nature of the
chemical bond (65). For both complex molecules

VOL: and VOL; the MEP surface of as calculated on
the ground state optimized geometry in the gas
phase at B3LYP/6-31+G(d,p) level of theory are
presented in Figure 4. The MEP maps revealed
according to color code values between -0.122
(deepest red) to +0.122 a.u. (deepest blue) for
VOL; complex, and from -0.135 (deepest red) to
+0.135 a.u. (deepest blue) for VOL> complex.
Different colors are used to represent different
values of the electrostatic potential at the complex
molecule surface, and the potential decreases in the
order blue<green<yellow<orange<red. Analysis of
the MEP map suggests that in VOL: complex, the
negative region (yellow coded region) is localized
around carboxylate oxygen, and the positive region
(bluish coded region) is localized around the
vanadium atom, for VOL: complex the negative
region is localized around carboxylate oxygens and
nitro group oxygen, and the positive region is
localized around the vanadium center, and finally
the greater regions of faint-blue color in both
complexes represent intermediary potential. Since
the green color is towards the increasing range of
potential (towards the blue color), the complexes
possess smaller electronegativity, with electron-
deficient regions preferring an approach by
nucleophiles (65). The MEP maps are in accordance
with the calculated atomic charges of both complex
molecules and indicated that an asymmetrical
charge distribution in the complexes may have
implications on their physicochemical properties.
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00657

Figure 4: Molecular electrostatic potential (MEP) map for the ground state optimized geometry of VOL;
(upper panel) and VOL: (lower panel) complexes calculated at gas phase using B3LYP/6-31+G(d,p) level
of theory.

Global chemical reactivity

Density functional theory (DFT) (66) in this type of
calculation is to provide theoretical insights into the
chemical reactivity and selectivity of the two
complexes, this includes the electronegativity (x),
hardness (n), softness (S), electrophilicity index
(w). The first who made links between chemical
reactivity and density functional theory is Parr et al.
(67), in this regards the chemical potential (DFT)
links the first derivative of the energy with respect
to the n number of electrons, and therefore with the
negative of the electronegativity x. Via the
application of Koopmans' theorem (68), the
ionization potential (I) is defined as the amount of
energy required to remove an electron from a
molecule. Electron affinity (A) is defined as the
energy released when a proton is added to a
system. It is related to the energy of the Enomo and
ELumo through the equation of:

(Eq. 1)

(Eq. 2)

I = -Enomo

A = -Ewumo

By knowing the values of A and I, values of global
hardness (n) and electronegativity x can be
determined. The electronegativity is defined as the
measure of the power of an atom or a group of
atoms to attract electrons towards itself, Hardness
(n) (69) can be defined within the DFT as the
second derivative of the E with respect to N as the
v(r) property which measures both the stability and

reactivity. It can be estimated by using the
equation:
1
X_E(“A) (Eq. 3)
1
n=5(I-A) (Ea. 4)

Chemical softness (S) is the measure of the capacity
of an atom or a group of atoms to receive electrons,
it is estimated by using the equation:
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S= (Eq. 5)

1
n
It is further anticipated that electrophilicity index as
a measure of energy lowering due to maximal
electron flow between donor and acceptor (70).
They defined the electrophilicity index (w) as
follows.
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2
== (Eq. 6)
21

According to the definition, this index measures the
propensity of chemical species to accept electrons.
A good reactive nucleophile is characterized by a
lower value of y, w; and conversely, a good
electrophile is characterized by a high value of y, w.
All the global quantities of SLG were calculated.

Table 5: Quantum chemical parameters for VOL: and VOL, complexes obtained with the DFT at B3LYP/6-
31+G(d,p) method in gas phase.

Quantum chemical parameters VOL;, VOL>

ELumo (eV) -3.396 -3.710
Enomo (eV) -6.934 -7.453
AE (eV) 3.538 3.743
Ionization Potential, IP (eV) 6.934 7.453
Electron Affinity, EA (eV) 3.396 3.710
Electronegativity, x (eV) 5.165 5.582
Global Hardness, n (eV) 1.769 1.872
Molecular Dipole Moment, p (debye) 5.157 1.215
Global Softness, o (eV)! 0.565 0.534
Electrophilicity Index, w (eV) 13.297 0.738
Electronic Energy (Hartree) -2106.52 -1851.44

It has been common that the molecule with high
energy gap is the one with higher hardness, from
the data showed in Table 5 that VOL, complex is the
one with the high energy gap, higher global
hardness, and less global softness than the values
of VOL: complex.

Application in epoxidation catalysis

Epoxidation reactions were investigated under
optimized conditions using VOL: or VOL> complexes
as catalysts, cis-cyclooctene as substrate, and H20:
as oxidant. The time course of the epoxidation
reaction have been followed for at least ten hours at
a specific temperature, Figure 5 shows the
increasing of converted amount of cyclooctene in
mmol at three different temperatures, at low
temperature (20 °C) VOL; gives a higher conversion
percent, while at high temperature (78 °C) VOL; is
better and gives a higher conversion, this is
confirmed by study of the total conversion at
different temperatures as it can be shown in Table
6, the highest conversion is observed at 60 and 78
°C. Blank reactions show that no significant
amounts of epoxide are formed in the absence of
catalysts.

In the case of using VOL;, the conversion percent at
78 °C reached a maximum of 68% after the first
two hours, when the reaction time was increased to
ten hours the conversion was a little changed and
finally reached 91.85%, in the case of using VOL. it
took four hours to reach a maximum of 71.27% and
then increasing by 16.13% to reach 87.40% after
another six hours.

Making a comparison between withdrawing and
donating substituted groups allocated in the
benzene ring toward enhancing catalytic efficacy of
the two complexes, VOL: is designated with a
donating chloro substituted group at C> and VOL:
with a nitro withdrawing group at C,, for atom
numbering see structure diagram Figure 1, the
conversion of cyclooctene in the presence of catalyst
VOL; (91.85% at 78°C) is higher than that of VOL,
(88.42% at 78°C), it seems from this finding that
the catalytic efficacy is increased with increasing
the whole molecule electron density, this is agreed
with the finding of Vergopoulos et al. (60).

Throughout the course of the reaction, at higher
temperatures the color of the reaction contents is
gradually changed in the presence of both catalysts
from the original green to brownish red, the color
change occurs much faster in presence of VOL; than
that of VOL, catalyst, indicating the conversion of
V(IV) oxidation state to V(V). Catalytic activities of
some V(IV) Schiff base complexes were investigated
by Rayati et al (71), they used tertiary butyl
hydrogen peroxide (TBHP) as an oxidant for
cyclooctene epoxidation reaction, the conversion
found is high as (94-95%).

Another epoxidation reaction is studied by Martins
and his co-workers (72), they used tertiary butyl
hydrogen peroxide (TBHP) and H0: as an oxidant,
and diamine bis(phenolate) vanadium complex as
catalyst for the epoxidation of cyclooctene, they
found that the catalyst activity for the epoxidation
reaction in the presence of H>O; is much lower than
that in the presence TBHP in acetonitrile as solvent.
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From the two studies and others, a higher
epoxidation conversion is observed if the reaction is
carried out in aprotic solvents, such as carbon
tetrachloride, and chloroform, than in protic
solvents such as water and alcohol, and the reason

Conversion %

RESEARCH ARTICLE

for such decrease is attributed to the higher ability
of protic solvents to coordinate with metallic center
in the catalyst complex in the vacant position that
should be accommodated by the substrate molecule
to maintain the catalyst reaction.

Conversion %

VOL1
78°C
50°C
0°C
6 8 10
Time(h)
VOL2
78°C
60°C
0°C
6 8 10
Time(h)

Figure 5: Conversion percent of cyclooctene in amount percent at three different temperatures, for VOL,
(top) and VOL. (bottom), for more details please refer to Figures (S5-18 to S-26) in the appendices.

Table 6: Conversion percent at different reaction temperatures for cyclooctene epoxidation by VOL1, VOL>

complexes.
Run Time Conversion (%)
(h) 20 °C 60 °C 78 °C

VOL, VOL> VOL, VOL> VOL, VOL.
1 2 16.11 22.92 40.63 42.77 68.00 50.05
2 4 17.90 27.46 67.19 59.81 79.91 71.27
3 6 20.05 28.23 72.22 64.96 82.56 76.65
4 8 23.41 29.12 77.23 70.11 87.21 82.03
5 10 26.78 29.96 82.29 75.25 91.85 87.40

Recently the mechanistic aspects of the catalytic vanadium(V) complex with TBHP to give

epoxidation of alkenes by vanadium(IV) complexes
were reviewed by Conte et al. (73). The formation
of peroxovanadium(V) species in the epoxidation
route for alkenes has been established. This can be
examined by titration of a solution of the
vanadium(IV) Schiff base complex with TBHP, and
confirmed by the reduction of the intensity of the
bands at 375 and 285 nm, along with the gradual
appearance of two new bands at 330 and 265 nm,
this agreed with the same findings in references, the
disappearance of spectral peaks and the presence of
two peaks at 355 and 310 nm suggest the oxidation
of vanadium(IV) and the interaction of the formed

oxoperoxovanadium(V) species, which is believed to
be the active center in the epoxidation of
cyclooctene by the vanadium(IV) Schiff base, this is
further confirmed by the addition of the highly
coordinating molecule imidazole during the
epoxidation under optimized conditions, where upon
the addition of the imidazole to the reaction mixture
the epoxide yield was lowered, another interesting
evidence of changing oxidation state from
vanadium(IV) to vanadium(V) upon addition of
oxidant is came from the work of Correia et. al. (74)
as they used *'V NMR spectroscopy to monitor the
oxidation state change, upon the addition of an
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aqueous 30% solution of H»02 to the methanolic
solutions of their complexes the resonance at ca.
—485 ppm progressively disappears and a new
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resonance appears between ca. —525 and -580
ppm, and tentatively they assigned this species to
be a peroxidovanadate complex.
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Figure 6: Illustration of a six-step mechanism for account of our and previous findings on the epoxidation
of cyclooctene.

Figure 6 illustrates the proposed six step
mechanism to account for the findings of ours and
others on the epoxidation of cyclooctene under
optimized conditions using H>0> as oxidant, the first
step is include binding of the VOL> (VOL: took as a
representative) catalyst to the oxidant, this step is
evolving of heat as from gaussian calculations the
free energy difference is equal to -35.49 Kcal/mol,
the second step is believed to be reversible as the
free energy difference is very small, -0.005
kcal/mol, this step is involved a hydrogen transfer
from peroxo group to convert the V=0 to V-OH,
product of step two is subject to binding with the
next oxidant molecule in step three, leading to
unstable product with the free energy difference of
+2.97 kcal/mol, stabilization of this molecule is
occurred after evolving of one water molecule with
the following internal rearrangement in step four.

Now the product of step four is bind to the
cyclooctene molecule to give far unstable molecule
with a free energy difference of +244.67 kcal/mol,
cyclooctane peroxide is evolved in the last step
along with the other water and oxygen molecules,
and the catalyst molecule is being free to start
another catalytic cycle, the free energy difference of
last step is -321.48 kcal/mol, all steps are one

direction except step two which believed is
reversible. Having this mechanism established,
another confirmation of this mechanism to be logic
is needed.

Therefore further confirmation of this mechanism is
performed with computer simulation using the
commercially available program Berkeley Madonna
10.1.2 (75), via the variable step-size Rosenbrock
integration method for stiff systems of a differential
equation, differential equation of the six steps
reaction rates is generated and three modules are
suggested, one for each temperature (20, 60 and
78 °C), the simulations yield values quite close to
the experimental results, the root mean square
values, as a sign of goodness of the simulation, is
found to be 0.00117, 0.00402, and 0.00475 for
simulation carried out at each temperature
respectively, which indicate very nice correlation
between simulated and experimental results. Values
of partial reaction rate constants are calculated and
tabulated in Table 7, from Table 7 one can assumes
that the mechanism is involved two rate
determining steps, step one when the first H202
molecule is bound to the catalyst molecule and the
other one is step five when the cyclooctene
molecule is bound to the cycle, the observed rate
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constants (the sum of all rate constant values) are
calculated and related to Arrhenius equation, and
subsequently theoretical activation energy of the
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reaction is calculated and found to be around 24.2
kJ/mol with a frequency factor (Arrhenius constant)
of around 0.2E+6 mmol/sec.

Table 7: Values of partial reaction rate constants of the suggested model used for simulations (Dot Lines)

are shown in Figure 7.

Parameter k values (20 °C) k values (60 °C) k values (78 °C)
ki (mmol/s) 4.96E-03 1.3E-03 1.82E-03
k2 (1/s) 3.89 98.8 105.1

ks (1/s) 4.0E-03 1.1E-06 140.1

ks (mmol/s) 4.0E-04 43.27 34.4

ks (1/s) 45.05 0.57 2.97

ke (mmol/s) 0.86 8.6E-04 5.8E-04
k7 (1/s) 12.32 2.65 7.30

kobs 887 3718 4140
Tk 293.15 333.15 351.15
1T 3.41E-03 3.00E-03 2.85E-03
Ln kobs 2.18 3.62 3.72
Observed Activation Energy (J/mol) 24173.0

Frequency factor 0.2E+6

—e— Exp. at 78°C
0259 |_o_ sim. at 78°C
| |—®— Exp. at 60°C
—®— sim. at 60°C
0.20 + Exp. at 20°C
sim. at 20°C
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Figure 7: Computer simulation of cyclooctene epoxidation conversion with VOL;: as catalyst, Berkeley
Madonna 8.0 program (commercial) from the University of California, Berkeley is used for the simulation,
the variable used is step-size Rosenbrock integration method for stiff systems of differential equations.
(Solid lines represent the trend of the measured points, dot lines represent the fit to the solid lines).

Figure 7 shows the correlation between
experimental and simulated results, both lines are
almost typical, indicating the validity of the model
used. This mechanism is quite similar to that
suggested by Mathavan (76), the critical step in
Mathavan mechanism is the change in the oxidation
state of the vanadium catalyst from oxidation state
1V to V, then followed by the subsequent binding of
the substrate compound (phenol in this case), and
the final product.

CONCLUSION

In summary, we have synthesized and characterized
two Schiff-base vanadium (IV) complexes and have
used them as catalysts in olefin epoxidation. Both
are found to be catalytically active in industrially
important epoxidation reactions in acetonitrile
solvent media under homogeneous conditions.
Hydrogen peroxide was used as the oxidant and
cyclooctene as a representative of olefins. The
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catalytic efficacy is increased with increasing
reaction temperatures. With the aid of computer
softwares, some interesting findings have been
derived, after optimizing the molecular structures of
both catalysts, molecular structures are confirmed
in terms of correlation between FTIR, H NMR, and
13C NMR, the energy gap between ground and
excited states is calculated, some other properties
in term of HOMO and LUMO is defined, finally
hypothetical mechanism of reaction involved six
reaction steps are suggested, and found to be logic
and pretty similar to other published ones.
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Synthesis, Characterization, DFT Calculations, and Catalytic Epoxidation of Two Oxovanadium(IV) Schiff Base Complexes
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Figure S-1. Calculated FTIR for VOL: Complex Using B3LYP/ 6-31+G(d,p) level of theory.
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Abstract: The uptake of Rhodamine B (RhB) dye onto chemically prepared activated carbon from
Delonix regia pods (DPAC) and seeds (DSAC) by response surface methodology was investigated. The
activated carbons were prepared with 1 M nitric acid and characterized by BET FTIR, SEM and EDX. The
results obtained revealed that the prepared activated carbons DPAC and DSAC with pore diameter 4.04
nm and 3.48 nm respectively possess mesoporous structures. Optimization of the four operating
variables viz; concentration, adsorbent dosage, contact time, and pH on RhB adsorption were examined
using Box Behnken design (BBD). The maximum removal efficiency of RhB from aqueous solution was
achieved at 99.16% and 98.36% for DSAC and DPAC respectively with an initial RhB concentration of 55
mg/L, 0.1 g dosage, pH 12, and 725 min for both adsorbents. The actual values of 99.16% (DSAC) and
98.36% (DPAC) compared with predicted values 101.7% (DSAC) and 99.40% (DPAC) have a good
agreement and this confirms the suitability of the proposed model. The adsorption process fitted best
into the Freundlich isotherm model. The adsorption process was adequately described by the pseudo-
second-order kinetics model. Intra-particle diffusion appears to control the adsorption process but is not
the only rate-limiting step.
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INTRODUCTION and aquatic lives when discharged into the
environment. The presence of this dye in water
bodies decreases light penetration and thus
disrupts the photosynthetic processes (2,3). In

extreme cases, it causes cancer (4,5).

Out of several synthetic dyes, rhodamine B
remains one of the prominent, unavoidably
dangerous, and more functional organic dyes used

largely in textile and paper industries. It is applied
in the cell membrane and water tracing studies
(1). This is as a result of its high water solubility
and photo-stability. However, it creates a severe
environmental problem due to its toxicity to human

Consequently, it is imperative to treat wastewater
containing this dye before its release into the
environment for human and aquatic safety. Many
treatment methods had been put into
consideration for the removal of dyestuff from
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wastewater such as oxidation (6), photochemical
degradation (7), electrochemical degradation (8),
and membrane separation (9). Though most of the
aforementioned treatment methods for separating
dyes from dye-containing wastewater have great
limitations  which  include exorbitant, less
effectiveness, production of toxic materials, and
high energy demands (10). However, adsorption
as a treatment technique employing activated
carbon is immensely gaining worldwide acceptance
for removing dyes and other organic pollutants
from aqueous solutions owing to its ease of
operation, low cost, simple design, and
regeneration (11,12). Furthermore, there has been
much interest in the creation of new and more
effective materials for organic pollutants removal
knowing that commercial activated carbon which is
the most extensively used adsorbent is expensive
(13). Hence there is a need for the evolution of
natural, more accessible, and low-priced activated
carbon adsorbents from agricultural wastes such as
Delonix regia pods and seeds for dye removal.

Delonix regia, a flame tree also known as
flamboyant tree aboriginal to Madagascar but
commonly planted in the tropics. It is a flowering
plant belonging to the Fabaceae family and
subfamily Caesalpinioideae. It is grown as an
ornamental tree in parks, gardens, school
compounds, and residential for shades and shelter.
In English, it is regarded as Royal Poinciana or
Flamboyant also called Pansheke in the Yoruba
language which is one of the major tribes in
Nigeria. The pods and seeds of Delonix regia are
non-edible and as such regarded as agricultural
wastes except for the aesthetic purposes of the
tree (14).

The optimization parameters were designed based
on the factorial design of experiments and
analyzed statistically. The experimental design
technique is a useful tool to study biodegradation
and adsorption because it provides statistical
models that help in elucidating the interactions
among the parameters that have been optimized
(15,16). Furthermore, they are important for
systematic investigations which require a few
experiments and also help to interpret results
meaningfully. Response surface methodology
(RSM) is a factorial design based on the statistical
analyzing method. It is used for designing
experiments, studying the effective factors, and
searching for the optimum conditions (17,18). The
most commonly used designs in RSM are Box
Behnken design (BBD) and Central Composite
Design (CCD). However, BBD is agreed to be an
effective and efficient design in RSM to CCD (19).
This model was widely accepted in industries such
as the food and drug industry, biological and
chemical processes, enhancing the production of
quality products and reduction in the cost of the

RESEARCH ARTICLE

operation (16,20). This technique has been
usefully employed in many operating processes for
achieving its optimization. The basis of this
investigation is to prepare and characterize a low-
cost activated carbon from Delonix regia pods and
seeds via acid treatment and its employment in
the adsorption of Rhodamine B in aqueous media
using Box Behnken Design (BBD) in response
surface methodology (RSM) to optimize the
operating parameters such as concentration, pH,
adsorbent dosage and contact time.

EXPERIMENTAL SECTION

Chemicals and Apparatus

The reagents and chemicals for this experiment
were of analytical grade and used directly with no
further purifications. Rhodamine B was purchased
from BDH (Prolabo, Leuven Belgium), sodium
hydroxide (NaOH), nitric acid (HNO3, =90.0%),
hydrochloric acid (HCl, 37%) were all supplied by
Sigma Aldrich, USA. The apparatus used are BET
surface area analyzer (Micromeritics ASAP 2020
V3.02H model, Norcross, GA, U.S.A), UV/Visible
spectrophotometer (Bechman Coulter DU 730
Pasadena, CA, USA), Perkin-Elmer Spectrum GX-
FTIR Spectrometer (version 10.6 0, TU, Dublin),
SEM/EDX ASPEX 3020 model (Delmont, PA 15626-
1723-USA).

Sample collection and
Adsorbent

The Delonix regia pods and seeds were obtained
from Kwara State University, Malete, Nigeria. The
seeds were separated from the pods, handpicked
to remove sands, and washed thoroughly to
remove dust particles. Then sundried, and the
pods crushed into smaller sizes. The seeds and
pods of Delonix regia were carbonized separately
at the temperature of 500 °C and 400 °C
respectively for 180 min. Activation of the
carbonized products was done after pulverizing
using nitric acid: which involves impregnating 100
g of both the carbonized seeds and pods into 500
mL of 1 M HNOs in a separate beaker and stirring
for 24 h. The resulting activated carbon was
filtered and washed with deionized water to
neutrality and dried in the oven at 110 °C to
remove all moisture components. Thereafter, the
Delonix regia seeds activated carbon (DSAC) and
Delonix regia pods activated carbon (DPAC) were
ground and sieved into < 63 pm mesh size (21).

preparation of

Characterization of the adsorbents

The surface area of the adsorbents (DSAC and
DPAC) was determined by Brunauer, Emmett and
Teller (BET) analysis of N2 adsorption at 77 K by
the use of Micromeritics ASAP 2020 V3.02H model.
The functional groups present on the adsorbents
were investigated by Fourier Transform Infrared
Spectrometer (Perkin-Elmer Spectrum GX). The
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morphologies and elemental composition of DSAC
and DPAC were analyzed using SEM, ASPEX 3020
model for SEM and EDX respectively.

Preparation of adsorbate

A 1000 mg/L of rhodamine B dye (RhB) stock
solution was prepared by dissolving 1 g of the dye
in 1 L of deionized water in a standard volumetric
flask. The working solutions were then prepared
from the stock via serial dilution (11).

Adsorption experiments

The batch adsorption method was used to
investigate the initial RhB dye concentration,
effects of pH, contact time, and adsorbent dosage.
The experiment entails the addition of 0.1 g of
DSAC and DPAC to 20 mL of RhB solution of
desired concentrations in a 100 mL conical flask
and placed in a temperature-controlled water bath
shaker. The solutions were agitated for 2 h at a
temperature of 28+2 °C and a speed of 180 rpm.
0.1 M HCI and 0.1 M NaOH solutions were used to
control the pH of the solution. The resultant
mixture was then centrifuged and filtered.
Thereafter, the change in concentration of the RhB
solution was monitored using a UV/Visible
spectrophotometer (Bechman Coulter DU 730
Pasadena, CA, USA) operated at a maximum
wavelength (Amax) of 554 nm. The influence of
operational parameters such as contact time, pH,
and adsorbent dosage was studied. The % of RhB
removed was measured by Equation 1 (11,21).

k Kk 5
H=Bo+>,_ Bx+D, _ Bux; +leisj
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c,—C
%adsorbed:¥x1oo (Eq. 1)

0

where, Co= initial RhB dye concentration (mg/L)
and Ce= equilibrium RhB dye concentration
(mg/L).

