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Abstract

The corrosion degrees of produced non-activated and activated cordierite-based ceramics were investigated in hydrochloric and sulfuric acid
solutions. The composition of talc, alumina, and kaolinite powders was mechanically activated in a planetary mill. The concentrations of
aluminum, magnesium, silicon, calcium, and potassium leached to the acid solutions from non-activated and activated cordierites were measured
using ICP-OES. The amorphization of the structures was examined by XRD analysis. As a result, it has been determined that activated cordierite-

based ceramics are more durable, and sulfuric acid solution causes more corrosion than hydrochloric acid.

Keywords: Cordierite, mechanical activation, corrosion resistance

1. Introduction

One of the crucial phases of the triple MgO-5i0O>-Al20s
ceramic system, along with mullite, forsterite, tridymite,
cristobalite, enstatite, and sapphire phases, is the
cordierite phase (2MgO-2Al:0s-55i02) [1,2]. These
ceramics find substantial usage in circuit boards, filters,
thermal insulation materials, catalytic converters,
membranes, furnaces, refractories, electrical porcelain,
and other applications because they have good thermo-

mechanical, chemical, and dielectric qualities [3,4].

The cordierite phase is created using a variety of
starting materials. Simple compounds like oxides,
hydroxides, and carbonates are the earliest of them. The
second is binary compounds, which include clays, talc,
and sepiolite; the third is ternary compounds, which
include chlorite. Industrial wastes such as magnesite and
glass slag are also used in cordierite production [4,5].

Although the kaolin-talk system is suitable for
producing cordierite ceramics, the specifications of the
produced cordierites vary due to the presence of
impurities in different kaolinites. For this reason,
selecting the appropriate kaolin is crucial to preparing
high-performance cordierite ceramics. The sintering of

cordierite ceramics is difficult due to the narrow
sintering temperature range (1300 — 1400 °C) [6,7]. It is
possible to reduce the production temperature and
increase the physical properties of cordierite by using
different methods such as co-precipitation, solid-state
synthesis, or sol-gel.

Since cordierite-based ceramics dissolve more in
acidic solutions [8,9], they are susceptible to acid
corrosion. There are few studies on the acid solubility of
these ceramics. Kang et al. [10] found that p-cordierite in
the cordierite-based glass ceramics they produced was
more resistant to acid solutions (especially H2SO4) than
a-cordierite. Baitalik and Kaya [11] subjected the
cordierite-silica-based porous ceramics they produced to
the acid corrosion test at 90 °C using a 20% by-weight
HCI solution. According to their corrosion test, it was
observed that the cordierite phase was completely
dissolved in ten days in an acidic medium.

With the mechanical processes carried out in the solid
phase, the phase structure of the solids can be changed,
and smaller powder particle sizes can be obtained.
Therefore, the powder particles exposed to the
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mechanical process can react at a lower sintering
temperature due to increased surface area [12,13].
Obradovic et al. [14] investigated the effect of mechanical
activation and two-step sintering on cordierite-based
ceramics' structure and electrical properties. The
mechanical activation provides better homogeneity of
powder mixture and powder activity. Also, the obtained
densities increased and led to higher dielectric
permittivity. Nath et al. [15] reported the mechanical
activation effect on cordierite synthesis at lower
temperatures. The cordierite was obtained with better
properties, such as a higher quantity of cordierite phase
and improved physical properties. Dordevic and Jovani¢
[16] studied mechanical activation influence on electrical
properties of cordierite ceramics. The formation
temperature of cordierite was affected by activation
time, and no significant changes were observed in
electrical properties. Yalamag¢ and Akkurt [17] analyzed
the effect of additives and grinding on the synthesis of
cordierite. The synthesis temperature successfully
decreased to a lower value using additives and grinding.
Wu et al. [18] investigated the corrosion resistance of
zircon-modified  cordierite_spodumene  composite
ceramics. The corrosion resistance and mechanical
strength were improved with zircon modification. Citak
et al. [19] studied the corrosion properties of cordierite-
based ZrO: composite. The resistance was increased
with ZrO: addition. In the present study, the effects of
structural disorder (amorphization) provided by
mechanical activation of the ceramic system (talc-
kaolinite-alumina) were determined by X-ray diffraction
(XRD) analysis. The microstructural change was
analyzed using scanning electron microscopy (SEM).
The corrosion resistance of the mixed ceramic systems
against two strong acids (H250s: and HCI) that the
material may encounter was examined by ICP-OES.

2. Material and methods

In the present study, the used raw materials are alumina,
kaolin, and talc for the production of cordierite-based
ceramics, which were supplied by Durovit Company
from Turkey. Table 1 shows the company's values of the
used raw material's chemical compositions.

Table 1. Chemical composition of raw materials

Compounds (wt.%) Talc Kaolin Alumina
SiO:2 63 52.12 0.52
Al0s 0.40 33.83 99.425
Fe203 0.25 0.55 —
CaO 0.40 0.15 —
K20 0.04 0.13 —
NaO 0.08 0.01 0.055
MgO 30 0.05 —
TiO2 — 0.45 —
LOI* 4.83 12.45 —

* Loss on ignition, wt: weight

Turk J Anal Chem, 5(2), 2023, 83-88

16 wt.% alumina, 43 wt.% kaolin, and 41 wt.% talc
were mixed at 110 °C 24h. A high-energy planetary ball
mill (600 rpm) (Fritsch) was used for the mechanical
activation of the mixture for 1 hour. An X-ray diffraction
investigation was carried out by an X-ray diffractometer
(Rigaku Ultima) and CuKa For the
morphological examination of mixed powders that had
been activated and non-activated, a Joel 6060 LV SEM
was employed. Eq. 1 was used to determine the
percentage of amorphization (A%) of mechanically
activated powders [20, 21].

radiation.

B,.1I,
A% = [1 ——J X 100 ey
By.1,

Where Lo is the diffraction peak's integral intensity,
and Bo is the peak's background for the unactivated
mixture. Bx and I» are the same values for the mixture
that has been mechanically activated. One axial
hydraulic press operating at less than 100 MPa shaped
the mixture of activated and non-activated powders. The
sintering process of the shaped samples was carried out
under atmospheric conditions by keeping them at 1250
°C for 1 hour with a heating rate of 10 °C/min. The
cordierite phase formed after sintering was determined
by XRD analysis. The microstructural examinations
were carried out using SEM. The images were taken
from the fractured surface of the samples. For the
corrosion tests of the produced cordierite-based
ceramics, 2%, 5%, and 10% HCIl and H2SOs solutions
were prepared. Sintered pellets were kept in acidic
solutions with two different acids three
concentrations for 1 and 10 days. Al, Mg, Si, Ca, and K
concentrations in leach solutions were measured with a
Spectro Arcos model ICP-OES (Spectro Analytical
Instruments Dusseldorf, Germany).

and

3. Results and discussions

Figure 1 shows the XRD patterns of activated and non-
activated alumina-talc-kaolinite mixture powders. Most
of the crystalline peaks disappeared after mechanical
activation due to the amorphization and structural
deterioration in the structure of kaolin talc and alumina.
The mechanical activation process causes the mineral
particles to become amorphous depending on the
rotation speed and duration [22]. It means that
mechanical activation decreased the grain size and
caused amorphization of the mineral particles of the
structure [20,22]. The mechanical activation disrupts the
crystal structure and makes it unstable. Some reactions
occur during operation, and energy consumption is
reduced. The grain size decreases, and the surface area
increases, which increases the ability to react.
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Figure 1. XRD patterns of activated and non-activated alumina-talc-
kaolinite-powders

Thus, solid-solid reactions at high temperatures are
carried out at lower temperatures. In two studies,
and Meech [23,24] demonstrated that
mechanical activation led to the growth of a significant
number of dislocations and the corresponding strain
fields, which might result in a general decline in long-
range lattice periodicity. The loss of diffraction peaks
and line broadening occurred in the X-ray patterns after
extensive milling, and this might be seen as forming a
metastable "amorphous phase".

Tromans

Fig. 2a and b show scanning electron micrographs
(SEM) of powder mixtures made of talc, kaolinite, and
alumina that have been activated and not activated. The
non-activated mixture has particles larger than 5 um in
size (Fig. 2a). The powder combination is mechanically
activated and then agglomerated. Moreover, Eq. 1 was
used to determine the degrees of amorphization of
alumina, talc, and kaolinite. Alumina, talc, and kaolinite
all had amorphization degrees around 75, 95, and 95%,
respectively.

Figure 2. SEM micrographs of non-activated (a) and activated (b)
alumina-talc- kaolinite powders

Turk J Anal Chem, 5(2), 2023, 83-88
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Figure 3. XRD patterns of non-activated and activated samples were
sintered at 1250 °C for 1 h.

The activated mixture powders are shaped and
sintered at 1250 °C for 1h. The mechanical activation
caused decreased grain size and increased surface area.
Therefore, the sintering temperature was reduced due to
the easier powder reaction. Fig. 3 shows the XRD
patterns. The XRD pattern of the non-activated sintered
sample indicates that cordierite, corundum, enstatite,
mullite, and quartz phases are present. The activated
sintered samples' diffraction patterns show well-
crystallized sharp peaks of cordierite and a small
amount of corundum and quartz. The cordierite phase
intensity of the activated sample increased. Elmas et al.
[25] studied the effect of mechanical activation on the
formation of mullite in their study on the Alumina-
Quartz system and stated that mechanical activation
supports the formation of the mullite phase.

SEM micrographs of activated and non-activated
sintered pellets are shown in Fig. 4a and 4b. Non-
activated pellets show high porosity between grains (Fig.
4a). However, porosities are smaller in activated pellets
(Fig. 4b).

X3; 808 SHm

15KV

) e
Figure 4. SEM images of (a) non-activated and activated (b) samples
sintered at 1250 °C for 1 h.
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Based on the SEM images, we can say that mechanical
activation has a porosity-reducing effect on the sintering
process. Ceramics are porous materials and resistant to
acidic corrosion. The amount of porosity was reduced by
mechanical activation, and corrosion resistance was
increased. Obradovic et al. [1] reported that mechanical
activation decreased open porosity and increased
density value.

The acidic corrosion rates of activated and non-
activated cordierite-based ceramics are shown in Fig. 5.
Aluminum was the most dissolved metal in non-
activated cordierite-based ceramics. After one day of
treatment, the leached Al concentrations from non-
activated ceramics in 10% HCI and 10% H25Os solutions
were ~62.0 and ~81.0 mg/L, respectively. In activated
ceramics, these concentrations were decreased to ~6.0
mg/L (in HCl solution) and ~8.0 mg/L (in H2S0s
solution). The activation process significantly reduced
the amount of dissolved Al Similar results were
obtained with Mg and Si except for Ca and K. Although
the dissolution of other metals decreased with the
activation process, no significant change occurred for Ca.
K and Ca were impurities and not parts of the cordierite
structure. They were mostly at the grain boundaries [26]
and not significantly affected by the activation process.
Potassium was affected more than calcium due to
binding energy. Also, the bulk densities were measured
before and after corrosion, but no difference was
observed in the results.

The effect of time on the leached metal concentrations
from activated ceramics is shown in Fig. 6. The highest
and the
concentrations of dissolved metals decreased in ten
days. It was observed that after 10 days, there was no Ca,
which was found in the grain boundaries, and Mg,
which was weakly bound to the structure. Mg was

corrosions occurred on the first day,

removed easily on the first days of the leaching process
and could not be detected in the leaching solution after
ten days because it did not remain in the structure. On
the first day, the acid dissolved the metals outside the
lattice. The concentration of dissolved metals decreased
in 10 days because the amount of acid that could enter
the lattice was limited.

Fig.7 demonstrates the effect of acid concentration on
the corrosion of activated ceramic. Except for Ca,
increased acid concentration increased the concentration
of all leached metals as predicted. The leached Ca
concentrations were the same in 2% and 10% acids
because all Ca were dissolved in 2% HCl and H2SOs
solutions. Also, it was concluded that the corrosion
strength of H250: on activated cordierite-based ceramics
was higher than HCl solutions due to the higher acidity
of the sulphuric acid.

Turk J Anal Chem, 5(2), 2023, 83-88

T W None-activated (HCI)
75 4 { M Activated (HCI)

B None-activated (H,SO,)
60 B Activated (H,SO,)

Al Mg Si Ca K

Figure 5. The leached metal concentration of non-activated and
activated cordierite-based ceramics (10% acids, 1 day)
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Figure 6. The effect of time on the leached metal concentrations from
activated ceramics (10% acids)
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Figure 7. The effect of acid concentration on the leached metal
concentrations from activated ceramics (1 day)
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4. Conclusions

In the present study, mechanically activated and non-
activated cordierite-based ceramics materials were
prepared.  The
deterioration, microstructure, and corrosion resistance
of the bulk materials in HCl and H2SOs
characterized systematically. The most important

amorphization and  structural

were

conclusions are:

1. The mechanical activation in talc, kaolinite, and
alumina led to amorphization and structural
disordering. Alumina, talc, and kaolinite all had
amorphization degrees around 75, 95, and 95%,
respectively.

2. The activated and non-activated mixture powders are
shaped and sintered at 1250 °C for 1 h. The intensity of
the cordierite phase increased in the activated sample.
3.1t has been established that mechanical activation
lowers open porosity in pellets after sintering.

4. Activated cordierite is approximately 10 times more
durable against acidic corrosion than non-activated
cordierite. The corrosion degrees are raised by increased
acid concentration and strength. The corrosion rates
reached a maximum on the first day and then decreased
over time due to the limited amount of acid that can
enter the lattice.
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Abstract

Determination of nonsteroidal anti-inflammatory drugs (NSAIDs) in pharmaceutical formulations helps to ensure that they are manufactured to
the correct specifications. Consequently, simple, reliable, and environmentally friendly analytical methods are needed for the quality control of
NSAID formulations. In this study, a novel and green liquid chromatographic method was developed for the determination of nimesulide (NIM)
and naproxen (NAP) in gel formulations by employing ethanol as a green alternative to hazardous methanol and acetonitrile. The high viscosity
of ethanol was compensated by employing a Chromolith High Resolution RP18e monolithic column (100 x 4.6 mm) with low flow resistance. Box-
Behnken design with desirability function was employed for the optimization of selected significant parameters: pH (2.8 — 4), ethanol ratio in the
mobile phase (35-55%), and flow rate (0.7-1.5 mL/min). Under optimum conditions, satisfactory separation of analytes was achieved within 5
min. Calibration curves for both analytes were linear between 1-50 ug/mL. Accuracies of intra- and inter-day experiments at low-, middle-, and
high-quality control levels ranged from 99.0-101.5% with relative standard deviation values lower than 2.3%. The detection limits were 0.27 and
0.62 pg/mL for NIM and NAP, respectively. The applicability of the method was demonstrated by analyzing gel formulations. The results of this
study indicated that monolithic columns in combination with ethanol as a mobile phase component could be considered a desirable and green
alternative for the routine analysis of NSAIDs in quality control laboratories.

Keywords: Anti-inflammatory drugs, liquid chromatography, pharmaceutical analysis, design of experiments

1. Introduction

Nimesulide (NIM) and (NAP) are

naproxen

nonsteroidal  anti-inflammatory drugs (NSAIDs)
commonly utilized for their potent analgesic, anti-
inflammatory, and antipyretic effects. These medications
exhibit distinct pharmacological effects and have been
widely prescribed for various inflammatory conditions

and pain management [1].

NIM selectively inhibits cyclooxygenase-2 (COX-2)
enzyme, which is primarily responsible for the
production of prostaglandins involved in inflammation
and pain. This selectivity minimizes the adverse

gastrointestinal ~ effects  often  associated  with
nonselective NSAIDs, such as gastric irritation and
ulceration. Nimesulide has also shown anti-

inflammatory and analgesic properties, making it a
valuable option for managing acute and chronic pain
and musculoskeletal disorders [2,3]. On the other hand,
NAP is a nonselective NSAID that inhibits both COX-1
and COX-2 enzymes, leading to a more comprehensive
suppression of prostaglandin synthesis. The broader

spectrum of action of NAP is advantageous in treating
inflammatory conditions, particularly in
rheumatoid arthritis and osteoarthritis [4,5].

several

Accurate quantification of drugs ensures that the
intended therapeutic
potency. Additionally, quality control (QC) measures

formulations maintain their
are essential to ensure drugs meet stringent regulatory
standards. In this manner, there is a need for reliable
analytical methodologies for the determination of NIM
and NAP in pharmaceutical formulations. High-
performance liquid chromatography (HPLC) with UV or
diode array detector (DAD) detection has a leading
position in the analysis of NSAIDs [6-15]. On the other
hand, HPLC methods generally require the use of
solvents such as methanol and acetonitrile, which
present health and environmental issues and, therefore,
are classified as “class 2” in the International Conference
on Harmonization (ICH) guidelines [16].

Green analytical chemistry (GAC) is a field of science
that focuses on minimizing the negative environmental
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impact of medical, environmental, food, and industrial
analysis laboratories [17]. Today, there is a shift towards
applying GAC concepts to
methods with eco-friendly ones displaying similar or
better analytical performance [18]. In this manner,
ethanol has been considered as a green mobile phase
component in LC due to its wide availability, safety, and
relatively low cost. It has an eluotropic strength and a

replace conventional

UV cut-off value similar to acetonitrile and methanol,
respectively [19]. Although ethanol has a high viscosity,
which may lead to the formation of elevated column
back pressures, this issue can be solved by using
monolithic columns consisting of a single rod of high-
purity polymeric silica gel, which creates significantly
lower flow resistance compared to traditional particle-
based columns due to bimodal pore structure of macro
and mesopores [20,21]. For these reasons, there is a
growing interest in the use of ethanolic mobile phases to
separate various analytes, including natural compounds
[22] and drugs [23-26].

In HPLC
parameters influence separation efficiency, including
mobile phase pH, organic solvent ratio, gradient slope,
flow rate, temperature, etc. These parameters are
generally optimized by employing a one-factor-at-a-time
(OFAT) approach, which requires performing many

analysis, several chromatographic

experiments and is unable to detect factor interactions.
In this manner, Design of Experiments (DOE) has
recently attracted considerable interest in the analytical
chemistry community as a reliable chemometric tool for
the optimization of analytical procedures while
conducting a minimal number of experiments [27].
Instead of the traditional OFAT approach, where factors
are altered individually, DOE allows for the
simultaneous exploration of the effects of multiple
variations on one or more responses. While conventional
optimization approaches are often empirical, DOE offers
a systematic and multivariate experimental framework
to comprehensively understand a process and assess the
statistical significance of factors. By creating an
experimental matrix, DOE enables faster visualization
and the evaluation of multiple factors simultaneously.
Furthermore, unlike OFAT, which assumes that factors
act independently, DOE models can reveal potential
interactions between these factors, enhancing the depth
of process understanding. The
conducted by employing response surface methodology

optimization is

with desirability function based on different designs
such as Box-Behnken design (BBD) and central
composite design (CCD) [28-30]. The BBD is a second-
order response surface design proposed for optimizing
processes and studying the relationship between
multiple independent factors and three-level responses.
The main advantage of the BBD over the CCD is its
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simplicity and efficiency. The BBD requires fewer
experimental runs compared to CCD, which makes it
less resource-intensive and quicker to implement. It
achieves this by omitting extreme factor combinations
and focusing on factor settings closer to the center of the
design space [30,31]. Many studies have been reported
on using BBD to optimize chromatographic conditions
[27,29].

The aim of this study is to develop a green HPLC
method for the simultaneous determination of NIM and
NAP in gel formulations. To our knowledge, ethanol
was used for the first time as an eco-friendly mobile
phase component for the separation of selected NSAIDs.
The high viscosity of ethanol was compensated by
employing a monolithic column with high permeability
as the stationary phase. Chromatographic conditions
were optimized by BBD with multi-response
optimization based on the desirability function. The
greenness of the method was examined by a recently
reported assessment tool, AGREE [32]. The
developed method was successfully applied to the

ie.,

determination of NIM and NAP in pharmaceutical
formulations.

2. Material and methods

2.1. Chemicals and materials

All chemicals used in the present study were of
analytical grade. Methanol, formic acid, NaOH, NAP,
and NIM were purchased from Sigma Aldrich (St. Louis,
MO, USA). Ethanol was obtained from Smyrna.
Ultrapure water was produced by Arium pro UV
(Sartorius Stedim, Gottingen, Germany). Mobile phase
pH was adjusted by dropwise addition of 3 mol/L NaOH
solution. Nimes gel containing 1% NIM and Naprosyn
gel containing 10% NAP were purchased from a local
pharmacy.

2.2. Standard solutions

Individual stock solutions of NAP and NIM were
prepared in methanol at 1000 pg/mL. Standard solutions
(1, 25, 5, 10, 20, 25, 30, 50 pg/mL) for optimization
studies and method validation were obtained by mixing
and diluting stock solutions with water. The solutions
were kept at +4 °C and protected from daylight.