Optimization of operating parameters of the
adsorption process

The optimization experimental parameters of the
adsorption process of RhB by activated carbon
prepared from DSAC and DPAC were ascertained
by Box Behnken Design (BBD) under response
surface methodology (RSM). The design was
employed to generate sets of designed
experiments using Design Expert 11.1.2.0 with
four factors; concentration (A), adsorbent dosage
(B), pH (C), and contact time (D) based on a four-
level full or fractional factorial design with an
incomplete block design of experiments and were
analyzed statistically. Comprehensively, specific
numbers of factors are fixed in between all
combinations in each design block, but other
factors are kept at the central values (16,17). The
BBD has four variables which were varied at two
levels that is, low (-1) and high (+1) with 29
experimental runs. The responses were presented
as the adsorption efficiency (%). Table 1 and 2
shows the experimental runs and variables. The
experimental data were analyzed and fit the
quadratic model which describes the nature of the
process as expressed by the empirical equation in
Equation 2.

k
Eq. 2
XX tE (Eq. 2)

Where, H is the response; x; = variables; k=number of variables; Bo = constant term; S; = coefficients of

linear parameters, Bj = coefficient of the interaction parameters;

Bii = coefficient of the quadratic

parameter; € = residual associated to the experiments.

Table 1: Box Behnken Design and its Actual and Predicted Values for DSAC.

Experimental

Independent variables

Response (%)

run
(A) (B )Dose (C) Time (D) pH Actual Predicted
Concentratio  (g) (min) removal removal
n
(mg/L)

1 100 0.4 725 12 98.70 98.96

2 55 0.4 1440 12 98.50 97.16

3 55 0.4 10 2 89.51 90.64

4 55 0.4 725 7 97.85 98.05

5 55 0.7 725 2 94.40 92.47

6 100 0.4 1440 7 98.50 97.23

7 10 0.4 725 12 87.91 87.80

8 55 0.4 725 7 98.00 98.05

9 55 0.7 725 12 95.85 95.25

10 10 0.4 10 7 79.63 81.51

11 55 0.4 1440 2 97.85 98.40

12 100 0.7 725 7 94.30 95.23
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7 99.05 99.42
12 97.12 96.36
7 99.12 96.71
7 79.83 80.18
2 85.93 85.27
7 92.25 93.18
7 99.18 98.61
12 99.16 101.70
7 88.93 88.16
7 97.97 98.05
7 91.90 90.76
7 98.65 98.05
7 92.00 94.01
2 98.78 99.99
7 86.33 86.01
2 97.30 97.01
7 97.77 98.05

Table 2: Box Behnken Design and its Actual and Predicted Values for DPAC.

Experimental Independent variables Response (%)
runs

(A) (B )Dose (C) Time (D) pH Actual Predicted

Concentration (g) (min) removal removal

(mg/L)
1 100 0.4 725 12 97.25 95.99
2 55 0.4 1440 12 97.57 96.75
3 55 0.4 10 2 92.42 91.40
4 55 0.4 725 7 97.08 97.14
5 55 0.7 725 2 90.23 89.30
6 100 0.4 1440 7 97.77 97.91
7 10 0.4 725 12 88.80 89.16
8 55 0.4 725 7 97.93 97.14
9 55 0.7 725 12 88.97 90.51
10 10 0.4 10 7 82.33 82.30
11 55 0.4 1440 2 97.60 96.61
12 100 0.7 725 7 96.08 95.59
13 55 0.1 1440 7 98.02 99.54
14 55 0.4 10 12 95.85 94.99
15 55 0.1 10 7 95.88 96.72
16 10 0.7 725 7 78.85 77.61
17 10 0.4 725 2 79.00 82.00
18 100 0.4 10 7 96.62 97.47
19 100 0.1 725 7 98.58 97.97
20 55 0.1 725 12 98.36 99.40
21 55 0.7 10 7 87.60 87.82
22 55 0.4 725 7 96.95 97.14
23 10 0.1 725 7 93.05 91.70
24 55 0.4 725 7 96.90 97.14
25 55 0.7 1440 7 91.07 91.97
26 55 0.1 725 2 98.32 96.89
27 10 0.4 1440 7 89.58 88.84
28 100 0.4 725 2 98.05 99.42
29 55 0.4 725 7 96.85 97.14

RESULTS AND DISCUSSION

Characterization of Adsorbents
Surface area determination and elemental analysis
The surface area characteristics of DSAC and DPAC
were discovered using Brunauer,

Emmett and

Teller (BET) analysis, and their results are depicted
in Table 3. The values of the BET surface area for
both adsorbents are considerably high, which
suggests that DSAC and DPAC possess surface
properties that are suitable as adsorbent materials
for the uptake of RhB. The result obtained also
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showed that the surface area and pore volume of
DSAC is higher than that of DPAC with both
adsorbents having pore diameter considered to be
mesoporous (in the range of 2-50 nm) (22). It is
expected that both adsorbents would be good

RESEARCH ARTICLE

materials in the sorption of dye. The EDX analysis
showed a higher percentage of carbon and a lower
oxygen percentage (see Table 3) for both DSAC
and DPAC which is a result of the acid treatment.

Table 3: Characteristics of DSAC and DPAC.

Adsorbents DSAC DPAC
BET Surface area (m2g) 305.00 301.77
Average pore volume 0.18 0.16
(cm3g?)

Average pore diameter 3.48 4.04
(nm)

% C 74.08 79.36
% O 25.79 20.46

FTIR spectroscopic analysis of DSAC and
DPAC

FTIR spectroscopy was used to monitor the
adsorption of RhB onto DSAC and DPAC. Figures
1la and 1b show the FTIR spectra of both adsorbent
materials before and after adsorption. DSAC
spectra before adsorption show a strong
absorption peak at 3436.39 cm due to O-H
stretching of alcohol (10,23), 1573.00 cm™
corresponding to C=C of aromatic (23-25),
1376.56 cm attributed to C-O stretching vibration
(24). After adsorption, there was a decrease in
intensity and shift in adsorption bands to O-H

(3430.27 cm™?) and C=C (1566.88 cm™). In
addition, there was a disappearance of C-O
stretching vibration, which indicates that the
functional group partakes in the adsorption process
(11). For DPAC, there were reductions in the
intensities and shift of bands from 3433.92-
3415.87 cm™ (O-H of alcohol), 1603.56-1588.46
cm™ (C=C of aromatic), 1701.62-1693.10 cm™
(C=0) (23,26,27) and 1231.74-1221.39 cm™}(C-0
stretching). However a new peak appeared at
753.76 cm™! (aromatic vibrations), revealing the
uptake of RhB by DPAC (11).
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Figure 1a: FTIR spectra of DSAC (before and after adsorption).
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Figure 1b: FTIR spectra of DPAC (before and after adsorption).

Scanning electron microscopy (SEM)

SEM analysis was conducted to examine the
surface morphologies of DSAC and DPAC before
and after adsorption of RhB as shown in Figure 2.
The SEM micrograph of DSAC before adsorption
(Figure 2a) showed that there are many pores
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available for adsorption of RhB compared to DPAC
(Figure 2c) with uneven like stone rough surfaces
due to activation by acid treatment (10,28). The
SEM micrographs of the loaded DSAC and DPAC
(Figure 2b & 2d) indicated that the surfaces have
been covered by RhB dye molecules.
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Figure 2: SEM micrograph of the adsorbents: (a) DSAC before RhB adsorption, (b) DSAC after RhB
adsorption; (c) DPAC before RhB adsorption, and (d) DPAC after RhB adsorption.

Formulation of Model and optimization of
adsorption of RhB onto DSAC and DPAC by
BBD

BBD as a modeling technique was employed to
analyze the relationship between the experimental
variables to the sorption of RhB onto DSAC and
DPAC and their corresponding responses of RhB
removal efficiency from aqueous solution as
presented in Table 1 and 2. The removal efficiency

of RhB by DSAC and DPAC was found to be greater
than 99% and 98% respectively. The quadratic
model equation between the adsorption responses
depict RhB removal efficiency (H) and the
operating variables; initial concentrations (A),
adsorbent dosage (B ), time (C), and pH (D)
achieved by Design expert 11.1.2.0 is given in
Equations (3) and (4).

H,¢,-=+98.05+5.72 A—3.49 B+2.14C+1.12 D+1.80 A B+0.1125 AC—0.1450 A D+0.7850 BC
+0.2675BD—1.74C—5.97 A°—0.8794 B*—2.59C*+0.1843 D’
(Eq. 3)
Hpp,-=+97.14+6.06 A—4.12 B+1.74C+0.9317D+2.93AB—1.53 AC—2.65A D+0.3325BC

—0.3250 BD—0.8650C D—4.407 A>—2.02 B>~ 1.11C*+1.10 D*
(Eqg. 4)

Hposac and Hpeac are the removal efficiency
(response variables) and A, B, C, and D are the
coded operating variables. To establish the
regression model, which is significant statistically,

the insignificant terms in Equations 3 and 4 with p
values >0.05 were removed. Consequently,
Eequations 5 and 6 were obtained;

Hpsac=+98.05+5.72 A—3.49B+2.14C+1.12 D+1.80 AB—1.74C D—5.97 A>*—2.59C* (Ea. 5)

Hpyp,c=+97.14+6.06 A—4.12 B+1.74C+0.9317D+2.93AB—-2.65AD+0.3325BC

(Eq. 6)

—4.407 A>—2.02B°

The suitability of the proposed models was
evaluated by the Design expert 11.1.2.0 as shown
in Tables 4 and 5. The F-values 24.82 and 27.86
for DSAC and DPAC respectively of the quadratic
model and their low p values (<0.0001) suggested
that the models are significant. The regression
coefficient (R?) values 0.9613 and 0.9653 were
high. The adjusted (R2) values of 0.9225 (DSAC)
and 0.9307 (DPAC) compared with the predicted
R? (0.7791) and 0.8040 for both adsorbents were

in reasonable agreement. A model is considered
significant if its p-value < 0.05. As presented in
Tables 4 and 5, it can be seen that the linear terms
A, B, C, D, the interaction terms AB and CD, and
the quadratic terms A? and C? are the significant
terms for RhB onto DSAC. While linear terms (A, B,
and C), interaction terms (AB and AD), and the
quadratic terms (A2 and B2?) are significant for RhB
onto DPAC (17,29).
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Table 4: Anova for quadratic model on the removal RhB onto DSAC.

Source Sum of df Mean F-value p-value Comments
Squares Square
Model 900.19 14 64.30 24.82 < 0.0001 Sianifi
ignificant
A-Concentration 393.31 1 393.31 151.82 < 0.0001 Significant
B-Dose 146.16 1 146.16 56.42 < 0.0001 Significant
C-Time 54.91 1 54.91 21.20 0.0004  Significant
D-pH 15.12 1 15.12 5.84 0.0299  Significant
AB 12.92 1 12.92 4.99 0.0423  Significant
AC 0.0506 1 0.0506 0.0195 0.8908
AD 0.0841 1 0.0841 0.0325 0.8596
BC 2.46 1 2.46 0.9515 0.3459
BD 0.2862 1 0.2862 0.1105 0.7445
CD 12.11 1 12.11 4.67 0.0484  Significant
A2 231.33 1 231.33 89.30 < 0.0001 Significant
B2 5.02 1 5.02 1.94 0.1858
c2 43.62 1 43.62 16.84 0.0011  Significant
D2 0.2204 1 0.2204 0.0851 0.7748
Residual 36.27 14 2.59
Pure Error 0.4873 4 0.1218
Cor Total 936.46 28
Cor Total 936.46 28
Std. Dev. 1.61

Mean = 94.22; C.V.% = 1.71; R? = 0.9613; Adjusted. R? = 0.9225; Predicted. R? = 0.7791; Adeq.
Precision = 18.5854

Table 5: Anova for quadratic model on the removal of RhB onto DPAC.
Sum of Mean

Source s df F-value p-value Comments
quares Square
Model 902.04 14 64.43 27.86 < 0.0001 Significant
A-Concentration 440.93 1 440.93 190.65 < 0.0001 Significant
B-Dose 203.45 1 203.45 87.97 < 0.0001 Significant
C-Time 36.44 1 36.44 15.75 0.0014 Significant
D-pH 10.42 1 10.42 4.50 0.0521
AB 34.22 1 34.22 14.80 0.0018 Significant
AC 9.30 1 9.30 4.02 0.0646
AD 28.09 1 28.09 12.15 0.0036 Significant
BC 0.4422 1 0.4422 0.1912 0.6686
BD 0.4225 1 0.4225 0.1827 0.6756
CD 2.99 1 2.99 1.29 0.2744
A2 125.75 1 125.75 54.38 < 0.0001 Significant
B2 26.52 1 26.52 11.47 0.0044 Significant
C2 7.98 1 7.98 3.45 0.0843
D2 7.79 1 7.79 3.37 0.0879
Residual 32.38 14 2.31
Pure Error 0.8055 4 0.2014
Cor Total 934.41 28
Std. Dev. 1.52

Mean = 93.57; C.V.% = 1.63; R2?= 0.9653; Adjusted. R?= 0.9307; Predicted. R?= 0.8040; Adeq.
Precision = 20.0466

Figure 3 (a and b) are the actual versus predicted responses. This is following the report of (17,29).
plots for both adsorbents. It is apparent that the These results clearly showed that the quadratic
data points on the plots were distributed close to model tested was sufficient in predicting the
the straight line; thus, implying a good relationship  response variables for the experimental data.
between the actual and predicted values of the
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Figure 3: Actual vs predicted plots of RhB on DSAC (left), DPAC (right).

The 3-D response surface plots (Figures 4-9) were
developed to determine the effect of the
combinations of operating variables on the removal
efficiency of RhB onto DSAC and DPAC. In Figures
4 (a and b), it is apparent that the adsorption
process is greatly affected by the pH of a solution.
The charge on the adsorbent’s surface and the
nature of adsorbate in solution depends on pH. The
figures show the effects of pH and initial
concentration on the sorption of RhB onto DSAC
and DPAC. The percentage of RhB sorbed was
noticed to increase as the pH and concentration
increased for both adsorbents at fixed adsorbent
dosage (0.1 g) and time (725 min). This is
because, at higher pH, there are more hydroxyl
ions in the solution resulting in electrostatic
attraction between RhB dye and the adsorbents.
However, at lower pH, there are more protons in
the solution and the surface of the RhB dye is
cationic thereby leading to electrostatic repulsion
between the adsorbents and adsorbate in solution.
Hence a decrease in the removal efficiency of RhB
dyes. This is in line with the observations made by
(21,26,30). The interaction between initial
concentration and contact time is presented in
Figure 5 (a and b). The percentage removal of RhB
with time increases until equilibrium was attained
at 60 mg/L and 725 min for both adsorbents.
Figure 6 (a and b) depicted that there was better
interaction between the adsorbent dose and
concentration of RhB. The removal efficiency of
RhB was low at a higher dosage and lower
concentration. Although, the removal efficiency
increases as the concentration increased at a lower
dose. This may be attributed to the overcrowding

of the adsorbent particle at the adsorption site at a
higher dosage. Figure 7 (a and b) gives the
reliance of removal efficiency of RhB on adsorption
time and pH for both adsorbents. The percentage
removal of RhB is low at a lower time and pH as a
result of more positive ions in the solution. While
at high adsorption time and pH the rate of sorption
was higher and this is due to the electrostatic
attraction between RhB dye and the adsorbents as
well as more interactions between the dye
molecule and the adsorbents. Figure 8 (a and b)
depicts the effect of the dual interaction between
dose and pH on the response for complete RhB
adsorbed from aqueous solution at a fixed initial
RhB concentration and contact time. This dual
interaction has no significant impact (p>0.05) on
the adsorption of RhB for both adsorbents. The
highest percentage removal of RhB was recorded
at a lower dose and high pH. At a lower dose,
there are several vacant sites ready for adsorption
and at higher pH, there are more negative ions in
the solution resulting in electrostatic interaction
between RhB dye and the adsorbents. Thus, the
enhanced removal efficiency of RhB dyes. These
observations align with the reports of (26,30). The
interactive effect between dose and time on the
response surface for the percentage removal of
RhB by DSAC and DPAC at constant pH and initial
RhB concentration is presented in Figure 9 (a and
b). The adsorption efficiency of RhB was at the
highest at a low dosage for both adsorbents and
increases as the time of contact increases
revealing an antagonistic effect between the two
variables (26).
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Figure 4: 3D plots on the effect of concentration and pH on adsorption of RhB on DSAC (left); DPAC
(right) at 0.1 g dose and 725 min.
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Figure 5: 3D plots on the effect of concentration and time on adsorption of RhB on DSAC (left); (b)
DPAC (right) at 0.1 g dose and pH 12.
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Figure 6: 3D plots on the effect of concentration and dose on adsorption of RhB on (left) DSAC; (right)
DPAC at pH 12 and 725 min.
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Figure 8: 3D plots on the effect of Dose and pH on adsorption of RhB on (a) DSAC; (b) DPAC at 55 mg/L
and 725 min.
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Figure 9: 3D plots on the effect of Dose and Time on adsorption of RhB on (left) DSAC; (right) DPAC at
55 mg/L and pH 12.

Interactive effects of the parameters on RhB
removal onto DSAC and DPAC

The perturbation plot is usually employed to study
the interactions among all operating variables
simultaneously (31). Figure 10 (a and b) shows
the percentage removal of RhB as a function of

each operating parameter from the lowest coded
value with other parameters at a constant level in
the center point of the design. In Figure 10, it is
obvious that initial concentration, adsorbent dose,
contact time, and pH have an observable impact
on RhB removal for both adsorbents.
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Adsorption isotherm

Isotherms are primarily used to illustrate the
adsorption process. It explains how the adsorbate
relates with the adsorbent and explains the nature
and mechanism of the adsorption procedure (32).
The adsorption isotherm data of RhB onto DSAC
and DPAC were studied by Freundlich, Langmuir,
and Temkin isotherms. The nearness of the value
of the correlation coefficient (R?) to one, the better
is the agreement of the experimental data with the
model. The Langmuir isotherm validates the
adsorption process as a monolayer on a surface
having a finite number of similar sites. A linear
form of the Langmuir isotherm is expressed in
Equation 7a. The dimensionless equilibrium
parameter (RL) represented in Equation 7b
confirms the favorability of the process. The
adsorption process is favorable if R_ value falls
between 0 and 1 (0 <Ri< 1), linear when R.=1,
irreversible when R. = 0 and unfavorable when R.>
1. Where Ce is the equilibrium concentration of the
RhB in solution (mg/L), ge is the amount of RhB
adsorbed per unit mass of adsorbate (mg/g), Qo,
and K is the adsorption capacity and the Langmuir
equilibrium constant of adsorption, respectively.
Freundlich isotherm described the heterogeneity of
the adsorption process i.e. a multilayer adsorption
mechanism as presented in Equation 8. Krf and n
are the Freundlich constants calculated from the
slopes and intercepts of the linear graphs of log ge
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versus log Ce. Ce is the equilibrium concentration of
the RhB in solution (mg/L). ge the amount of RhB
adsorbed per unit mass of adsorbate (mg/g), n
indicates how favorable is the adsorption process
and Kr reflects the adsorption strength. The Temkin
model believes that heat of adsorption decreases
linearly with coverage as represented in Equation
9. It considers the adsorbent-adsorbate
relationship. At is the Temkin equilibrium constant
(L/g), bris the Temkin constant related to the heat
of sorption (J/mol) which can be calculated from
the plot of ge against InCe. R is the molar gas
constant (8.314 J/mol/K), and T is the absolute
temperature (10,26).

Ce 1 +ice (Eqg. 7a)

q. _QOKL Qo

_ 1
Ru= (1+K,C,)

(Eq. 7b)

log qezllogCeHogKf (Ea. 8)
n

qe:ﬂln AT+ﬂlnCe (Eq. 9)
b; b,
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Figure 10: Perturbation plots for the percentage of RhB removal onto DSAC (left); DPAC (right).
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Figure 11: (Top row) Langmuir Isotherm plots for the sorption of RhB onto DSAC and DPAC; (middle
row) Freundlich Isotherm plots for the sorption of RhB onto DSAC and DPAC; (bottom row) Temkin
Isotherm plots for the sorption of RhB onto DSAC and DPAC.

The results of the isotherm studies and their
related parameters obtained are shown in Figure
11 and Table 6. The correlation coefficient values
(R?) of Freundlich isotherm (0.932 and 0.960) for
RhB onto DSAC and DPAC respectively were found
to be higher compared to that of the Langmuir
model (0.825 and 0.740) and Temkin isotherm
(0.857 and 0.791) which implies that the
adsorption process fitted best into Freundlich
isotherm model. This means that the sorption of
RhB onto the surfaces of DSAC and DPAC was

heterogeneous. The values of n calculated for both
adsorbents were greater than one indicating the
favorability of the adsorption process while the
constant Kr with values of 0.689 and 0.593 (mg/g)
for both DSAC and DPAC respectively, revealed
that there was greater adsorption affinity between
RhB and DSAC than DPAC. This is in concordance
with the observation of (11). However, the process
could not be described by both Langmuir and
Temkin isotherm due to low R? values (R?<0.9).
Their constants are presented in Table 6.
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Table 6: Isotherm parameters for the uptake of RhB onto DSAC and DPAC.

Isotherm Parameters/constants DSAC DPAC

model

Freundlich R2 0.932 0.960
K 0.689 0.593
n 1.808 1.695

Langmuir R? 0.825 0.740
do (Mg/g) 3.584 4,219
KL (L/mg) 0.236 0.128
RL 0.078 0.135

Temkin R2 0.857 0.791
At (L/g) 2.115 2.134
Br (J/mol) 3341.13 3301.47

Kinetic models

Four kinetic models viz pseudo-first-order, pseudo-
second-order, Elovich, and Intraparticle diffusion
were considered for the sorption of RhB onto DSAC
and DPAC to establish the kinetics and mechanism
of the adsorption process.

The Pseudo-first-order rate equation as given by
(33,34), expressed as:

In (q,—q,)=Inq, ., —k,t (E9-10)

The pseudo-second-order kinetic model equation
was given as:

o1 1o (Eg 1)

2
4, k2 qe,cal qe,CGl

The Elovich equation is expressed as:

1 1
==In (a B)+=Int (E9-12)
q,=—In (aB)+—
The intra-particle diffusion equation is expressed
as:

q=k,t"*+C (Ea- 13)

where ge and gt both in mg/g are the amounts of
RhB dye sorbed at equilibrium and at any time t
(min). ki (mint), k2 (g/mg min), and k¢ (mg/g
min'/2) are the rate constants of the pseudo-first-
order, pseudo-second-order, and intra-particle
diffusion models respectively. a is the initial
adsorption rate (mg/g min) and B is the desorption
constant (g/mg) while C is a constant which gives
an idea about the thickness of the boundary layer
(11,35).
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Figure 12: (Top row) Pseudo-first-order kinetics plots for the sorption of RhB onto DSAC and DPAC;
(middle row) Pseudo second order kinetics plots for the sorption of RhB onto DSAC and DPAC; (bottom
row) Elovic plots for the sorption of RhB onto DSAC and DPAC.
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Figure 13: Intra-particle diffusion plots for the sorption of RhB onto (left) DSAC and (right) DPAC.

The graphs of all the kinetic models were
presented in Figure 12 and their parameters were
calculated as shown in Table 7. The plots of qt
versus t (Fig. 12c and 12d) have the highest
correlation coefficient values (R?= 0.999) for both
adsorbents compared to other kinetic model plots.
The calculated ge values of the pseudo-second-
order kinetic model with the experimental ge
values for both DSAC and DPAC were in close
agreement (Table 7). The values of the pseudo-
second-order rate constants (kz) 0.282 and 0.414
g mg?! mint for DSAC and DPAC respectively
indicated that the adsorption is fast. Impliedly, the
adsorption followed the pseudo-second-order
kinetics model which adequately described the
process. Indicating that the chemical process
appeared to control the adsorption of RhB onto

DSAC and DPAC. This conforms to the results of
(11,29).

The intra-particle diffusion plots of RhB onto DSAC
and DPAC were given in Figure 13 and their
constant parameters were calculated (Table 8).
The figures revealed that the adsorption process is
in two stages. The first segment is the exterior
surface adsorption of RhB while the second linear
part is the progressive adsorption of the RhB stage
where intra-particle or pore diffusion was rate-
limiting. The higher correlation coefficient (R?2)
values and high boundary layer (C) of the second
stage is an indication that intra-particle diffusion
appears to control the adsorption of RhB onto both
adsorbents but is not the only rate-limiting step.
These observations follow the reports of (26,29).
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Table 7: Kinetic parameters for the sorption of RhB onto DSAC and DPAC.

Kinetic models Parameters DSAC DPAC
Pseudo first order K; (min™) 0.023 0.021
Qe, cal(mg/g) 0.32 0.21
R? 0.975 0.958
Pseudo second K> (g/mg/min)  0.282 0.414
order Qe, cal(mMg/q) 1.97 1.93
Qe, exp(MA/g) 1.96 1.92
R? 0.999 0.999
Elovich a 11.11 16.39
B 1.85x108 1.95x1010
R? 0.986 0.927

Table 8: Intra-particle diffusion parameters for the sorption of RhB onto DSAC and DPAC.

Parameters DSAC DPAC

Line 1 Line 2 Line 1 Line 2
Ka (mg/ g min'/?) 0.547 0.049 0.356 0.01
C -0.07 1.574 0.319 1.83
R? 0.663 0.932 0.532 1

CONCLUSION

Based on this study and the results obtained, it
can be established that both DSAC and DPAC are
promising and potential materials for removing
organic hazardous pollutants such as dyes from
aqueous media. Adsorption operating variables
such as initial RhB concentration, adsorbent
dosage, time, and pH were successfully optimized
and significant for the removal of RhB by DSAC
and DPAC. The actual and predicted values having
a good agreement confirms the suitability of the
proposed model. The optimum removal efficiency
of RhB by DSAC and DPAC occurs at 55 mg/L initial
RhB concentration, 0.1 g dosage, 725 min, and pH
12 with removal percentage greater than 99% and
98% for DSAC and DPAC respectively. Freundlich
Isotherm models adequately described the
adsorption process. Comparatively, DSAC appears
to exhibit a better performance for the uptake of
RhB than DPAC. The adsorption followed the
pseudo-second-order kinetics model and
adequately described the process among the
kinetic models tested. Thus, the adsorption
appears to be controlled by the chemical process.
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Abstract: Systematic chemical decomposition, leaching, desulfurization, reducing and precipitation of
spent lead-acid batteries to extract lead in oxide form as a valuable product using organic acid, salt of the
acid, and hydrogen peroxide were studied in this present work. Citric acid was found a suitable leachant to
dissolve lead. With 1 M citric acid, 2 M sodium citrate, and hydrogen peroxide, 180 min reaction time,
solid/liquid ratio of 100 g/L, 30 °C temperature, and 500 rpm speed, > 97% extraction of lead in citrate
form was achieved. Leaching kinetics followed 1 - 3(1 - X)%¥3 + 2 (1 - X) = Kct ash diffusion controls
dense constant-sized-spherical particles model with an activation energy of 8.3 kJ/mol. The precipitate was
calcined at 400 °C to produce a- and B-PbO with a particle size of 19 nm which can be used as a raw
material in the production of a new lead-acid battery.
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INTRODUCTION

Lead(II) oxide (PbO) nanoparticles show unique
optical, electronic, magnetic, luminescent, gas
sensing, ultraviolent-blocker, and catalytic
properties due to their dimensions, shapes, and
surrounding chemical elements (1,2). One of the
diverse approaches of synthesizing PbO at nano-
dimensions is simultaneous chemical leaching and
precipitation of metal sulfide and metal oxides from
spent lead battery paste which proved to be a
profound process of reducing emission. Chemical
conversion is a very simple and convenient method
for particle size control at nano dimensions (3).

Nanometer dimensions of nanoparticles are reported
factors that enhance the aggregation of the particles
thereby influencing the size, shape, chemical,
physical and biological properties. It is therefore
necessary to minimize aggregation and keep the
particles at desirable sizes by the use of suitable
organic/inorganic reagents usually referred to as

(oludeledamilola@gmail.com), Tel:

(08034396529).

capping agents (1). These reagents also play an
important role in controlling the size and shape of
nanoparticles. The metal nanoparticles contain some
carboxylate groups (functional groups) which serve
as capping agents in the formation of nanoparticles
and bind to the metal surface of the nanoparticles.
It prevents degradation and preserves the
properties of the nanoparticles (16).

Wet chemical treatment of spent lead-acid battery
does not involve smelting and roasting as the usual
practices of recovering Pb from Spent Lead Acid
Battery (SLABS) thereby, it eliminates
environmental impact associated with the smelting
process. The smelting process requires an enormous
temperature of > 1000 °C and the emission of SOz
gas in addition to lead fume generation (4,5). Some
researchers have investigated the chemical
conversion of metal components of spent batteries
such as PbSQO4, PbO;, PbO, and metallic Pb (6), but
they did not carry out the kinetic study using
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shrinking core model to obtain rate-controlling steps
as intended by this study.

Therefore, this work aimed to synthesis PbO
nanoparticles via wet chemical conversion, studied
the effect of leaching temperature on leaching rate
by testing all equations of shrinking core model, and
obtained the activation energy for this process by
Arrhenius plots.

EXPERIMENTAL

Spent lead-acid battery paste that was locally
sourced, randomly homogenized, and composited

HO Na® O-
OH
HO HO
O —
HO Na O
citric acid

sodium citrate

RESEARCH ARTICLE

was used as a precursor for the production of PbO
nanoparticles. The paste was characterized to
examine the phases, morphology, and elemental
composition before wet chemical conversion. The
binding characteristic sites of the organic acid and
its salt, and reductant used as leaching,
desulfurizing, reducing, and precipitating agents are
provided in Figure 1. The organic acid tested was
fruit acid with polycarboxylic groups as binding
sites. All the chemicals employed in the study were
from Merck chemicals, AnalaR grade with high
purity without further purification. Deionized water
was used for all experimental works.

O Na
HO—OH

hydrogen peroxide

Figure 1: Structural and anchoring groups of organic acids.

The leaching of SLAB paste was done in a
temperature-controlled, closed three-necked Pyrex
flask glass reactor. The sample was introduced into
the leachants of pre-determined pH of 3.94 for
optimum leaching and precipitation in ratio 2:1:2 in
different conditions determined: 1 M citric acid, 2 M
sodium citrate, and 2 M hydrogen peroxide, 100 g/L
(S/L), 30 °C, 500 rpm, and 3 h.

Mechanical agitation of the sample was achieved
using a magnetic stirrer which was adequate to
ignore the mass transfer effect during leaching. The
samples were taken at an interval of time and
analyzed using Atomic Absorption Spectroscopy
(AAS). On completion of each experiment, the
precipitate/residues were vacuum-filtered and dried
at 70 °C in a temperature-controlled oven. The
percentage extractions by each acid were calculated
and the precipitate of best recovery was subjected
to characterization. Extraction and leaching kinetics
were performed to probe the mechanism of
dissolution of the battery paste in organic acid. The
kinetic study helps understand solid-fluid reactions
of dense particles and to affirm the certainty of
leaching temperature, energy consumption, and to
validate the morphology obtained from the SEM
spectra. All the standard equations of shrinking core
models were investigated for the reaction from the
data obtained during leaching experiments. This is
the most widespread model elucidating on the fluid-
solid reaction of dense particles. The standard
equations of the model are:

X=K_t (Ea. 1)

Film diffusion control dense constant size small
particles— all Geometrics
3 (Eq. 2)
1-(1-X)’=K._t '
Film diffusion control dense shrinking spheres
1
2 (Eqg. 3)

1-(1-X)*=K.t
Chemical reaction control dense constant size
cylindrical particles

(Eq. 4)

Wl

1-(1-X)’=K._t
Chemical reaction control dense constant size or
shrinking spheres

2

3 Eq. 5
1-3(1-X)*+2(1-X)=K,t (Fa-=)
Ash diffusion control dense constant size-spherical
particles

where K: = reaction rate constant (min?);t = time
(min); X = fraction vreacted of Pb (%
extraction/100)(7).

Material Characterization

The precipitate was calcined at 400 °C pre-
determined calcination temperature by Thermo
Gravimetric Differential Thermal Analysis (TG-DTA)
and instrumental characterizations were carried out
to substantiate the lead oxide nanoparticle/ powder.
X-ray diffraction patterns of powdered samples were
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collected using Bruker X-ray diffractometer (XRD,
D8 Discovery, US) with Cu-Ka radiation and
A=1.5406 A. The morphology of the samples was
examined using a Field emission gun-scanning
electron microscope (Model FEI 430) fitted with an
energy dispersive X-ray spectrometer
(FEG-SEM/EDAX) and operated at 15.0 kV after
coating the sample with silver. EDX spectra were
collected on SEM/EDX SDD Apollo 40 Resolution
131.44 Model FEI 430. Thermal analyses were
conducted on lead citrate precursors using a
platinum crucible and alumina reference recorded
on HITACHI STA 7300. FTIR spectra were recorded

RESEARCH ARTICLE

on a Nicolet 5700 spectrometer using the KBr pellet
method.

RESULTS AND DISCUSSION

XRD Analysis of SLAB Paste

The X-ray diffraction pattern of the paste is shown
in Figure 2. Chemical phases in the paste revealed
PbS0O4, PbO,, PbO, Pb302S04 and metallic Pb. These
phases are in line with chemical phases identified by
literatures except for Pbs302SO4 identified in this
research (6,8).

v PbSO,

s PbO,

=mO PbO
) A Pb
> .
§, Y - # Pb.0,S0O,
ey
‘D
GC.} \ 4
5

10 20 30 40 50 60 70 80 90
2 Theta

Figure 2: XRD pattern of used lead-acid battery paste.

FE-SEM, EDS Analysis of SLAB Paste

Figure 3 shows the typical morphology of the spent
paste from automobile car batteries. Bulk and area
scanning of the paste revealed a greater percentage
of the micrograph as lead sulfate as compared to
the image of PbSO4 by (9).The energy dispersive
spectra of point analysis obtained confirmed the

presence of Pb, O, S, Fe, as dominant elements in
the paste and trace amount of carbon as the sample
was coated on carbon tape. The percentages of Pb
63%, sulfur 11%, oxygen 18%, and iron 5%
showed that the material is predominantly lead
sulfate with traces of iron.
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Figure 3: FE-SEM, EDS spectra of spent lead-acid battery paste.
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XRD Analysis of Lead Citrate

The XRD phase of the synthesized lead citrate is
shown in Figure 4. None of the phases identified in
the paste were observed in the resulting precipitate
indicating complete reaction between the paste and
the leaching agents.

FE-SEM, EDS Analysis of Lead Citrate

The morphology of the lead citrate is revealed in
Figure 5. The citrate is sheet-shaped which filtered
out of the leaching solution with ease. The
morphology changed from the block material to a
sheet-like shape after the reaction. Energy
dispersive spectra of the synthesized lead citrate

80l

Intensity {count)

10 20 30 40 50 &0 70 8

2 Theta
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gave the percentages of elements present in the
precursor as lead 81%, sulfur 1%, oxygen 7%, and
carbon 9% (Figure 4) against the percentages of
these elements in the paste lead 63%, sulfur 11%,
iron 5%, oxygen 18%, and carbon 2% (Figure 3).
Deducing from these results, sulfur in the paste has
been reduced drastically from 11% to 1% which was
the major process (desulfurization). It was also
observed that iron was present in the paste but has
been eliminated in the precipitate probably as iron
sulfate. This observation affirms the purity of the
lead citrate synthesized. The lead citrate was used
to synthesize the desired PbO nano-sized particles.

v PbSO4
ce®PbOo,
=O PbO

APb
# Pb,0,SO,

Intensity (count)

10 20 30 40 50 60 70 80 90
2 Theta

Figure 4: XRD patterns of citric acid synthesized precipitate (left) and spent paste (right).
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Figure 5: FE-SEM, EDS spectra of lead citrate precipitate and spent paste.
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FT-IR Analysis of Lead Citrate

The FT-IR spectrum in Figure 6 was obtained to
analyze the vibrations of the groups present in the
lead citrate synthesized. FT-IR analysis showed
strong absorption of carboxylate structure. The
band 3415 cm™ revealed O-H strong stretching,
while 2925 cm™ showed C-H stretching. Symmetric
vibration of the range 1567 cm™ to 1400 cm'

10!
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belonged to the carboxylate group. The weak bands
of 1268 cm™ to 1074 cm™ are the C=0 stretching
which is a characteristic of citric acid. The band at
916 cm™ in the fingerprint region showed C-H
stretching and the band 622 cm-! denotes the Pb-O-
Pb bond. The strong intense peak of 1400 cm™ is a
result of O-H bending vibration in adsorbed water

(1).
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Figure 6: FT-IR spectrum of lead citrate precipitate.

XRD Analysis of Nano-PbO
The XRD pattern of the nano lead oxide powder
obtained after thermal treatment of the lead citrate

matched well with the tetragonal and orthorhombic
PbO of JCPDS,1986 with intense peaks as shown in
Figure 7.

W Massicot PbO
b 4 ® Litharge PbO
=
-
(=]
O
P Y
2
‘B
2
=
WL KA T
10 20 30 40 50 60 70

0

2 Theta

Figure 7: XRD spectra of nano-PbO.

XRD-Particle Size

An XRD analysis of the prepared sample PbO was
carried out using X’pert PRO PANalytical
diffractometer, Cu-Ka X-rays of wavelength (A)
1.5406 A. XRD pattern of Lead Oxide nanoparticle
prepared is shown in Figure 7. The average size of
the product was calculated using the Debye-
Scherrer formula (1).

D=O.9Acose (Eq. 6)

B

where D is the mean payticle size; A is the
wavelength of CuKa -1.5406A;p is the full width at
half maximum (FWHM); and 6 is Bragg's diffraction
angle. The particle size calculated by the above
formula was 19 nm. This result is in line with (17).

FE-SEM and EDS of Nano-PbO

The SEM and EDS spectra of nano-PbO obtained
show a high agglomeration of the particles. The
nano-PbO is spherical. The SEM morphology of the
products as shown in Figure 8 revealed the particle
size of the products at a range of 19 nm (16). This
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is similar to what was reported in (13). The
morphology of the lead citrate was observed to have
changed from a sheet-like structure with the

calcination temperature. The particles were
agglomerated at the 400 °C pre-determined
temperature from our previous publication. EDS

spectra showed significant peaks identified to be
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characteristic peaks of Pb and O proving that the
products were mainly lead oxide.

The color of the products changed from the dark
SLAB paste to whitish color of the lead citrate before
calcination to yellow products of nano lead oxide
Figure. 9(10)

CEIR-NML

Specific Surface Area (SSA)
This is one of the properties of solids which is the
total surface area of a material per unit mass. It is

 |[cledax32'\genesis\genspe.spe 22-Apr-2016 05:02:07
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; Energy - keV
Figure 8: SEM, EDS images of nano PbO.
Figure 9: Color changes of the samples.
3
s=gx 10" (Eq.8)
Dp

scientifically derived and is applied to ascertain the
type and properties of materials. It has several
applications in adsorption, heterogeneous catalysis,
and reaction on surfaces. It can be determined by
the formula:

part

V ,areX Density

SSA= (Eq. 7)

where SSA is the specific surface area;SA part is the
surface area of the particle;V part is particle
volume; and Density is the theoretical density of
lead oxide. SSA can also be calculated using
Equation 8:

where S is the specific surface area; D is the mean
particle size; p is the density of lead oxide.
Mathematically, both relations give the same value.
SSA calculated by the formula was 33 m?%/g (11,17).

Crystallinity Index (Icy)

The crystallinity of a solid defines the degree of
structural order in the solid. It is determined by
comparing particle size measured from XRD data
with particle size from SEM/TEM measurement. It
can be calculated using the relation:
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(Eg. 9)

where Dp is the particle size from SEM/TEM; and D
is the particle size from the Scherrer formula (11).

If the Iy value is close to 1, it is assumed the
particle size is monocrystalline; and where it is
greater than or much larger, it is assumed to be
polycrystalline. The calculated crystallinity index
was 3, which implied that the product was
polycrystalline (15).

Leaching Kinetic Studies

The leaching kinetics studies of the paste were done
by experimenting at different reaction times and
different acid concentrations with pulp density (S/L)
ratio of 100 g/L. The result is presented in Figure
10; an increase in acid concentrations increased the
lead in solution at a varied time. All standard
equations of shrinking core models were analyzed
for reaction kinetics of lead dissolution.

Examination of the experimental results in all the
models using the above equations, the kinetics
followed Ash diffusion control model, i.e 1-3(1-
X)?/342(1-X) = K.t as exemplified in Figure 10 and
Table 1 for 1 M and 3 M citric acid concentration

19
14
12

10

Pb in solution (%)
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while at 2 M concentration, chemical reaction
control model was best fitted. The ash diffusion
model was affirmed by the SEM/EDX studies. The
spongy structure of the leached residue indicated
that elemental Pb was deposited during the early
period of leaching. The deposited Pb acted as a
permeable layer permitting ash diffusion-control
reaction kinetics, the SEM image is shown in Figure
11. The model fitted at 2M citric acid with 1-(1-X)%/2
= K¢ t chemical reaction control dense cylindrical
particles. This is depicted in the SEM photograph in
Figure 10 which confirmed the model of the
reaction. The equations were selected based on the
highest values of R? the regression coefficient in
each study Figure 12. The Activation energy of the
ash diffusion control model was calculated using
Arrhenius’ equation Kc=Ae F/RT to be 8.3 kJ/mol and
the chemical control model was 33.3 kJ/mol.
Michael (12) reported that aqueous diffusion control
reactions often have low activation energies of less
than 15,000 J/mol. and chemical control has larger
activation energies. The reactions in this study are
not strongly influenced by temperature as room
temperature was found suitable for the experiments
which confirmed kinetic reaction processes. Lead(II)
oxides (a,B) at a nano dimension of 19 nm and a
specific surface area of 33 m?/g polycrystalline were
produced.

—=— 1M
—e— 2M
—a— 3M

T

10

Time (Min)

Figure 10: Kinetics of Pb leaching at 100 g/L with citric acid.
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Table 1: Regression Coefficient Values for different shrinking core models for the kinetics of leaching of lead-acid battery paste.

S/N_ Citric Acid conc. (M) X 1-(1-X)7%  1-(1-X)72  1-(1-X)"®  1-3(1-X)?’3+2(1-X) Model selected
A 1 0.9927 0.9928 0.9929 0.9929 0.9979 1-3(1-X)?3+2(1-X)
B 2 0.9207 0.9209 0.921 0.921 0.9199 1-(1-X)1/2

C 3 0.8409 0.8533 0.8546 0.8287 0.8983 1-3(1-X)#3+2(1-X)
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Figure 12: Fittings of lead conversion into equations of shrinking core model for lead-acid battery paste.
Chemical reaction control dense constant size cylindrical particles (left), Ash diffusion control dense
constant size- spherical particles (right).

CONCLUSION

Wet chemical synthesis of nano-PbO from spent
SLABs via citric acid system was demonstrated in
this study. Characterization of the nano powder
revealed spherically shaped PbO at nano
dimension. Citric acid showed good adhesive
properties to the Pb component of the spent paste.
A combination of pure a-f PbO was synthesized as
final product without impurities. The product is
suitable as raw material in the fabrication of new
lead acid battery as the combination is most
desired industrially. The reaction kinetics of the
paste follows ash diffusion control model leaching
with citric acid system. The activation energies of
the overall reactions are 8.3 kJ/mol and 33.3
kJ/mol for 1 & 3 M acid system ash diffusion and 2
M chemical control acid system respectively.
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Abstract : Cationic and anionic dyes are frequently used in industrial sectors and cause many environmental
and health problems. Orange peel has the potential to absorb dye as an adsorbent. This study aimed to
explore the adsorption of methylene blue (MB) as a cationic dye and methyl orange (MO) as an anionic dye
using orange peel (OP) and its modification using cetyltrimethylammonium bromide (CTAB). OP and OP-CTAB
biomass materials were characterized using FT-IR (Fourier transform infrared), surface area analysis using
BET (Brunauer-Emmett-Teller) and SEM EDX (Scanning Electron Microscopy-Energy Dispersive X-Ray
Spectroscopy). Based on the study results, OP has a microporous skin structure and OP-CTAB mesopores.
Based on the effect of contact time, it is known that the best adsorption process on MB was to use OP
adsorbent with the optimum amount of dye adsorbed produced at 50th minute that was 5.881 ppm, while the
best adsorption process on MO was using OP-CTAB adsorbent with the optimum amount of dye was at 50th
that was equal to 13.34 ppm. Based on the adsorption kinetics data, the adsorption of MO and MB dyes by OP
and OP-CTAB followed the pseudo second order reaction kinetics model. The adsorption of MO and MB by both
OP and OP-CTAB followed Langmuir's adsorption isotherm, meaning that the adsorption process in both MO
and MB using OP and OP-CTAB appeared on homogeneous surface sites, while there was no interaction
between adsorbate molecules and adjacent locations that means the adsorption process only occurred
physically.
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INTRODUCTION 2). Dyes used in the industrial sector, especially
textiles, include methyl orange and methylene blue
(1-3). Methyl orange and methylene blue are azo
dyes that are nonbiodegradable, making them very

Dyes have been used in various industrial sectors,
especially in the textile, rubber, plastic, leather,

cosmetics, food, and medicine industries. Dye waste
from these industries can cause dangerous
environmental problems. This is because some dyes
have toxic, carcinogenic, and mutagenic properties (1,

difficult to degrade (3-5).