2.3. Instrumentation and apparatus

Chromatographic analyses were carried out by a
Prominence-20 series HPLC system coupled with an
SPD-20A DAD. LC solution 1.25 software (Shimadzu,
Japan) was used for system control and data acquisition.
An HI 2211 pH meter from Hanna Instruments, a
magnetic stirrer, a vortex mixer, and an ultrasonic bath
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from Isolab Laborgerte were used for the preparation of
samples and solutions.

2.4. Chromatographic conditions

NIM and NAP were separated on a Chromolith High
Resolution RP18e monolithic column (100 x 4.6 mm)
with a mobile phase consisting of 0.1% formic acid in
water (pH 4): ethanol (60:40, v/v). The mobile phase was
pumped through the system at a 1.5 mL/min flow rate.
Column oven temperature was kept at 25 °C. A total of
20 pL sample or standard solution was injected into the
system. The DAD was operated at 272 nm with 0.24 s
time constant and 3.125 Hz data sampling rate. Under
optimum conditions, retention times of NIM and NAP
were 3.0 and 3.7 min, respectively.

2.5.Preparation of samples

Two-hundred fifty milligrams of Nimes or Naprosyn
gels corresponding to 2.5 mg NIM or 25 mg NAP,
respectively, were accurately weighed and transferred to
a 25 mL volumetric flask. 20 mL of ethanol was added,
and the mixture was magnetically stirred for 15 min.
Then, the flask was subjected to ultrasonication for 5
min. After cooling at room temperature, each flask
was made up to volume with ethanol. Five milliliters of
the extracts were centrifuged at 5000 rpm for 5 min.
Clear supernatants obtained for Nimes and Naprosyn
gels were diluted 4- and 40-fold with ultrapure water to
obtain a final drug concentration of 25 ug/mL,
respectively. Twenty microliter of diluted extract was
injected into the system. It should be noted that
centrifugation was found to be sufficient to obtain a
clean and particle-free extract. Therefore, no filtration
was performed during sample preparation, which both
simplified the sample preparation procedure and
reduced the analysis cost per sample.

2.6. Optimization strategy

The effect of three factors: pH, % ethanol in the mobile
phase, and flow rate on analysis time, resolution (Rs),
and capacity factor (k) of the early eluting analyte (NIM),
using the BBD. The simultaneous optimization of
multiple responses was performed by the desirability
approach [33]. Experimental design, data analysis, and
desirability function calculations were performed by
Design Expert 11.1.2 (Stat-Ease, Minneapolis, MN, USA).
Duplicate measurements were performed for each
experimental run to ensure the accuracy of the results.

2.7.Method validation

Validation experiments were conducted in accordance
with ICH guidelines and official pharmacopeias [34,35].
A system suitability test (SST) was performed before
validation experiments. For this purpose, a 25 ug/mL
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mixed standard solution of NIM and NAP was injected
six times. The chromatographic performance was
evaluated with regard to Rs, k, number of theoretical
plates, tailing factor, selectivity factor, and repeatability
of both retention times and peak areas. The linearity of
the method was evaluated by analyzing mixed standard
solutions of analytes at six concentrations (1, 5, 10, 25, 40,
50 pg/mL), each injected in triplicate. Regression
parameters, including slopes, intercepts, and correlation
coefficients, were obtained by Microsoft Excel. Intra- and
inter-day accuracy and repeatability were evaluated by
analyzing QC samples prepared at 20, 25, and 30 ug/mL
corresponding to 80%, 100%, and 120% of final analyte
levels in the extract, respectively. The intra-day
measurements were assessed by four analyses at each
concentration level within the same day, while inter-day
measurements were evaluated by ten analyses in three
consecutive days. Results for repeatability and accuracy
were given as relative standard deviation (RSD) and %
accuracy, respectively. The limits of detection (LOD)
values were statistically calculated from the standard
deviation of the y-intercept of the regression line and the
slope of the corresponding calibration curve [36]. The
limit of quantification (LOQ) for each drug was accepted
as the lowest concentration level of the corresponding
calibration curve. The specificity of the method was
assessed by examining signals of potential interfering
substances in the blank, standard, and sample solutions
to ensure that the analyte peaks were free from
interference.

3. Results and discussion

3.1.Optimization of chromatographic conditions by
BBD

Based on its ability to generate second-order equations
that establish correlations between the examined
parameters and the observed responses, BBD was
the experimental design method for
optimizing the chromatographic separation of NIM and
NAP. BBD is considered an attractive alternative to the
CCD due to its capacity to yield appropriate
mathematical models while reducing the number of
required experimental runs. Unlike CCD, BBD avoids
the utilization of extreme experimental conditions,
which can sometimes yield undesirable outcomes [37].
In this study, we applied BBD to fine-tune the HPLC
conditions, aiming to determine the shortest possible run

chosen as

time that still enables the acceptable separation of the
NIM and NAP as well as the adequate retention for the
first peak (NIM). After performing preliminary
experiments, ethanol ratio (%) in the mobile phase, pH,
and flow rate were selected as the main parameters that
can affect the separation of analytes. Temperature was
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Table 1. Experimental matrix and experimental plan of the BBD

Turk J Anal Chem, 5(2), 2023, 89-97

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3
B: Ethanol ratio C: Flow rate Retention time of
Std order Run order A: pH %) (mL/min) Rs of NAP k of NIM NAP (min)

1 10 2.8 35 1.1 7.607 3.657 9.053
2 12 4 35 1.1 6.061 3.697 8.51

3 11 2.8 55 1.1 1.365 0.415 211

4 13 4 55 1.1 1.116 0.418 2.068
5 14 2.8 45 0.7 3.044 1.062 5.319
6 17 4 45 0.7 2.505 1.07 5.15

7 3 2.8 45 15 3.163 1.065 2.526
8 6 4 45 1.5 2.558 1.076 2442
9 8 34 35 0.7 7.144 3.665 13.909
10 16 3.4 55 0.7 1.152 0.41 3.255
11 5 3.4 35 15 7.153 3.646 6.571
12 2 34 55 15 1.28 0.412 1.546
13 4 3.4 45 1.1 3.197 1.072 3.407
14 9 34 45 1.1 3.142 1.063 3.391
15 1 3.4 45 1.1 3.23 1.067 3.418
16 7 34 45 1.1 3.137 1.062 3.396
17 15 34 45 1.1 3.11 1.059 3.374

deliberately omitted from the experimental design
since its influence can be reasonably anticipated
through common sense and the understanding of
chromatographic principles [38]. The Rs between NIM-
NAP, k of NIM, and the retention time of NAP were
selected as responses for the optimization by desirability
function. The effect of selected factors was evaluated at
low and high levels in the following ranges: pH (2.8-4),
ethanol ratio (35-55%), and flow rate (0.7-1.5 mL/min).
BBD matrix and experimental results are shown in
Table 1.

The relationships between the factors and responses
were modeled by the second-order polynomial
equations after applying multiple regression analysis.
The log10 transformation was applied to all variables as
it improved the models’ ability to explain data. The
model equations for the three responses are as follows:

Logio(Y1) = 0,500085 - 0,0453716A - 0,377591B +
0,00900645C + 0,00280017AB -0,00189043AC +
0,0113027BC - 0,0300783A42 - 0,0083683157 -
0,0224439C7
Logio(Y2) = 0,0271826 + 0,001946824 - 0,473745B +
0,00043870C - 0,000399AB + 0,00030085AC +
0,00109267BC + 0,00282086A% + 0,062546257 -
0,00133591C?

Logio(Y3) =0531117 - 0,00803817A - 0,313257B -
0,162058C + 0,00453276A8 -0,000166231AC +
0,000580734BC - 0,00409804A42 + 0,104625? +

0,0299352(2

where Y1, Y2, and Y3 are the responses of Rs, k, and
retention time of NAP, respectively. A, B, and C
represent the three chromatographic parameters: pH,
ethanol ratio (%) in the mobile phase, and flow rate,
respectively. Statistical evaluation of models was carried
out by analysis of variance (ANOVA) with the results

presented in Table S1-3. All three models were
statistically significant according to ANOVA (p <
0.0001). The determination coefficient (R?), adjusted R?,
and predicted R? values were higher than 0.99,
demonstrating that the models adequately interpret the
interactions between factors and responses. Lack-of-fit
values were found to be insignificant (p > 0.1) compared
to the pure error, implying that the model could
accurately estimate the response of the evaluated factors.

As can be seen from the equations and response
surfaces (Fig. 1), the most significant parameter in all
models was the ethanol ratio in the mobile phase, which
was inversely proportional to all responses, i.e.,, Rs of
peaks, k of NIM, and retention time of NAP. The k of
NIM increased with the increase in pH while it
negatively affected the Rs of peaks and retention time of
NAP. An increase in the flow rate enhanced the Rs,
decreased the retention of NAP, and did not significantly
affect the k of NIM.

The optimal condition was established by the
optimization tool of Design-Expert software according
to the desirability function of Derringer and Suich [33].
The aim of the optimization studies was to obtain an Rs
higher than 2 for the NAP-NIM peak pair, achieve a k of
at least 2 for NIM, and minimize the retention time of
NAP. Optimum chromatographic conditions were
estimated as follows: mobile phase pH: 4; ethanol ratio
of mobile phase: 40 %; and flow rate: 1.5 mL/min. The
optimum values for Y1, Y2, and Y3 were estimated as
3.98, 2, and 3.81 min, respectively. The chromatogram
obtained under these conditions is presented in Fig. 2.
For Y1, Y2, and Y3, there are 4.02%, 2.15%, and 2.36%
differences between the predicted and experimentally
obtained values, respectively, proving the validity of the

92



Yildirim

a -
—1
'

wn

%

+.
Reslation

Resoution
- e W

07

4 kL ar

8B Emansl ameun () - Flow rne [mimin]

Rarteniiom of MR
Feieniion of &P

35 =

a5

B: Exsarnaa| st (W) E Ethanal amounl (%)

18 5%

55 4f

Turk J Anal Chem, 5(2), 2023, 89-97

Hesgiytion

o7y

L]

5 ¥

B Ethanal amosnt (%} #pH C: Flow rate [mil/min

a7

il
I s e imLimin)

Retention of HAP

ar

€ s eabe (miimin)

A 15

Figure 1. 3D-Response surface plots for (A) Rs of NAP, (B) k of NIM, and (C) Retention time of NAP

models used. Retention times of NIM and NAP were 3.0
and 3.7 min wunder optimum chromatographic
conditions, respectively. The total run time was 5 min.

3.2. Method validation

In order to evaluate the appropriateness of the technique
for the determination of NIM and NAP in
pharmaceutical formulations, validation experiments
were carried out as per the guidelines of ICH. An SST
was performed as a control measure and an integral part
of method validation. Results of SST studies obtained by
injecting 10 pg/mL standard solution six times are
presented in Table 2. Under optimum conditions, both
analytes were adequately retained on the column. Rs
value for NAP was 4.3. Tailing factors (<1.4) indicated
that symmetric peaks were obtained. RSD values for
both retention time and peak area are lower than 1%. All
evaluated parameters were found to be in accordance
with USP requirements.

The results of linearity and sensitivity studies are
depicted in Table 3. All calibration curves had
correlation  coefficients ~ >0.999,  indicating that
the developed method was linear. LOD values were 0.27
pug/mL and 0.62 pg/mL for NIM and NAP, respectively,
while the lowest concentration of the calibration curve (1
ug/mL) was accepted as LOQ for both analytes.

Table 2. Results of system suitability tests for determination of NIM
and NAP (n=6)

NIM NAP Recommended value

Retention time (min) 3.0 37 -

Tailing factor (T) 1.38 1.31 <2

Capacity factor (k) 2.0 2.7 >1
Resolution (Rs) - 4.30 >2
Theoretical plates (N) 6012.9 6779.0 >2000
Selectivity factor (a) - 1.36 >1.05

RSD% of retention time 0.85 0.92 <1

RSD% of peak area 0.52 0.48 <1

93



Yildirim

Table 3. Statistical evaluation of the calibration data of NIM and NAP

NIM NAP
Linear range (ug/mL ) 1-50 1-50
Slope 15031 18146
Intercept -1880.4 -2755.7
SE of slope 42.6 120.0
SE of intercept 1211.81 3412.2
Correlation coefficient (r) 0.9999 0.9996
LOD (ug/mL ) 0.27 0.62
LOQ (ug/mL) 1.0 1.0

Table 4. Intra- and inter-day precision and accuracy for NSAIDs
Inter-day (n =10)

Intra-day (n =4)

Analyte Concentration Accuracy RSD Accuracy RSD
level (ug/mL) (%) (%) (%) (%)
20 99.2 2.05 99.0 2.29
NIM 25 101.5 1.60 100.8 2.20
30 99.1 1.54 99.4 1.33
20 100.3 2.03 99.8 1.80
NAP 25 101.1 0.85 101.1 1.08
30 101.0 1.23 100.9 1.01

Table 5. Assay data of NIM and NAP (n=3)
Labeled amount Observed amount Recovery RSD
(%, wiw) (%, wiw) (%) (%)
NIM 1 0.989 98.95 0.88
NAP 10 9.921 99.22 0.20

QC solutions prepared at 20, 25, and 30 pg/mL
concentration levels for all analytes were analyzed on
the same day and three consecutive days to evaluate the
intra- and inter-day accuracy and repeatability (Table 4).
Intra-day accuracies were in the range of 99.1 — 101.5%,
while inter-day accuracies ranged from 99.0% to 101.1%.
RSD values of intra- and inter-day experiments at three
QC levels were in the ranges of 0.85 — 2.05% and 1.01 —
2.29%, respectively. Results demonstrated that the
developed method is precise and accurate for
determining NIM and NAP.

3.3. Application on real samples
The feasibility of the
demonstrated by analyzing gel formulations of NIM and
NAP in the market. Nimes gel includes disodium EDTA,
carbomer 940, polyethylene glycol 400, triethanolamine,

developed method was

dimethyl sulfoxide, and glycerin as excipients, while
Naprosyn gel contains carbomer 940, ethyl alcohol,
triethanolamine, sodium metabisulfite, rose essence. Gel
formulations were prepared as explained in section “2.5.
The preparation of samples” and obtained extracts were
analyzed by the developed HPLC method. Triplicate
measurements were performed for each sample.
Chromatograms of Nimes and Naprosyn gels were
presented in Fig. 3.

No interferences were observed in the retention
windows of NIM and NAP.
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Figure 2. Chromatogram of a standard mixture (10 pg/mL) of NIM and
NAP under optimized conditions at 272 nm
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Figure 3. Chromatograms of Nimes (A) and Naprosyn (B) gel
formulations at 272 nm (25 pg/mL)

Additionally, peak purity values obtained from real
sample analyses were >0.9999 for both analytes,
demonstrating the specificity of the developed green LC
method towards NIM and NAP.
Table 5 summarizes the results of the gel formulation
analysis. The quantities obtained were consistent with
the manufacturers’ claims.
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3.4. Greenness evaluation

The selection of analytical methodologies for use in
routine analyses within pharmaceutical research and QC
laboratories is determined by various factors.

Figure 4. Greenness assessment of developed method using AGREE
tool

Performance and throughput are paramount
considerations. Cost efficiency is particularly critical for
profit-seeking  pharmaceutical entities. Recently,
corporate social responsibility has become increasingly
important, particularly with regard to the environmental
impacts of business practices, including the regular
implementation of analytical methods. Consequently,
various metric tools have been introduced in order to
accurately evaluate the "greenness' of analytical
methods [39]. AGREE, introduced in 2020, stands as the
latest comprehensive greenness
encompassing all 12 principles outlined by GAC [40].
As a result of the greenness assessment, the software
generates a pictogram, which is divided into 12

adjustable sections, each marked by a distinct color

assessment tool

scheme denoting its importance, from deep green
(indicating a score of 1) to deep red (indicating a score of
0). The overall method greenness is depicted at the
center of the circular pictogram as a final score ranging
from 0 to 1. The closer the score is to one, the greener the
method is considered [32].

The overall AGREE evaluation for the proposed
HPLC-DAD method is shown in Fig. 4. An average score
of 0.7 was achieved, demonstrating the environmental
friendliness of the method. The lowest scores were
obtained for the offline positioning of the analytical
device (criteria 3) and waste production (criteria 7). It
should be noted that offline sampling and sample
transfer to the analysis laboratory are mandatory for QC
laboratories to achieve separation of pharmaceutical
production and QC sites [41]. Moreover, the generated
waste during sample preparation and chromatographic
separation mainly consists of ethanol, which is
considered a safe and green solvent [42,43].

Turk J Anal Chem, 5(2), 2023, 89-97

The method displayed prominent performance in
terms of sections related to the use of safer solvents
(criteria 2), high sample throughput (criteria 6),
minimum energy consumption (criteria 8), and operator
safety (criteria 10). The main advantages of the method
are as follows: low sample amount (Criteria 2), reduced
number of distinct steps (Criteria 4), the use of bio-based
and non-toxic reagents (Criteria 10 and 11), and
increased operator safety (Criteria 12).

4. Conclusion

A novel RP-HPLC-DAD method was developed for the
simultaneous determination of NIM and NAP in
pharmaceutical
conditions were optimized to obtain adequate retention
for both analytes with satisfactory Rs and run time by
experimental design as a multivariate optimization tool
that enables both the reduction of the total number of
experiments and detection of the factor interactions.
Satisfactory separation of analytes was achieved in a
short time by using a monolithic column with a mobile
phase containing ethanol, which was used as a strong
organic component for the first time to separate NIM and
NAP. Due to the porous structure of the monolithic

formulations. Chromatographic

column, acceptable column pressure was observed
despite the relatively high viscosity of ethanol. The
method was validated and successfully applied to
determine NIM and NAP in commercial gels,
that chromatographic
performance and compliance with validation criteria can
be achieved using green solvents. The calculated AGREE
score of the method indicates the excellent greenness for
pharmaceutical analysis as a result of using a greener

demonstrating satisfactory

solvent for sample and mobile phase preparation. The
results of this study demonstrate that ethanol and word-
based mobile phases can be used in pharmaceutical
analysis, making it an important effort to reduce the
toxicity levels of the HPLC process.
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Supplementary Informations

Table S1. Analysis of variance (ANOVA) of Box-Behnken design (BBD) for resolution (Y1)

Source Sum of Squares df Mean Square F-value p-value
Model 1.17 9 0.1295 1341.62 <0.0001 significant
A-pH 0.0165 1 0.0165 170.68 <0.0001
B-Ethanol amount 1.14 1 1.14 11821.06 <0.0001
C-Flow rate 0.0006 1 0.0006 6.73 0.0358
IAB 0.0000 1 0.0000 0.3251 0.5864
IAC 0.0000 1 0.0000 0.1482 0.7117
BC 0.0005 1 0.0005 5.30 0.0549
A2 0.0038 1 0.0038 39.48 0.0004
B2 0.0003 1 0.0003 3.06 0.1239
C2 0.0021 1 0.0021 21.98 0.0022
Residual 0.0007 7 0.0001
ILack of Fit 0.0005 3 0.0002 3.68 0.1201 not significant
IPure Error 0.0002 4 0.0000
Cor Total 1.17 16
Std. Dev. 0.0098 R? 0.9994
Mean 0.4714 Adjusted R? 0.9987
C.V. % 2.08 Predicted R? 0.9930
Adeq Precision 112.2840

Table S2. Analysis of variance (ANOVA) of Box-Behnken design (BBD) for capacity factor (Y2)

Source Sum of Squares df Mean Square F-value p-value

Model 1.81 9 0.2014 59152.35 <0.0001 significant
IA-pH 0.0000 1 0.0000 8.91 0.0204

B-Ethanol amount 1.80 1 1.80 5.275E+05 <0.0001

C-Flow rate 1.540E-06 1 1.540E-06 0.4523 0.5228

IAB 6.370E-07 1 6.370E-07 0.1871 0.6783

IAC 3.620E-07 1 3.620E-07 0.1064 0.7539

BC 4.776E-06 1 4.776E-06 1.40 0.2749

A2 0.0000 1 0.0000 9.84 0.0164

B2 0.0165 1 0.0165 4839.00 <0.0001

C2 7.514E-06 1 7.514E-06 221 0.1809

Residual 0.0000 7 3.404E-06

ILack of Fit 7.021E-06 3 2.340E-06 0.5569 0.6709 not significant
IPure Error 0.0000 4 4.202E-06

Cor Total 1.81 16

Std. Dev. 0.0018 R? 1.0000

Mean 0.0573 Adjusted R? 1.0000

C.V. % 3.22 Predicted R? 0.9999

Adeq Precision 675.2656




Table S3. Analysis of variance (ANOVA) of Box-Behnken design (BBD) for retention time of NAP (Y3)

Source Sum of Squares df Mean Square F-value p-value
Model 1.05 9 0.1164 18867.05 <0.0001 significant
IA-pH 0.0005 1 0.0005 83.82 <0.0001
B-Ethanol amount 0.7850 1 0.7850 1.273E+05 <0.0001
C-Flow rate 0.2101 1 0.2101 34068.76 <0.0001
IAB 0.0001 1 0.0001 13.33 0.0082
IAC 1.105E-07 1 1.105E-07 0.0179 0.8973
BC 1.349E-06 1 1.349E-06 0.2187 0.6542
A2 0.0001 1 0.0001 11.47 0.0117
B2 0.0461 1 0.0461 747291 <0.0001
- 0.0038 1 0.0038 611.82 <0.0001
Residual 0.0000 7 6.167E-06
ILack of Fit 0.0000 3 8.356E-06 1.85 0.2792 not significant
IPure Error 0.0000 4 4.526E-06
Cor Total 1.05 16
Std. Dev. 0.0025 R? 1.0000
Mean 0.5925 Adjusted R? 0.9999
C.V. % 0.4191 Predicted R? 0.9996
Adeq Precision 499.1127
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Abstract

In this study, 1-benzylpiperidin-4-oxy substituted non-peripheral and peripheral metal free (3, 7), chloro manganese (III) (4, 8), oxotitanium (IV)
(5, 9) and Cu(Il) (6, 10) phthalocyanine complexes are synthesized and electrochemical properties were examined. Novel phthalocyanines
compounds have been characterized by Fourier transform infrared, electronic spectroscopy, and mass spectra. Electrochemistry of non-
peripherally and peripherally tetra-[(1-benzylpiperidine-4-yl)oxy] substituted metal-free and metallophthalocyanines were investigated by cyclic
voltammetry (CV). Owing to the redox inactivity of the metal-free and Cu?" ion of metal free (3, 7) and Cu(Il) (6, 10) phthalocyanines,
Phthalocyanine based reductions and oxidation processes are recorded. Unlike, electrochemical analyses showed that chloro manganese (III)
(4, 8) and oxotitanium (IV) (5,9) phthalocyanines illustrated metal based redox processes in addition to the Pcring based reactions. The manganese

(III) (4, 8) and the oxotitanium (IV) (5, 9) phthalocyanines extra metal based redox processes were observed with those of Pc rings.

Keywords: Titanium, manganese, electrochemistry, redox-active, piperidine

1. Introduction

Phthalocyanines (Pcs), which have been the subject of
many studies for many years, are very important
compounds for technological and are
considered to be key compounds in solving many

systems

problems in the future. Phthalocyanine (Pc) compounds
are widely used in the production of high-tech materials
thanks to their optical, electrical and thermal properties
and have attracted great attention in many fields such as;
photovoltaic cells, thin film, liquid crystal, gas sensor,
inhibitor, optical data
storage, semiconductors in recent years [1-8]. Pcs are
used in many areas of technology due to their interesting
electrochemical properties [9], and for this reason,

chemical sensor, corrosion

electrochemical investigations play an important role in
their industrial applications. Since phthalocyanines are
compounds with electron exchange capacity and
interesting electrochemical properties, a great deal of
work has been done on their usability in various
electrochemical applications [10]. The phthalocyanine
ring is a redox active ring that can be oxidized by
donating electrons at the HOMO (alu) or reduced by
taking electrons at the LUMO (eg). The ring-centered

redox process of phthalocyanines results from the fact
that reduction and oxidation reactions occur through the
ring. In the alternating voltammograms of metal-free
and metalated phthalocyanines,
reductions and oxidations of the ring-centered redox

the characteristic

process are observed as redox peaks or pairs at certain
potentials. By wusing working electrodes in
electrochemical methods, it is possible to investigate the
electrode reaction of many molecules and to elucidate
their electrochemical behavior.

The electron transfer property of the phthalocyanine
ring depends on both the type, position [11] and number
of substituents and the interaction of the substituents
with the phthalocyanine ring and the central metal ion
[12-14]. For example, when metals or substituents are
different, the HOMO-LUMO transition energies of Pc
compounds can change significantly [15]. Electron
donating ligands (such as amine, ether, thioether,
methoxy groups) attached to the phthalocyanine ring
increase the electron density of the center metal,
facilitating oxidation and making reduction more
difficult, while shifting the redox process to negative
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potentials. It has been reported in the literature that
metallophthalocyanines containing especially redox
active metals in the ring center such as Co(Il), Mn(III)
and, Ti(IV)O etc. at the ring center exhibit excellent
electrocatalytic properties [16,17].

For compounds containing the piperidine ring
system in  their structure,  many
pharmacological such as antibacterial,
antifungal, anticancer, antioxidant, antiulcer, and renin
inhibitor have been reported [18-24]. In addition, the
electrochemical properties of many groups of
compounds containing piperidine rings have been
examined and it has been reported that they show very
different electrochemical properties [25-27].

In this work, the synthesis of the metal-free, Mn(III),
oxotitanium (IV) and, Cu(Il) Pc complexes containing
non-peripheral and peripheral position piperidine

chemical
activities

moiety were carried out. The electrochemical properties
of the new compounds were comparatively examined
according to the bonding the position of the substituent
to the Pc ring and changing central metal atom.

2. Experimantal

2.1. Materials and methods
The materials and equipment used in this study were set
out in the supplementary information to the article.

2.2. Synthesis

2.2.1. 1(4), 8(11), 15(18), 22 (23) — Tekrakis
benzylpiperidin -4-yl) oxy] phthalocyanine (3)
3-[(1-benzylpiperidin-4-yl)oxy]phthalonitrile (1) (0.20 g,
0.63 mmol) was dissolved in 2 mL dry n-pentanol and

- [1-

three drops of 1,8-diazabicyclo[5.4.0Jundec-7-ene was
added to the reaction medium. The reaction mixture was
stirred at 160 °C for 24 hours. After the mixture cooled to
room temperature, n-hexane was added (20 mL) and the
precipitate was filtered. The obtained green product was
purified by column chromatography using chloroform-
methanol (10:2) solvent system.

Yield: 22 mg (11 %), M.p.: >300 °C (decomposition).
FT-IR vmax/cm™: 3028 (Ar-H), 2922-2809 (Aliph. C-H),
1724, 1584, 1491, 1454, 1267, 1104, 1040, 1028, 975, 797,
743, 697. MALDI-TOF, m/z: Calc.: 1271,55 for
CsoH7sN1204, Found: 1271,05 [M]*. UV/vis (Chloroform,
1x10-° M): A, nm (log ¢): 316 (4.85), 352 (4.72), 629 (4.48),
662 (4.61), 697 (5.05), 727 (5.10).

2.2.2, 1(4), 8(11), 15(18), 22 (23) — Tekrakis
benzylpiperidin ~ -4-yl)  oxyl  phthalocyaninato
manganese (I11I) (4)
3-[(1-benzylpiperidin-4-yl)oxy]phthalonitrile (1) (0.20 g,
0.63 mmol) was dissolved in 2 mL dry n-pentanol, than
anhydrous MnCl2 (0.1 g, 0.32 mmol) and three drops of

- [1-
chloro
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1,8-diazabicyclo[5.4.0Jundec-7-ene were added to the
reaction medium. The reaction mixture was stirred at
160 °C for 24 hours. After the mixture cooled to room
temperature, n-hexane was added (20 mL) and the
precipitate was filtered. The obtained green product was
purified by column chromatography using chloroform-
methanol (10:3) solvent system.

Yield: 36 mg (17%), M.p.: >300 °C (decomposition).
FT-IR vmax/cm™: 3023 (Ar-H), 2924-2803 (Aliph. C-
H),1586, 1486, 1323, 1228, 1118, 1040, 797, 739, 696.
MALDI-TOF, m/z: Calc.: 1359,95 for CsoH7N120:MnCl,
Found: 1324,09 [M-Cl]*. UV/vis (Chloroform, 1x10-5 M):
A, nm (log €): 331(4.72), 358 (4.85), 543 (4.38), 687 (4.46),
765 (5.13).

2.2.3. 1(4), 8(11), 15(18), 22 (23) - Tekrakis - [I-
benzylpiperidin -4-yl) oxy] phthalocyaninato oxotitanium
(IV) (5)

3-[(1-benzylpiperidin-4-yl)oxy]phthalonitrile (1) (0.20 g,
0.63 mmol) was dissolved in 2 mL dry n-pentanol, than
anhydrous Ti(OBu)s (0.22 mL, 0.63 mmol) and three
drops of 1,8-diazabicyclo[5.4.0Jundec-7-ene were added
to the reaction medium. The reaction mixture was stirred
at 160 °C for 24 hours. After the mixture cooled to room
temperature, petroleum ether was added (20 mL) and
the precipitate was filtered. The obtained green product
purified by
chloroform-methanol (10:1) solvent system.

Yield: 29 mg (14 %), M.p.: >300 °C (decomposition).
FT-IR vmax/cm™: 3066-3028 (Ar-H), 2953-2852 (Aliph. C-
H), 1724, 1584, 1488, 1455, 1267, 1081, 1040, 852, 745, 697.
MALDI-TOF, m/z: Calc.: 1333.44 for CsoH7N1205Ti,
Found: 1273,93 [M-TiO+2]*. UV/vis (Chloroform, 1x10-
M): A, nm (log ¢€): 321 (4.95), 355 (4.87), 661 (4.71), 694
(5.03), 728 (5.21).

was column chromatography using

2.24. 1(4), 8(11), 15(18), 22 (23) — Tekrakis - [1-
benzylpiperidin -4-yl) oxy] phthalocyaninato copper (II) (6)
3-[(1-benzylpiperidin-4-yl)oxy]phthalonitrile (1) (0.20 g,
0.63 mmol) was dissolved in 2 mL dry n-pentanol, than
anhydrous CuClz (0.04 g, 0.32 mmol) and three drops of
1,8-diazabicyclo[5.4.0Jundec-7-ene were added to the
reaction medium. The reaction mixture was stirred at
160 °C for 24 hours. After the mixture cooled to room
temperature, ethyl alcohol was added (20 mL) and the
precipitate was filtered. The obtained blue-green
product was purified by column chromatography using
chloroform-methanol (10:2) solvent system.

Yield: 44 mg (21 %), M.p.: >300 °C (decomposition).
FT-IR vmax/cm: 3063-3028 (Ar-H), 2954-2851 (Aliph. C-
H), 1727, 1589, 1455, 1458, 1236, 1191, 1080, 853, 747, 696.
MALDI-TOF, m/z: Calc.: 1333,10 for CsoH7sN1204Cu,
Found: 1333,90 [M]*. UV/vis (Chloroform, 1x105 M): A,
nm (log ¢): 313 (4.75), 344 (4.74), 634 (4.60), 706 (5.23).
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2.2.5. 2(3), 9(10), 16(17), 23(24)-

benzylpiperidin-4-yl) oxy] phthalocyanine (7)
To synthesize compound 7, the synthetic procedure of
compound 3 was followed except that 2 was used
instead of 1. The amounts of the reagents were: 4-[(1-
benzylpiperidin-4-yl)oxy]phthalonitrile (2) (0.20 g, 0.63

Tetrakis-  [1-

mmol). Solvent system for column chromatography;
chloroform/methanol (10:2).

Yield: 23 mg (23%), M.p.: >300 °C (decomposition).
FT-IR vmax/cm™: 3065-3028 (Ar-H), 2927-280 (Aliph. C-H),
1607, 1470, 1338, 1232, 1093, 1042, 1007, 733, 696. MALDI-
TOF, m/z: Calc.: 1271,55 for CsoH7sN120s, Found: 1271,18
[M]*. UV/vis (Chloroform, 1x10-° M): A, nm (log ¢): 342
(4.80), 393 (4.50), 609 (4.39), 642 (4.55); 669 (4.91), 706
(4.97).

2.2.6. 2(3), 9(10),
benzylpiperidin-4-yl)
manganese (11I) (8)
To synthesize compound 8, the synthetic procedure of
compound 4 was followed except that 2 was used
instead of 1. The amounts of the reagents were:
4-[(1-benzylpiperidin-4-yl)oxy]phthalonitrile (2) (0.20 g,
0.63 mmol), anhydrous MnCl: (0.1 g, 0.32 mmol).
Solvent system for column chromatography;
chloroform/methanol (10:3).

Yield: 72 mg (34 %), M.p.: >300 °C (decomposition).
FT-IR vmax/em™: 3065-3023 (Ar-H), 2926-2806 (Aliph. C-
H), 1603, 1463, 1404, 1333, 1230, 1052, 1036, 743, 697.
MALDI-TOF, m/z: Calc.: 1359,95 for CsoH7N120:MnCl,
Found: 1324,02 [M-Cl]*. UV/vis (Chloroform, 1x10-5 M):
A, nm (log €): 388 (4.75), 530 (4.33), 661 (4.43), 736 (5.04).

16(17),
oxy]

23(24)-  Tetrakis- [1-

phthalocyaninato  chloro

2.2.7. 2(3), 9(10), 16(17), 23(24)-  Tetrakis- [1-
benzylpiperidin-4-yl) oxy] phthalocyaninato oxotitanium (IV)
9)

To synthesize compound 9, the synthetic procedure of
compound 5 was followed except that 2 was used
instead of 1. The amounts of the reagents were: 4-[(1-
benzylpiperidin-4-yl)oxy]phthalonitrile (2) (0.20 g, 0.63
mmol), Ti(OBu)s+ (0.22 mL, 0.63 mmol). Solvent system
for column chromatography; chloroform/methanol
(10:1).

Yield: 40 mg (19 %), M.p. >300 °C
(decomposition). FT-IR vma/cm™: 3066-3028 (Ar-H),
2953-2852 (Aliph. C-H), 1724, 1584, 1488, 1455, 1267,
1081, 1040, 852, 745, 697. MALDI-TOF, m/z: Calc.: 1333.44
for CsoHzeN120sTi, Found: 1333,90 [M]*, 1273,63 [M-
TiO+2]*. UV/vis (Chloroform, 1x10% M): A, nm (log ¢):
346 (4.96), 397 (4.68), 637 (4.70), 669 (4.95), 705 (5.27).

2.2.8. 2(3), 9(10), 16(17), 23(24)-  Tetrakis- [1-
benzylpiperidin-4-yl) oxy| phthalocyaninato copper (11) (10)
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To synthesize compound 10, the synthetic procedure of
compound 6 was followed except that 2 was used
instead of 1. The amounts of the reagents were:
4-[(1-benzylpiperidin-4-yl)oxy]phthalonitrile (2) (0.20 g,
0.63 mmol), anhydrous CuCl2 (0.04 g, 0.32 mmol).
Solvent system for column
chloroform/methanol (10:2).

Yield: 71 mg (34%), M.p.: >300 °C (decomposition).
FT-IR vmax/cm™: 3061-3030 (Ar-H), 2921-2851 (Aliph. C-H
C-H), 1607, 1467, 1399, 1341, 1230, 1116, 1093, 1043, 852,
744, 697. MALDI-TOF, m/z: Calc: 1333,10 for
CsoH76N1204Cu, Found: 1333,78 [M]*. UV/vis
(Chloroform, 1x10° M): A, nm (log ¢): 338 (4.97), 383
(4.41), 615 (4.72), 682 (5.24).

chromatography;

3. Results and discussion

3.1. Synthesis and characterization

The phthalonitrile 1 [28] and 2 [29] were synthesized
according to the procedures in a previously published
paper. The synthesis method of Pc compounds is shown
in detail in Scheme 1.

Structural characterization of the novel synthesized
compounds was performed using FT-IR, UV-Vis,
MALDI-TOF mass spectroscopic techniques.

Non-peripheral and peripheral metal-free (3, 7),
MnPc (4, 8), TiPc (5, 9) and CuPc (6, 10) Pc compounds
were accomplished by treatment of phthalonitrile 1 and
2 in the presence of the corresponding anhydrous metal
salts; without metal, anhydrous MnClz, Ti(OBu)s+ and
CuClz. The reaction yields obtained for these compounds
at 160 °C in dried n-pentanol are 11% for 3, 17% for 4,
29% for 5, 21% for 6, 23% for 7, 34% for 8, 19% for 9 and
21% for 10, respectively. All synthesized Pc compounds
were purified using column chromatography.

In the FT-IR spectra of non-peripheral (3—-6) and
peripheral (7-10) Pc compounds, the disappearance of -
C=N peak showed at 2233 cm~! and 2230 of compounds
1 and 2 is an indication that cyclotetramerisation of
phthalonitriles have occurred. The NMR spectra of 4, 6,
8 and 10 could not be determined because of the
presence of paramagnetic manganese and copper atoms
[30]. The spectra of the other’s synthesized Pcs were not
determined because of probable aggregation at the
concentration for NMR measurements.

Mass spectra of Pc compounds (3-10) supported their
proposed structures the appearance of molecular ion
peaks at at 1271,05 as [M]* for 3 (Fig. S1), 1324,09 as [M-
Cl]* for 4 (Fig. S2), as 1273,93 [M-TiO+2]* for 5 (Fig. S3),
1333,90 as [M]* for 6 (Fig. 1), 1271,18 as [M]* for 7 (Fig. 2),
1324,09 as [M-Cl]* for 8 (Fig. S4), 1333,90 as [M]*, 1273,63
[M-TiO+2]* for 9 (Fig. 3) and 1333,78 as [M]* for 10 (Fig.
S5).
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Scheme 1. Synthesis of new phthalocyanines 3-10 (related metal salts; anhydrous MnClz, Ti(OBu)s, CuCl2)

3.2. UV-vis absorption spectra

UV-Vis spectroscopy is known to be one of the best
methods to characterize Pc complexes. Two
characteristic peaks called Q and B bands are observed
in the UV spectra of Pc s [29]. In the UV region, the Q
band generally appears at around 600-750 nm while the
B band arises at about 300-450 nm. Absorption of the Q-
band of the Pc compounds in the UV-vis spectrum is
affected to a different degree by the central metal, ligand-
bound in the axial position, solvent, binding position of
the substituent and, aggregation [31].

The UV-vis spectra of the metal-free Pc complexes 3
and 7 showed intense double Q band absorption at
Amax: 727, 697 nm for 3 and 706, 669 nm for 7, as expected
(Fig. 4). The B band signals of these compounds are at
Amax: 352, 316 nm for 3 and 393, 342 nm for 7.
Metallophthalocyanine complexes 4-6 and 8-10
exhibited intense Q band caused by m-m* transitions at
Amax: 765 (with single shoulders 687) nm for 4 (Fig. 5), 728

(with double shoulders 661 and 622) nm for 5 (Fig. 6),
706 (with single shoulders 634) nm for 6 (Fig. 7), 736
(with single shoulders 661) nm for 8 (Fig. 5), 705 (with
double shoulders 669 and 606) nm for 9 (Fig. 6) and 682
(with single shoulders 661) nm for 10 (Fig. 7).

The B bands of these Pc were observed in the UV
region at Amax: 352, 316 nm for 3; 358 and 331 nm for 4;
355, 321 nm for 5; 344, 313 nm for 6; 393, 342 nm for 7,
388 nm for 8; 397, 346 nm for 9 and 383, 338 nm for 10.

When a comparison is made between these data
obtained, the Q bands of the non-peripheral Pcs 3-6 are
red shifted 11, 21, 23 and, 24 nm according to the
corresponding  peripheral substituted Pcs 7-10
respectively in chloroform. It is a well-known fact that
the substitution of the Pcs at non-peripheral positions
causes a significant degree red shifted of the Q band [32,
33].
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The manganese Pc complexes, unlike other Pc
complexes, exhibit remarkable absorption properties in
the UV-Vis spectrum. Although it is known in the
literature that the main absorption Q bands of MnPc shift
to red in the range of 710-890 nm [34]. We could see this
shift of Q band in the UV spectrum of the 4 and 8 (at Amax:
765 and 736 nm, respectively) synthesized compounds
(Fig. 5).

Additionally, the characteristic broad peak of the
manganese Pcs between 470 nm and 570 nm appears in
the region by the charge-transfer (CT) exciton owing to
the existence of unsaturated manganese ions as a metal
atom [35-37]. CT bands of the compounds 4 and 8 were
observed as a broad peak at Amax: 543 and 530 nm,
respectively.

3.3. Electrochemical studies

Electrochemical  responses  of  non-peripherally
and peripherally tetra-[(1-benzylpiperidine-4-yl)oxy]
substituted =~ metallophthalocyanines  3-10  were
investigated using cyclic voltammetry (CV) in
DCM/TBAP electrolyte at room temperature. The peak
potential separation (AEp), half-wave potential (Ei2) and
the potential difference between the first half-peak

processes (AE1p), are listed in Table 1.

Table 1. Voltammetric analysis results of the phthalocyanines.