Several methods have been used to remove dye
waste, including coagulation, complexation, ion
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exchange, and adsorption (6). Adsorption is not only
used to remove toxic metal ions from water but also
can be used to remove dyes from water (7,8).
Adsorption is the most commonly used method to
remove azo dyes because it is relatively easy,
efficient, inexpensive, and environmentally friendly.
The use of biomass as a cheap and environmentally
friendly adsorbent has begun to be considered as a
replacement for commercially activated carbon (9).
One of the potential biomass adsorbents is orange
peel, and currently, the total area of citrus plantations
in Indonesia is more than 57,000 hectares with a
production of 2.5 million tons (10). Orange peel (OP)
contains pectin, hemicellulose, lignin, chlorophyll, and
other low molecular weight hydrocarbons. Thus,
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orange peel has the potential to absorb color from
diluted solutions as an adsorbent (11).

Some studies have shown the use of orange peel as
an adsorbent, including Krisnan and George (2), who
found that the higher the adsorbent dose of orange
peel is, the greater the amount of methylene blue
that can be removed. This study showed that 2.2
grams of orange peel can remove 96% of methylene
blue in 60 minutes. Nascimento et al. in 2014 (12)
also reported that orange peel successfully removed
Remazol Golden Yellow RNL-150%, Reactive Gray BF-
2R and Reactive Turquoise Q-G125 from diluted
solution. The other previous studies about the use of
orange peel for dye adsorption can be seen in Table 1.

Table 1: Previous studies about the use of orange peel for dye adsorption.

Dye name Max adsorption (mg/g) References
Congo red 22.44 (13)
Procion orange 1.33 (13)
Rhodamine B 3.23 (13)
Acid violet 17 19.88 (14)

DR 23 10.72 (15)
DR 80 21.05 (15)

Some studies have also suggested that modifying
orange peel adsorbents can maximize the adsorption
process, including Ahmed et al. in 2012 (1), who
successfully removed Reactive Blue 19 using orange
peel and NaOH- and cetyltrimethylammonium
bromide (CTAB)-modified orange peel. Based on
previous studies, modified orange peel is better able
to cause desorption of the reactive blue 19 color than
the pristine orange peel. This study aimed to remove
methylene blue as a cationic dye and methyl orange
as an anionic dye using orange peel and CTAB-
modified orange peel.

EXPERIMENTAL METHODS

Materials

The materials used in this study included orange peel
(orange peel was obtained from a local fruit field in
northern Sumatra, Indonesia), CTAB (synthesis
grade, Merck), methylene blue (Merck), methyl
orange (Merck) and Aqua DM (Bratachem).

Adsorbent Preparation

Orange peels were obtained from a local fruit field in
North Sumatra, Indonesia. The preparation of the
adsorbent was adapted from the method of Arami et
al. (2005) (15) with modification. The OP were
washed several times with water and sun-dried for 2
days. The dried materials were mashed and sieved
through a 60-mesh sieve. The dried powder from the
orange peels was stored in a plastic container before
use.

CTAB Modification of Adsorbent

CTAB modification of the adsorbent was adapted from
the method of Taghried and Mayasa (2019), (16) with
modification. The orange peel powder (5 grams) was
soaked in 1% (w/v) CTAB solution (100 mL) for 24
hours and filtered through a vacuum (17, 18). The
obtained precipitate was dried in an oven at 75 °C for
8 hours. The CTAB-modified dried powder was ground
and sieved using a 60-mesh sieve.

Characterization of the Adsorbents

Fourier transform infrared spectroscopy (FTIR, Nicolet
Avatar 360 IR) in the range of 400-4000 cm™ was
utilized for surface chemical analysis. The surface
morphology of the adsorbents was analyzed by using
scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM EDX) (Phenom Desktop ProXL).
The specific surface area of the adsorbents was
measured by a BET N2 surface area analyzer
(Quantachrome Quadrasorb Evo QDS-MP 30).

MB and MO Adsorption Batch Study

In each adsorption experiment, 25 mL of dye solution
was added to 20 mg of adsorbent at room
temperature, and the mixture was stirred at 400 rpm
for 1 hour. The mixture was centrifuged at 3000 rpm
for 10 minutes to separate the adsorbents, and then,
it was observed at wavelengths of 664.5 nm for MB
and 465 nm for MO using a UV-Vis spectrophotometer
(T70 UV-Vis Spectrophotometer, PG Instrument Ltd).
The amount of MB/MO adsorbed by OP and OP-CTAB
at time t, g (mg/g), was calculated by Equation (1)
(1):
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(C—C,)V
w

q,= (Eq. 1)

The MB/MO percentage of adsorption was calculated
by Equation (2) (1):

Cc,—C
%Removal=%><100 (Eqa. 2)
0
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RESULTS AND DISCUSSION

FTIR Analysis

FTIR spectroscopy is a useful analytical instrument for
the identification of the functional groups in the
adsorbents and the interaction of orange peels with
CTAB. The FTIR spectra of CTAB, OP and OP-CTAB
were in the range of 400-4000 cm, as shown in
Figure 1. The FTIR spectra of CTAB showed sharp
peaks in the absorption bands at approximately
2918.41 and 2848.08 cm™ due to the symmetrical
and asymmetrical stretching vibrations of the CH»
group on CTAB (19-23). In addition, there was a peak
at 1479.87 cm! for the buckling vibration of the N-C
group on CTAB (24).

—cCTaB
——op
OP-CTAB

1479,87
1848.08
1918.41
=)
1916.02
= 3425.40
1741.00
van 1853.07
3425.48 2923.76
! T I T I T I T ! T I T I T I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 1: IR spectra of CTAB, OP, and OP-CTAB.

In the OP’s spectra, the absorption widened at
3425.40 cm?, indicating the presence of stretching
vibrations from the -OH groups of cellulose, pectin,
hemicellulose, and lignin. The peak at 2926.02 cm
was due to the C-H stretching vibrations. The 1743.83
cm! peak in the OP’s spectra indicated the stretching
vibrations of the carbonyl groups (C=0) of pectin,
hemicellulose, and lignin. The absorption band was in
the wavenumber range of 1300-1000 cm™! for the C-O

stretching vibration of the carboxylic acid and alcohol
groups (25, 26).

The FTIR spectra of OP-CTAB showed similarities with
the FTIR spectra of OP, indicating that both have
similar functional groups and almost the same
compounds. The peak intensity in the FTIR spectra of
OP at 2926 cm! increased from 26.12 to 38.48
(34.22%) after modification with CTAB. This indicates
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that CTAB modification in orange peel increases the
number of -CHz- groups (1). In addition, the
modification of the orange peel by CTAB is also shown
by two peaks at wavenumbers of approximately
2923.76 and 2853.07 cm! in the FTIR spectra of OP-
CTAB as the peak from the symmetrical and
asymmetrical stretching vibration of the C-H group of
CTAB (19, 23).
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Characterization of OP Powder and OP-CTAB
using BET

BET analysis determines the surface area and pore
size, while the BJH (Barrett-Joiner-Halenda) method is
used to determine the pore volume. In Table 2, the
surface area of OP is larger than OP-CTAB. OP has a
surface area of 204 m?/g, and OP-CTAB has a surface
area of 27.210 m?/g. Based on these results, the
CTAB modification of OP resulted in a smaller surface
area than OP. Although the surface area in OP is
larger, OP has a smaller pore size of 1.780 nm, while
OP-CTAB has a smaller pore size of 2.045 nm.

Table 2: BET Analysis Results for OP and OP-CTAB.

Biomass Surface Area (m2/g) Pore Volume Pore size (nm)
oP 204.000 0.181 1.780
OP-CTAB 27.210 0.028 2.045

Based on the pore size, a porous material can be
classified into three classes, namely, microporous
material (pore size<2 nm), mesopores (pore size 2-50
nm) and macropores (pore size>50 nm) (27). OP has
a pore size of 1.780 nm, so it can be categorized as a
microporous material, while OP-CTAB has a pore size
of 2.045 nm, and it can be classified as a mesoporous
material. The presence of CTAB induced the formation
of mesopores that can be used for polymers and other
large compounds that resulted in better particle
dispersion (27). Based on the data, it can be
concluded that OP has a large surface area but a
microporous pore structure, while OP-CTAB has a
small surface area but a mesoporous structure
whereby mesopores can produce better particle
dispersion than other porous structures. In contrast to
the results of research from Taghried and Mayasa
(2019) (16) which resulted in a larger surface area of
OP-CTAB than OP. This is because in this research the

character of orange peel is more porous and it can be
seen from the high surface area before the addition of
CTAB, so that the CTAB enters the pores, whereas in
the previous research it may be less porous, as can
be seen from the very low BET result.

Characterization of OP Powder and OP-CTAB
using SEM EDX

SEM EDX analysis is necessary to determine the
morphology and content of elements present on the
surface of OP and OP-CTAB. Figure 2 shows that the
surface of OP is rougher and more irregular compared
to the surface of OP-CTAB. In addition, the addition of
CTAB made OP smaller and more separate compared
to that without the addition of CTAB. This is supported
by the results of BET analysis showing the pores from
OP-CTAB compared to OP. According to the BET
results, the OP surface area is larger than OP-CTAB,
but based on pore size, OP has a microporous
structure, while OP-CTAB has a mesoporous structure.
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In addition to showing the surface morphological
results of a material, SEM EDX can be used to
determine the elements present on a material
surface. Based on Table 3, the surface of OP contains
the elements of carbon (C), oxygen (O), calcium (Ca)
and potassium (K). In comparison, OP-CTAB contains
the elements of carbon (C), oxygen (O), nitrogen (N),
and aluminum (Al). Additionally, the EDX results in
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Table 3 show the presence of N at 8.410% in OP-
CTAB, indicating that CTAB successfully entered or
attached to the surface of OP. The presence of the N
element from the ammonium group of CTAB with a
positive partial charge causes OP-CTAB to have
cationic properties, so it is easier to attract anionic
dyes than OP.

Table 3: Total (%) components on OP and OP-CTAB surfaces.

Sample Element Mass (%) Atom (%)
C 62.100 69.460
op 0] 35.340 29.680
Ca 1.640 0.550
K 0.920 0.320
C 67.810 73.640
(0] 21.200 17.280
OP-CTAB N 8.410 7.830
Al 2.590 1.250

Contact Time Effect

Figure 3 shows the percentage of MO and MB
adsorbed by OP and OP-CTAB at room temperature at
25 °C as a function of contact time. The variation in
contact time was 10, 20, 30, 40, 50 and 60 minutes
at 15 mg/L MO and MB.

Based on Figure 3, the best color removal rate was for
the OP-CTAB adsorbent on MO and for OP on MB.
Thus, OP-CTAB was more effectively used to remove
MO dyes than MB dyes, while OP was more effectively
used to remove MB dyes than MO dyes. The amount
of MB and MO that can be adsorbed using OP and OP-
CTAB in ppm can be see Figure 4.

100
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Figure 3: Relationship between Adsorption Capacity and Contact Time.
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Figure 4: Amount of adsorbed dye vs. Contact Time MB 15 ppm (left); MO 15 ppm (right).
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Based on Figure 4, it is known that the amount of MB
that was successfully adsorbed using the OP
adsorbent for 60 minutes was 5.889 ppm (39%),
while MO was only able to adsorb 3.540 ppm (24%).
Different with OP-CTAB adsorbent, the amount of MB
that was successfully absorbed at 60" minute on MB
was 1.550 ppm (10%) while in MO it was 12.963 ppm
(86%). Based on the results can be concluded that OP
is better used to adsorb MB dye than MO and OP-
CTAB is a better adsorption agent for MO than for MB.
OP contains cellulose, pectin, hemicellulose, lignin and
other compounds. The pectin compound in OP has a
carboxylic acid group that causes OP to be negatively
charged so that it is easier to absorb cationic dyes.
OP-CTAB was more effective at absorbing anionic
dyes due to N* derived from the ammonium group,
causing OP-CTAB to have more cationic properties
than OP. This is supported by the SEM EDX data
showing the N content in OP-CTAB; thus, CTAB has
successfully entered the OP surface. Cellulosic
hydroxyl groups from OP combined with the cationic
surfactant (CTAB) will form an ester linkage and
present -CH»- groups to the fiber, leading to a
columbic attraction between the cationic cellulose and
the anionic dyes (MO) (1).

Based on Figure 4, it can be seen that the optimum
condition of MB adsorption was by using OP that
occurs at 50% minute was 5.881 ppm. Meanwhile, the
optimum condition for MO occurred using OP-CTAB
adsorbent at 50t minute that was 13.344 ppm. The
use of OP-CTAB on MB and OP on MO had not reached
optimal adsorption, it can be seen from the trend of
the linear line tends to be gentle on MB-OP adsorption
and tends to decrease for MO-OP-CTAB at 50 and
60t minute. It is due to the fact that at the minute
the adsorption process had reached the equilibrium
between the adsorbent and the adsorbate and
reached the saturation limit, so that the adsorption
reached the optimum. In contrast with MB-OP-CTAB
and MO-OP adsorption processes, the adsorption
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process can be seen in the graph that the trend line
tends to rise that indicates the adsorption process had
not yet reached the optimum. Based on the
description above, it can be seen that the best
adsorption process on MB was using OP adsorbent
with the optimum amount of dye adsorbed produced
at 50% minute that was 5.881 ppm, while the best
adsorption process on MO was using OP-CTAB
adsorbent with the optimum amount of dye was at
50% minute that was equal to 13.34 ppm.

Adsorption Kinetics

The determination of the reaction order from the
adsorption process and reaction rate constants can be
analyzed using pseudo first order or pseudo second
order reaction kinetics equations. The kinetics of
pseudo first order adsorption is based on mass
equilibrium assuming that the rate between successful
absorption and the time is proportional to the
compensation of the dye absorbed at various times
(ge-qt). Thus, it can be formulated using the following
equation:

In (q,—q,)=Inq,—kt (Eq. 3)

where g. is the concentration of adsorbate at
equilibrium, g: is the concentration of adsorbate at
time t, t is the contact time (minutes) and k; is the
constant rate it adsorbs. At time t=0, then q:=0, and
at time t=t, then gt=q:. The value can be obtained by
plotting In(ge-q:) versus t (Figure 5(a)). Meanwhile,
the pseudo second order, which can also be referred
to as pseudo chemical reactions, is described in
Equation 4. The kx> or pseudo second order reaction
rate constant is obtained by plotting a graph of t/qt
vs. t (Figure 5(b)). The results of R? regression values
and reaction rate constants on each reaction kinetics
model are shown in Table 4.

o 1,1,

q k,q> 4.

(Eq. 4)

Pseudo First Order

>

In(ge—qt )
AR W N R O RN WS

40 50 60 70

t{minute)

—8— MO+0OP MO+OP-CTAB

MB+OP MB+0OP-CTAB
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Pseudo Second Order
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Figure 5: Adsorption Kinetics Pseudo first order (top) and Pseudo second order (bottom) from MO+OP;
MO+OP-CTAB; MB+OP and MB+OP-CTAB.

Based on Table 4, the linear regression value (R?) of
the pseudo second order model was greater than the
R? value of the pseudo first order model. This proves

that the adsorption of MO and MB dyes by OP and OP-
CTAB followed the pseudo second order reaction
kinetics model.

Table 4: Constants of the reaction rate and linear regression for pseudo first order and pseudo second order

kinetics.
Sample ki R? k2 R2
MO+OP 0.069 0.919 0.184 0.999
MO+OP-CTAB 0.030 0.209 0.388 0.996
MB+OP 0.050 0.869 0.085 0.998
MB+OP-CTAB 0.073 0.673 0.055 0.924

Table 4 shows that the reaction rate constant of
MO+OP-CTAB was greater than that of MO+OP,
indicating that adsorption reactions using OP-CTAB in
anionic dyes were faster than those using OP. In
cationic dyes, the adsorption reaction rate constant of
OP was greater than that of OP-CTAB, confirming that
in cationic dyes, OP is more effective than OP-CTAB.

Adsorption Isotherm

The adsorption isotherm expresses the relationship
between the adsorbate concentration and adsorption
capacity at equilibrium and a fixed temperature (15).
Adsorption isotherms are often used to characterize
heavy metal adsorption, dyes, volatile organic
compounds, and gases (28). Adsorption isotherm
models can also provide information on the maximum
adsorption capacity, which is significant in the
evaluation of adsorbent performance (29). According
to Langmuir's assumption, there are five adsorption
processes where the chemisorption mechanism
dominates while the shape of the adsorbate molecule

is a single layer or monolayer. In addition, there is no
interaction between the adsorbed molecules, and the
affinity of the adsorbate molecule is the same for each
place on the surface of a homogeneous solid with the
adsorbent molecule at a specific location. It does not
transfer to the concrete surface and is always
irreversible (30). Langmuir's equation can be written
as follows (15, 29):

Co_1 +—1 C

max

(Eq. 5)

qe kL qmux
Ce is the concentration of dissolved substances at the
time of equilibrium (mg/L), ge is the quantity of dyes
absorbed at the time of equilibrium (mg/g), Qmax is
the maximum adsorption capacity, and k. is the ratio
of the adsorption rate and desorption rate. Qmax and
k. values can be determined from the intercept and
slope on the linear curve of the relationship of Ce/Qe
vs. Ce (Figure. 6).
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Figure 6: Langmuir Isotherm Plot.

Freundlich’'s model shows that the equilibrium
relationship in adsorption can be explained by the
absence of molecular separation on the surface after
absorption and the lack of chemical adsorption
events. The Freundlich equation occurs only in fissile
adsorption events due to the absence of molecular
configuration exchanges in the adsorption process.
The molecular form of the adsorbate in this process of
the adsorption isotherm is a multilayer (30). The
Freundlich equation can be written as follows:

log q,=log kﬁ%log C, (Eq. 6)
ke is the Freundlich constant that represents the
adsorption capacity at the time of equilibrium, and
1/n is the intensity of the adsorption. The values of k¢
and 1/n can be determined through the intercept and
slope of the linear curve of the relationship of log ge
vs. log Ce (Figure. 7).

0.5 /

o EMO+OP
; MO+OP-CTAB
= 6 MB+OP
1 0.5 0.5 1 15 . MBLOP-CTAB
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-1
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Figure 7: Freundlich Isotherm Plot.

In Figure 7, it is shown that both OP and OP-CTAB
adsorption isotherms on MO and MB followed
Langmuir's adsorption isotherm. This is evidenced by
the linearity value (R2?) of Langmuir's adsorption
isotherm being greater than that of the Freundlich
adsorption isotherms (Table 5). Based on these
results, it can be concluded that the adsorption
process in MO and MB using OP and OP-CTAB
occurred on homogeneous surfaces, while there was
no interaction between adsorbate molecules and
adjacent areas that means the adsorption process

only occurs physically. Table 5 indicates that the
highest maximum adsorption capacity (Qmax) was
27.780, i.e., in the MO adsorption process by OP-
CTAB. This suggests that the addition of CTAB can
help the adsorption process more maximally with the
adsorption of anionic dyes. For the removal of cationic
dyes, the use of orange peel without CTAB was better
than orange peel with CTAB. This result is proven by
the adsorption capacity, in which the MB adsorption
process by OP was more significant than the
adsorption capacity for removing MB by OP-CTAB.
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Table 5: Constants and R? values of the Langmuir and Freundlich isotherm models.

Langmuir Isotherm

Freundlich Isotherm

Sample ke Qmax R2 ke 1/n R2
MO+0OP 5.50x10%> 4.405 1.000 1.609 0.409 0.025
MO+OP-CTAB 696.180 27.778 0.995 12.840 0.680 0.984
MB+OP 44.800 10.960 0.993 3.160 0.480 0.992
MB+OP-CTAB -14.780 1.970 0.998 2.190 -0.030 0.498

CONCLUSION

Based on previous studies, based on the pore size, OP
has a microporous structure, while OP-CTAB has a
mesoporous structure. The best adsorption process on
MB was using OP adsorbent with the optimum amount
of dye adsorbed produced at 50% minute that was
5.881 ppm, while the best adsorption process on MO
was to use adsorbent OP-CTAB with the optimum
amount of the best dye was at 50% minute that was
equal to 13.34 ppm. So, the use of OP-CTAB biomass
is better for removing anionic dyes, while OP is better
used to remove cationic dyes due to the N element
from the ammonium group of CTAB because this
group has a positive partial charge causing OP-CTAB
to have cationic properties so it is easier to attract
anionic dyes than OP. Based on the kinetics
adsorption, the adsorption of MO and MB dyes by OP
and OP-CTAB followed the pseudo second order
kinetic reaction model. The adsorption of MO and MB
by OP and OP-CTAB followed the Langmuir adsorption
isotherm, meaning that the adsorption process in MO
and MB wusing OP and OP-CTAB appeared on
homogeneous surface sites, while there was no
interaction between adsorbate molecules and adjacent
sites that means the adsorption process only occurs
physically.
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Abstract: The objective of this study is to examine arsenate (As(V)) removal from drinking water sources
with combined coagulation processes using Single-Walled Carbon Nanotubes (SWCNTs) and Multiwalled
Carbon Nanotubes (MWCNTSs). Ulutan Lake Water (ULW) in Zonguldak-Turkey, was used as drinking water
source. Conventional coagulation experiments was conducted on using aluminum sulfate (Alum) and ferric
chloride (FeCl3). Water samples were synthesized by spiking 300 pg/L As(V) into ULW samples and also all
arsenic removal tests were performed with As(V). The maximum removal percentages of As(V) (97%)
was observed with combined SWCNTs and FeClz in ULW. Similar to that of SWCNTs, the removal of As(V)
(92%) during the coagulation processes occurred at MWCNT with the addition of FeCls. Compared to
SWCNTs, the removal percentage of As(V) was slightly lower when using only MWCNTs (76%). This result
demonstrated that SWCNTs were generally more powerful than MWCNTs for removing the As(V). The
presence of humic acid (HA) increased As(V) removal with related the solution pH. On the other hand, the
changing of As(V) residual concentrations in ULW was observed as a function of pH and the removal of
As(V) increases in the acidic pH levels whereas decreases alkaline pH levels. While As(V) removal
efficiency was remained constant at acidic pH values, it decreased about 10% at pH 6, 7 and 8 as a result
of the competitive adsorption between As(V) and HA. It was observed that the As(V) removal efficiency
increased both low and high pH with monovalent electrolyte (NaCl) whereas di-valent ions (Ca*2 and Mg+2)
improved As(V) removal only at pH 9 and 10 during the coagulation processes in ULW samples. The results
of this study display that combined coagulation process is more effective than conventional coagulation
alone for the As(V) removal.
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INTRODUCTION level for arsenic in drinking water as 10 pg L* (9,

10).
The shortage in freshwater resources due to the

increased human population and industrial activities
is one of the most challenging issue existing in the
world in the field of water supply (1,2). According to
many studies about toxicity of arsenic, which is a
well-known poison, it is carcinogenic for humans (3-
5). In other words, arsenic creates a risk of
pulmonary, dermal, bladder, and hepatic cancer in
humans (6-8). Due to its negative effects on human
health, the WHO has set the maximum contaminant

Arsenic exists in aqueous systems in both inorganic
and organic forms. Major treatment techniques have
included chemical coagulation-flocculation, ion
exchange and adsorption, and membrane processes
(11-14). Coagulation and filtration known as
conventional treatment technology is widely used
for removing arsenic in surface water sources
because of its economy and simplicity.