Phthalocyanines Label 2Ein YAEp (mV) AE12
Ri -0.85 154
Metal-free 3 R2 -1.24 162 1.73
O1 0.88 158
Ri -0.82 83
Metal-free 7 Re -1.13 85 1.75
O1 0.93 166
Ri -0.18 142
Rz -1.05 154
MnPc 4 Rs 159 166 1.04
O1 0.86 150
Ri -0.22 80
Rz -1.00 147
MnPc 8 Rs 154 160 1.14
O1 0.92 171
Ri -0.59 140
R2 -0.80 145
TiOPc 5 Rs -1.00 154 1.40
Ra -1.20 148
O1 0.81 161
Ri -0.77 160
. Rz -1.07 161
TiOPc 9 Rs 141 167 1.62
O1 0.85 150
Ri -0.96 159
CuPc6 Rz -1.43 172 1.83
O1 0.87 161
Ri -0.93 87
CuPc 10 Rz -1.26 82 1.94
O1 1.01 164

a; E1 values ((Epat+Epc)/2) were given versus SCE at 0.100 Vs scan
rate. b: AEp= Epa-Epc. < AE12= E1p2 (first oxidation)-E1 (first reduction)
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Fig. 8 shows CV of non-peripherally and peripherally
tetra-[(1-benzylpiperidine-4-yl)oxy] substituted metal-
free Pcs compounds 3 and 7 in DCM/TBAP electrolyte
on a Pt working electrode. When Fig. 8 was examined, it
was determined that metal-free Pcs (3, 7) gave two Pc
ring-based reduction peaks in the cathodic region. The
half-wave peak potentials of the reduction peaks,
expressed as Ri and Re, are Ei2: -0.85 V (R1), -1.24 V (R2)
for the compound 3 and Eie: -0.82 V (R1), -1.13 v (Rz2) for
the compound 7. Based on the calculated AEp values, it
was determined that all of the reduction peaks denoted
as R1 and R: for metal-free Pcs (3, 7) were quasi-
reversible character. During the potential scanning in the
anodic region, the half-wave peak potentials of the
oxidation peaks symbolized by O1 for metal-free Pcs
(3, 7) were calculated as E12=0.88 V for 3 and Ei2=0.93
V for 7. Based on the AE; values of the oxidation peaks
symbolized by Oy, it has been revealed that both of them
have quasi-reversible character.

Fig. 9 shows CV of non-peripherally and peripherally
tetra-[(1-benzylpiperidine-4-yl)oxy] substituted
manganese(Ill) Pcs (4 and 8) in DCM/TBAP electrolyte
on a Pt working electrode. Since manganese(Ill) and
titanium(IV) Pcs have redox active metal ions, they show
both ring and metal-based reduction processes [38—40].
During cathodic potential screening of MnPcs (4, 8), it
was determined that they gave two metal-centered
reduction processes, Ri= -0.18 V, Re=-1.05 V for 4 and
Ri=-0.22 V, R=-1.00 V for 8, respectively. Again, during
the cathodic potential scan, it was determined that they
gave Pc ring-centered reduction processes, with Rs=-1.59
V for 4 and Rs=-1.54 V for 8, respectively. In addition, it
has been observed that the reduction peaks indicated by
Ry, Rz and Rs for manganese(IIl) Pcs 4 and 8 have quasi-
reversible character according to the calculated AEp
values. During the potential scan in the anodic region,
the half-wave peak potentials of the oxidation peaks
symbolized by O1 for MnPcs (4, 8) were calculated as
E12=0.86 V for 4 and Ei12=0.92 V for 8. Based on the AEp
values of the oxidation peaks, it was determined that
both of them were quasi-reversible.

Fig. 10 CV  of non-peripherally and
peripherally tetra-[(1-benzylpiperidine-4-yl)oxy]
substituted titanium(IV) Pcs (5 and 9) in DCM/TBAP
electrolyte on a Pt working electrode. As shown in Fig,.
10, non-peripheral substituted oxotitanium(IV) Pc
compound 5 has 4 reduction peaks in the cathodic region
(Ri=-0.59 V, R=-0.80 V, Rs=-1.00 V, Re=-1.20 V) and 1
oxidation peak in the anodic region (O1= 0.81 V). Also,
peripheral substituted oxotitanium(IV) Pc compound 9
has 3 reduction peaks (Ri=-0.77 V, R2=-1.07 V, Rs=-1.41
V) in the cathodic region and 1 oxidation peak (O1= 0.85
V) in the anodic region. During the cathodic potential
screening of compound 5, two metal-centered reduction

shows
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processes (Ri=-0.59 V and Rs=-1.00 V), two Pcring-based
reduction processes (Rz=-0.80 V and Re=-1.20 V) were
observed. During the cathodic potential scanning of
compound 9 showed one metal-centered reduction
process (R2=-1.07 V) and two Pc ring-based reduction
processes (Ri=-0.77 V and Rs=-1.41 V).

Fig. 11 CV of non-peripherally and
peripherally tetra-[(1-benzylpiperidine-4-yl)oxy]
substituted copper (II) Pcs 6 and 10 in DCM. As shown
in Fig. 11, CuPcs (6 and 10) gave 2 Pc ring-based
reduction peaks in the cathodic region. The reduction
peaks symbolized as Ri and R respectively, are
Ei2: -096 V (R1), -143 V (R2) for compound 6 and
Ei2:-0.93 V (R1), - 1.26 V (R2) for compound 10. Based on
the calculated AE, values of the reduction peaks
expressed as Ri and R: for CuPcs (6, 10), it was
determined that they were semi-reversible for non-

shows

peripheral substituted copper (II) Pc 6 and reversible for
peripheral substituted copper (II) Pc 10. During the
potential scanning in the anodic region, the half-wave
peak potentials of the oxidation peaks symbolized by
O1 for CuPcs (6, 10) were calculated as Ei2= 0.87 V for 6
and Ei2=1.01 V for 10. Based on the AE; values of the
oxidation peaks symbolized by Os, it was determined
that both of them were semi-reversible.

Additionally, AEi2 values, which determine the
HOMO-LUMO energy levels, were calculated for the
synthesized metal free Pcs (3, 7), manganese (III) Pcs (4,
8), oxotitanium(IV) Pcs (5, 9) and copper (II) Pcs (6, 10).
The HOMO-LUMO energy level was calculated as
AEi2 = 1.73 V, AEie= 1.75 V for metal free Pcs (3, 7);
AE12=1.04 V, AE12=1.14 V for MnPcs (4, 8); AE12=1.40V,
AEi2 = 1.62 V for TiPcs (5, 9); and AEi2 = 1.83 V,
AE12=1.94V for CuPcs (6, 10).

4. Conclusion

In this paper, non-peripherally and peripherally tetra-
[(1-benzylpiperidine-4-yl)oxy] substituted metal-free (3,
7), manganese (III) (4, 8), oxotitanium (IV) (5, 9) and
copper (II) (6, 10) phthalocyanine compounds were
presented. Characterization of these newly synthesized
compounds was carried out using spectroscopic
methods such as FT-IR, mass spectroscopy, UV/vis and,
MALDI-TOF. Among the new compounds, especially
the manganese (III) Pc compounds (4 and 8) showed a
significant, red-shifted absorption of the Q-band in the
UV region that this desired for the application of Pc
compounds.

Electrochemical studies of non-peripherally and
peripherally tetra-[(1-benzylpiperidine-4-yl)oxy]
substituted metal-free (3, 7), manganese (III) (4, 8),
oxotitanium (IV) (5, 9) and copper (II) (6, 10) Pc
compounds were defined with voltammetric analysis.
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According to the results, metal-free Pcs (3, 7), and copper
(I) Pcs (6, 10) showed common Pc assigned electron
transfer reactions. On the other hand, owing to the redox
activity of Mn'™ and Ti"V metal centers of manganese (4,
8), oxotitanium Pcs (5, 9) compounds extra metal based
redox processes were observed with those of Pc rings.
Additionally, manganese (III) (4, 8), oxotitanium (IV) Pcs
(5, 9) compounds with rich redox activity are important
for electrochemical applications.
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Supplementary Informations

1. Experimental

1.1. Materials and Methods

All reagents and solvents used were dried and purified as described in Perrin and Armarego. [1]. 1-benyzlpiperidin-
4-ol were purchased from commercial supplier. 3-nitrophthalonitrile [2], 4-nitro phthalonitrile [3], compound 1 [4]
and compound 2 [5] were synthesized according to the procedures.

All electrochemical measurements were carried out with Gamry Interface 1000 potentiostat/galvanostat utilizing
a three-electrode configuration at 25 °C. The working electrode was a Pt disc with a surface area of 0.071 cm?. A Pt
wire was served as the counter electrode and saturated calomel electrode (SCE) was employed as the reference
electrode and separated from the bulk of the solution by a double bridge. Electrochemical grade
tetrabuthylammonium perchlorate (TBAP) in extra pure dichloromethane (DCM) was employed as the supporting
electrolyte at a concentration of 0.10 mol/dm.
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Abstract

This study evaluated the performance of a new activated carbon (CCs-AC) produced from corn cobs by boric acid activation for the effective
removal of hexavalent chromium, a heavy metal with high potential to pollute the environment, from wastewater. For this purpose, with the help
of parameters such as solution pH, contact time, initial Cr(VI) concentration, CCs-AC dose, desorption, and temperature, the removal of Cr(VI)
ions from aqueous solution by adsorption onto CCs-AC was investigated using equilibrium, kinetic, and thermodynamic approaches. As a result
of the experiments, it was determined that the optimum solution pH was 2.0, the contact time was 4 hours, and the desorption solution was
3.0 M NaOH. From the kinetic data, it was determined that the adsorption was compatible with the pseudo-second order kinetic model. The
maximum Cr(VI) adsorption capacity of 123.7 mg/g obtained from the Langmuir isotherm model showed that CCs-AC was competitive with the
literature. Rt values between 0.42-0.03 indicated that Cr(VI) adsorption on CCs-AC was favorable. From the thermodynamic data, the AH value
of 12.00 kJ/mol indicated that the adsorption was rather chemically driven, while the positive value indicated that the adsorption was
endothermic. Negative AG values indicate that Cr(VI) adsorption occurs spontaneously with increasing temperature, while the AS value is

interpreted as an increase in the amount of unused energy.

Keywords: Adsorption, corn cobs — activated carbon, equilibrium, hexavalent chromium, kinetics, thermodynamics

1. Introduction

Chromium is known as one of the most common and
most hazardous toxic heavy metals in industrial
wastewater. Chromium is widely used in various
industrial applications such as leather tanning, batteries,
steel  metallurgy, paint
manufacturing, electroplating, and textile industry. The
most stable known forms of chromium are the trivalent
and hexavalent forms [1]. The hexavalent form of
chromium, Cr(VI), is much more toxic than the trivalent
form, Cr(IlI), and both forms are highly soluble in water.
Especially in bodies exposed to Cr(VI), it can accumulate
in the liver, kidneys and stomach and cause many bad
diseases, including cancer [2]. The limit value for total
chromium species reported by the World Health
Organization (WHO) in 2017 under the title "Guidelines
for drinking water quality" is 0.05 mg/L [3]. Therefore, it
is vital to eliminate Cr(VI) as well as various pollutant

petroleum  refining,

species from industrial wastewater and to release these
waters to nature after treatment in a way that does not
cause health problems.

Various physicochemical and electrochemical
methods have been developed to reduce heavy metal
concentrations in wastewater to acceptable limits.
Adsorption, filtration, chemical
precipitation, exchange, photocatalysis,
electrodialysis, and nanotechnology, which has been

developed in recent years, are some of the methods used

membrane
ion

to remove metal ions from aqueous media. Adsorption
is the process of attaching a species, called adsorbate, to
the surface of another material, called adsorbent [2]. For
this purpose, activated carbon, which exhibits unique
properties with its porosity, large surface area and rich
functional groups in its active sites, ranks first among the
preferences [4]. Due to these unique properties of
activated carbon and its high performance in removing
pollutants from water, its commercial production from
various materials such as coal, wood, fruit seed shells,
coconut shells, nut shells and polymer-based synthetic
raw materials with high carbon content has become very
common [5]. However, due to the high cost of
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commercial activated carbons, studies on the production
of much lower cost and high-performance activated
carbon from agricultural wastes or by-products are
increasing day by day [6]. For example, many
agricultural wastes such as apricot stones [7], cherry
stones [8], palm oil stones [9], olive stones [10], grape
seeds [11], almond shells [12], nut shells [13], corn cobs
[14], rice husks [15], and sugarcane bagasse [16] have
been used to produce activated carbon [17].

In today's technology, activated carbon is mainly
produced by two methods: (i) chemical activation
method using mineral acids, bases, or salts (such as HC],
NaOH, and ZnCl:) as activating agents, and (ii) physical
activation method using steam or CO: as activating
agents. In chemical activation, the precursor (the starting
material) is first impregnated with the activating agent
and then subjected to carbonization in an N2 atmosphere
at temperatures in the range 400-1000 °C. In physical
activation, activation and carbonization are carried out
simultaneously. It requires
precursor at temperatures above 700 °C followed by
gasification in COy, steam, or a mixture thereof [18].

carbonization of the

In this study, a new activated carbon was produced
by chemical activation using boric acid from corn cobs as
a precursor. When the literature is reviewed, it is
observed that activated carbons with different properties
have been produced from corn cobs using many
activating agents, but the use of boric acid as a chemical
activating agent is found in only one study and that
study belongs to our group. In that study, the adsorption
mechanisms of Cd metal and methylene blue on the
activated carbon were investigated [19]. In this study, the
main objective was to investigate the adsorption
performance of the produced activated carbon for the
removal of Cr(VI) ions from aqueous media by
equilibrium, kinetic and thermodynamic parameters.
Therefore, from this point of view, this study is also
original.
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2. Materials and methods

2.1.Preparation, production, and characterization of
CCs-AC

Corn cobs (CCs) were obtained from corns collected
from agricultural fields in Akgaabat district of Trabzon,
Tiirkiye. CCs were washed thoroughly with tap water,
rinsed with distilled water and dried in an oven at 105 °C
for 24 hours after being left outdoors for 3 days. The
dried CCs were ground in a knife grinder and sieved to
a size of approximately 4-8 mm. 60 g CCs and 60 g boric
acid (HsBOs) were mixed in 700 mL distilled/deionized
water. The resulting mixture was converted into
activated carbon by pyrolysis at 700 °C in N2 atmosphere
as detailed in the literature and labeled as CCs-AC (corn
cobs — activated carbon) [19].

As reported in the literature, CCs-AC produced by
boric acid activation was characterized by many
parameters such as proximate-ultimate analysis, Boehm
titration, pH-pHpzc determination, SEM images (Fig. 1),
IR spectra and surface characterization analysis [19].

Fig. 1 shows SEM images of the original CCs and
CCs-AC produced at 700 °C in N2 atmosphere. Although
there are roughnesses, indentations and protrusions in
the structure of CCs, no porosity is visible. Activating
agents such as boric acid act to dehydrate the structure
at high temperatures in N2 atmosphere and causing the
formation of fractures, voids, channels, indentations,
and protrusions and thus pores of a different character.
This porosity of activated carbons, as well as the
functional groups in the reorganized active sites on their
surfaces, play a major role in making them unique
adsorbents [20].

2.2. Adsorption tests

14.14 g KoCr207 (Merck, Darmstadt, Germany) was
weighed, dissolved in distilled/deionized water and
diluted to 1 L to prepare 5000 mg/L of a stock Cr(VI)

100 pm
===

Mag =500 X

Corn cobs (CCs) and (b) Corn cobs — activated carbon (CCs-AC)
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solution. The stock Cr(VI) solution was diluted in
appropriate ratios and used in adsorption tests. Cr(VI)
adsorption tests were carried out in batch mode.

10 mL of the solution prepared by diluting 5000 mg/L
Cr(VI) stock solution to the desired ratio and 0.05 g of
CCs-AC ground to < 125 um particle size were mixed in
a polypropylene falcon tube of 15 mL volume (5.0 g/L
suspension). The resulting mixture was shaken on a
mechanical shaker for 4 hours. The solid-liquid mixture
was and the
concentration of Cr(VI) remaining unadsorbed in the
solution was determined by microwave plasma-atomic
emission spectrometry (MP-AES, Agilent Tech. 4200
model, Santa Clara, US).

Each test was repeated at least 3 times, and mean
values were used. From MP-AES measurements, the
amount of Cr(VI) adsorbed per gram of CCs-AC was
calculated with the help of Equation (1).

separated by vacuum filtration

_(Co—=Ce)"V
h m

Qe €9

Percent adsorption values were also calculated with
the help of Equation (2) below.

Co—Ce

Adsorption (%) = o

100 2)

Where Co is the initial Cr(VI) concentration (mg/L),
Ce is the Cr(VI) concentration remaining in the solution
at equilibrium (mg/L), Qe is the amount of Cr(VI)
adsorbed per unit CCs-AC (mg/g), V is the solution
volume (L), and m is the amount of CCs-AC (g).

3. Results and discussion

3.1. Effect of pH on the adsorption of Cr(VI) ions from
aqueous solution onto CCs-AC
In adsorption studies, the pH of adsorbate solutions is
extremely important in terms of adsorbent capacity. A
series of Cr(VI) solutions with a concentration of 100
mg/L and the pH values adjusted between 2 and 8 were
prepared and 10 mL of these solutions were placed in 15
mL polypropylene tubes. 0.05 g CCs-AC was added to
these solutions (5.0 g/L suspension), the tubes were
capped and shaken for 12 hours. The suspensions were
filtered by vacuum filtration and the supernatants were
analyzed by MP-AES. The concentrations remaining in
the supernatants were subtracted from the initial
concentration (100 mg/L) and the percent adsorption
values were calculated with the relevant formulas.

Fig. 2 reflects the performance of CCs-AC with
varying pH. In parallel with many studies in the
literature, Cr(VI) adsorption onto CCs-AC is more
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favorable at low pH values [21-23]. In fact, it is normal
to observe higher yields at lower pHs because Cr(VI) is
present in anionic forms in aqueous solution. Between
1.0 < pH < 3.0 the predominant form for Cr(VI) is HCrOs
, while at pH > 6.0 it is CrO+*-. As a result, whether the
medium is acidic or basic, Cr(VI) is always in the anionic
form. At low pHs, the surface of the adsorbent is positive
due to the abundance of protons and therefore strong
electrostatic interactions occur between Cr(VI) in anionic
form and CCs-AC. Thus, the adsorption efficiency is
quite high at low pHs. As a result, the adsorption
efficiency is quite high at low pHs. As the solution pH
increases, the net charge of the CCs-AC surface becomes
negative, while Cr(V]) is still in negative form. Thus, the
adsorption efficiency will gradually decrease due to
electrostatic repulsions [24,25].

As it was clear from the pH screening that the
optimum solution pH was 2.0, the following studies
were carried out at this pH value.

3.2. Effect of contact time on the adsorption of Cr(VI)
ions from aqueous solution onto CCs-AC and
adsorption kinetics

The systems in which the adsorption mechanism is
studied as a function of time are called adsorption
kinetics. A 250 mL volume of Cr(VI) solution adjusted to
pH 2.0 and 1.25 g CCs-AC (5.0 g/L suspension) were
treated for 12 hours. The concentrations of the
micropipetted aliquots at certain time intervals during
the treatment were measured by MP-AES. The measured
concentrations were subtracted from the initial Cr(VI)
concentration and the amount of Cr(VI) adsorbed per
unit adsorbent (Qt, mg/g) was calculated with the
relevant formulas.

80 1

60 Q

\
\
\
J \
40 \
\
\

Cr(VI) Adsorption (%)

0 1 2 3 4 5 6 7 8 9
Initial solution pH
Figure 2. Effect of solution pH on the adsorption of Cr(VI) ions onto
CCs-AC from aqueous solution (Co: 100.0 mg/L; Agitation time: 12 h;

CCs-AC dosage: 5.0 g/L; CCs-AC particle size: < 125 um; temperature:
25°C)

Fig. 3 (a) illustrates the amount of Cr(VI) adsorbed on
CCs-AC at different time periods. It is seen that the
adsorption is quite fast in the first minutes of the process
and the system reaches equilibrium after 2 hours.
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Figure 3. Contact time and adsorption kinetics of Cr(VI) ions onto CCs-AC: (a) Contact time; t vs Qt graph, (b) Pseudo first-order kinetics; t vs
In(Qe - Qt) graph, (c) Pseudo second-order kinetics; t vs t/Qt graph, (d) intraparticle diffusion kinetics; t'2 vs Qt graph (Initial solution pH: 2.0;

agitation time: 0-12 h; Co: 250.0 mg/L; CCs-AC dosage: 5.0 g/L)

However, an optimum contact time of 4.0 hours was
deemed appropriate as a guarantee.

The behavior of Cr(VI) ions onto CCs-AC in terms of
time dependence of adsorption was monitored by
pseudo-first pseudo-second order and
intraparticle diffusion kinetic models. The constants

order,

obtained from the relevant equations of these models are
given in Table 1.

The mathematical equations of the pseudo-first order
kinetic model is shown in Equation (3) and Equation (4).
The rearrangement and
linearization of the first equation.

second equation is a

Table 1. Kinetic data for adsorption of Cr(VI) ions from aqueous
solution onto CCs-AC

L Constants Value
Kinetic models
Qe (exp), mg/g 26.75
Qe (cal), mg/g 14.27
Pseudo first-order k1, 1/min 0.00952
R? 0.8781
Qe (exp), mg/g 27.35
Pseudo-second order k2, g/mg.min 0.00238
R2 0.9993
ki¢, mg/g.min!/2 1.255
Intraparticle diffusion C, mg/g 10.41
R2 0.9969

dQ )
E = k,(Qe — Q1) 3)
In(Qe — Qt) = In(Qe) — k4t 1€))

Where Qe represents the amount of adsorbed
material per gram of adsorbent at equilibrium (mg/g), Qt
represents the amount of adsorbed material per gram of
adsorbent at any time t (mg/g), ki represents the first
order rate constant (1/min) and t represents the contact
time (min).
The plot of In(Qe-Qt) versus t forms a line and gives
information about the fit of this kinetic model to the
adsorption data. Qe and ki can be found from the
intercept and slope of the graph [26].

Equations for the curvilinear and linear forms of the
pseudo-second-order kinetic model, another model used
to describe the time dependence of the adsorption
process from aqueous solution, are shown in Equation
(5) and Equation (6).

dQt
X at0e - 1y°

(3
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t 1 t

0t ko0e2 ' Qe (6)

Where k2 represents the second order rate constant
(g/mg.min). The graph plotted between t/Qt — t forms a
line, which shows the agreement of the kinetic data with
the second-order kinetic model. Qe and k2 can be
determined from the slope and intercept of the line
[27,28].

Fig. 3(b) shows that the adsorption kinetics is not
compatible with the pseudo-first order kinetic model
(R? = 0.8781). While this model gives better results for
systems that have not yet reached equilibrium, it is
insufficient to explain the adsorption rate of systems that
can be saturated on porous structures such as activated
carbon. This conclusion is also supported by the fact that
the experimental Qe value (26.75 mg/g) does not
coincide with the theoretical Qe value (14.27 mg/g)
obtained from the pseudo-first order (Table 1).

The time-dependent adsorption of various pollutant
species from the liquid phase on activated carbon
and similar adsorbents gradually slows down and
reaches equilibrium when saturation is reached within
the capacity of the adsorbent. The adsorption rates
of such equilibrium systems are in full agreement
with the pseudo-second order kinetic model (Fig. 3(c);
R2=10.9993). In addition, the experimental Qe value and
the theoretical Qe value obtained from this model are
very close to each other (Table 1) [29].

In cases where the diffusion mechanism in porous
structures cannot be clearly explained by pseudo-first
and pseudo-second order equations or when these
equations are insufficient, the intraparticle diffusion
model may be preferred. This model is given by
Equation (7) below.

Qt =k t'? +C 7)

Where kia (mg/g.min'?) is the intraparticle diffusion
rate constant while C (mg/g) is a constant characterizing
the boundary layer thickness. kia and C can be
determined from the slope and intercept of the graph
plotted between Qt and t'2 [26,27].

In the intraparticle diffusion model, the time-
dependent stages of adsorption can be estimated.
Fig. 3(d) shows that adsorption takes place mainly in 3
stages. The fact that the adsorption rate is very high at
the beginning indicates that the outer surface of the
activated carbon, i.e. the film layer, is filled first. The
second part is slower and here there is a movement of
adsorbate ions into the pore interior. This movement is
the rate-limiting step of adsorption and indicates the
diffusion of adsorbate molecules into the pore interior.
The last step is the equilibrium step where adsorption
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reaches saturation. For the intraparticle diffusion model,
the t12-Qt plot contains three lines with different slopes
as shown in Fig. 3(d). This indicates that more than one
process affects adsorption. The second line represents
intraparticle diffusion. The C value found for the second
line is different from zero (10.41 mg/g), suggesting that
the adsorption rate is controlled by other mechanisms
besides intraparticle diffusion [26,27].

3.3.Effect of adsorbent dose on the adsorption of
Cr(VI) ions onto CCs-AC

In this parameter, it was investigated whether the
amount of Cr(VI) adsorbed is linear with increasing
amount of CCs-AC. Fig. 4 proves that this relationship is
non-linear. The figure illustrates that the amount of
Cr(VI) adsorbed per unit adsorbent decreases as the dose
of CCs-AC increases due to a non-linear increase in the
amount of Cr(VI) adsorbed. Therefore, in the light of
these results, it is seen that the lowest CCs-AC dose (1.0
g/L) has the highest Cr(VI) adsorption capacity per unit
adsorbent. This inverse relationship can be attributed to
two reasons: (i) Increasing CCs-AC dose at constant
Cr(VI) concentration in solution leads to the formation of
unsaturated sites on the adsorbent surface. (ii)
Agglomeration of CCs-AC particles at high dose leads to

a decrease in the total surface area [30,31].

3.4.Effect of initial Cr(VI) concentration on the
adsorption efficiency and adsorption isotherms
Increasing adsorbate concentration in aqueous solution
at constant adsorbent dose will of course gradually
increase the adsorption efficiency. However, as stated in
the previous parameter, this increase will not be linear.
As the adsorbate gradually reaches saturation, its
capacity against the adsorbate of interest will be
revealed. This parameter was applied to reveal the
adsorption capacity of CCs-AC against Cr(VI) ions from
aqueous solution.
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Figure 4. Effect of CCs-AC dosage on the adsorption of Cr(VI) ions
onto CCs-AC from aqueous solution (Initial solution pH: 2.0; Co: 250.0
mg/L; agitation time: 4 h; CCs-AC dosage: 1.0-10.0 g/L; CCs-AC
particle size: <125 um; temperature: 25 °C)
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Figure 5. Concentration effect on the adsorption of Cr(VI) ions onto CCs-AC and the adsorption isotherms: (a) Ce — Qe graph, (b) Ce — Ce/Qe
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Freundlich isotherms (Initial solution pH: 2.0; Co: 50-1000 mg/L; agitation time: 4 h; CCs-AC dosage: 1.0 g/L; CCS-AC particle size: < 125 pm;

temperature: 25 °C)

The the
concentration remaining in the aqueous solution as a
result of the adsorption process and the amount of
adsorbate adsorbed per unit adsorbent is called
adsorption isotherm.

relationship ~ between adsorbate

Fig. 5(a) illustrates this relationship. As can be seen from
the figure, the amount of Cr(VI) adsorbed per unit CCs-
AC (mg/g) increases non-linearly with increasing initial
Cr(VI) concentration in aqueous solution. The part of the
graph where the adsorption reaches maximum
saturation indicates the capacity of CCs-AC.

Langmuir and Freundlich isotherm models are more
preferred than others in adsorption studies from
aqueous solution. The Langmuir model is successfully
applied to monolayer systems on homogeneous surfaces
and to systems where relatively active sites have equal
energy. The capacities of adsorbents that can comply
with these conditions can be determined quite accurately
with this model [29].

Langmuir adsorption model is given by Equation (8)
below:

_ bCe
" 1+ bCe

0e ®)

Equation (8) can be modified to derive its linear form
in Equation (9):

Ce _ Ce + 1 )
Qe  Qmax bQmax

Where Ce is the concentration of adsorbate remaining
unadsorbed in solution (mg/L), Qe is the amount of
adsorbate adsorbed per unit adsorbent (mg/g), Qmax is
the maximum adsorption capacity (mg/g) and b is the
constant related to the free energy or enthalpy of
adsorption (L/mg).

The plot of Ce versus Ce/Qe forms a line and
indicates whether the adsorption follows the Langmuir
model. Qmax and b can be determined from the slope and
the intercept, respectively. Qmax will give the maximum
adsorption capacity of the adsorbent of interest [32,33].

Ri, an important parameter of Langmuir isotherm,
indicates whether the selected adsorbent-adsorbate
relationship is suitable for adsorption. R. is a
dimensionless constant and is also called the separation
factor or equilibrium parameter. R. is expressed by
Equation (10).
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1

R =——
L™ 1+ bCo

(10)

Where Co is the initial adsorbate concentration
(mg/L). b is a constant (L/mg) derived from the
Langmuir equation. The RL value calculated from the
formula is expected to be between 0 and 1 for the
suitability of adsorption. In cases where Ru is greater
than 1, it indicates that adsorption is not suitable for the
selected adsorbent-adsorbate pair. When the Rt value is
exactly equal to 1, it indicates that the adsorption is linear
and when Rt is 0, it indicates that the adsorption is
irreversible [7,15,29].

The other type of isotherm, Freundlich isotherm, is
related to monolayer/multilayer adsorption from
aqueous solution on heterogeneous surfaces. The
mathematical expression of this model is as in Equation

(11).

Qe = K; x Ce'/" (11)

For simplicity of calculations in adsorption studies
Equation (11) is usually used by taking the logarithm of
both sides of the equation and transforming it into linear
form (Equation 12).

In(Qe) = In(K;) + %ln(Ce) (12)

Where Kt (mg/g) and n are constants of this model
and are related to adsorption capacity and adsorption
density, respectively [32,33].

In this parameter, a series of Cr(VI) solutions
prepared between 50-1000 mg/L and CCs-AC at a dose
of 1.0 g/L were treated under optimum conditions. The
Cr(VI) concentration remaining in the solution (Ce) after
filtration and the amount of Cr(VI) adsorbed per gram
of CCs-AC (Qe) were calculated with the help of the
relevant equations. Firstly, the graph in Fig. 4(a) was
plotted as mentioned above. Then the linear graphs of
Langmuir and Freundlich adsorption isotherms in Fig.
5(b) and Fig. 5(c) were plotted from the relevant linear
formulas, respectively. The constants obtained from
these graphs are given in Table 2.

As can be seen from Table 2, Fig. 5(b) and Fig. 5(c),
the correlation coefficient for the linear Langmuir
isotherm 1is larger than that obtained from the
Freundlich isotherm. Therefore, it can be considered that

Table 2. Langmuir and Freundlich constants for Cr(VI) ions
Langmuir constants Freundlich constants

Qmax Qmax b 2 Ks n R?
(mg/g) (mmol/g) (L/mg) (mg/g)
123.7 2.38 0.0281 09985 2647 428 0.9643
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the experimental data are more compatible with the
Langmuir model. However, in order to reach this
conclusion definitively, the curvilinear forms of the
related isotherm models should be compared. For this
purpose, the constants obtained from the linear
equations in Equation (9) and Equation (12) were used in
the curvilinear equations Equation (8) and Equation (11)
to theoretically re-derive the Qe values. When these
theoretical Qe values and experimental Qe values are
shown on the same graph in Fig. 5(d), it can be said that
the theoretical Qe values that best represent the
experimental Qe values are mostly obtained from the
Freundlich isotherm model. However, unlike the linear
forms, no definite conclusion could be reached here. The
adsorption behavior is more in agreement with the
Freundlich model at relatively small concentrations and
with the Langmuir model at high concentrations.

The Cr(VI) capacity value (Qmax=123.7 mg/g) derived
by taking the inverse of the slope in the linear graph of
the Langmuir isotherm model can be considered as quite
high compared to the literature (Table 3). Ru values,
another Langmuir parameter, were also calculated with
the help of Equation (10). Ru values calculated for Co
values between 50-1000 mg/L were found to be 0.42—
0.03. This result shows the suitability of Cr(VI)
adsorption onto CCs-AC.

3.5. Desorption of Cr(VI) ions adsorbed on CCs-AC

Desorption of adsorbate ions or molecules retained onto
an adsorbent, in other words regeneration of the
adsorbent used, is extremely important for the economy
and usability of the system. Since Cr(VI) ions are in
anionic form in solution at all pHs, they are adsorbed
with much higher performance in the acidic region.
Therefore, desorption efficiency will be very low with
acidic characterized desorption solutions. As seen in the

Table 3. Comparison of Cr(VI) adsorption capacity of various
activated carbon-based adsorbents

.. Adsorbent  Qmax
Precursor Activating agent dosage (g/L) (mg/e) Reference
Rice husk ZnCl2 2.0 56.82 [15]
Olive bagasse Steam 2.0 109.89  [22]
Pomegranate husk H2S04 2.0 35.2 [23]
Corn cob CO2 5.0 57.37 [42]
Commercial AC SiO2 1.0 60.9 [43]
Corn cob ZnCl>-NH4Cl 0.5 34.48 [44]
Fir wood KOH 0.4 180.3 [45]
Hazelnut shell H2504 2.5 170.0 [46]
Coconut shell Chitosan 1.0 64.49 [47]
Aloe vera leaves HNO:s 2.0 59.88 [48]
Corn cob HsBOs 1.0 123.7 This work

pH study, the adsorption efficiency of Cr(VI) ions in the
basic region is very low. Therefore, a series of NaOH
solutions were prepared at concentrations between 0-3
mol/L for the desorption of Cr(VI) ions adsorbed onto
CCs-AC.
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CCs-AC at a dose of 5.0 g/L was placed in a series of
polypropylene tubes. After adding 100 mg/L Cr(VI)
solutions, they were shaken under optimum conditions.
After filtration, the CCs-ACs in the tubes were air dried
and then a series of NaOH solutions in the range of 0-3
M were added separately, and the desorption was
carried out for 4 hours. The Cr(VI) concentrations
desorbed into the solution were measured by MP-AES
and after necessary calculations, Fig. 6 was plotted.

The results from Fig. 6 show that even the most
concentrated NaOH solution (3.0 M) could not
quantitatively desorb Cr(VI) ions adsorbed onto CCs-
AC. This result proves that unlike typical cationic metal
ions, Cr(VI) ions are much more strongly adsorbed onto
CCs-AC. Since cationic metal ions bind to functional
groups on many adsorbents by weak electrostatic
interactions, their desorption can be achieved
quantitatively even with very weakly acidic solutions.
Cr(VI) ions, which are present in aqueous solution at
relatively low pHs, mostly in the form of HCrOx«, bind
to the adsorbent with much stronger interactions,
especially chemically. Studies supporting this result are
found in the literature [34-38].

3.6. Effect of temperature on the adsorption of Cr(VI)
ions onto CCs-AC and adsorption thermodynamics
Temperature is an important indicator of whether the
system works under all conditions, how well it performs
under which ambient conditions, in short, how close its
performance is to laboratory conditions in real
applications. In addition, the study of temperature
changes is an important parameter that is frequently
applied in understanding the mechanism and energy of
adsorption.

For this purpose, 5.0 g/L CCs-AC and a series of 250
mg/L Cr(VI) solutions were treated separately at
temperatures ranging from 5-50 °C. The concentrations
of Cr(V]l) remaining unadsorbed in the solution after
filtration were determined by MP-AES, from which the
amount of Cr(VI) loaded per gram of adsorbent (mg/g)
was calculated.

The temperature vs Qe plot is given in Fig. 7(a). As
can be seen from the figure, the adsorption behavior of
Cr(VI) ions onto CCs-AC is via endothermic mechanism,
that is, the increase in ambient temperature positively
affects the adsorption efficiency.

The absorption and diffusion of energy during all
kinds of the
transformation of one type of energy into another type

events and chemical reactions,
and the relations between different types of energy in a

system are the subject of thermodynamics.

Thermodynamics determines the internal energy,
enthalpy, entropy, and free energy values of the system
during a physical or chemical transformation and

examines their dependence on the reaction conditions.

Turk J Anal Chem, 5(2), 2023, 107-117

70 -
60 - Ommmm " o---
—~_~ 50 I
S -9
= 40 - A
2 i
= ’
g 30 -Qf
5] ]
a 204!
o P

() <
o=t

T T T 1

0.0 05 1.0 .5 20 25 3.0 35

NaOH conc. (M)
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Figure 7. Effect of temperature on adsorption of Cr(VI) ions onto CCs-
AC and thermodynamics: (a) Temp. — Qe graph, (b) 1/T — In(Kd) graph
for thermodynamic parameters (Co: 250 mg/L; pH: 2.0; CCs-AC
dosage: 5.0 g/L; agitation time: 4 h; CCs-AC particle size: < 125 pm;
temperature: 5-50 °C)

The sum of all kinds of energy that a substance stores
in its structure is called enthalpy (H). In chemical
reactions, the difference between the sum of the
enthalpies of the products and the sum of the enthalpies
of the reactants is called the enthalpy of reaction (AH).
Entropy (AS) is the energy that cannot be converted into
work in a physical system. The Gibbs free energy change
(AG) is used to express the equilibrium state and
willingness of a system. In spontaneous chemical
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reactions and other physicochemical transformations,
the free energy decreases, so the standard AG becomes
negative. In short, for any system, all the energy is
expressed by enthalpy (H), the available energy by free
energy (G) and the unavailable energy by entropy (S).
The equations derived for these concepts related to
thermodynamics are given in Equations 13-16.

AG = AH — TAS (13)
AG = —RTIn(K,) (14)
Ca
= 15
Ka =5 (15)
AS AH
=2 _ = 16
In(Kg) = & =~ 77 (16)

Where T is the temperature (K), R is the gas constant
(8.314 J/molK), Ka is the adsorption equilibrium
constant, Ca is the concentration of adsorbate retained
onto the adsorbent (mg/L), Ce is the adsorbate
concentration remaining in the solution after adsorption
(mg/L).

The graph of In(Kd) vs 1/T forms a line (Fig. 7(b)) .
From the slope of this line AH and from the intercept AS
can be found (Table 4), thus providing information about
the reaction course.

The AG values in Table 4 become more negative in
parallel with the increase in temperature. This indicates
that adsorption occurs spontaneously. In cases where the
adsorption efficiency is below 50%, In(K«) values are
negative and therefore AG values are positive. As the
adsorption efficiency increases above 50% with
increasing temperature, In(Ka) values are also positive.
As a result, AG values will be negative.

The decrease in AG values with increasing temperature
increases the feasibility of adsorption and the possibility
of spontaneous formation. For the selected initial Cr(VI)
concentration (250 mg/L), the feasibility of adsorption
higher temperatures.
Therefore, it is more important that AG decreases in
relative value with increasing temperature rather than

becomes more feasible at

being positive or negative. This is not the case for low

Table 4. Thermodynamic data for adsorption of Cr(VI) ions from
aqueous solution onto CCs-AC

T(CC)  Ka__ AG(kjmol) _AS (J/moLK) AH (kj/mol)
5 0.69 0.85
15 0.93 0.18
25 111 -0.26 40.69 12.00
35 127 -0.62
50 1.44 -1.85
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Cr(VI) concentrations. At low Cr(VI) concentrations,
room temperature is sufficient for the spontaneous
formation of adsorption.

A positive AH value indicates that the adsorption of
Cr(VI) ions onto CCs-AC is endothermic. The AH value
can also help to decide whether the adsorption is
chemical or physical. The enthalpy value of physical
adsorption is generally not greater than 4 kJ/mol and for
chemical adsorption not less than 20 kJ/mol [39,40]. The
AH value is 12.0 kJ/mol (Table 4), which means that the
adsorption of Cr(VI) ions on CCs-AC is slightly chemical
rather than physical. Quantitative regeneration did not
occur in the desorption study anyway.

A positive AS value (40.69 J/mol.K) increases the
probability of adsorption
equilibrium occurring at the solid-liquid interface of the
adsorbent during adsorption. In other words, this value

randomization of the

indicates an increase in the amount of unused energy, i.e.
an increase in the disorder of the system [41].

4., Conclusion

The data obtained from this study showed that activated
carbon (CCs-AC) produced by chemical activation using
boric acid from corn cobs, an agricultural waste by-
product, can effectively remove Cr(VI) ions from
aqueous solution. Moreover, with an adsorption
capacity of 123.7 mg/g Cr(VI), CCs-AC has an even
higher capacity than the activated carbons used in many
studies in the literature.

As a result of optimization studies with model Cr(VI)
solutions, it was determined that the optimum pH was
2.0 and the contact time was 4.0 hours. From the kinetic
data, it was concluded that Cr(VI) adsorption on CCs-
AC was consistent with the pseudo-second order kinetic
model and the adsorption rate was controlled by the
boundary layer diffusion together with the intraparticle
diffusion.

From the thermodynamic data, it was determined
that temperature had a positive effect on adsorption,
thus, from the enthalpy value of 12.0 kj/mol, the reaction
was endothermic, and the adsorption process was rather
chemically driven. The negative Gibs free energy values
proved that the adsorption was spontaneous.

This study is important in several ways: (i) Activated
carbon was produced from corn cobs, an agricultural
waste that is not used for any purpose, giving them an
economic value. (if) Possible damage to the environment
from these wastes discharged into the environment was
prevented. (iif) Recycling activities were encouraged by
recycling wastes that have no economic value.
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Abstract

In this work, a facile and efficient approach for the green synthesis of ZnO@TiO: bimetallic oxide nanoparticles by exploiting the potential of
Cinnamomum verum bark extract as a biogenic reducing agent is presented. The synthesized nanoparticles were subjected to an extensive
characterization process involving various spectroscopic techniques. These techniques include X-ray diffraction analysis, Fourier transform
infrared spectroscopy, Scanning electron microscopy and Energy dispersive X-ray spectroscopy. Based on the obtained results, it highlights the

potential of green synthesized ZnO@TiO2 nanocomposites as a promising material for many applications.