247


https://doi.org/10.18596/jotcsa.980203
mailto:kadirozdemir73@yahoo.com
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:kadirozdemir73@yahoo.com

Ozdemir K. JOTCSA. 2022; 9(1): 247-254.

In water treatment processes, adsorption processes
are generally applied due to the simple design and
operation as well as the small space requirement. In
the literature, it has been reported that many
adsorbents such as iron oxide, aluminum oxide, and
activated carbon are effective for arsenic removal
(15). CNTs have some distinctive features such as
high reactivity, small size, easy separation, catalytic
potential, large surface area, and large number of
active sites that facilitate better arsenic removal
efficiency compared to other available adsorbents
(16). Though nano adsorbents give better results
compared to other adsorbents for arsenic removal,
there are two main challenges in using
nanomaterials for water purification; one is the non-
availability of CNTs at economically affordable prices
and the other is the toxicity and the environmental
fate of nanomaterials. Additionally, research has
shown that CNTs can enter the body through the
skin, respiratory tract, or gastrointestinal tract. The
objective of the present study is to investigate the
removal of arsenic as As(V) in drinking water
sources through a combination of coagulation with
CNTs. SWCNTs and MWCNTs were used as CNTs for
determining to the removal efficiency of arsenic in
the coagulation process at the presence of Alum and
FeCls. ULW, an important drinking water source that
provides nearly 35,000 m3 of raw water to the
drinking-water treatment plant of Zonguldak city,
Turkey. SWCNTs and MWCNTs are also used as
coagulant materials to remove arsenic in ULW by a
new water treatment technique involving a novel
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combined coagulation process. On the other hand,
very few studies on the use of combined coagulation
process with CNTs have been reported for arsenic
removal at the range of world. In addition, the
novelty of study is the first attempt in Turkey to
examine the removal of arsenic from drinking water
sources by a combined coagulation process using
CNTs.

EXPERIMENTAL

Source water and sampling

The water samples used in this study were collected
from raw water entering ULW, Zonguldak- Turkey at
four different times. ULW is the water reservoir that
contributes significantly to Zonguldak's drinking
water treatment plant. The some important
chemical properties of ULW are presented in Table
1. Collected samples were quickly sent to the
laboratory. Raw water samples were passed through
0.45 pm membrane filter papers within 24 h and
stored in a refrigerator at 4 °C. Water samples were
synthesized by spiking a required amount of As(V)
(300 pg/L) into ULW prior to the coagulation
experiments. The common form of arsenic found in
surface waters is As(V). Therefore, arsenic removal
tests were performed with As(V). Stock As(V)
solutions was prepared with Na;HAsQ04.7H.0O. The
chemical coagulant stocks, 1 g/L ferric chloride
(FeClz.6H20) and alum (Alx(S04)3.18H20) were
prepared with deionized (DI) water, respectively.

Table 1: Physicochemical characteristics of ULW samples.

Parameters Unit Range Average
pH - 7.21-7.85 7.53
Turbidity NTU 4.41-7.55 5.98
Conductivity pMS/cm 432-513 473
Total hardness mg CaCOs/L 126-166 146
Alkalinity mg CaCOs/L 105-123 114

Temperature °C 10-17 14

As(V) Mg/l <10 <10
TOC mg/L 4.05-4.81 4.43
S04 mg/L 22.1-30.2 26.15
Na* mg/L 12.3-15.2 13.25
K+ mg/L 1.83-2.1 1.97
Mg?* mg/L 6.61-7.89 7.25
Ca%* mg/L 38.7-42.6 40.66
Iron mg/L 0.05-0.08 0.07

Coagulation procedure

Stock solutions containing 5,000 mg/L of the
SWCNTs and MWCNTs were prepared by adding 1 g
of the CNTs to 200 mL of DI water and stirring with
a magnetic stirrer at 600 rpm. The ferric chloride
and alum were consistently used for As(V) removal
at similar dosages as coagulant. ULW was treated
with coagulants in the ranges of 0-100 mg/L and 0-
50 mg/L, respectively. However, based on economic

and engineering considerations, 80 mg/L was
selected as the optimum coagulant dosage. As the
combined  coagulation was  analyzed, and
preliminary testing was applied to determine the
optimal coagulant dose for raw water samples. The
optimum combined coagulant dosage for ULW was
determined as 40 mg/L. Additionally, after
conventional and combined coagulation
experiments, the treated water was taken with a
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syringe and filtered through 0.45-um membrane
filter. For determining As(V), samples were
preserved in dilute HNOs (final conc. 0.1%, pH < 2).
Additionally, after conventional and combined
coagulation experiments, the treated water was
taken with filtered through 0.45-pm membrane
filter.

Purified CNTs

One gram of raw CNTs was dispersed into a 100-mL
flask containing 40 mL of mixed acid solutions (30
mL of HNO3 +10 mL of H2SO4) for 24 h to remove
metal catalysts (Ni nanoparticles). After cleaning,
the CNTs were again dispersed in a 100-mL flask
containing 40 mL of the mixed acid solutions, which
were then shaken in an ultrasonic cleaning bath
(Branson 3510 Ultrasonic Cleaner, Connecticut,
USA) and heated at 80 °C in a water bath for 2 h to
remove amorphous carbon. After cooling to room
temperature, the mixture was filtered with a 0.45-
um glass-fiber filter, and the solid was washed with
deionized water until the pH of the filtrate was 7.
The filtered solid was then dried at 80 °C for 2 h to
obtain the purified CNTs. This procedure for
purifying CNTs has been used by other researchers
in previous CNT studies (17). After purifying the
CNTs, a simple coagulation process with application
of alum was used for precipitating CNTs from the
solution and thus, CNTs particles were recollected.
Then, the residual CNT waste was sealed carefully
using double layers of polyethylene bags and
transported to solid waste incineration plants.

Analytical methods

The experimental analysis such as TOC and UV and
As(V) measuruments were performed according to
in Standard Methods (18). TOC analyses were
performed with a Shimadzu TOC-5000 analyzer
equipped with an auto sampler77 according to the
combustion-infrared method described in Standard
Methods 3510-B (18). The sample was injected into
a heated reaction chamber packed with a platinum-
oxide catalyst oxidizer to oxidize organic carbon into

carbon dioxide gas. UV2s4 absorbance
120 r
)
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measurements were performed in accordance with
Standard Methods 5910-B (18) using a Shimadzu
1608 UV-vis spectrophotometer at a wavelength of
254 nm with a 1-cm quartz cell. The samples were
first passed through a 0.45-mm membrane filter to
remove turbidity, which can interfere with the
measurement. Distilled ultrafiltered water was used
as the background correction in the
spectrophotometer. As (V) analyses were performed
with ICP-OES equipped with a manual hydride
generator at 188.9 nm wavelength (PerkinElmer
SIMAA 6000 AAS ) according to the hidride atomic
absorption method described in Standard Methods
3114-B (18). Analyses of Ca*?, Mg*? and the other
ions in water samples were carried out using the
Dionex IC 3000 system (USA) equipped with an AS-
19 analytical column and an AG-19 guard column as
per USEPA method 300.1 and also its analytical
detection limit is 0.001 + 0.0001 mg/L.

RESULTS AND DISCUSSION

As(V) removal by with coagulation using CNTs
Figure 1 (a) shows the removal of As(V) by
combined coagulation proceses. Using SWCNTs as a
coagulant without the addition of a conventional
coagulant (Alum or FeCl3), the highest As(V)
removal was recorded as 77%. On the other hand,
with the application of alum, the removal of As(V)
increased nearly 10%. The higher arsenate removal
(>80%) was observed with combined coagulation
process (SWCNTs + Alum). In other words, the
removal percentages of arsenate was not
determined after the optimum SWCNT doses (40
mg/L) with addition of alum (Figure 1). This result
can be explained that the electrostatic attraction
plays a very important role in facilitating the
coprecipitation and also the colloidal properties of
the metal salt precipitation is more effective on
As(V) removal by coagulation or combined
coagulation processes with AlI** and Fe3* coagulants.
Similar observations have been reported by some
authors (19, 20).

120 r
100 == MWCNT
80
60 == Alum +
40 F MWCNT
20
=he—FeCl3 +
9 — MWCNT
0 20 40 60 &0 100
MWCNT Dose Dose (mg/L)

Figure 1: Removal of As(V) by SWCNTs and combined coagulation (left). Optimum coagulant dose=40
mg/L. Removal of As(V) by MWCNTs and combined coagulation (right), Optimum coagulant dose=40 mg/L.

249



Ozdemir K. JOTCSA. 2022; 9(1): 247-254.

The highest removal of arsenate (97%) is recorded
with the application of FeCls (SWCNTs + FeCl3).
Figure 1 (b) demonstrates the removal of As(V) as a
result of the application of MWCNTs and
conventional coagulants during the coagulation.
Arsenate removal obtained using only MWCNT was
determined as 76%. On the other hand, with the
application of wusing only SWCNTs, removal
percentage of As(V) was measured as 82%. This
observation indicates that SWCNTs has larger
surface area in adsorption processes, as compared
to MWCNTSs, resulting in more adsorption sites for
chemicals. As shown in Figure 2, the addition of
alum increases As(V) levels in combined coagulation
process. Figure 2 compares the removal percentage
of As(V) using conventional coagulation only and
combined coagulation processes for ULW. The
removal of As(V) also remained constant at MWCNT

doses of 40 mg/L or greater (82%). As the
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combined coagulation process is done, high As(V)
removal percentages (>%95) was observed in ULW.
Although the As(V) removal was 51% with only
alum, higher As(V) removal was determined when
using only FeClz (63%) than that with alum. A
significant increase was seen when FeClz was
combined with SWCNTs compared to the use of
FeCls only. The highest arsenate removal rate was
achieved in coagulation with carbon nanotube types
and FeClz in ULW water samples. Another trend was
observed for As(V) removal using alum, which
produced the highest As(V) removal alone and
combined with SWCNTs (81% and 88%) in ULW
samples. Overall, compared to the As(V) removal
achieved by  employing only  conventional
coagulation, the combined coagulation is more
effective treatment method for drinking water
sources including arsenic.

M Coagulant Dose =20 mg/L
M Coagulant Dose =40 mg/L
M Coagulant Dose = 60 mg/L
M Coagulant Dose =80 mg/L

&

S

X

Figure 2: Comparison of As(V) removal using conventional combined coagulation processes.
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Figure 3: The effect of pH on As(V) removal by conventional coagulants (left), CNTs (right).
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Figure 4: The influence of humic acid (HA).

Factors affecting the As(V) removal

The arsenate residual concentrations in ULW during
coagulation processes as a function of coagulant
dose and pH are shown in Figure 3.

The As(V) residual concentrations in ULW due to
aluminum and iron oxides/hydroxides generated in
coagulation illustrated variable reductions between
pH 7 and 10, while at pH 5 and pH 6 the
concentrations were more consistent (Figure 3a).
The As(V) residual concentrations at pH 5 and 6
were similar, and comparison of removal efficiencies
at pH 8 and 10. It was shown that the As(V)
removal decreased with increasing pH during the
coagulation process. It was reported as based on
some literature researches (21, 22). This result also
can be revealed that during the coagulation, Al®*
and Fe®** hydrolyzed and formed different cationic
complexes at acidic pH. On the other hand, the
changes of  As(V) residual concentrations
demonstrate a similar trend for SWCNTs and
MWCNTs (Figure 3b).

The presence of HA in solution strongly influences
As(V) removal by coagulation with CNTs (23). A
concentration of 4.25 mg C /L HA was used to
examine its effects on the As(V) removal as a
function of pH. The results are presented in Figure
4,

As can be seen in Figure 4, the increasing pH value
changed the influence of HA on arsenate removal

both conventional and combined coagulation.
Similar studies were reported by many researches
previously (24). At pH 5, with the addition of HA,
As(V) removal efficiency about remained constant at
the original maximum removal. Nevertheless, As(V)
removal reduced by 5%, 10%, and 15% at pH 6, 7,
8 and 9, respectively. HA has high affinity for the
surface of alum and iron oxides, which could modify
their properties and block the adsorption sites for As
(V). Further, HA was found to readily form both
aqueous and surface inner-sphere complexes with
cationic metals, which would in turn associate
strongly with other anions like those of As (V) by
metal-bridging mechanisms.

This trend results in to reduce the competitive
adsorption between As(V) and HA on the coagulated
iron and aluminum hydroxide and also increases to
the As(V) removal. The findings of experimental
study confirmed that the removal efficiency of As(V)
were increased as the pH increased at the presence
of HA and the combined coagulation treatment
mechanism was very effective on As(V) and HA
removal for studied pH levels in ULW samples.

Ca?* and Mg?* ions are widely available in surface
waters. In this part of study, 0.58 mM Ca(OH). and
MgCl> were used combined coagulation experiments
with SWCNTs+FeCls in order to observe the effect of
divalent ions (Ca2* and Mg?*) on As(V) removal due
to the different pH values. The results are presented
in Figure 5. The addition Ca(OH)2 and MgCl; in ULW
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samples including As(V) caused some changes on
coagulation process. Both Ca?* and Mg?* enhanced
As(V) removal efficiency, especially at pH 9 and 10.

40
30
20
10

Residual As (V)
(ng/h
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It has been reported that the presence of Ca?*
increased the adsorption of As(V) on hydrous alum
and ferric oxide and SWCNTs at high pH.

—e— Ca(OH)2
—e— MgCL2

- ® - Na(Cl

Figure 5: The influence of divalent ions (Ca*? and Mg+*?) and monovalent electrolyte (NaCl) on the removal
of As(V).

However, Ca?* and Mg?* did not affect As(V)
removal between pH 5 and 8. These findings
coincide with the results of similar studies

conducted by Qiao et al. (25) and Meng et al. (26)
on arsenic removal. On the other hand, to
investigate the change of mono-valent ions on the
As(V) at this study, the level of 10 mmol/L NaCl was
used in the combined coagulation with
SWCNTs+FeCls.

The results also show in Figure 5 that at the high
NaCl concentration of the coagulated suspension
was significantly increased the As(V) removal both
low and high pH values. Furthermore, monovalent
electrolyte (NaCl) have very much stronger effects
on As(V) removal than on As(V) removal effects of
divalent ions.

Mechanisms of As(V) removal

SWCNTs and MWCNTs provide sufficient adsorption
sites as well act as a good supporting material for
other coagulants. Coprecipitation and adsorption are
both active As(V) removal mechanisms. Large
specific surface area, light mass density, purity, and
strong interaction between CNTs and pollutant
molecules made the CNTs extensively studied not
only adsorbent but also coagulant coagulation data
CNTs and conventional with for ULW samples at pH
6 are shown together in Figure 2. As seen in Figure
2, As(V) removal by combined coagulation was
more efficient than with only conventional
coagulants. In other words, higher As(V) removal
percentages (>90%) were observed when using the
combined coagulation whereas As(V) removal was
recorded as 51% and 63% with only alum and
FeCls, respectively. On the other hand, the
differences in As(V) removal efficiency between
combined and conventional coagulation were high.
Moreover, especially for Alum and FeCls, the
differences were more pronounced at low dosages
than that at high dosage. The results from these
experiments demonstrate that adsorption onto
precipitated Al and Fe hydroxides are the main
mechanism for As(V) removal by conventional

coagulants but precipitation/coprecipitation also
plays specific roles at low dosages for CNTs. During
coagulation process, As(V) removal depended on
the coagulant dose and consequently on the number
of active sites on the hydroxide surface. For
instance; as As(V) removal was observed as 28%
and 35% with the only alum and FeCls dose of 20

mg/L, higher As(V) removals (65-72%) was
determined with SWCNTs+Alum and
SWCNTs+FeCl3, respectively, at the same dose
(Figure 2). Similar trends were determined for

MWCNTs+Alum and MWCNTs+FeCls. This result
shows that surface complexation and electrostatic
attraction govern the coagulation behavior of As(V)
on SWCNTs and MWCNTs and presence of functional
groups on the surface are the other significant
factors for higher As(V) removal during the
combined coagulation compared to conventional
coagulation. Also, the extraordinary properties of
CNTs such as large surface area, uniformly
distributed pores and presence of functional groups
on the surface are the other significiant factors for
higher As(V) removal. Similar results were reported
by some researchers (27, 28).

CONCLUSION

The combined coagulation process using carbon
nanomaterials to determine the removal efficiency
As(V) for different pH levels and the presence of HA
was investigated in this study. Experiments
demonstrated that SWCNTs were more effective
than MWCNTs in removing As(V) in ULW. This is
probably because of the smaller diameter and the
larger surface area of the SWCNTs as compared to
MWCNTs. The highest removal percentage of
arsenate (97%) was observed with the
SWCNTs+FeCls. Also, the As(V) removal was lower
when using only conventional coagulants in ULW.
Compared to the As(V) removal achieved by
employing only conventional coagulation, the
combined coagulation treatment generally resulted
in higher removal of As(V) in this study. The As(V)
removal increased with decreasing pH whereas the
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decreasing of the As(V) removal for alkaline pH
levels. The maximum As(V) removal was
determined at pH 5. Additionally, the influence of
HA on arsenate removal increased with solution pH.
On the other hand, the highest As(V) removal
efficiency was recorded at pH 5, with the addition of
HA. During to increasing the concentration of the
monovalent electrolyte, As(V) removal increases at
low (5, 6) and high (8, 9, 10) pH with coagulation
processes. As the divalent ions (Ca*? and Mg*?)
were added, the removal efficiencies of As(V) were
greatly improved at pH 9 and 10. Results from this
investigation show that coagulation using CNTs can
be effective in the removal of As(V) from various
drinking water sources. Therefore, water treatment
plant operators can use the CNTs as coagulants or
aid-coagulant matter instead of conventional
coagulants, such as those described in this paper, to
effectively remove As(V).
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Abstract: Thermodynamically controlled supramolecular gel or aggregate is commonly resulted from the
formation of one-dimensional micelles through specific self-assembling of amphiphilic molecules. This
phenomenon is commonly referred to as the formation of worm- or thread-like micelle which is still
considered as quite complicated and obscure. This, in spite of the recent physical insight for interpreting
this phenomenon, is referred to as the critical intermolecular forces (CIF) of which still needs further
support. Therefore, attention by scientists in this field should be given in order to make this transition
phenomenon clear. In this work, investigations concerning the effect of addition of aliphatic alcohols with
different chain lengths of even carbon numbers (ethanol, 1-butanol, 1-hexanol, 1-octanol and 1-decanol),
at different concentrations (0.002-0.040 M), and temperatures on the formation of wormlike micelle for
the mixture of anionic sodium dodecylsulfate (SDS) and cationic cetyltrimethylammonium bromide (CTAB)
surfactants were carried out. The formation of these one dimensional micelles were practically detected by
following the sharp change of physical properties through the presence of a remarkable high viscosity
peak. The results indicate there is no linear or systematic relationship between the effects of the presence
of these alcohols with their chain lengths. It has been found that the presence of aliphatic alcohols causes
a positive effect on the formation of one dimensional micelles. The ability of the transition from spherical to
wormlike micelles increases with increasing their concentrations of alcohols except for that of 1-octanol.
The obtained achievements were explained in terms of CIF theory which then offered a reasonable support
to this theory. It was concluded that alcohols particularly ethanol and 1-octanol can be employed as
adjustment reagents for controlling required viscosity of threadlike micelles.

Keywords: Wormlike micelles, sodium dodecylsulfate; cetyltrimethylammonium bromide; supramolecular
chemistry; soft matter; aliphatic alcohols.
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INTRODUCTION

There is no doubt concerning with the essential and
important applications of surfactants in multi
aspects of life. The benefits of use of surface active
agents with their traditional spherical micelles are
not limited which are increasing day by day (1-4).
In special conditions, new version of micelles of one
dimensional shape of aggregates which referred as
worm- or thread-like micelles are found. The
specific characteristics of the rheological behaviors

exhibited by the aqueous solution of wormlike
micelles promise their employment in very
important applications of various aspects (5-15).
These properties are released from the
thermodynamically controlled supramolecular
structure of the self-assembled amphiphilic
molecules which are referred to as the living
polymers. On the other side, there are only poor
efforts concerning the theoretical background of the
formation of these one dimensional supramolecular
aggregates. Recently, we have developed a new
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physical insight that is called as the Critical
Intermolecular Forces (CIF) for interpreting the
formation of wormlike micelle (5). This theory was
achieved through the investigations of some binary
and ternary systems of mixed amphiphilic
molecules. The mixture of anionic sodium dodecyl
sulfate (SDS) and cationic cetyltrimethylammonium
bromide (CTAB) surfactants show a sharp viscosity
peak at a weight ratio 80/20 of 3 wt.% CTAB/SDS.
No such remarkable high viscosity peak was found
for anionic- and cationic-nonionic (Triton-x 100) nor
for ternary mixtures of these surfactants (5,14). The
suggested CIF theory proposed that the transition
phenomenon from spherical micelle structure to one
dimensional is resulted from the combination of
three main intermolecular forces. These including
electrostatic interactions of polar head groups,
dispersion forces between hydrophobic or (tail
groups and the hydrophobic effect that produced
from the excess of formed hydrogen bonds between
water molecules (icebergs). The theory (CIF)
surprisingly stated that the last effect plays the
major role in the formation of one dimensional
shape of aggregate as never mentioned in the
previous studies. The proposal of CIF interprets the
transition process from 3D to 1D as at particular
concentrations of molecules, a critical state is
created by disturbing the balance of intermolecular
interactions which makes the transformation
towards 1D energetically more favorable. This
theory (CIF) is considered as a helpful tool for
interpreting and understanding the transformation
to 1D shape of aggregate in addition to the
accompanied state of gel is and helpful for
predicting a new wormlike systems (5,14,15). Two
studies were followed for verification CIF theory
(14,15). The first was done through exploring the
effect of the presence of benzene ring in the non
polar chain of surfactant on the transformation
process towards 1D. The results show that the
existence of benzene ring in sodium
dodecylbenzenesulfonate (SDBS) as a mixture with
CTAB comparatively decreases the tendency of
forming wormlike micelle which parallel to CIF
theory (14). The second study also gives support to
CIF through studying the role of surfactant head
group in the transition process towards 1D shape of
aggregate (15). According to literature, there are
several publications concerning the formation of
wormlike micelles for gaining more information
about the factors affecting the transmission
phenomenon towards such type of micelle. No study
concerning with effect of alcohol chain length on this
phenomenon was mentioned (16-22).

However, as a continuation of our previous
investigations, a study of the effect of addition of
aliphatic alcohols on the transition process towards
1D seems interesting to us. Indeed, the presence of
both of hydrophilic hydroxyl and hydrophobic
hydrocarbon groups in these substances may
disturb the critical intermolecular forces and even
could change the transition mechanism. Therefore,
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this study could be considered as essential for
testing of CIF theory. Therefore, investigations
concerning the effect of addition of alcohols with
different chain lengths of even carbon numbers
(ethanol, 1-butanol, 1-hexanol, 1-octanol and 1-
decanol), at different concentrations (0.002-0.040
M) and temperatures on the formation of wormlike
micelle for the mixture of anionic SDS and cationic
CTAB. Indeed, this study was limited to use only
even carbon number of alcohol in order to avoid the
effect of zigzag mode which exist in hydrocarbon
chains (23).

EXPERIMENTAL SECTION

The surfactants CTAB (CH3z(CH2)14CH2N*(CH3)3Br)
and SDS (CHs3(CH.)10CH,0S0O5 Na* in addition to all
aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-
octanol and 1-decanol) were used in highly purified
form were obtained from VWR Chemicals BDH,
Sigma-Aldrich, and Alfa Aesar companies. 3 wt%
aqueous solutions of each surfactant was prepared
using freshly distilled water at concentrations of
0.1072 and 0.08486 M for CTAB and SDS,
respectively. The stock solutions of alcohols were
prepared according to their solubility as aqueous
surfactants solution of 3 wt% was used as a solvent
for non-water soluble alcohols.

Measurements of dynamic viscosity (n) were carried
out using modified Ostwald apparatus as elaborated
in Ref. 5. The temperature was controlled within
£0.1 °C using water thermostated Hakke NK22. In
order to check the reproducibility of the data, all
measurements were repeated for at least three
times.

RESULTS AND DISCUSSION

An investigation that deals with the effect of
aliphatic alcohols of different chain lengths on the
transformation from 3D to 1D shape of aggregate
may afford good information about interesting
transition. This is due to the fact that the behavior
of alcohols differ significantly from each other from
molecular interactions point of view. For example,
the water solubility of ethanol is very high, while 1-
butanol is slightly soluble (7.9 g/100 mL), and 1-
hexanol is very slightly soluble (0.6 g/100 mL),
while 1-octanol and 1-decanol are immiscible. As far
as the previous study indicates the sharp viscosity
peak for the mixture of SDS and CTAB due to
presence of worm-like micelle which is lying at
weight ratio 80/20 of 3 wt.% CTAB/SDS (5).
Therefore, the first exploration should be about the
effect of the presence of alcohols on the position of
this peak. The results as illustrated in Figure 1 show
there is no effect on the position of this
characteristic peak due to presence of these
additives. Indeed, such achievement could provide
support to the CIF theory as the long length chain of
hydrophobic group plays a major role in the
formation of wormlike micelles, as that for CTAB is
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exceeding by four CH2 groups in contrast to that of
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SDS (5).
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Figure 1: It exhibits that there is no effect due to presence of aliphatic alcohols (0.01 M) on the position of
the sharp viscosity peak at a weight ratio 80/20 of 3 wt.% CTAB/SDS at 25 °C.

The effect of presence of alcohols at different
concentrations of 0.002, 0.010, 0.020, 0.030, and
0.040 on the sharp viscosity peak were investigated
at different temperatures as illustrated in Figures 2-
6, respectively. In general, these figures show clear
enhancement in the ability of the formation of
threadlike micelles due to presence of alcohols at
different ratios except 1-octanol according to the
following sequence:

ethanol> 1-decanol> 1-butanol> 1-hexanol> 1-
octanol

Interestingly, such non-systematic consequence is
quite parallel with the principle of CIF theory.
However, the significant effect of ethanol may be
related to the intermolecular interaction of its
hydroxyl group with the head groups of spherical
micelle which then reduces the attraction between
the two oppositely charged molecules, that is, CTAB
and SDS. Then the stability of micelle will be
reduced which lead to the transformation
phenomenon towards one dimensional micelle. On
the other side, the relatively remarkable effect of 1-
decanol may be accepted for its long hydrophobic
chain of the similar length to that of SDS which may
cannot be covered by the hydrophobic core of 3D

micelle. Then, 1-decanol may behave as a
surfactant through an increase of the hydrophobic
effect that is responsible for the transformation
towards one dimensional micelle according to CIF
theory (5). Another probability of 1-decanol may be
released when behaves as a surfactant due to its
relatively long hydrophobic chain as involved within
the structure of spherical micelle with both CTAB
and SDS which then reduces the attraction between
head groups leading to the phenomenon of
transformation. On the other side, 1-octanol shows
a very slight effect towards the transformation
phenomenon in comparison with others, even there
is a negative effect at relatively high concentration
as clearly displayed in Figure 6. The reason for this
comparatively unusual behavior of 1-octanol can be
related to the considerable stabilization of the
structure of 3D micelle through entering its
hydrophobic core. Meanwhile, the behaviors of both
1-butanol and 1-hexanol may be correlated to the
hydrophobic effect due to excess in number of CH;
group in contrast to that of both ethanol and 1-
octanol. In other words, the activity of 1-butanol
and 1l-hexanol towards the formation of one
dimensional micelles can be considered as the
mediator between those of ethanol and 1-octanol.
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Figure 2: Effect of the presence of aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-octanol and 1-
decanol) in concentration of 0.002 M on the top viscosity (n) of the wormlike micelle for the mixture of 3%
w/w CTAB/SDS surfactants in water of 80:20 ratio at different temperatures.
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Figure 3: Effect of the presence of aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-octanol, and 1-
decanol) in concentration of 0.01 M on the top viscosity (n) of the wormlike micelle for the mixture of 3%
w/w CTAB/ SDS surfactants in water of 80:20 ratio at different temperatures.
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Figure 4: Effect of the presence of aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-octanol, and 1-
decanol) at a concentration of 0.02 M on the top viscosity (n) of the wormlike micelle for the mixture of 3%
w/w CTAB/ SDS surfactants in water of 80:20 ratio at different temperatures.
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Figure 5: Effect of the presence of aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-octanol, and 1-
decanol) at a concentration of 0.03 M on the top viscosity (n) of the wormlike micelle for the mixture of 3%
w/w CTAB/ SDS surfactants in water of 80:20 ratio at different temperatures.
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Figure 6: Effect of the presence of aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-octanol, and 1-
decanol) at a concentration of 0.04 M on the top viscosity (n) of the wormlike micelle for the mixture of 3%
w/w CTAB/ SDS surfactants in water of 80:20 ratio at different temperatures.

Figures 7 and 8 interpret the effect of changing the
concentration of aliphatic alcohols on the sharp peak
viscosity of 3% w/w CTAB/ SDS surfactants in water
of 80:20 ratio at 20 and 25 °C, respectively. Indeed,
the relationships of those figures indicating that the
ability of the formation of wormlike micelles

increases with increasing the concentration of
alcohols except for that of 1-octanol. The reason for
this can also be related to the same of above
discussion for the relationships of Figures 2-6 in
terms of CIF theory.
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Figure 7: Effect of the presence of aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-octanol and 1-
decanol) in different concentrations on the top viscosity (n) of the wormlike micelle for the mixture of 3%
w/w CTAB/ SDS surfactants in water of 80:20 ratio at 20 °C temperature.
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Figure 8: Effect of the presence of aliphatic alcohols (ethanol, 1-butanol, 1-hexanol, 1-octanol, and 1-
decanol) in different concentrations on the top viscosity (n) of the wormlike micelle for the mixture of 3%
w/w CTAB/ SDS surfactants in water of 80:20 ratio at 25 °C temperature.

CONCLUSION

On the basis of the above results, one could
conclude that the theory of CIF that coping the
transformation occurrence from 3D to 1D shape of
aggregate is still the right physical insight of this
phenomenon. Hence, the presence of aliphatic
alcohols helps for reaching the critical state of
intermolecular forces of the formed spherical micelle
towards the formation of 1D micelle. While, for 1-
octanol the matter is quite different as the presence
of 1-octanol satisfies the 3D shape of aggregate
which then it may work as inhibitor for reaching the
critical state, particularly when exists at relatively
high concentration. Finally, the results
recommended that alcohols particularly ethanol and
1-octanol can be employed as adjustment reagents
for controlling required viscosity of threadlike
micelles.
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Abstract: Lignocellulosic structures extracted from agricultural wastes have great potential in re-designing
sustainable packaging materials. In this study, the utilization of kiwifruit peels (KFP) (unt) and
lignocellulosic structures extracted from KFP, which were alkali-treated (al), acid-treated (ac), and
acetylated (ace), in poly(lactic acid) (PLA) films were investigated. Untreated and treated lignocellulosic
structures were added to PLA film-forming solutions at 5% (w/w based on PLA). The film samples were
characterized by their mechanical, water vapor permeability (WVP), FTIR, and optical properties. FTIR
results presented that the acid treatment and acetylation have changed the chemical structure of KPF,
which resulted in changes in intensities and peak shifts between 1400-1900 cm™. WVP of the films
containing KPF-based lignocellulosic structures was lower than control PLA films (p<0.05). The addition of
KPF-based lignocellulosic structures increased the tensile strength and elastic modulus (p>0.05) compared
to PLA control films. Films including acid-treated lignocellulosic structures had high opacity and relatively
low lightness values (p<0.05). These results showed that adding lignocellulosic structures into PLA films is
a promising method to improve the film properties.
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INTRODUCTION

The rise in energy demand, the increase in carbon
gas emissions, and the depletion of fossil-based
sources have recently raised environmental
concerns (1,2). The circular economy promotes the
transition from petroleum-based materials to
renewable materials and greener processes for
obtaining energy and materials. Biowastes are an
abundant and inexpensive source. Their complete
utilization to extract added-value materials is an
appealing option from an eco-friendly standpoint
(2-5). Among the various biomasses, lignocellulosic
biomass accounts for nearly 70% of total plant
biomass (4). Thus, the environmental problems and
depletion of fossil resources have increased interest
in green and sustainable chemistry, which focuses
on lignocellulose-based materials as a promising,
abundant, and renewable resource for different

materials (6-8). The main constituents found in
lignocellulosic structures are cellulose
(homopolymer), hemicelluloses (heteropolymer),
and lignin (aromatic polymers) (7-9). To convert
them into various bio-based compounds, individual
fractions could be recovered from lignocellulosic
biomass (10).

Researchers have used pre-treatments to separate
these main structures (lignin, hemicellulose) from
lignocellulosic structures, modify, improve their
reactivity by extracting those valuable constituents,
and change degrees of crystallization and
polymerization (11-15). Alkaline or acid hydrolysis
has been widely used as a chemical pretreatment
technique (16,17). Among the various
pretreatments, alkaline de-lignification destroys the
lignin structure and breaks linkages between lignin
and carbohydrate to make the Ilatter more
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accessible (18). Hydrothermal treatments are high-
capacity treatments for hemicellulose solubilization
while also producing cellulose and lignin-rich
structures that are open to being treated to extract
these components (19,20). Besides, acetylation has
been wused to plasticize the cellulosic fibers,
substituting hydroxyl groups with acetyl groups to
make the material more hydrophobic, stabilize the
material against water, and enhance the
degradation and stability (21). Ozone treatment is
another biomass pretreatment method in which it
oxidizes the structure to remove lignin and
hemicellulose (22).

The use of lignocellulosic structures as fillers for bio-
based polymers has gained popularity due to their
better mechanical strength, wide range of
availability, and being suitable for various chemical
structure-based  modifications (23-28). Many
studies have examined the incorporation of agro-
wastes into natural biopolymers such as starch,
protein, cellulose, poly(lactic) acid (PLA), and
polyhydroxy butyrate (PHB) to create bio-based
plastics (23,26,29-31). Among biopolymers, PLA
has been vastly studied due to its easily processed
structure, having similar characteristics to
conventional plastics, intrinsic biodegradability and
biocompatibility, compostability, thermoplastic
nature, and outstanding mechanical performance
(32). However, to widen the application of PLA-
based materials, PLA has been studied to modify its
structure by various alternative methods such as
blending with other polymers, reactive extrusion,
using crosslinking agents or chain extender,
chemical or physical modifications, and use of
reinforcing agents including inorganic fillers and
natural fibers (33-36). Among these applications,
the addition of lignocellulosic structures such as
corncob (37), yerba mate (32,38), bamboo,
switchgrass (39), nanofibers from lignocellulose
biomass (40) into PLA has also been gained
attention by researchers.

Fruit peels, such as kiwifruit peels, are from the
agro-food industry with promising potential as an
appropriate raw material for use in a biorefinery (7).
Kiwifruit processing creates wastes with bio-active
properties of various sectors such as cosmetic, food,
and pharmaceutical industries due to their bioactive
molecules having health-promoting properties (41-
44). After extracting active compounds (kaempferol
and quercetin derivatives) from kiwifruit peel, the
obtained solid fraction is primarily composed of
lignocellulosic  structures  (45). Incorporating
lignocellulosic structures obtained from agro-wastes
like kiwifruit peel as reinforcements typically lowers
cost and water uptake while increasing mechanical
strength (46). Arrieta et al. (38) studied the effect
of lignocellulosic-based mate nanoparticles
extracted from yerba mate residue on the properties
of PLA films. They reported enhanced thermal
stability, increased flexibility, processability, UV light
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blocking effect, and an appropriate disintegration in
compost. However, interfacial adhesion between
PLA and natural fibers extracted from agro-wastes is
one of the most important issues (37). Generally,
weak interaction between PLA and lignocellulosic
structures has been reported in the literature (47-
49). Thus, research on the addition of modified
lignocellulosic structures to improve the adhesion in
thermoplastics/lignocellulose composites are gaining
interest.

The food industry has been commercializing the kiwi
fruit in diverse processed forms, even though the
kiwi fruit is commonly consumed as fresh (50).
Therefore, the byproducts such as the peel of kiwi
fruit have been increasing and are still under-
explored (51). However, a great interest in these
byproducts has increased due to their high
concentration of bioactive molecules (52). The
characterization of kiwi fruit byproducts has been
studied by many researchers (51); however, the
valorization of these byproducts as fillers in
biopolymers is required more studies to confirm
their utilization. Besides, it has been reported that
the direct use of these fillers might result in
incompatibility problems, which chemical
modifications on lignocellulosic structures could
recover. PLA reinforcement with various chemically
modified lignocellulosic fibers has been rarely
studied. Thus, this study aimed to examine the
valorization of kiwifruit peels in PLA films as fillers
followed by different pre-treatments including alkali,

acetylation, and acid treatments, and further
evaluate regarding mechanical, water vapor
permeability (WVP), Fourier transform infrared

spectroscopy (FTIR), and optical properties, whether
to determine the potential of kiwifruits byproduct in
the food packaging applications.

MATERIALS AND METHODS

Materials

Kiwi fruits (KF) were provided from a local producer
in Isparta (Turkey) and peeled to collect kiwi fruit
peels (KFP). KFPs were then dried at 60 °C for 24 h
and ground with a high-speed blender. After
screening the obtained particles with suitable
meshes, particles smaller than 300 uym in size were
used in the experiments. Homogenized KFPs were
coded as “unt” and stored at 4°C until use.
Poly(lactic acid) (PLA) (4032D; molecular weight of
80,000-100,000 g/mol, 1.25 g/cm3 of specific
gravity, melt flow index of 5.89 g/10 min) was from
NatureWorks LLC (Minnetonka, MN, USA) and other
chemicals including sulfuric acid (H2S04), ethanol,
sodium hydroxide (NaOH), chloroform, glacial acetic
acid, and magnesium nitrate (Mg(NOs3)2) were
purchased from Sigma-Aldrich (St. Louis, Missouri,
USA).

Extraction of Cellulose-Rich Structures from
Kiwi Peels and Characterization
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The extraction steps of cellulose-rich structures
from KFPs are shown in Figure 1.
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Figure 1: Schematic representation of extraction steps.

KFPs were de-lignified in an alkaline medium using
NaOH at 5% (w/w) with a liquid: solid ratio of 10%
(w/w) at 121 °C for 15 min. Black liquor was
separated by filtration followed by washing to
neutral pH. The filtrate was dried and coded as
alkali-treated (al). The alkali-treated solid part was
then modified by acid treatment (ac) and
acetylation (ace) (53). Acid-treated samples were

obtained after subjecting the alkali-treated solid
part to H2SO4 (5%, w/w) at a liquid: solid ratio of
5% (w/w) at 50°C for 3 h. After mild hydrolysis, the
filtrate was washed several times and dried for 24 h
at 80 °C. The acetylation reaction was performed by
soaking the alkali-treated solid part in glacial acetic
acid. The reaction was carried out by adding ethanol
and concentrated H2SO4 (acid catalyst) at 50 °C for
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3 h. After washing with water several times, the
filtrate was obtained and dried for 24 h at 80 °C.
The al-, ac-, and ace-treated KFP-based fillers were

Dried kiwi peels Dried and grinded
kiwi peels

untreated

Alkali treated
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stored at 4 °C until use. The obtained cellulose-rich
structures from kiwi peels are shown in Figure 2.

Acid treated

Acetylated

Figure 2: Pictures of extracted structures.

Lignin and cellulose contents of dried KFPs (unt) and
extracted cellulose-rich structures were determined
according to Sogut and Cakmak's methods (54).
The Fourier transform infrared (FTIR) spectra,
ranging from 500 cm~! to 4000 cm~!, for KFPs (unt)
and extracted cellulose-rich structures were
obtained by Spectrum Two FTIR spectrometer
(Perkin Elmer, USA) with an attenuated total
reflectance (ATR) module.

Preparation of PLA films

PLA at 6% (w/w) was dissolved in chloroform and
poured on Teflon-coated Petri dishes. Reinforced
film samples were obtained by mixing KFP-based

a b
LA

t antrenteq

o

FILM

W0y

FILI

fillers at 5% (w/w) with PLA film-forming solution.
Homogeneous film-forming solutions were cast and
dried at room temperature. The pouring amount of
film-forming solution was adjusted to control the
film thickness. All film samples were conditioned at
25 °C and 53% relative humidity (RH) for one week
before characterization analyses. PLA film, which did
not include any filler, was named control film. Other
film samples were called PLA-unt, PLA-al, PLA-ac,
and PLA-ace for PLA films, including unt, al, ac, and
ace, respectively (Figure 3). The thickness of six
randomly selected points was measured by a digital
micrometer (Quantu-Mike IP65, Mitutoyo, Japan,
+£0.001 mm).
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Figure 3: Pictures of film samples (a=PLA, b=PLA-unt, c=PLA-al, d=PLA-ac, e=PLA-ace and number 1
denotes images taken under a stereomicroscope (Carl Zeiss Stemi 5800, Oberkochen Germany) processed
with Zeiss Zen (blue edition) software and with the scale of 0.1 mm)
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Characterization of the Film Samples

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of film samples were recorded using
Spectrum Two FTIR spectrometer (Perkin Elmer,
USA) equipped with a horizontal ATR module, which
was recorded from 500 cm~! to 4000 cm~! at 25 °C
(with a resolution of 4 cm~1).

Mechanical properties and water vapor permeability
(WVP) of film samples

The mechanical properties, tensile strength (TS),
and elongation-at-break values (E) were determined
by the ASTM standard method D882 (55). Films
were mounted in the film-extension grips of the
universal testing machine (Lloyd LR5, AMETEK, Inc,
UK) and stretched at 50 mm.min-1.

The WVP of films was determined according to the
E96/E96M-16 gravimetric method (56). Film
samples were exposed to 100% RH, and the
permeability measurements were performed by
weighing the cups periodically (every 1.5 h for 48 h)
at 25°C.

Optical properties of film samples

The opacity of film samples was determined using
the absorption spectrum of the film sample (1x4 cm
rectangular film strips) between 400 nm and 800
nm by a UV-visible spectrophotometer (Shimadzu,
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UV-1601, Japan). The opacity was expressed as
absorbance units per film thickness (AU nm.min™1).
The transmittance values were obtained at 450 nm
as percent transmittance with a UV-visible
spectrophotometer (Shimadzu, UV-1601, Japan).

The color of the prepared films was determined by a
Minolta Chroma Meter (CR-400, Konica Minolta,
Inc., Japan). CIE L* (lightness), a* (red-green) and
b* (yellow-blue) coordinates in the color space were
recorded by using a white standard calibration plate
(Y=92.7, x=0.3160, y=0.3321) as the background
for color measurement of the films.

Statistical Analysis

An analysis of variance (ANOVA) and Tukey’s
multiple comparison tests were used to find the
differences between film samples at a 95%
confidence level. The statistical analysis was
performed using Minitab 17 software (Minitab Inc.,
Brandon, UK). Three observations were performed
for each sample, and each experiment was
replicated three times.

RESULTS AND DISCUSSION
Properties of kiwi fruit peels

The cellulose and lignin contents of untreated and
treated kiwi peels are shown in Table 1.

Table 1: Lignin and cellulose contents of extracted structures.

Sample Cellulose (%) Lignin (%)
Untreated 13.66+2.22¢ 29.93+7.742
Alkali treated 37.03£2.66P° 19.28+1.462
Acid treated 65.28+4.49° 16.35+1.77°2
Acetylated 35.93+6.27° 19.90+5.38

a-¢ Different superscripts in the same column are significantly different (p<0.05).

It was observed that untreated KFP consisted of
13.66+£2.22 and 29.93+7.74% cellulose and lignin,
respectively. After the alkali treatment, cellulose
content increased while lignin content decreased,
showing the partial removal of lignin constituents.
The same trend was also observed in acid treatment
and acetylation, which might be due to the
functionalization of lignocellulosic structures by
reacting with cellulosic -OH groups. The acetylation
process might also modify the fiber structure,

causing an increase in plasticization and a reduction
in the water affinity of cellulose (57). Similarly,
Narender and Priya Dasan (58) and Kocaman and
Ahmetli (53) observed a reduction in lignin
concentration after acid treatment and acetylation
of coir pith and hazelnut shells, respectively.

The FTIR spectra of KFP and treated KFPs are shown
in Figure 4.
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Figure 4: FTIR spectra of untreated, alkali-treated, acid-treated, and acetylated kiwi peels.