Keywords: Cinnamomum verum, ZnO@TiO2nanocomposites, ZnO NPs, green synthesis

1. Introduction

In recent years, the application of biosynthesis to the
production of nanoparticles (NPs) has attracted
attention as a more environmentally sustainable, safer
and cost-effective alternative to traditional chemical and
physical methods [1]. Plant extracts in particular hold
great promise for 'green' production due to their
widespread availability, affordability, ease of use and
scalability [2,3]. These extracts contain a potent
combination of antioxidants, including polyphenols,
reducing sugars, nitrogenous bases and amino acids,
which have the ability to reduce metal ions in a metal salt
solution. The reduction of metal ions initiates the
formation of nucleation centers which attract additional
metal ions and incorporate neighboring nucleation sites,
ultimately leading to the formation of nanoparticles.
These particles are associated with organic substances
from plant extracts which help to increase the stability of
the particles. It has also been reported that these
nanoparticles have no toxicity compared to those
produced by traditional chemical methods [4]. Due to
their unique properties compared to their bulk materials,
there has been considerable interest in the synthesis and

characterization of these nanoparticles particularly
metal oxide nanoparticles, in the last decades. The high
surface to volume ratio of these nanoparticles is a major
factor contributing to their distinctive properties [5-7].
Among metal oxide nanoparticles zinc oxide (ZnO),
titanium dioxide (TiO2) show particularly promising
physical and chemical properties [8,19]. Their unique
properties make them very important in a wide range of
applications [10,11] and research endeavors. Various
methods, including chemical [1], sonochemical [12,13],
electrochemical, photochemical and microemulsion
techniques, are used to produce them. However, many
of these methods involve complex reaction conditions
and the use of toxic chemicals, leading to environmental
pollution problems. As a result, researchers have sought
to develop environmentally friendly methods for the
synthesis of nanoparticles

Cinnamomum verum (C. verum), commonly known as
cinnamon, is a very abundant, economical and easily
available plant. It is known to be rich in phytochemicals
such as alkaloids, polyphenolic compounds, terpenoids
and flavonoids, which act as stabilizing and capping
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agents during the synthesis process [14]. Moreover, the
bark of C. verum contains a notable concentration of
carboxylic and phenolic functional groups, such as
bisabolol, cinnamic acid, heptanoic acid, hexadecenoic
acid, linalool, and phytol [15]. However, it is of great
importance to specific
phytochemicals responsible for the formation of
nanoparticles with controlled properties. This
understanding can significantly contribute to the
utilization of cinnamon in various applications,
especially in the field of nanotechnology [16,17].

identify accurately the

As a result, it has become essential to investigate
synthesis routes for ZnO NPs and TiO: nanocomposites
and to explore their properties and applications through
extensive research. In this context, our study aims to
investigate the synthesis of ZnO@TiO2 nanocomposites
using C. verum bark extract, which is a sustainable and
environmentally friendly approach

2. Materials and methods

2.1.Reagents and chemicals

Cinnamomum verum, used as a stabilizing and reducing
agent in the study (Fig. 1), was obtained from local
markets in Diizce province. In addition, all of the
chemical materials used in the study are of analytical
purity. Sodium hydroxide, zinc nitrate hexahydrate and
titanium(IV)isopropoxide chemicals wused in the
synthesis stage of metal oxide nanoparticles were
obtained from Merck company.

Figure 1. Image of Cinnamomum verum bark

2.2. Apparatus

Heidolph brand magnetic stirrer was used to ensure
homogeneous mixing of the solutions throughout the
experimental studies. An Isolab brand pH meter was
used to ensure that the nanoparticles precipitated
appropriately. Elektromag M5040P brand oven was
used to dry the synthesized products. Radwag brand
electronic balance was used throughout the
experimental studies. Separation of the products was
carried out using a VWR brand centrifuge. Filtration of
C. verum extract and nanoparticles obtained through the
extract was carried out using an Isolab brand vacuum
pump. The elemental composition of the nanoparticles
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obtained as a result of the studies was determined by
energy dispersive X-ray analysis (EDX), and their
morphology and size were determined by scanning
electron microscopy (SEM) (FEI Quanta FEG 250).

The functional groups present in the structure of the
nanoparticles were recorded using a Perkin Elmer
Spectra Two UATR Fourier transform infrared
spectroscopy  (FT-IR)  spectrophotometer.  X-ray
diffraction (XRD) patterns of ZnO NPs and ZnO@TiO:
nanocomposites were obtained using a Smart Lab
instrument with Cu-Ka radiation (1.5406 A).

2.3. Preparation of Cinnamomum verum bark extract
Cinnamomum verum was first obtained from local
markets and ground into powder. The powdered
cinnamon was washed several times with deionized
water to remove impurities. Following this step, to
prepare extract, 2.5 g C. verum bark was heated in 100 mL
deionized water for one hour in a magnetic stirrer. After
this time, the extract (Fig. 2) was allowed to cool at room
temperature and filtered with Whatman filter paper. It
was stored in the refrigerator  at 4 °Cto be used for the
synthesis of ZnO NPs and ZnO@TiO2nanocomposites.

@

o

Filtration

Cinnamomium Extraction

verum bark

Cinnamomum
\
verum bark [
extract

Figure 2. Schematic representation of the preparation steps of C. verum
bark extract

2.4. Green synthesis of ZnO NPSs

In order to synthesize ZnO NPs, 25 mL C. verum bark
extract was heated to 60 °Cand 2.08 g Zn(NOs)2.6H20
was dissolved in 25 mL deionized water and added. The
resulting solution was stirred with a magnetic stirrer at
60 °C for one hour color change were observed.
Following this step, 0.1 M NaOH was added to adjust the
pH of the solution to 8. The mixture was centrifuged at
5000 rpm for 7 min. and then washed several times with
deionized water. The resulting product was then dried
in an oven at 60 °C for 24 hours. After the drying step
was completed, it was subjected to calcination at 450 °C
for 2.5 hours. The white-colored ZnO NPs formed as a
result of calcination was stored in a desiccator at room
temperature (Fig. 3).
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Figure 3. Schematic representation of the preparation steps of ZnO NPs
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2.5. Green synthesis of ZnO@TiOz2nanocomposites
Cinnamomum verum bark extract was heated to 60 °C,
then a solution of 2.97 g Zn (NOs)2.6H20 in 10 mL
deionized water was added slowly. To this solution 0.1
M NaOH was added until pH = 8, then 3 mL of
titanium(IV) isopropoxide was added slowly and
stirring was continued at 60 °C for one hour on a
magnetic stirrer. The resulting mixture was centrifuged
at 5000 rpm for 7 min. and the product was washed
several times with deionized water to remove
impurities. It was then placed in an oven to dry at 60 °C
for 24 hours. The dried product was then subjected to
calcination in a muffle furnace at 450 °C for 2.5 hours
(Fig. 4) and the off-white-colored product was stored in
a desiccator for analysis.
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Calcination

~ZnO@TiO,

7 min.

Figure 4. Schematic representation of the preparation steps of
ZnO@TiO2nanocomposites

3. Results and discussion

3.1.FT-IR spectra

FT-IR spectroscopy analysis
determine the presence of functional biomolecular
groups in C. verum extract and synthesized ZnO NPs and
ZnO@TiO:2 nanocomposites. When the FT-IR spectrum
of C. verum shown in Fig. 5 is examined, the bands at
3271 and 2928 cm™ are due to O-H stretching vibrations
in the structure of polyphenols and asymmetric C-H

was carried out to

stretching vibrations of -CHs groups in the structure of
biomolecules. The presence of the O-H group in the
structure of water is indicated by the peak at 1586 cm™! in
the FT-IR spectrum. Also observed at 1408 cm™ and 1386
cm are peaks belonging to aliphatic C-H stretching and
CHs symmetric bending vibrations. The C-O stretch
vibration of hydroxy flavonoids in the biostructure of C.
verum is seen at 1260 cm-!, while the band at 1043 cm! is
related to the C-O stretch of primary alcohols. The peak
corresponding to the C=C vibrations in the structure of
the benzene ring was observed at 614 cm [18-20]. In the
FT-IR spectrum of ZnO NPs, only the peak at 402 cm™!
belonging to Zn-O bond was observed. Moreover, in the
FT-IR spectrum of ZnO@TiO: nanocomposites,
vibrations at 402 cm! are attributed to Zn-O bond [21,22]
and vibrations at 388 cm to Ti-O bond. When the FT-IR
spectra of ZnO NPs and ZnO@TiO: nanocomposites
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were analyzed, no vibrations belonging to organic
compounds in the structure of cinnamon extract were
observed.

9
8 ——C. verum
c
8
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7
§ ——ZnONPs
=
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Figure 5. FT-IR spectra of dry C. verum extract, ZnO NPs and
ZnO@TiO2 nanocomposites

3.2.XRD analysis

In the XRD pattern of ZnO NPs and ZnO@TiO:
nanocomposites are shown in Fig. 6. Different peaks
were observed in the XRD pattern of ZnO NPs at
20=31.82° 34.45°, 36.29°, 47.60°, 56.63°, 62.91°, 66.46°,
67.98°, 69.06°, 72.63° and 77.06°. These peaks were
interrelated to (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004) and (202) hkl planes. All these
diffraction peaks are consisted to wurtzite (hexagonal)
structure compatible with JCPDS Card No. 036-1451 [23]
and space group: P6smc [24]. Moreover, the cell
parameters of the ZnO NPs a=b=3.24 A, and c=5.20 A.
The absence of distinct peaks in the XRD pattern
indicates that the mnanoparticles do not contain
impurities. In the XRD pattern of ZnO@TiO:
nanocomposites, in addition to the peak belonging to
ZnO NPs, 25.41° and the associated (101) hkl planes of
the anatase phase (space group: I4;/amd) of TiO: with
JCPDS card no. 21-1272 are shown [25].
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Figure 6. XRD pattern of ZnO NPs and ZnO@TiO2 nanocomposites
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Table 1. The structural parameters of ZnO and TiO2 NPs.

Turk ] Anal Chem, 5(2), 2023, 118-123

Sample JCPDS Cardno: Crystal Structure  Space Group  Lattice Parameters (A)  Cell Volume (A3) Unit Cell
ZnO 036-1451 Hexagonal P6smc azf; 2024 54.58 \ .
TiO: 21-1272 Anatase I4//amd azcl’; ‘2‘180 138.76

The cell parameters of the TiO2 NPs a=b=3.80 A, and
c=9.61 A as shown in Table 1. In addition, the weight
fraction of ZnO@TiO:2 nanocomposites was determined
using the Whole Powder Pattern Fitting (WPPF) method,
which approximates the components and fraction of the
sample based on the measured XRD pattern and the
materials [26]. According to WPPF weight fraction
analysis, ZnO@TiO: nanocomposites consists of 89%
ZnO and 11% TiO2 NPs.

3.3. SEM-EDX analysis

The SEM images in Fig. 7(a-c) depict the surface
morphology of green-synthesized ZnO NPs and
ZnO@TiO: nanocomposites using C. verum extract. The

ZnO NPs exhibit hexagonal and near-spherical shapes,
with some irregularities indicating non-homogeneity
[27,28]. The particle size of ZnO NPs falls within the
range of 30 - 50 nm, and there is a noticeable tendency
for slight agglomeration (Fig. 7(a)).

Recent studies have shown that there is an optimum
amount of TiO: that is effective in inhibiting growth and
phase transformation of ZnO NPs, leading to production
of smaller ZnO NPs [29]. This method resulted in
obtaining ZnO@TiO2 nanocomposites with an average
size of 20 nm, as shown in Fig. 7 (b, c¢). The surface
morphology of the ZnO@TiO:2 nanocomposites shows
the presence of both spherical and hexagonal shapes. In
addition, TiO2 NPs are widely dispersed on the surface
of the ZnO@TiO2 nanocomposites.

Figure 7. SEM images of the synthesized (a) ZnO NPs (b, ¢) ZnO@TiO2 nanocomposites
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Energy dispersive X-ray spectroscopy, a mode of
operation of SEM, is used to determine the elemental
composition of nanomaterials and provides information
on the percentage of each element in the materials (Fig.
8). The presence of oxygen, titanium and zinc elements
were observed in the EDX spectra of ZnO NPs and
ZnO@TiO:2 nanocomposites. The stoichiometric ratios
seen in the spectra are compatible with the proposed
structure and it is seen from these ratios that the amount
of TiO2 doped corresponds to 10.8% [30].
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Figure 8. EDX analysis of the synthesized (a) ZnO NPs (b) ZnO@TiO2
nanocomposites

4. Conclusion

In this study, ZnO NPs and ZnO@TiO2 nanocomposites
were synthesized using aqueous extract of C. verum as
natural chelating agent that stabilizes and aid in the
bioreduction of the nanoparticles without using any
harmful surfactant. FT-IR and XRD results show that
ZnO NPs and ZnO@TiO:2 nanocomposites are free from
any organic compounds and impurities. According to
SEM results, ZnO NPs and ZnO@TiO:2 nanocomposites
have hexagonal, spherical particles with an average
shape of 40 nm and 20 nm respectively. The EDX results
indicated that, the amount of TiO2 addition was found to
be 10.8%, which is in agreement with the XRD analysis
value calculated by the WPPF method. Furthermore, the
EDX spectrum exhibited no impurities in the
compound’s structure. ZnO NPs and ZnO@TiO:

Turk ] Anal Chem, 5(2), 2023, 118-123

nanocomposites have more extensive application in
biotechnology, optical device, medical, sensors, coatings,
catalysis and drug delivery. This green synthesis is a
highly efficient approach, using fewer chemicals and
controlling costs. This has led to additional research to
the  further
environmentally friendly nanoparticles.

investigate implementation  of
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Abstract

The Kisacik gold deposit is situated in the Biga Peninsula, Northwest Anatolia, Tiirkiye. The aim of this study is to investigate the genetic
relationship between the Kisacik gold deposit and the surrounding rocks using trace element (TE) and rare earth element (REE) geochemistry.
For this purpose, 48 samples directly and/or indirectly associated with the mineralization in the area were analyzed for major oxides, trace, and
rare earth elements using inductively coupled plasma-atomic emission spectrometry (ICP-AES) and inductively coupled plasma-mass
spectrometry (ICP-MS). Considering the laboratory conditions under which the analyses were performed, the limit of detection (LOD) values for
metals varied between 0.01 and 0.04%, while those given in parts per million (ppm) varied between 0.002 and 0.1 ppm. In addition, the relative
standard deviations (RSD) for all metals ranged from 0.38 to 5.52%. The results of the study revealed that the gold mineralizations in the Kisacik
area have a compatible pattern with the Kisactk Volcanics and the Kusgayir plutonic rocks in the near vicinity of the area. The gold mineralizations
in the Kisacik area are consistent with the TE and REE patterns of the upper continental and lower continental crust, as shown by comparison
with spider diagrams normalized to different geological settings. The gold enrichments in the listvenites and silicified rocks in the area are also
consistent with the TE and REE element patterns of these rock types. The results of this study support the conclusion that the gold mineralization
in the Kisacik area is related to hydrothermal fluids that leached elements from the Kisacik volcanics. In addition, hydrothermal fluids from
granitic rocks were also effective in the mineralization process. As a result, the gold mineralization in the Kisacik area is genetically related to
both the upper continental crust and relatively the lower continental crust and is characterized as a multi-sourced and multi-process epithermal
gold deposit.

Keywords: Kisacik epithermal gold mineralization, Trace-Rare Earth elements, Spider diagrams, Canakkale, Tiirkiye

1. Introduction

Epithermal gold deposits are a type of gold hydrothermal fluids cool, and pressure drops, causing

mineralization that forms near the surface of the Earth
due to the action of hydrothermal fluids. These fluids are
heated by magmatic activity and can travel through
fractures in rocks, dissolving and transporting minerals
[1]. Trace elements (TEs) and rare earth elements (REEs)
are often enriched in epithermal gold deposits, and their
presence can provide valuable clues about the formation
and potential richness of these deposits [2]. The
geochemical behavior of TEs and REEs is an important
factor in their association with epithermal gold deposits.
These elements are typically found in minerals that
dissolve easily in hydrothermal fluids, such as feldspars,
micas, amphiboles, and pyroxenes. Once dissolved,
TEs and REEs can be transported by hydrothermal
fluids over long distances. During ore formation,

the dissolved minerals to precipitate and form new
minerals. TEs and REEs are often incorporated into these
newly formed minerals, leading to their enrichment in
epithermal gold mineralization. TEs and REEs are also
found in a wide variety of rocks, but they are particularly
abundant in volcanic rocks. This is because volcanic
rocks are formed from molten magma, which contains
high concentrations of these kinds of elements. When
hydrothermal fluids interact with volcanic rocks, they
dissolve TEs and REEs and carry them away. These
elements can then be transported to sites of epithermal
gold deposition [3,4]. They (TEs and REEs) can be used
to trace the movement of hydrothermal fluids through
the rocks and to identify the different types of alteration
that have occurred, including propylitic, argillic, and
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adularia-sericite alteration. This information can be used
to better understand the formation of epithermal gold
deposits and to identify potential exploration targets.
The relationship between TEs and REEs, and epithermal
gold deposits has several important implications for
understanding of their genetic characteristics, and their
exploration and evaluation. For example, the presence of
these elements can be used to:

e Identify areas that have the potential to host
epithermal gold deposits.

e Trace the movement of hydrothermal fluids and
identify potential ore zones.

e Assess the potential richness of epithermal gold
deposits.

By understanding the geochemical behavior of TEs
and REEs, geologists can use these elements as valuable
tools for exploring and evaluating epithermal gold
deposits.

In addition to the factors discussed above, several
other considerations are important when interpreting
the relationship between TEs and REEs, and epithermal
gold deposits. These include:

e The type of epithermal gold deposit (high-
sulfidation, low-sulfidation, intermediate-
sulfidation),

e The mineralogy of the deposit,
e The geological setting of the deposit.

So, trace and REEs are valuable indicators of
epithermal gold deposits. Their chemical behavior,
origin in rocks, and relationships with alteration in the
field provide important clues about the formation and
potential richness of these deposits.

Anatolia's strategic location and rich natural
resources were key factors in its emergence as a cradle of
civilizations in antiquity. The Biga Peninsula, located in
the northwest of Western Anatolia, has been one of the
most important mining regions in the Anatolian
geography, both today and in the past [5]. The rich
mineral potential of the region has triggered numerous
studies in the fields of general geology and mining
geology [6,7, 8-15,16-21]. The region is characterized by
a diverse array of mineral deposits, evidenced by
numerous abandoned mine workings and ongoing
These deposits,

copper, lead, zinc, iron, gold, tungsten, molybdenum,

mining operations. encompassing
antimony, and mercury, reflect the region's complex
geological history, shaped by multiple phases of granite
intrusions and volcanic activities that have resulted in a
variety of mineralization styles. Mineral exploration
activities continue in the region, conducted by both the
Turkish Geological Survey (MTA) and numerous
domestic and foreign private companies. One of the
most recent discoveries made under an MTA-led
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exploration project is the Kisacik gold deposit [14,22].
The Kisactk gold mineralization area is situated at
Ayvacak-Canakkale, Northwest
Anatolia (Tiirkiye).

Biga  Peninsula,
The aim of this study is to contribute to the
understanding of the genetic relationship of the Kisacik
(Ayvacik, Canakkale, Tiirkiye) epithermal gold deposit
using TEs and REEs. To this end, the relationship
between the deposit, wall rock, and source rock was
investigated by using TEs and REEs patterns of the
deposit, alteration, and surrounding rocks, as well as
rocks that are thought to have influenced the potential
mineralization process.

2. MATERIAL AND METHODS

2.1. Geological characteristics of the area

The Biga Peninsula, located in Northwest Anatolia,
Tiirkiye, is home to a diverse array of geological units
(Fig. 1) [15,22], including pre-Tertiary, Tertiary, and
post-Tertiary rocks [23]. The pre-Tertiary units of the
Biga Peninsula, Northwest Tiirkiye, were subdivided
into three distinct tectonic zones by Okay et al. [23]: the
Sakarya Tectonic Zone, the Ayvacik-Karabiga Zone, and
the Ezine Zone, extending from northwest to southeast.
The Sakarya Tectonic Zone is principally composed of
the Kazdag Group metamorphic rocks and the Karakaya
Complex [24], overlying these metamorphic rocks and
post-Triassic sediments. The Ayvacik-Karabiga Zone is
characterized by an ophiolitic mélange, the Cetmi
Ophiolitic Mélange. Eclogite blocks and Upper Triassic
limestone blocks within the mélange are distinctive
features of the Ayvacik-Karabiga Zone. The Ezine Zone
comprises continental-derived rocks, including a Permo-
Carboniferous sedimentary sequence, the Karadag Unit,
metamorphosed under greenschist facies conditions,
and an overlying ophiolite, the Denizgoren Ophiolite,
emplaced during the Permo-Triassic period in the
western portion of the zone. Additionally, the Ezine
Zone contains high-grade metamorphic rocks of
sedimentary origin, the Camlica Mica schist [6,22,23].