The peaks found at 3300 cm~!, 1600 cm, and
1700 cm? belong to the O-H stretching, the
aromatic C=C stretching, and the unconjugated
C=0 groups stretching. The peaks found at 1220
cm! are also assigned to the C-O stretching in lignin
rings. The peak at 900-1100 cm~! belongs to the
cellulosic linkages, and the changes in the intensity
of these peaks are associated with the changes in
cellulose levels after the treatments. The
disappearance of peaks around 1700-1800 cm
observed after the chemical treatments can be
related to the decline in or the removal of
hemicellulose-based  structures. Besides, the
intensity of peaks at 1220 cm™ was lower than the

untreated KFP structures, which can be correlated
with the reduction in lignin concentration due to the
chemical treatments. The band at 1245 cm~! might
be observed due to the presence of the acetate
groups. Similar behavior was observed by Sreekala
et al. (59) for oil palm fiber and Kocaman (60) for
apricot kernel shells after various chemical
modifications.

Properties of film samples

The thickness, water vapor permeability (WVP), and
mechanical properties of film samples are shown in
Table 2.

Table 2: Thickness, water vapor permeability (WVP), and mechanical properties (TS, E) of film samples.

Sample Th'(';'l'f:;*ss (g_mm.k":'_‘j’_'f_h_l_m_z) TS (MPa) E (%)
PLA 1134150 0.15+0.05° 19.55+1.88° 4.3240.19°
PLA-unt 150£20° 0.12£0.01° 21.44+1.66° 3.08+0.53°
PLA-al 1284352 0.11+0.03 27.55+7.81° 4.79+0.61°
PLA-ac 1504212 0.11+0.02° 29.67+5.25° 4.92+0.62°
PLA-ace 128438 0.10£0.01° 26.14+4.38° 4.70+0.25°

a-b Different superscripts in the same column are significantly different (p<0.05).

The thickness of film samples slightly increased with
the addition of fillers; however, the fillers did not
significantly affect the thickness of film samples.
The highest thickness values were observed in PLA-
unt and PLA-ac film samples due to Iless
compatibility and lower interaction between the CH
film matrix and the filler.

The addition of KPF-based fillers into PLA films
significantly lowered the WVP of film samples, and
the lowest values were found in PLA-ace film sample
(p<0.05). The dispersion of fiber particles within the
film matrix might affect the diffusion way of water
molecules by changing the polarity of polymer and
the path length of water molecules (61). Similar

results were observed by Khalil et al. (62), who
studied the effect of bamboo fibers on the thermo-
mechanical properties of carrageenan films, and
Valdés Garcia et al. (63) used almond skin residues
to improve the properties of PCL films.

The application of different chemical treatments had
various effects on the mechanical properties of film
samples. Compared to neat PLA films, TS and E
values increased after alkali treatment and
modifications made by acetylation and acid
treatment. The PLA films, including untreated KFP,
also showed an increase in TS while a reduction was
observed in elongation. The differences between
untreated fiber added PLA film and PLA films,
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including alkali-treated and modified KFP, might be
due to increased cellulose content and improved
adhesive characteristics obtained after chemical
treatments (64). Acid-treated kiwi peels had the
highest cellulose concentration, followed by alkali-
treated and acetylated samples, while untreated
peels had the lowest cellulose concentration. The
presence of high cellulose fiber content might favor
the interfacial adhesion between PLA and filler,
resulting in better interactions with higher tensile
strength. The addition of untreated peels had lower
TS values, showing the modification improved the
filler-matrix adhesion at the interface through the
reaction with end groups of PLA (65). The direct use
of lignocellulosic structures in polymeric matrices
results in poor compatibility, requiring modifications
to obtain a larger surface area for better
interactions between filler and polymer (66). The
chemical modifications used in the experiments
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might substitute the hydroxyl groups of peels with
other functional groups depending on the used
method, making the fiber more hydrophobic and
thus enhancing the TS of polymer (21).

Similarly, Kocaman et al. (64) also reported
enhanced mechanical properties for biobased
composite materials when chemically modified
coconut waste particles were incorporated. The
elongation at break is related to the flexibility of
polymer chains; thus, an inverse effect is expected
between TS and elongation. However, in this study,
both TS and E values increased with fillers. The
presence of lignin could also contribute to the
plasticization of PLA due to the lignin-PLA bonding
at the interphase regions (26).

The optical properties of film samples are shown in
Table 3.

Table 3: Optical properties of film samples.

Sample L* ax b* Trans(ll};t)tance (Agﬁz::;tzm)
PLA 96.33+0.27° 0.14+0.03° 1.82+0.11¢ 47.85+6.70° 4.42+0.32°
PLA-unt 91.72+1.30° 0.63+1.23° 11.19+2.15°2 27.58+2.01% 4.99+0.30°
PLA-al 91.42+1.93° 1.28+0.60° 6.11+£1.37° 27.80+7.33% 4.23+0.18°
PLA-ac 92.05+1.80° 1.40+0.762 7.86+1.74° 24.40+4.34° 4.26+0.41°
PLA-ace 93.49+0.49% 0.66+0.29° 4.80+0.60°¢ 29.10+1.67% 4.97+0.89°

a-¢ Different superscripts in the same column are significantly different (p<0.05).

PLA control film had the high L* value indicating its
brightness and transparency, while its ax and bx
values were close to zero. The lightness of films,
including untreated and alkali-treated KFPs was the
lowest, followed by acid-treated and acetylated KFP
added PLA films (p<0.05). The a* and b* values
significantly increased with the addition of fillers as
indicative of a red, yellowish/brown coloration,
which is due to the typical color of KFPs. This
behavior was also reflected as a significant decrease
in transmittance and a significant increase in

opacity. The lowest value was measured for the
PLA-ac film, which might be due to the weak
dispersion of the acid-treated lignin within the PLA
matrix. The low transmittance values demonstrated
the potential applicability of these films as UV-
blocking films mainly for light-sensitive products
(67). Similar behavior was observed by Wang et al.
(68) for PLA and grafted PLA films, including lignin.

The FTIR spectra of film samples are shown in
Figure 5.
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Figure 5: FTIR spectra of film samples.

The major peaks of PLA showed in Figure 5 are at
1750 cm assigned to the -C=0 stretching vibration
of the ester group, and the peaks between 1300-
1400 cm~! corresponded to the asymmetric and
symmetric -CH3 deformation vibrations,
respectively. The other peaks identified between
800 and 1300 cm-! are related to the -C-O-C-
stretching of the ester groups, the C-O stretching,
the -OH bending, and the -C-C- stretching of the
amorphous phase (69). Iglesias Montes et al. (70)
observed similar FTIR spectrums for PLA bilayer
films containing cellulose nanocrystals or lignin
nanoparticles. The structure of PLA films did not
vary with the addition of KFP-based fillers, as
confirmed by any differences in FTIR spectra
compared to those of neat PLA films. Opposite to
these results, Nair et al. (26) found considerable
interactions between the nanocellulose fibrils with
high lignin content and PLA film matrix, which might
be due to the differences in lignin particle size

having an impact on particle-matrix interface
adhesion.
CONCLUSION

Lignocellulosic structures were extracted from KFPs
by alkali treatment and alkali combined chemical
treatments such as acetylation and acid treatment.
It was observed that the lignin concentration
decreased while the cellulose concentration
increased after alkali treatment and chemical
modifications of lignocellulosic structures extracted
from KFPs. The obtained structures were then added
to the PLA film-forming solutions to enhance the

PLA film properties as a food packaging material.
The WVP, TS, and elongation of PLA films were
enhanced with alkali-treated and alkali combined
chemically modified structures. However, no
significant changes in the chemical structure of PLA
upon the addition of various KFP-based fibers as
confirmed by FTIR spectra. In conclusion, alkali
treatment and different modifications were found to
have the potential to modify the lignocellulosic
structures extracted from agricultural wastes to be
used as fillers in the polymeric matrix for the
improvement of film properties.
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Abstract: Euphorbia hyssopifolia L. is an annual herb producing toxic latex. To our knowledge, this study
is the first one that focuses on accurately identifying the bioactive compounds in E. hyssopifolia and
evaluating its antioxidant and anti-breast cancer activities. Phytochemical qualitative screening tests were
performed. Total phenolic contents (TPC) and total flavonoid contents (TFC) were determined by Folin
Ciocalteu and Aluminum chloride methods, respectively. Bioactive compounds in E. hyssopifolia latex were
identified by using GC-MS analysis. Antioxidant activity was evaluated using DPPH and ABTS assays, and
anticancer activity of latex against MDA-MB-231 breast cancer cell line was studied using flow cytometry
methods. Results revealed the presence of flavonoids, tannins, alkaloids, diterpenes, steroids, and cardiac
glycosides in the plant, whereas saponins were absent. Latex outperformed methanolic 70% extract in
terms of TPC and TFC (39.52 £ 0.36 mg GAE/g E and 28.66 = 0.10 mg RE/g E, respectively). GC-MS
analysis of E. hyssopifolia latex resulted in the identification of 26 compounds, of which triterpenoids
constitute 67.0172%, followed by lupeol (23.7089%) and betulin (14.0098%). According to the reference
studies, most of the compounds found in latex have many biological activities. Latex outperformed all
extracts and ascorbic acid in terms of antioxidant activity (ICso= 0.029 mg/mL for DPPH, ICso= 0.001
mg/mL for ABTS). Flow cytometry methods revealed that E. hyssopifolia latex induced cell cycle arrest at
G1 phase (61%) and apoptosis (21.93%) of MDA-MB-231 cells after treating with latex at 10 ug/mL for 24
hours. However, more studies should be performed to explore bioactive compounds in E. hyssopifolia and
determine the underlying mechanism of its latex anti-breast cancer effects.
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INTRODUCTION

The genus Euphorbia belongs to Euphorbiaceae, the
sixth largest family among flowering plants. It in-
cludes about 2100 species, and it is the most di-
verse genus of spermatophytes on the Earth.
Species of Euphorbia are widely represented in the
Mediterranean Basin, the Middle East, South Africa,
and Southern USA (1-3).

Members of this genus are characterized by the pro-
duction of a milky irritant latex produced by laticif-
erous vessels. Latex is a complex mixture of pro-
teins, starch, sugars, alkaloids, tannins, oils, resins,
and gums. It serves as a defense material and pre-
vents herbivorous insects from feeding (4).

There are 45 species and 6 varieties of Euphorbia in
Syria, except for the species studied in this re-
search, most of which are herbaceous (5).
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Euphorbia hyssopifolia L. is an annual herb com-
monly found in the tropical and sub-tropical regions
of Africa and America, and is often found growing
along road sides and in fields, erect or suberect,
25.89 = 2.75 cm height, usually glabrous. Leaves
opposite with serrated margin and obovate shape.
Cyathia axillary and terminal, single or in small
cymes, glands 4, yellow-green, appendages white or
pale pink. Capsule triangular, ovoid, seeds are
blackish, each side has 3 or 4 transverse furrows,
caruncle being absent (6,7).

E. hyssopifolia was registered for the first time in
the flora of Syria in 2018. It produces latex which is
a health hazard to humans and livestock. Direct
contact of latex with the eye may cause blindness.
It is known to contain phenolic compounds which
are inhibitory to seed germination and seedling
growth as well as bacteria. This latex has also di-
uretic and purgative effects. It was used to treat
respiratory infections and to induce bronchial relax-
ation in asthma. The juice is said to remove warts
and the leaves can be boiled with Phyllanthus niru-
rito make tea for the treatment of gonorrhea (8-
10).

Phytochemical screening of the plant revealed the
presence of alkaloids, flavonoids, carbohydrates, vi-
tamin A, reducing sugars, saponins, glycosides, and
steroidal aglycone. It also contains mono and
sesquiterpenes, triterpenes, and steroids (11,12).

Few studies have demonstrated the toxic effects of
E. hyssopifolia. One study revealed the genotoxic
effect of its ethanolic extracts on HepG2 cells. An-
other study pointed out that its aqueous extract has
toxic effects on the normal structure and functions
of the liver and the heart of albino rats (12,13).

Breast cancer is one of the most common cancers
that affects about 12% of women in the world. De-
spite advances in chemotherapy, breast carcinoma
treatment is still a great challenge in the clinical
therapy (14). Therefore, breast cancer should be at
the forefront of medicinal plant research.

Up today, no study focused on accurately identifying
the bioactive compounds in E. hyssopifolia and eval-
uating its antioxidant and anti-breast cancer activi-
ties.

This study aims to perform qualitative screening
(flavonoids, tannins, alkaloids, saponins, diterpenes,
and steroids), quantitative screening (total phenolic
and flavonoid contents), identification of bioactive
compounds in E. hyssopifolia using GC-MS analysis,
and study its antioxidant and anticancer activities
on MDA-MB-231 breast cancer cell line.
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MATERIALS AND METHODS

Chemicals and Reagents
All solvents used in this study were of analytical
grade and purchased from Merck. All other chemi-
cals, including standard compounds (gallic acid and
rutin), reagents and cell culture chemicals were pur-
chased from Sigma-Aldrich.

Plant Materials

E. hyssopifolia was collected from Al-Bramka Zone
(33°30'37.1"N, 36°16'56.7"E) in Damascus Gover-
norate in September 2019 and 2020. The plants
were identified by Prof. Babojian, Botany Depart-
ment, Sciences College, Damascus University, Dam-
ascus, Syria.

Latex Collection

Crude white milky latex was obtained through cut-
ting and squeezing the stems of the fresh plants,
then it was dried in an oven at 45 °C up to constant
weight (15). Dried latex was stored in a freezer at -
20 °C until use.

It should be noted that dried latex was re-dissolved
in DMSO when total phenolic and flavonoid contents
were determined, and when DPPH and ABTS assays
were performed.

It is also useful to point out that latex used in flow
cytometry methods to study its anticancer activity
on breast cancer cells was not dried and was kept
wet in freezer at -20 °C until use.

Preparation of the Extracts

Different extracts (aqueous, methanolic 70%, ethyl
acetate, and n-hexane extracts) were prepared us-
ing maceration method; 40 g of powdered aerial
parts were separately extracted in 400 mL of the or-
ganic solvents by maceration (3 times for 72 hours;
re-extracted every 24 hours) at room temperature
as mentioned in (16). After filtration, the solvents
were removed using a rotary evaporator under re-
duced pressure and kept in a freezer at -20 °C.

The ethyl acetate and n-hexane extracts were re-
dissolved in DMSO when total phenolic and flavonoid
contents methods, and DPPH and ABTS assays were
performed, whereas aqueous and methanolic 70%
extracts were re-dissolved in their solvents.

Preparation of Latex Extract for GC-MS Analy-
sis

Methanol (99.9%, 5 mL) was added to 500 pL of la-
tex and kept in the shaker for 24 hours at room
temperature. The sample was centrifuged at 3000
rpm for 10 min and filtered. The supernatant was
concentrated to volume of 100 pyL and kept in the
freezer at -20 °C until use.
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Phytochemical Qualitative Screening Tests

Test of flavonoids

a) Shinoda test: 2 to 3 mL of the extract and small
pieces of metallic magnesium were added into a
small porcelain lid, followed by careful dropwise ad-
dition of concentrated HCI. Appearance of purple
color indicates the presence of flavonoids (17).

b) Alkaline Test: Method of (18) was applied with
some modifications. 2 to 3 mL of the extract and
few drops of 5% NaOH were added into a test tube.
The appearance of intense yellow color that became
colorless on addition of few drops of dilute HCI indi-
cates the presence of flavonoids.

Test of tannins

Few drops of 5% ferric chloride reagent were added
to the extract. Formation of an intense green or
black color indicates the presence of tannins (19).

Test of alkaloids

a) Wagner's Test: 1 mL of each extract was mixed
with equal volumes of Wagner’s reagent (Iodine in
potassium iodide). Formation of reddish brown pre-
cipitate indicates the presence of alkaloids.

b) Hager’s test: To 2 mL of each extract, few drops
of Hager’s (Saturated picric acid solution) reagent
were added. Presence of alkaloids was indicated by
formation of a bright yellow-colored precipitate.

c) Mayer's Reagent: 1 mL of each extract was mixed
with few drops of Mayer’s reagent (Potassium Mer-
curic Iodide Solution). Formation of light yellow pre-
cipitate indicates the presence of alkaloids (20).

Test of saponins

Approximately 200 mg of each extract was shaken
with 5 mL of distilled water in a test tube and
heated on water bath to boil. Presence of saponins

RESEARCH ARTICLE

was indicated by formation of strong and stable
foam (21).

Test of diterpenes

3 mL of each extract was mixed with 3 mL of 10%
copper acetate solution (note that the concentration
is specific to the research). Presence of diterpenes
was indicated by formation of green color (22).

Test of steroids

Salkowski's test: 2 mL of extract were mixed with 2
mL of chloroform and 2 mL concentrated sulfuric
acid was added carefully. Formation of red color in
the chloroform layer indicates the presence of
steroids (23).

Test of cardiac glycosides

Extract (2 mL) was treated with 2 mL glacial acetic
acid and few drops of FeCls. A brown color ring indi-
cates the presence of positive test (24).

Phytochemical Quantitative Screening Methods
TPC of the extracts and latex was determined by
Folin Ciocalteu method (26). 1 mL of the sample
was combined with 4 mL of 2% Na.COs and 4.8 mL
of the sample solvent (water for aqueous extract,
methanol 70% for methanolic 70% extract and
DMSO for ethyl acetate and n-hexane extracts and
latex). 0.2 mL of 2 M Folin-Ciocalteu reagent
(Sigma-Aldrich) was added to the mixture and
mixed thoroughly. After incubation for 60 min in the
dark, absorbance at 760 nm was measured by UV-
visible spectrophotometer (Optizen, Mecasys- Ko-
rea). Sample solvent was used as a blank. Total
phenolic content was determined as milligrams of
gallic acid equivalents per gram of sample (GAE
mg/gE) using a standard calibration curve between
0 to 300 ppm (Figure 1). Total phenolic contents of
samples were determined in triplicate. Data were
expressed as mean * standard deviation (SD).

14+
1.2+

14
0.8
0.6
0.4 -
0.2

0 T

Absorbance

T
0 50 100

T T
150 200

Gallic acid concentration (ppm)

T T 1
250 300 350

Figure 1: Standard calibration curve of gallic acid.
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TFC

Aluminum chloride colorimetric method was used for
determination of flavonoids with some modifications
(26). Briefly, 0.75 mL of sample was mixed with the
same volume of the sample solvent (as we did in
TPC determination), 1.5 mL of 2% aluminum
chloride, and 6 mL of 5% potassium acetate were
added. After incubation for 40 min in the dark, the
absorbance of the reaction mixture was measured
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at 415 nm spectrophotometrically. Sample solvent
was used as a blank. Total flavonoid content was
determined as milligrams of rutin equivalents per
gram of sample (RE mg/gE) using a standard
calibration curve between 0 to 150 ppm (Figure 2).
Total flavonoid contents of samples were
determined in triplicate. Data were expressed as
mean * standard deviation (SD).

2.5+

2 -

-
w
1

Absorbance
(=Y
|

0.5 -
O T T T T T T T 1
0 20 40 60 80 100 120 140 160
Rutin concentration (ppm)
Figure 2: Standard calibration curve of rutin.
Gas Chromatography-Mass Spectroscopy (GC- sample solvent (water for aqueous extract,

MS) Analysis of Latex

Methanolic extract of latex was subjected to GC-MS
for the identification of bioactive volatile
compounds. GC-MS analysis of the samples was
carried out using Agilent series A7890 with nonpolar
HB-5 MS column (30 m, 0.25 mm, 0.25 pm).
Helium was used as the carrier gas and the
temperature programming was set with initial oven
temperature at 80 °C, increased at 8 °C/min to 200
°C and held for 1 minute, and the final temperature
of the oven was 300 °C and held for 20 minutes. 1
ML sample was injected with splitless mode,
ionization potential 70 eV, and a scan range of 50 to
550 amu. The total running time for a sample was
52 minutes. The chemical components of the extract
were identified by comparing the retention times of
chromatographic peaks with NIST Library to relative
retention indices.

Antioxidant Activity Assays

DPPH (2,2-diphenyl-1-picrylhydrazyl) assay

The free radical scavenging activities of extracts and
latex on the DPPH radical were measured using the
method described by (27). 0.3 mL of tested samples
at different concentrations was added to 3 mL of
DPPH solution (45 pg/100 mL of ethanol). The

methanol 70% for methanolic 70% extract, and
DMSO for ethyl acetate and n-hexane extracts and
latex) was used as a blank. After the mixture was
shaken and left at room temperature for 30 min, the
absorbance was measured at 517 nm with a
spectrophotometer. The results were compared to
ascorbic acid which was prepared as standard with
different concentrations from 0 to 0.1 mg/mL
(Figure 3). The antioxidant activity of the tested
samples was calculated by determining the decrease
in absorbance at different concentrations by using
the following equation:

A-A
DPPH scavenging effect (%):[(1,442) X100
1

Where:
- A1 = the absorbance of the control reaction.
- A> = the absorbance in the presence of the
sample.

The ICso value, defined as the amount of antioxidant
necessary to decrease the initial DPPH concentration
by 50%, was calculated from the results and used
for comparison.

298



Azaat A, Babojian G, Issa N. JOTCSA. 2022; 9(1): 295-310.

RESEARCH ARTICLE

100

Antioxidant activity (%)
n1
o
1

T T
0 0.02 0.04

Ascorbic acid concentration (mg/mL)

T T 1
0.06 0.08 0.1 0.12

Figure 3: Standard calibration curve for antioxidant activity of ascorbic acid using DPPH assay.

ABTS (2,2'-Azino - bis (3-ethylbenzoline-6-sulfonic
acid)) assay

The free radical scavenging activities of extracts and
latex on the ABTS radical were measured using the
method described by (28). The radical cation was
prepared by mixing 7 mM ABTS stock solution with
2.45 mM potassium persulfate (1/1, v) and leaving
the mixture for 4-16 h until the reaction was
complete and the absorbance was stable. The
ABTS* solution was diluted with ethanol to an
absorbance of 0.700 = 0.05 at 734 nm for
measurements. The photometric assay was
performed by adding 0.9 mL of ABTS* solution to
0.1 mL of tested samples and mixing for 45 sec,
measurements were taken at 734 nm after 15
minutes. The results were compared to ascorbic acid
which was prepared as standard with different
concentrations from 0 to 0.015 mg/mL (Figure 4).

The sample solvent (as we did in DPPH assay) was
used as a blank. The antioxidant activity of the
tested samples was calculated by determining the
decrease in absorbance at different concentrations
by using the following equation:

(AI_A2)

ABTS scavenging effect (%)= X100

Where:
- A1 = the absorbance of the control reaction.
- A2 = the absorbance in the presence of the
sample.

The ICso value was calculated from the results and
used for comparison.
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Ascorbic acid concentration (mg/mL)

Figure 4: Standard calibration curve for antioxidant activity of ascorbic acid using ABTS assay.
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Anticancer Activity of E. hyssopifolia Latex
against MDA-MB-231 Breast Cancer Cell Line
This part of the research was performed in Atomic
Energy Commission of Syria, Biotechnology
Department.

Cell culture

MDA-MB-231 cells were purchased from ATCC. The
cells were seeded in a six-well culture plate and
grown in a humidified incubator (95%) at 37 °C
with 5% CO2. The cell culture medium was RPMI
1640 supplemented with 10% FBS and 1%
penicillin/streptomycin. All cell culture chemicals
were purchased from Sigma-Aldrich.

Cell cycle analysis by flow cytometry

Cell cycle analysis was performed by PI-based
measurements of cell DNA content using flow
cytometry. Cells were treated with various

concentrations of latex (dissolved in DMSO) for 24
hours, followed by collection of both attached and
detached cells. The pellet was rinsed twice with cold
PBS and cells were fixed in 70% ice-cold ethanol
overnight at 20 °C. Fixed cells were then washed
twice with PBS, and DNA was stained with PI
(Sigma-Aldrich) staining solution (20 upL of cell
suspension were added to 2 mL of staining solution)
and incubated in the dark for 5 minutes. Flow
cytometry analysis was carried out using BD
FACSCalibur Flow Cytometer.

Annexin V/PI apoptosis assay

Cells were cultured (1x108 cells/mL) overnight in 25
cm? cell culture flasks. Then, cells were treated with
various concentrations of latex (dissolved in DMSO)
for 24 hours. After treatment, both adherent and
detached cells were collected and rinsed twice with
cold PBS. The cell pellet was resuspended in 1 mL of
annexin-binding buffer and incubated with 5 pL of
Annexin V-FITC and 5 pL of PI for 15 minutes. The
cells were analyzed by flow cytometry and data
were analyzed using CellQuest Program. Data sets
were expressed as mean * standard deviation (SD).

Statistical Analysis

Experiments were performed in triplicate. Data were
analyzed by SPSS software (version 22) using one-
way ANOVA, LSD test. P<0.05 was considered
statistically significant.

RESULTS AND DISCUSSION

Phytochemical Qualitative
Secondary Metabolites

The results of phytochemical screening of E.
hyssopifolia extracts showed that the plant contains
flavonoids, tannins, alkaloids, diterpenes, steroids,

Screening of
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and cardiac glycosides, whereas saponins were
absent. Methanolic 70% extract was the richest in
secondary metabolites, especially of flavonoids and
tannins. On the other hand, alkaloids were found
with a moderate presence in the aqueous extract. It
is also noted that ethyl acetate extract was the
poorest in secondary metabolites; it contains
cardiac glycosides only. However, our results are
similar to the study (11) which revealed that leaves
of the plant contain flavonoids, tannins, alkaloids,
and other secondary metabolites, except for the
presence of saponins; the study indicated that they
were present in the plant leaves, while they were
absent in our extracts. This may be due to the
difference in the environment of the plant.

Another study (12) indicated the presence of
flavonoids and steroids in the ethanolic extract of
the plant, which were present also in our methanolic
70% extract (Table 1).

Extraction Yield, Determination of Total
Phenolic and Flavonoid Contents

No studies were found focused on the detection of
diterpenes and cardiac glycosides in E. hyssopifolia.
However, Euphorbiaceae (in all its genera) is known
to contain diterpenes (29).

Results showed that maximum yield was obtained
for aqueous extract (13.66% =+ 3.37), followed by
methanolic 70% extract (10.63% = 0.12), ethyl
acetate extract (2.80 £ 0.50), n-hexane extract
(1.50% =+ 0.26), and latex (0.05% <+ 0.01). It is
clear that yield of aqueous extract and methanolic
70% extract are significantly higher than other
samples, and the yield of latex was the lowest
(Table 2).

As for TPC and TFC, the extracts took the same
order that they took in the results of the extraction
yield; aqueous extract was the richest of these
compounds (42.19 = 0.70 GAE mg/g E for TPC,
35.71 £ 0.21 RE mg/g E for TFC), followed by
methanolic 70% extract, ethyl acetate extract, and
n-hexane extract. The surprising result is that the
latex took the second order after the aqueous
extract and outperformed significantly the
methanolic 70% extract. TPC and TFC of latex were
39.52 + 0.36 GAE mg/g and 28.66 + 0.10 RE mg/g
E respectively, even though it had the lowest yield
(0.05% % 0.01) (Table 2).
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Table 1: Phytochemical screening of E.

hyssopifolia extracts.

Flavonoids . Alkaloids . . . Cardiac
Extract NaOH Shinoda Tannins Wagner Hager Mayer Saponins Diterpenes Steroids glycosides
Agueous ++ ++ + ++ ++ ++ - + - -
MeOH 70% +++ +++ +++ - + + - + ++ +
Ethyl
acetate e
n-hexane - - - + + + - - - +

—: absent, +: present, ++: moderately present, +++:abundantly present.

Table 2: Extraction yield, total phenolic (TPC) and flavonoid (TFC) contents of E. hyssopifolia.

sample (extract/latex) Yield extraction/Latex TPC TFC
(%) (GAE mg/g E) (RE mg/g E)
Aqueous extract 13.66 + 3.37 42.19 £ 0.70 35.71 £ 0.21
Methanolic 70% extract 10.63+ 0.12 30.88 £ 0.21 17.95 £ 0.17
Ethyl acetate extract 2.80 £ 0.50 0.72 £ 0.05 0.31 + 0.04
n-hexane extract 1.50 £ 0.26 0.45 + 0.07 0.11 +£ 0.02
Latex 0.05 £+ 0.01 39.52 + 0.36 28.66 = 0.10

Each value is represented as mean £ SD (n = 3).
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To our knowledge, there is no study determining
the phenolic and flavonoid contents of E.
hyssopifolia so far. By comparing our results with
those of other Euphorbia species, differences were
observed. One of these studies determined
extraction vyield, TPC and TFC in aqueous,
methanolic, and ethyl acetate extracts of aerial
parts of three Euphorbia species namely E. hirta L.,
E. heterophylla L. and E. convolvuloides Hochst. ex
Benth.

Results showed that the yield of aqueous and
methanolic extracts was higher significantly than
that of ethyl acetate extracts. The values closest to
ours are those of E. convolvuloides; vyield
extractions of aqueous, methanolic, and ethyl
acetate extracts were 12.25%, 15.83%, and
3.29%, respectively.

The study also revealed that methanolic extracts of
the three Euphorbia species possessed the highest
TFC and TPC except the aqueous extract of E.
heterophylla yielded the highest TPC (141.90 *
3.34 mg GAE/g). TPC and TFC of ethyl acetate
extracts were differed greatly between the three
species; TPC values ranged from 29.61 £ 0.44 to
31.41 £ 0.53 mg GAE/g, whereas TFC values
ranged from 3.44 + 0.46 to 22.36 = 0.32 mg RE/g
(30).

Another study performed in Pakistan showed that
ethanolic 50% extract of E. dracunculoides had the
highest TPC and TFC; 17.35 + 0.62 mg GAE/g and
7.57 £ 0.42 mg RE/g respectively, whereas n-
hexane extract had the lowest values; 8.21 £ 0.49
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mg GAE/g for TPC and 4.18 £+ 0.25 mg RE/g for
TFC (31).

Reflecting on our results and those of previous
studies, it is clearly noted that extracts with high
polarity (aqueous and alcoholic extracts) have
higher yield extraction, TPC and TFC compared to
extracts with lower polarity.

This is due to the fact that phenolic compounds
constitute the largest share of secondary
metabolites in plants (32), and they are generally
highly soluble in alcohols, except for gallic,
cinnamic, and coumaric acids prefer water,
dichloromethane, and acetone, respectively (33).
However, TPC and TFC in plants varies according
to the species, environmental factors, and
extraction methods.

E. hyssopifolia latex contained a relatively high TPC
(39.52 £ 0.36 mg GAE/g E) and TFC (28.66 %
0.10 RE mg/g E) compared to other Euphorbia
species. For reference, a study has shown that TPC
and TFC of methanolic extract of E. tirucalli latex
were 10.50 £ 1.20 mg GAE/g E and 4.30 + 0.50
mg catechin equivalent/g E respectively (34).

GC-MS Analysis of E. hyssopifolia Latex
The present study has identified 26 compounds in

E. hyssopifolia latex, distributed as follows:
triterpenoids (67.017%), phenolic compounds
(11.281%), fatty acids and their derivatives

(4.187%), steroids
(0.778%), and other
(Figure 5, Table 3).
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5500000

H000000

4500000

4000000

3500000

3000000

2500000

2000000

1600000

1000000

G00000

44 438

rime-> 2500

3000 3500 3000 4500 5000

Figure 5: GC-MS chromatogram of methanolic extract of E. hyssopifolia latex.
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Most of the compounds found in latex have many
biological activities. Here, we highlight the major
compounds. Lupeol, a pentacyclic triterpenoid, is
the most abundant compound in latex (23.7089%).
It has antioxidant, antimicrobial, anti-inflammatory,
anti-tumor, and anti-cancer activities (35,36).

RESEARCH ARTICLE

Betulin is the second major compound in latex
(found at 14.0098%). It is also a pentacyclic
triterpenoid and has anti-tumor and anti-HPV
(Herpes simplex virus) activities (37,38). Lanosterol
is a triterpenoid found in latex at 7.6304%, and it
has antioxidant activity (39).

Table 3: Screening of the compounds identified in methanolic extract of E. hyssopifolia latex.

No. Compound nature

Area % RT

Compound name

1 Pentacyclic triterpenoid 1.9872 5.5667 2,3-Dihydro-3,5-dihydroxy-6-methyl-4-pyran-4-
2 Carboxylic acid 0.8068 6.1713 ggizoic acid

3 Organic compound 9.9094 6.4978 4-Hydroxydihydro-2(3H)-furanone
4 Phenolic compound 8.3532 7.0746 Pyrocatechol

5 Sesquiterpene 0.4061 9.4719 B-Caryophyllen

6 Sesquiterpene 0.3718 10.0139 a-Caryophyllene

7 Organic compound 1.1950 11.9942 1-Chlorocyclohexene

8 Phenolic compound 2.9273 12.2652 p-Hydroxybenzoic acid

9 Organic compound 0.6092 13.4187 5-Methyl-3-hexyn-2-ol

10 Organic compound 0.4465 14.2247 7-Methyl-Z-tetradecen-1-ol acetate
11 Saturated fatty acid 2.1633 17.3864 Palmitic acid

12 Monounsaturated fatty acid 0.7225 20.6036 cis-Vaccenic acid

13 Monounsaturated fatty acid 0.6664 20.7356 Oleic acid

14 Saturated fatty acid 0.6354 21.0553 Stearic acid

15 Steroid 0.4331 43.9649 Ergosta-7,22-dien-3.beta.-ol

16 Organic compound 1.1226 44,1108 Garcinielliptone FC

17 Tetracyclic triterpenoid 7.6304 44,4999 Lanosterol

18 Sterol 1.3322 44.9794 Obtusifoliol

19 Steroid 0.8822 45.2435 Ergosta-5,7-dien-3.beta.-ol

20 Triterpenoid of the sterol class 1.9876 45.841 Cycloartenol

21 Pentacyclic triterpenol 3.4377 46.0425 a-Amyrin

22 triterpenoid of the sterol class 3.3992 46.2580 Cycloartenol acetate

23 Pentacyclic triterpenoid 23.7089 47.0501 Lupeol

24 Pentacyclic triterpenoid 14.0098 47.1821 Betulin

25 Pentacyclic triterpenol 5.1167 48.0091 B-Amyrin acetate

26 Triterpene alcohol 5.7397 48.4398 cycloartenylferulate
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Pyrocatechol was the most abundant phenolic
compound (found at 8.3532%), and it was not
previously recorded in other Euphorbia species. A
study revealed that it has antioxidant and anti-
breast cancer activity (40,41). GC-MS analysis
showed the presence of another phenolic compound
found at (2.9273%), which is p-hydroxybenzoic
acid. A study has shown that it has antioxidant
activity (42). Cycloartenol and its derivatives are
triterpenoids present often in Euphorbia species,
and they were found in E. hyssopolia latex.
Cycloartenol was found at 1.9876%). It has
antioxidant, anti-inflammatory, and anti-tumor
activities (43,44). It should be noted that
"Cycloartenyl ferulate" (found at 5.7397%) was not
previously recorded in other Euphorbia species, and
it has antioxidative, anti-allergic, anti-inflammatory,
and anti-cancer activities (45). GC-MS analysis also
showed the presence of other triterpenes commonly
found in Euphorbia species, such as, amyrins and
their derivatives. a-amyrin (a pentacyclic triterpene)
was found at 3.4377%. It has antioxidant,
analgesic, and anti-inflammatory activities (46,47).
B-amyrin acetate was found at 5.1167%. It has
antioxidant, anticonvulsant, anti-inflammatory, and
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antinociceptive activities (48). Garcinielliptone FC, a
derivative of benzophenone, was found in E.
hyssopifolia latex at 1.1226%. It was not previously
recorded in other Euphorbia species. It has
antioxidant, anti-leishmaniasis and anti-colorectal
cancer activities (49-51).

Antioxidant Activity Using DPPH and ABTS
Assays

It is known that a decrease in ICso value indicates
an increase in the antioxidant activity of the sample.
The results of DPPH and ABTS assays appear to be
compatible, as both assays indicate that latex
significantly outperformed all extracts and ascorbic
acid; ICsp values of it were 0.029 mg/mL and 0.001
mg/mL in DPPH and ABTS assays, respectively,
noting that ICsp of ascorbic acid was 0.053 mg/mL
and 0.008 mg/mL in DPPH and ABTS assays,
respectively. The results of both assays also
converge in that methanolic 70% extract came in
the second order after latex, noting that its ICso was
equal to that of ascorbic acid in ABTS assay (0.008
mg/mL), whereas n-hexane extract was the least
capable of scavenging free radicals (Table 4).

Table 4: Antioxidant activity of extracts and latex of E. hyssopifolia.

ICso using ICso using
Sample (extract/latex) DPPH Assay ABTS Assay

(mg/mL) (mg/mL)
aqueous extract 0.313 0.018
methanolic 70% extract 0.080 0.008
ethyl acetate extract 0.193 0.022
n-hexane extract 2.078 0.081
latex 0.029 0.001
ascorbic acid 0.053 0.008

On the other hand, DPPH and ABTS assays differed
in the order of ethyl acetate and aqueous extracts in
terms of their ability to scavenge free radicals. ICso
of ethyl acetate extract was lower in DPPH assay
(0.193 mg/mL), that is, it was better than the
aqueous extract which had ICsp of 0.313 mg/mL,
while the order of the two extracts was reversed in
ABTS assay; ICso values were 0.018 mg/mL and
0.022 mg/mL for the aqueous extract and ethyl
acetate extract, respectively (Table 4).

Latex's great ability to scavenge free radicals is due
to its phenolic and flavonoid contents which are
relatively high as previously mentioned. TPC and
TFC were 39.52 £+ 0.36 GAE mg/g and 28.66 £+ 0.10
RE mg/g E respectively (Table 2). It is also due to
its content of phenolic and non-phenolic
antioxidants that appeared as a result of GC-MS
analysis, which are: pyrocatechol, p-hydroxybenzoic
acid (phenolic compounds), lupeol, lanosterol,
cycloartenol, cycloartenyl ferulate, a-amyrin, pB-
amyrin acetate, and garcinielliptone FC (non-
phenolic compounds). The high effectiveness of

methanolic 70% extract in scavenging free radicals
is due to its TPC and TFC which were 30.88 + 0.21
GAE/g E and 17.95 £ 0.17 RE/g E, respectively
(Table 2). It is noted that the aqueous extract was
the richest of these compounds, but it was not the
best as an anti-oxidant (Table 4), which indicates
that there is not always a direct relationship
between TPC and TFC on the one hand and the
antioxidant activity on the other hand. Ethyl acetate
and n-hexane extracts showed low free radical
scavenging ability (Table 4). Referring to Table 1, it
is noted that they were poor in bioactive
compounds, as Table 2 showed that they contained
negligible amounts of total phenols and flavonoids,
and therefore flavonoids and tannins did not appear
in results of phytochemical qualitative screening
(Table 1). However, these results indicate that latex
has the highest antioxidant activity, and statistical
study confirmed this result.
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Anticancer Activity of E. hyssopifolia Latex
against MDA-MB-231 Breast Cancer Cell Line

Cell cycle analysis

MDA-MB-231 cells were treated with various
concentrations of E. hyssopifolia latex (1, 3, 5, and
10 pg/mL) for 24 hours. It should be noted that the
mentioned concentrations depend on wet weight of
latex. Figure 6 showed that the treatment of MDA-
MB-231 cells with latex caused a concentration-
dependent cell cycle arrest at Gl phase. The
percentages of cells in G1 phase increased as a
result of the treatment with concentrations (1, 3, 5,
and 10) yg/mL by 0.87, 1.42, 1.63, and 2.35 times
respectively compared to the percentage of G1 cells
in untreated cells (control). In contrast, the
percentages of cells in S phase decreased after
treatment with the mentioned concentrations by

0.74, 1.38, 1.52, and 2.11 times, respectively,
compared to the percentage of cells in S phase in
the control. The percentages of cells in G2/M phase
also decreased after treatment with the same
concentrations by 1.81, 1.06, 0.97, and 1.63 times,
respectively, compared to the percentage of cells in
G2/M phase in the control. Thus, we conclude that
the best results were obtained when cells were
treated with a concentration of 10 ug/mL; so that
the percentage of cells reached 61% in G1 phase,
21.69% in S phase and 17.31% in G2/M phase. The
statistical study confirmed this result; there were
significant differences in G1 phase and S phase
between the concentration of 10% and other
concentrations (Figure 6). These data suggest that
treatment with latex induced cell cycle arrest at G1
phase.
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Figure 6: Bar graphs representing cell cycle analysis in cells treated with latex. Data are represented as
mean + SD.
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Figure 7: Fraction of viable, apoptotic, and necrotic MDA-MB-231 cells treated with different concentrations

of latex for 24 h. a: control cells, b: cells treated with 1 pg/mL, c: cells treated with 3 pg/mL, d: cells
treated with 5 pg/mL, e: cells treated with 10 pg/mL.

25 -
g 20 -
(%)
= 15—
8
£ 10 -
% I
g 5
<
0 T T T T
control 1 pg/mL 3 pg/mL 5 pg/mL 10 pg/mL
Latex concentration (pg/mL)

Figure 8: Apoptotic cells treated with E. hyssopifolia latex. Data are represented as mean = SD.

Annexin V-FITC/PI assay confirmed that latex was able to induce apoptosis. As shown in Figures 6 and 7,
cells treated with different concentrations of latex (1, 3, 5, and 10) pg/mL showed increasing of percentage

of apoptotic cells by 1.19, 1.51, 1.68, and 2.09 times respectively compared to the percentage of apoptotic
cells in control.
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Annexin V/PI apoptosis assay

Particularly, cells were treated with different
concentrations of E. hyssopifolia latex (1, 3, 5, 10
pg/mL) for 24 hours, and the double staining
Annexin V /PI allowed to measure the percentage of
live, apoptotic, and necrotic cells.

Figure 7 shows the percentages of apoptotic cells in-
duced by treatment of MDA-MB-231 cells at differ-
ent concentrations (0, 1, 3, 5, and 10) pg/mL of E.
hyssopifolia latex for 24 hours. It was also observed
that the percentage of necrotic cells increased, es-
pecially when treated with concentrations 5 and 10
pg/mL, reaching 2.06% and 1.1%, respectively.
However, these percentages are relatively low com-
pared to the percentages of apoptosis. Thus, treat-
ment with a concentration of 10 pg/mL is better
than treatment with a concentration of 5 ug/mL, be-
cause it resulted more apoptotic cells (21.93%) and
less necrotic cells (1.1%), which in turn is better
than treatment with the rest of the concentrations.
The statistical study confirmed our results (Figure
8). The presence of necrotic cells after treatment
with latex is due to the fact that Euphorbia species
generally contain compounds that induce necrosis
(52). The results of treatment with latex appear to
be good. This is due to its content of compounds
that have anti-cancer activity shown by GC-MS
analysis, foremost of which are lupeol (found at
23.7089%) and pyrocatechol (found at 8.3532%)
(Table 3). A study showed that lupeol acts as an an-
ticancer agent against MCF-7 breast cancer cells by
inducing apoptosis (53). Another study showed that
pyrocatechol was able to induce DNA damage,
apoptosis and G1 cell cycle arrest in MCF-7 and
MDA-MB-231 breast cancer cells (41). Based on the
results of the present and previous studies that
evaluated anti-cancer activity of Euphorbia species
against MDA-MB-231 breast cancer cells, it was
found that E. hyssopifolia latex was able to induce
apoptosis in a good percentage (21.93%) after
treatment with a relatively low concentration (10
pg/mL), noting that the concentration would be less
if latex was dried, and within a short period (24
hours). Also, the percentage of necrotic cells was
relatively low in our study (1.1%). For reference,
the effect of a hydroalcoholic extract of the aerial
parts of E. szovitsii on MDA-MB-231 breast cancer
cells was studied. Results revealed that treatment
with this extract increased the percentage of cells in
G1 phase and decreased in S phase with increasing
concentration. The study also found that treating
cells with concentration of 50 ug/mL for 24 hours
induced apoptosis of 20.65% and necrosis of 0.58%
compared to the control (54). By comparing the re-
sults of this study with ours, it is clear that the per-
centages of apoptotic and necrotic cells are similar,
but the concentration used in our study is lower.
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CONCLUSION

The current study showed that E. hyssopifolia con-
tains flavonoids, tannins, alkaloids, diterpenes,
steroids, and cardiac glycosides, whereas saponins
were absent. Methanolic 70% extract was the rich-
est in secondary metabolites, especially flavonoids
and tannins. The maximum yield extraction was ob-
tained for aqueous extract, and it had the highest
TPC and TFC. Latex significantly outperformed
methanolic 70% extract in terms of TPC and TFC,
even though it had the lowest yield. GC-MS analysis
led to the identification of 26 bioactive compounds
in E. hyssopifolia latex, of which triterpenoids con-
stitute 67.0172%, led by lupeol and betulin. Latex
had strong antioxidant activity which outperformed
significantly ascorbic acid and all extracts, which in-
dicates that latex is an excellent source of antioxi-
dants. E. hyssopifolia latex induced cell cycle arrest
at G1 phase and apoptosis of MDA-MB-231 cells af-
ter treatment for 24 hours at relatively low concen-
trations. However, more studies should be per-
formed to isolate and purify bioactive compounds in
E. hyssopifolia, as well as to determine the underly-
ing mechanism its latex anti-breast cancer effects.
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