The Tertiary and Post-Tertiary units in the region
encompass magmatic and sedimentary  rocks,
commencing with middle Eocene neritic limestone. This
is followed by Upper Eocene turbidites, interbedded
andesite, and andesitic tuff, which concordantly overlie
the neritic limestone. Volcanic rocks in the near vicinity
of the study area were named Kuscayir and Kisacik
volcanics, respectively, based on their age differences.
The older volcanics, which outcrop in the north, are
named Kuscayir volcanics, while the younger volcanics,
which outcrop in the south, are named Kisacik volcanics.
Eocene (?)/Oligo-Miocene calc-alkaline magmatism
subsequently commenced in the region, marked by a
disconformity plane [25-29]. Magmatic activity spanned
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the Eocene (?)/Oligocene to Upper Pliocene Quaternary
(?) period, encompassing plutonic and volcanic rocks
along with their associated pyroclastics [22,30]. Notably,
dacite, andesite, rhyolite, and acidic tuffs are exposed,
often interbedded with sedimentary rocks containing
coal in some areas. Sedimentary rocks, primarily
lacustrine and terrestrial clastics, are found in Upper
Miocene-Pliocene age terrains, and Quaternary alluvium
is also present.

Granitic rocks are present outside the study area, in
its northern part. Volcanic rocks, collectively known as
the Kisacik volcanics [22], occur within the study area
and exhibit varying degrees of alteration, including
hematization = and  silicification. = These  rocks
predominantly comprise andesite, latite, rhyolite,
basaltic andesite, ignimbrite, basaltic trachyandesite
lavas, and pyroclastic rocks. Lateral transitions between
these volcanic rocks and fluvial conglomerates, as well
as lacustrine sedimentary rocks, are observed.
Geochronological studies by Siyako et al. [26] and Geng
[29] indicate that these volcanic rocks belong to the
Early-Middle Miocene period. Basalt, the youngest
manifestation of magmatism in the region, is found in
the western vicinity of the study area.

Known anomalous areas in the study area and its
vicinity have been identified in the lisvenitic zones north
of the Kisacik ore field and in the veins and fractures of
altered volcanic rocks in the southern part of the field.
Hydrothermal alteration is widespread in the volcanic
rocks in the Kisacik epithermal ore field and its vicinity.

A few samples from the Kisacik area analyzed for
heavy mineral geochemistry by Pehlivan et al. [31]
yielded Au values ranging from 60 ppb to 1100 ppb. In
the study conducted by the principal investigator during
his doctoral dissertation at the Kisacik gold field, the
volcanic rocks were found to be extensively cut by
capillary silica veins. Sericitic hydrothermal alteration
was widespread in the volcanic rocks of the ore field, and
hematitization and limonitization accompanied this
alteration and mineralization.

In a study of the Kisacik gold ore field conducted by
the corresponding author, Vural [22], it was determined
that the formation temperatures of the orebodies ranged
from 190 °C to 290 °C based on fluid inclusion studies.
The salinity was found to be 0-7% NaCl equivalent, and
sulfur isotope values were mostly close to zero.
Therefore, it was proposed that the gold mineralization
in the field is of the epithermal type.

2.2. Sampling and analytical procedure

As part of the mine geology study of the area, a detailed
geology and mine geology map of the area was
prepared. Observations were carried out to reveal the
details of the mine geology of the area, and rock samples
were collected for geochemical purposes, considering
the sections where alteration and silicification are
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present. In addition to geochemical samples,
petrographic samples were collected to reveal the
geology and lithology of the area, XRD samples to
identify alteration, and ore microprobe samples to
identify ore minerals. Petrographic studies were used to
determine the rocks in the area, thus revealing the
geology of the area. The results of these studies in
detailed will be presented in a separate mine geology
study of the region.

To elucidate the genetic relationship between the
orebodies and the mineralization in the area, a total of 48
samples were collected from both orebodies and
associated rocks (host rock, wall rock, and associated
rocks). These samples were ground at the Giimiishane
University Central Laboratory and the MTA Laboratory
before being sent to the ACME Analytical laboratory
(Vancouver, Canada) for whole-rock major oxide, trace
element (including heavy metals), and rare earth
element (REE) analyses. Major oxide and trace element
(including heavy metals) analyses were performed using
inductively =~ coupled  plasma-atomic = emission
spectrometry (ICP-AES), while rare earth element (REE)
analyses were performed using inductively coupled
plasma-mass spectrometry (ICP-MS) at ACME
Analytical Laboratories (Vancouver, Canada). The
laboratory is accredited, and all analyses were
conducted in accordance with international standards.
To ensure the accuracy and sensitivity of the analyses,
routine procedures were followed, and a t-test was
performed to confirm that the certified values used
during the analysis and the values obtained were
statistically indistinguishable (p < 0.05) [32].

For major and trace element/heavy metal analyses,
approximately 0.2 g of powdered sample was mixed
with 1.5 g of LiBO: and analyzed after dissolving it in a
solution containing 5% HNOs. For rare earth element
analysis, approximately 0.25 g of powdered sample was
dissolved in four different acids and analyzed.

After the acidic solutions of the samples solubilized
by the wet digestion method were obtained, they were
measured in ICP-AES and ICP-MS devices. The
measured values were converted into ppm and % units
with the help of the formulas given in Equation 1 and
Equation 2.

CxV
- 1
ppm - D
ppm
0fy — -
% 10000 &

ppm: part per million (mg/kg)

C: Concentration measured in mg/L by ICP-AES and
ICP-MS

V : Final volume completed after wet digestion (mL)

m : Mass of sample weighed for wet digestion (g)
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Table 1. The analysis results of the samples from the study area (1)

Turk ] Anal Chem, 5(2), 2023, 124-136

Analyte | K:O | TiO2 | P20s | Cr203 Ba Sum Ni Rb Sr Y Zrx Nb Cs La Ce
Unit % % % % ppm %o ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm
Sample/

oD 001 | 001 | 001 |00001| 1.0 | 001 | 200 | 0.1 05 0.1 0.1 0.1 0.1 0.1 0.1
Kis20 335 | 013 | 003 | 0.001 | 271.7 | 10001 | 1.8 | 961 | 50.1 | 127 | 779 | 106 | 34 | 292 | 522
BayG-1 | 437 | 021 | 006 | 0001 | 1251 | 99.81 | 132 | 1688 | 6141 | 64 | 1874 | 104 18 | 379 | 769
BayG-2 | 280 | 059 | 018 | 0.001 | 6222 | 99.89 | 48 | 975 | 5572 | 21.1 | 117.8 | 64 30 | 275 | 541
BayG-3 | 280 | 061 | 015 | 0.002 | 4347 | 9995 | 61 | 1062 | 3429 | 211 | 1272 | 64 82 | 243 | 479
Kusvol-1| 144 | 068 | 015 | 0.001 | 4002 | 99.80 | 152 | 439 | 3912 | 21.7 | 1141 | 59 22 | 161 | 297
Kis21 282 | 076 | 019 | 0.002 | 630.0 | 99.91 | 112 | 1013 | 1741 | 243 | 929 | 112 | 99 | 318 | 57.6
Terl 028 | 004 | 021 | 0076 | 463 | 1000 | 358 | 99 | 1767 | 26 | 11.3 | 34 35 2.8 7.7
Kusvol-2| 194 | 048 | 014 | 0003 | 3787 | 9981 | 17.1 | 623 | 3844 | 146 | 1145 | 49 3.2 189 | 372
Lis1 034 | 003 | 001 | 0253 | 920 | 9990 |1227.1 | 105 | 717 | 17 6.7 09 1.4 17 31
Kis1 293 | 011 | 002 | 0001 | 1914 | 1000 | 23 | 831 | 258 | 117 | 678 | 7.8 38 | 211 | 362
Kis4 598 | 050 | 0.0 | 0.002 | 487.4 | 9995 | 87 | 1900 | 234 | 187 | 1312 | 79 122 | 209 | 429
Lis2 005 | 001 | 001 | 0131 | 505 | 99.86 | 410.1 | 24 | 6621 | 09 0.8 1.0 09
Karl 017 | 001 | 001 | 0001 | 1451 | 1000 | 121 | 135 | 205 | 37 2.6 8.1 08 15
Kar2 196 | 044 | 015 | 0001 | 5914 | 99.78 | 57 | 80.6 | 4266 | 174 | 1333 | 75 78 | 271 | 502
Kar3 014 | 001 | 011 | 0.001 | 2593 | 9991 | 213 | 07 | 3572 | 04 3.0 15 0.3 2.1 43
BayG-4 | 251 | 0.60 99.55 28.7
Kusvol-3| 3.00 | 0.80 99.25 | 20.1

Kusvol-4 | 322 | 078 99.07 | 202

Kusvol-5| 290 | 0.80 9820 | 203

Kusvol-6 | 295 | 0.88 99.09 | 192 36.7

Kis21 466 | 045 99.66 | 9.1

Kis22 339 | 111 99.07 | 39.4

K1s23 322 | 1.06 9844 | 243

K124 336 | 0.81 9843 | 202 715

BayG-5 | 549 | 026 1003 633

BayG-6 | 3.02 | 0.67 100.4 34.2

BayG-7 | 3.06 | 0.81 1003 35.1

BayG-8 | 329 | 052 9932 | 5.0

BayG-9 | 2.80 | 055 99.03

Kis2 285 | 010 | 0.04 | 0002 | 2282 | 1000 | 80 | 8.0 | 71.6 | 92 | 490 | 50 36 | 142 | 263
Kis3 138 | 017 | 011 | 0001 | 1060 | 100.0 | 02 | 566 | 423 76 | 577 | 35 9.4 11.8 | 235
Kis5 1.82 | 011 | 004 | 0003 | 2003 | 1000 | 75 | 626 | 720 | 36 | 306 | 3.7 75 47 | 101
Kis6 538 | 037 | 015 | 0.001 | 9889 | 9987 | 27 | 147.8 | 680 | 246 | 1760 | 10.1 32 | 413 | 79.8
Kis7 004 | 001 | 002 | 0120 | 269 | 1000 | 6331 | 1.1 | 1334 | 05 13 1.6 05

Kis8 0.03 001 | 0113 | 221 | 9996 | 6432 | 07 | 1207 | 04 1.4 17 0.4 0.6 03
K1s9 477 | 052 | 025 | 0012 | 11143 | 9981 | 373 | 1665 | 4538 | 142 | 2161 | 9.8 33 | 455 | 77.9
Kis10 580 | 057 | 016 | 0.010 | 6572 | 9979 | 80 | 2933 | 1656 | 19.7 | 2712 | 182 | 503 | 53.5 | 89.6
Kis11 330 | 231 | 050 | 0.022 |1607.1 | 99.63 | 17.0 | 163.6 | 3182 | 355 | 4378 | 200 | 207 | 103.6 | 203.8
Kis12 295 | 016 | 003 | 0012 | 2673 | 9996 | 25 | 87 | 272 | 133 | 878 | 126 | 4.1 217 | 333
Kis13 558 | 048 | 0.14 | 0.009 | 5324 | 99.88 | 25 | 1737 | 2483 | 226 | 1808 | 157 | 62 | 432 | 73.6
Kis14 639 | 044 | 007 | 0.009 | 9463 | 99.88 | 4.8 | 1842 | 1460 | 227 | 1795 | 9.4 6.1 327 | 623
Kis15 214 | 017 | 003 | 0021 | 1172 | 9995 | 224 | 692 | 340 | 128 | 949 11 40 | 259 | 446
Kis16 283 | 077 | 018 | 0.003 | 747.4 | 99.84 | 108 | 972 | 1576 | 219 | 943 | 118 | 88 | 314 | 522
Kis17 203 | 012 | 003 | 0003 | 2021 | 9998 | 7.1 585 | 636 | 32 | 331 3.8 6.5 5.1 9.3
Kis19 326 | 013 | 0.03 2412 | 9996 | 17 | 859 | 421 | 109 | 746 | 10.1 26 | 276 | 433
Lis3 004 | 002 | 004 | 0320 99.93 269 | 04 12 0.3 1.4 102 0.4

Lis4 008 | 003 | 002 | 0254 99.94 395 | 06 5.2 0.2 0.8 18.2 17 0.2
Lis5 001 | 001 | 002 | 0.142 9995 | 13 162 | 03 33 0.9 13 11.1 07
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Table 2. The analysis results of the samples from the study area (2)

Turk ] Anal Chem, 5(2), 2023, 124-136

[Analyte, Hf Ta Au Pb Th U Lu Yb | Tm Er Ho | Dy | Tb Gd Eu Sm Nd Pr
Unit ppm | ppm | ppb | Ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm
S;glf))le 0.1 0.1 0.5 0.1 0.2 01 | 0.01 | 0.05 | 0.01 | 0.03 | 0.02 | 0.05 | 0.01 | 0.05 | 0.02 | 0.05 0.3 0.02
K1s20 3.1 1.1 3.6 71 | 271 | 35 | 027 | 1.74 | 022 | 132 | 036 | 1.75 | 024 | 139 | 027 | 210 | 139 | 470
BayG-1| 5.5 1.2 0.8 11.3 | 303 | 45 | 011 | 062 | 0.09 | 0.61 | 022 | 1.12 | 023 | 157 | 0.73 | 331 | 224 | 6.83
BayG-2 | 3.3 0.6 15 6.6 | 149 | 34 | 032 | 213 | 030 | 212 | 0.69 | 341 | 064 | 3.75 | 1.21 | 462 | 233 | 587
BayG-3 | 3.7 0.6 41 94 | 103 | 34 | 035 | 222 | 031 | 227 | 0.70 | 3.65 | 0.63 | 3.86 | 1.04 | 410 | 20.1 | 5.20
Kusvll | 3.0 0.6 1.3 2.6 9.1 26 | 036 | 226 | 032 | 225 | 0.81 | 3.86 | 0.61 | 3.63 | 1.07 | 343 | 155 | 3.86
[Kis21 2.5 0.7 | 106.5 9.7 7.0 1.0 | 042 | 261 | 038 | 2.66 | 0.87 | 421 | 0.72 | 431 | 1.16 | 431 | 219 | 594
Terl 04 | 94705 | 220 | 09 21 | 0.04 | 0.25 0.28 | 0.11 | 0.46 | 0.09 | 044 | 0.16 | 0.60 4.0 1.15
Kusvl2 | 2.8 0.5 45 8.8 7.5 28 | 022 | 1.53 | 023 | 145 | 051 | 244 | 044 | 260 | 094 | 3.10 | 16.2 | 4.08
LLis1 20.8 12 1.8 0.6 | 0.03 | 0.17 0.17 0.25 | 0.04 | 0.20 0.20 1.0 0.32
Kis1 2.4 0.7 14.1 49 | 186 | 35 | 022 | 143 | 020 | 1.19 | 036 | 1.66 | 025 | 126 | 032 | 1.62 | 10.1 | 3.14
Kis4 3.8 06 | 69228 | 387 | 115 | 49 | 026 | 212 | 033 | 1.93 | 067 | 345 | 055 | 3.34 | 099 | 3.71 | 189 | 474
LLis2 12.0 3.3 0.2 0.09 0.08 0.14 | 0.02 | 0.06 0.11 0.10
[Karl 1592.1 | 3.7 0.3 0.2 | 005 | 031 | 007 | 037 | 0.11 | 0.39 | 0.04 | 034 | 0.06 | 0.22 1.0 0.22
[Kar2 3.7 0.6 88 | 109 | 33 | 027 | 1.68 | 028 | 1.83 | 0.61 | 3.02 | 049 | 292 | 098 | 401 | 199 | 553
[Kar3 84120 | 149.7 | 1.7 0.4 0.13 | 0.04 | 032 | 0.06 | 033 1.6 0.48
BayG-4 0.6 14.0 22 1.77 20.2

[Kusvl13

Kusvl4

Kusvl5

Kusvl6é 0.5 22.0 49 3.05 34.4

Kis21

[K1s22

[K1s23

Kis24 0.8 44.0 52 1.63 49.8

BayG-5 1.9 0.88 30.2

BayG-6 1.0 2.88 40.3

BayG-7 0.9 1.87 29.3

BayG-8

BayG-9

Kis2 15 0.7 | 16905 | 65 | 122 | 27 | 0.17 | 1.02 | 0.16 | 093 | 029 | 1.36 | 0.26 | 1.30 | 0.38 | 1.61 8.3 2.53
K1s3 1.7 0.5 | 1188.1 | 153 | 8.6 1.8 | 013 | 087 | 0.14 | 0.81 | 026 | 1.32 | 023 | 1.13 | 0.36 | 1.61 9.3 2.46
[K1s5 0.8 0.2 | 1899 6.2 2.8 14 | 0.05 | 037 041 | 013 | 0.61 | 0.10 | 0.54 | 020 | 0.82 4.4 1.06
K1s6 49 0.9 68.7 | 346 | 192 | 45 | 039 | 222 | 040 | 254 | 0.81 | 394 | 0.66 | 418 | 1.16 | 530 | 30.7 | 829
Kis7 140.9 1.9 0.1 0.08 | 0.01 | 0.09 0.05
[K1s8 207.1 1.3 0.1 0.03 0.06 0.04
K159 49 0.6 15.9 232 | 178 | 35 | 026 | 1.67 | 025 | 1.54 | 053 | 249 | 047 | 3.19 | 1.05 | 429 | 271 | 822
[K1s10 7.7 14 20.4 604 | 433 | 64 | 036 | 231 | 034 | 205 | 0.75 | 3.70 | 0.66 | 482 | 140 | 6.01 | 36.5 | 10.31
Kis11 104 | 12 7.6 479 | 379 | 10.1 | 050 | 330 | 0.54 | 3.71 | 1.31 | 749 | 156 | 12.31 | 3.44 | 18.22 | 102.3 | 26.62
[K1s12 3.3 1.0 5.5 139 | 266 | 44 | 033 | 1.88 | 026 | 149 | 043 | 1.80 | 0.25 | 1.39 | 0.21 | 1.38 9.6 3.08
Kis13 52 1.3 0.7 11.0 | 297 | 81 | 047 | 283 | 041 | 2,60 | 0.83 | 3.67 | 0.63 | 410 | 1.09 | 475 | 27.8 | 8.24
Kis14 45 0.7 42.5 333 | 168 | 3.8 | 040 | 256 | 037 | 257 | 0.86 | 400 | 0.70 | 411 | 1.04 | 487 | 269 | 7.29
[K1s15 3.3 0.9 9.0 105 | 272 | 54 | 029 | 169 | 025 | 140 | 044 | 1.83 | 0.31 | 198 | 042 | 2.04 | 13.0 | 4.33
K1s16 2.5 0.6 | 154.8 9.0 59 08 | 037 | 253 | 0.38 | 2.40 | 0.87 | 3.86 | 0.63 | 3.93 | 1.07 | 3.80 | 202 | 556
Kis17 0.9 01 | 3765 6.4 2.7 15 | 0.06 | 034 | 0.05 | 0.34 | 0.11 | 0.56 | 0.10 | 0.64 | 0.16 | 0.73 42 1.07
[K1s19 2.6 0.9 4.6 6.0 | 243 | 32 | 025 | 152 | 021 | 1.15 | 035 | 146 | 023 | 144 | 026 | 1.65 | 122 | 411
LLis3 15 0.7 0.2 0.08 0.04 0.05 0.06 01 | 61.10
LLis4 0.9 0.4 0.06 0.06 0.12 0.14 | 0.05 | 0.13 | 0.70 02 | 2520
ILis5 2.0 0.5 0.1 0.05 0.05 0.11 | 0.30 01 | 11.01
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Metal and metal oxides results measured by ICP-MS
and ICP-AES at ACME Analytical Laboratory are given
in Table 1 and Table 2. For geological considerations, the
results for K, Ti, P and Cr metals are given by converting
them into their oxides. Some cells in the tables are blank
because the relevant metal contents of some samples
were either not measured, or their values were below the
LOD (Limit of detection).

The precision of the method was evaluated by
calculating the relative standard deviation (RSD). The
LOD values for metals metal oxides given in percentage
units in Table 1 and Table 2, vary between 0.01-0.04%,
while those given in ppm vary between 0.002-0.1 ppm.
In addition, the relative standard deviations (RSD) for all
metals and metal oxides ranged from 0.38-5.52% (Table
1 and Table 2). The accuracy of the method was verified
by analyzing standard reference materials.

2.3. Evaluation of the data

The genetic characteristics of the gold mineralization in
the Kisacik area were investigated using trace and rare
earth elements (REE) in this study. The results of the
previous genetic studies, which were conducted by the
corresponding author as part of his doctoral dissertation,
will be presented in a separate study. This study aims to
verify the results of the previous studies and contribute
to the understanding of the genesis of the gold
mineralization in the area.

The rocks in the area, especially those that are thought to
be associated with magmatism, were identified through
field observations and mine geology studies. In this
context, analyses of major oxides, TEs, REE, and metals
were performed on samples from boreholes drilled by
the MTA in the area, from sections with high gold
anomalies, and from magmatic and other relevant rocks.
Spider diagrams proposed by different researchers [33—
36] were used to determine the genetic relationship
between the mineralization and the host rocks [33-36].
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The trace and REE contents of rock and ore samples were
normalized to geological environment values, such as
chondrite, normal mid-ocean ridge basalt (NMORB),
upper crust, and lower crust.

3. Results and discussion

The TE and REE contents of rocks potentially associated
with gold mineralization in the Kisactk area were
assessed using spider diagrams normalized to various
geological environments and materials (chondrites,
NMORB, lower continental crust, bulk continental crust,
upper continental crust), as proposed by different
authors. Fig. 2 illustrates that the gold enrichments
observed in the Kisacik field exhibit similar patterns in
the spider diagram proposed by Sun and McDonough
[33] and normalized to NMORB. Notably, two samples
(Kis7 and Kis 8) from the ore-bearing silicifications near
Baharlar Village, located south of the Kisacik field,
displays a distinct pattern compared to the other
samples (Fig. 2). Furthermore, the REE contents of the
ore samples exhibit significant enrichment, reaching up
to 10000 times NMORB for light REEs and up to 1/10
times NMORB for some heavy REEs (Fig. 2). Pb values
were also enriched by 10 to 100 times compared to
NMORB.

To investigate the relationship between the behavior
patterns of the Kisactk gold deposit and other
mineralizations in the region (mineralizations associated
with listvenitization, gold mineralizations in the
Kuscayir area, gold mineralizations in ultramafic rocks),
the TE and REE contents of the Kisacik gold deposit and
other mineralizations were analyzed using spider
diagrams normalized to NMORB values proposed by
Sun and McDonough [33]. The NMORB spider diagram
proposed by Sun and McDonough [33] is based on the

® Kartaldag! mineralizations

1000 10000

* Gold mineralization in Listvenite
* Kisacik epithermal gold mineralizations
\\

1 10 100

Sample/NMORB

0.1

0.01

TCs Ba U Ta La Pb Sr Nd Zr Eu Gd Dy Y Er Yb
I 1 I 1 I 1 1 1 1 1 1

0.001

T T T T T T T T T T T T T T
Rb  Th Nb K Ce Pr P Sm Hf Ti ™ Li Ho Tm Lu

Figure 2. Spider diagram of rare earth element (REE) contents of ore
samples from the Kisacik epithermal gold mineralizations, normalized
to NMORB

Figure 3. Spider diagram of TE and REE contents of Kisacik gold
deposit and other mineralization in the close vicinity, normalized to
NMORB.
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Figure 4. The spider diagrams of gold enrichments in volcanic rocks of the Kisacik area, normalized to condrites and different geological settings.

compositions of 30 elements, including trace elements,
REEs, and metals. This allows for the evaluation of a
large number of elements simultaneously. The trace and
REE patterns of the Kisacik deposit were found to be
with the patterns of gold
enrichments in the listvenitizations in the northern part
of the deposit, and to be relatively similar to the patterns
of gold enrichments in quartz veins developed in schists
in the Kuscayir-Kartaldag: area, much further north of
the Kisacik deposit. The mineralizations in the Terziler

generally consistent

region were found to have a different pattern from the
other mineralizations (Fig. 3). The coherence within each
ore deposit group is also noteworthy.

The TE and REE contents of the Kisacik village gold
enrichment samples are normalized to the condrites
proposed by Thompson [35] (Fig. 4). It is determined that
they show a compatible pattern with each other, except
for the samples Kis7 and Kis8. The Kisacik village gold
enrichments are enriched in incompatible elements up to
1000 times compared to the condrites, and light REEs are
enriched by 10 to 100 times. For heavy REEs and some
trace elements, enrichments exceeding 10 times have
been observed (Fig. 4).

The trace and REE contents of Kisacik gold
mineralization samples were also normalized to
different geological settings proposed by various
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Figure 5. Spider diagrams of Kisactk volcanics and Kisacik epithermal gold mineralizations/enrichments normalized to NMORB, upper
continental crust, bulk continental crust, lower continental crust, OIB, ORG.

authors, including chondrite, upper continental crust,
Bulk continental crust, lower continental crust, Ocean
Island Basalts (OIB) and Ocean Ridge Granites (ORG)
(Fig. 4).

It is clear that samples Kis7 and Kis 8 have a different
pattern than other Kisacik mineralization samples for all
geological settings. Sample Kis7 and Kis8 are compatible
with chondrites, while it shows depletion of up to 1/100
times, and sometimes 1/1000 times compared to upper
continental crust and bulk continental crust values
(Fig. 4). Kisacik ore samples are relatively compatible
with upper continental crust normalized values and
have a relatively good agreement with bulk continental

crust values. There are enrichments in incompatible
elements according to lower continental crust values,
while REE elements are relatively compatible (Fig. 4,
Fig 5). Based on the data in Fig. 4, it can be said that the
upper crustal effect is relatively high in Kisacik gold
mineralization, and the genetic effect belonging to the
lower crust is also relatively effective.

Trace and REE contents of gold enrichments in the
Kisacik area and some gold enrichments in the vicinity
of the study area were compared to the TE-REE contents
of associated magmatic rocks in the region, normalized
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Figure 6. Normalized spider diagrams of the Kuscayur1 volcanics and Kisacik epithermal gold enrichments relative to NMORB, upper continental
crust, bulk continental crust, lower continental crust, OIB and ORG tectonic settings.

to different geological settings. This was done to
investigate the relationship between the Kisacik gold
mineralization and the nearby gold enrichments and
magmatism (Fig. 5, Fig. 6, Fig. 7). The contribution of
ultramafic rocks to meteoric/hydrothermal leaching that
affects mineralization was also investigated using trace-
REE element spider diagrams of different geological
settings for the relevant rock (Fig. 5, Fig. 6, Fig. 7).

When the spider diagrams of the Kisacik area gold
enrichments and the Kisacik Volcanics are compared to
each other, it is seen that the gold mineralizations in the
Kisacik area have a compatible pattern with the Kisacik
volcanics. The gold enrichments in the Kusgayiri-

Kartaldag area also have a close similarity to the Upper
volcanic rocks (Fig. 5, Fig. 6, Fig. 7). It can be said that an
important factor in the compatibility found in the spider
diagrams is the leaching of elements from ultramafic
rocks by meteoric effects in hydrothermal alteration
processes and their contribution to the mineralization
process.

When gold mineralization/enrichments are evaluated
in the context of geological setting, it is seen that the
patterns of both gold enrichment samples and the
element patterns of the Kisacik Volcanics are compatible,
especially with the lower continental crust. The NTE
patterns of the enrichments seen in the volcanic rocks of
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Figure 7. Spider diagrams of granitic rocks and Kisacik gold enrichments normalized to NMORB, upper continental crust, bulk continental crust,

lower continental crust, OIB and ORG tectonic settings.

the Kisacik-Kirantepe area are compatible with the
Lower volcanic rocks, while the patterns of the gold
enrichments in the Kuscayiri-Kartaldagi area and in the
listvenites are not very compatible, with only one
example being compatible. This indicates that there is at
least a two-phase effect in the enrichments in the
Kuscayiri-Kartaldag: area, one of which is one of the
phases that caused the gold mineralization in the
volcanic rocks of the Kisacik area.

When the spider diagrams of the gold enrichments in the

silicifications near the village of Baharlar and the gold
enrichments in the listvenites are examined, it is seen

that they do not show compatibility with the
enrichments in the volcanic rocks of the Kisacik area and
the patterns of the gold enrichments in the Kuscayiri-
Kartaldag1 area. While they have a discordant pattern
with the other two gold enrichments, it has been
determined that there is a compatibility within
themselves (Fig. 5, Fig. 6, Fig. 7).

To investigate the relationship between the Kuscayir1
volcanics and the mineralizations in the Kisacik area,
spider diagrams were examined. It is seen that the
Kuscayir1 volcanics have a close relationship with the
gold enrichments seen in the volcanic rocks of the
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Kisacik area (Fig. 6). This relationship can be partially
observed, albeit weakly, in other enrichments in the area.
Both in the sections where gold enrichments are present
and in the Kuscayir1 volcanics, there is an enrichment
relative to NMORB. When the spider diagrams of the
gold enrichments and the Kusgayir1 volcanics are
examined relative to upper continental crust, bulk
continental crust, lower continental crust, OIB and ORG,
it is seen that the patterns of the Kuscayir1 volcanics are
also in a harmony with the gold enrichments developed
in the volcanic rocks of the Kisacik area. There is a
compatibility with the lower crust, both in the volcanic
rocks and in the gold enrichments. It is seen that there is
a decrease from heavy to light REEs, an increase in Pb
value relative to the NMORB. While the gold
enrichments in the Kisactk area and the Kuscayiri
volcanics show values close to the Upper Continental
Crust, the gold enrichments in the Kuscayir-Kartaldag:
area and the gold enrichments in the listvenite show a
depletion in REEs relative to the Upper Continental
Crust (see also Fig. 3).

To investigate the relationship between granitic rocks
and the gold mineralizations/enrichments in the area,
spider diagrams of both were constructed (Fig. 7). When
the spider diagram patterns were examined, it was seen
that the patterns of the granitic rocks were also
compatible with the patterns of the gold enrichments in
the Kisacik epithermal gold mineralization area. When
the spider diagram patterns of the gold enrichments in
the northern and near southern parts of the study area
were considered, no significant differences were
observed between the patterns. However, the most
striking pattern similarity overlaps with those of the
gold mineralizations in the Kisacik area (Fig. 7).

Spider diagrams of the gold enrichments and granitic
rocks were constructed relative to NMORB, upper
continental bulk
continental crust, OIB and ORG tectonic settings. When
the obtained spider diagrams were examined, it was
determined that the patterns of the granitic rocks were
also in good agreement with the patterns of the gold
enrichments developed within the volcanic rocks in the
Kisacik area. There is a compatibility with the upper

crust, continental crust, lower

continental crust and also relatively bulk continental
crust, both in the volcanic rocks and in the gold
enrichments. Compared to the NMORV,, it is seen that it
is enriched in light REEs, However, the enrichment trend
decreases as it moves towards heavy REEs and
approaches the NMORB values. It is seen that the REE
values of the granitic rocks and the gold enrichments in
the Kisactk area are compatible with the upper
continental crust values (Fig. 7).
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4. CONCLUSIONS

The TE and REE geochemistry of gold mineralizations in
the Kisacik area suggests that they are of epithermal
origin and have a multi-sourced genetic relationship.
The gold enrichments in the Kisacik area are consistent
with the TE and REE patterns of the upper continental
and bulk continental crust and weakly lower continental
crust. This suggests that the gold mineralization is
related to hydrothermal fluids that leached elements
from these crustal sources. The gold enrichments in the
listvenites and silisified rocks (near Baharlar village) in
the area are also relatively consistent with the TE and
REE patterns of each others. This suggests that these
mineralizations may have also been affected same
sources in the mineralization process.

The findings of this study support the conclusion that
the Kisacik gold deposit is a multi-sourced epithermal
deposit that formed as a result of the interaction of
hydrothermal fluids genetically related to both the
upper continental crust and the relatively lower
continental crust. Considering the TE and REE patterns
of spider diagrams of other mineralizations in the region,
which were also created according to different plate
setting environments, it is understood that meteoric
fluids were also active in the mineralization process.

Implications for exploration:

e The trace and REE geochemistry of gold
mineralizations can be used to identify areas
that have potential to host epithermal gold
deposits.

e The presence of trace and REE elements in gold
mineralizations can be wused to trace the
movement of hydrothermal fluids and identify
potential ore zones.

e The trace and REE geochemistry of gold
mineralizations can be used to assess the
potential richness of epithermal gold deposits.

Future research:

e Further research is needed to better understand
the genetic relationships between the different
types of gold enrichments in the Kisacik area.

e Additional studies are needed to investigate the
role of hydrothermal
mineralization process.

alteration in the

e Research is needed to determine the timing and
temperature of gold mineralization in the
Kisacik area.
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Abstract

In this study, the new phthalonitrile derivative, axially di-(4-{[(1E)-(4-methoxyphenyl)methylene]amino}phenoxy) substituted Si(IV)
phthalocyanine and peripherally tetra-(4-{[(1E)-(4-methoxyphenyl)methylene]amino}phenoxy) substituted Cu(Il), Mn(III) phthalocyanines have
been synthesized and characterized. Then electrochemical measurements of axially di- and peripherally tetra-(4-{[(1E)-(4-
methoxyphenyl)methylenelamino}phenoxy) group substituted Si(IV), Cu(ll), Mn(III) phthalocyanines were investigated with cyclic
voltammogram (CV) technique. The redox properties of Si(IV), Cu(II), Mn(IIl) phthalocyanines show that Mn!! center into the Pc cavity increased
the redox richness of the phthalocyanines, with the addition of metal-based electron transfer processes to the ring-based ones while Si'V and Cul!

show only ring-based electron transfer processes.

Keywords: Synthesis, phthalocyanine, silicon, manganese, cyclic voltammetry

1. Introduction

Phthalocyanines, which obey the Huckel rule (4n+2)
with their 18-m electron system, constitute a unique class
of macro heterocyclic compounds [1]. They are high-
conjugated  synthetic compounds
containing four isoindole units with 18 m electrons [2].
Also have very good thermal and chemical stability [3].
Because of their distinctive chemical structures and full
aromatic delocalization, they are widely popular and
used in many high-tech industries. [4]. For example, it is
used in many fields such as thin film [5], non-linear
optics (NLO) [6,7], dye-sensitized solar cells (DSSCs)
[8,9], electrochemistry [10-12], photodynamic therapy
(PDT) [13-15]. Although these compounds have a wide
range of applications, they have low solubility and a
high tendency to aggregate [16]. In other words, Pcs are
poorly soluble in common organic solvents [17]. The
synthesis of soluble Pcs by adding functional groups to
the molecule has therefore been the focus of much
research. Pcs can be easily substituted from peripheral,
non-peripheral and axial positions [18]. The kind of the
central metal atom and the location of the substituents
on the phthalocyanine ring are used to categorize

macrocyclic

phthalocyanines [19]. Tetra-substituted Pcs can be
produced by various substitutions of peripheral or non-
peripheral regions of the ring structure, while axially
substituted ones can be obtained by bonding to the
phthalocyanine ring at axial positions on the central
metal atom. [20-22].

Phthalocyanines are known to have redox properties
[23]. To improve these compounds' suitability for use in
various electrochemical applications, it is important to
improve the redox activity of metallophthalocyanines
(MPcs) [24,25]. Complexation with redox-active metal
cations has been observed to boost the redox activity of
Pc [26]. The addition of redox-active groups to the Pc
ring is another method of improving the redox
properties of these molecules. [27,28]. In this way, the
absorption of phthalocyanines shifts from the visible
region to the near IR or UV region, causing optical
[29,30]. As a result, phthalocyanines
electrical and optical characteristics may be controlled

transitions.

and are used in a variety of application, including
sensors,  dye-sensitized cells  (DSSCs),
nanobiotechnology and nonlinear optics (NLO) [7].

solar
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Figure 1. The synthesis of axially di- and peripherally tetra-(4-{[(1E)-(4-ethoxyphenyl)methylene]amino}phenoxy) group substituted
metallophthalocyanines (i) K2COs, 60 °C, DMF. (ii) Toluene, NaH, 110 °C. (iii) n-pentanol, CuClz, MnClz, DBU, 160 °C

With this in mind, we have synthesised a new series
of phthalocyanine derivatives to investigate their
electrochemical  properties. The electrochemical
properties of the synthesised NP2-SiPc, NP2-MnPc and
NP2-CuPc compounds were determined by cyclic
voltammetry (CV) technique.

2. 2. Experimental

2.1. Synthesis
2.1.1. 4-(4-{[(1E)-(4-methoxyphenyl)methylenelamino}
phenoxy)phthalonitrile (NP2-CN)

NP2-OH (1.2 g, 5.3 mmol), 4-nitrophthalonitrile (915 mg,
5.3 mmol) and dry K:COs (2.2 g, 159 mmol) were
dissolved in anhydrous DMF (20 mL) at 60 °C and under
nitrogen atmosphere for stirred 4 days. Then, reaction
mixture was poured into water. NP2-CN was
crystallized from ethanol. Yield: 1.56 g (84%). FT-IR
(ATR) v (cm™): 3077 (Ar-H), 2970-2854 (Aliph. C-H), 2232
(C=N), 1627, 1601, 1575, 1509, 1481, 1459, 1305, 1279,
1244, 1208, 1176, 1088, 1018, 952, 845, 828, 758. 'H-NMR
(400 MHz, DMSO-ds), (5): 8.58 (s, 1H, =CH), 8.12 (d, 1H,
Ar-H), 791 (d, 2H, Ar-H), 7.80 (s, 1H, Ar-H), 7.42-7.36
(m, 3H, Ar-H), 7.24 7.09 (d, 2H, Ar-H), 7.09 (d, 2H, Ar-
H), 3.84 (s, 3H, -OCHs). *C-NMR (100 MHz, DMSO-ds),
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(d): 162.48, 161.81, 160.72, 151.87, 149.79, 136.77, 131.00,
129.30, 123.47, 122.93, 122.24, 121.68, 117.15, 116.39,
115.88, 114.76, 108.49, 55.90. MS (ESI), (m/z): 353.44 [M]".

2.1.2. Synthesis of axially di-(4-{[(1E)-(4-methoxyphenyl)
methylene]amino}phenoxy) substituted silicon(IV)
phthalocyanine (NP2-Si)

SiPcCl2 (100 mg, 0.16 mmol), NP2-OH (75 mg, 0.32
mmol) and NaH (7 mg, 0.32 mmol) in toluene (15 mL)
was under nitrogen atmosphere stirred for 1 day at
110 °C. After evaporating the solvent, the product was
subjected to column chromatography which is placed
aluminium oxide using CHCls:CH3OH (100:1) as solvent
system. Yield: 91 mg (56%). IR (ATR) vmax/cm™: 3052 (Ar-
H), 2961-2850 (Aliph. C-H), 1603, 1575, 1508, 1493, 1429,
1335, 1292, 1254, 1160, 1122, 1095, 1078, 1018, 911, 882,
828, 759, 732. 'H-NMR. (400 MHz, CDCl), (3:ppm): 9.65-
9.62 (m, 8H, Pc-Ha), 8.37-8.35 (m, 8H, Pc-Hp), 7.85 (d, 4H,
Ar-H), 7.49 (s, 2H, Ar-H), 7.01 (d, 4H, Ar-H), 6.75 (d, 4H,
Ar-H), 5,53 (d, 4H, Ar-H), 3.75 (s, 3H, -OCHs). *C-NMR
(100 MHz, CDCls), (0o:ppm): 164.58, 156.82, 149.60,
135.56, 132.00, 131.12, 130.90, 129.78, 123.85, 119.75,
117.79, 114.29, 113.87, 55.58. UV-Vis (THF): Amax, nm (log
g): 676 (5.03), 609 (4.35), 352 (4.74). MALDI-TOF-MS m/z:
993.45 [M]".

tetra-(4-{[(1E)-(4-
substituted

2.1.3. Synthesis  of  peripherally
methoxyphenyl)methylenelamino}phenoxy)
copper(Il) phthalocyanine (NP2-Cu)
NP2-CN (100 mg, 0.28 mmol), dry CuClz (19 mg, 0.14
mmol), dry n-pentanol (2 mL) and 1,8-diazabycyclo
[5.4.0Jundec-7-ene (DBU) (3 drops) was under nitrogen
atmosphere stirred at 160 °C for 1 day. Then, NP2-Cu
was precipitated with ethanol. NP2-Cu was purified by
column chromatography (aluminum oxide) using
CHCIs:CHsOH (100:2) solvent system. Yield: 33 mg
(32%). FT-IR (ATR) vmax/cm™: 3070 (Ar-H), 2919-2849
(Aliph. C-H), 1602, 1574, 1508, 1495, 1464, 1400, 1342,
1311, 1226, 1190, 1161, 1090, 1027, 949, 827, 746. UV-Vis
(THF): Amax, nm (log ) 678 (4.98), 610 (4.46), 337 (5.03).
MALDI-TOF-MS m/z: 1476.35 [M]*.

2.1.4. Synthesis  of  peripherally  tetra-(4-{[(1E)-(4-
methoxyphenyl)methylenelamino}phenoxy) substituted
manganese(I1I) phthalocyanine chloride (NP2-Mn)

NP2-Mn was prepared using same procedure for the
NP2-Cu by using dry MnCl: instead of CuCl.. Yield: 52
mg (50%). FT-IR (ATR) vmax/cm: 3034 (Ar-H), 2957-2836
(Aliph. C-H), 1602, 1574, 1508, 1495, 1464, 1399, 1335,
1311, 1225, 1160, 1073, 1026, 951, 886, 826, 743. UV-Vis
(THF): Amax, nm (log &) 723 (4.99), 638 (4.66), 498 (4.32),
342 (5.17). MALDI-TOF-MS m/z: 1468.48 [M-Cl]".
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3. Results and discussion

3.1. Synthesis and characterization

The general synthesis of peripherally tetra- and axially
di-(4-{[(1E)-(4-methoxyphenyl) methylene] amino}
phenoxy) group substituted metallophthalocyanines is
given in Fig. 1. The preparation of NP2-CN was succeed
by the reaction of 4-{[(1E)-(4-methoxyphenyl)
methylene]amino}phenol [31] with 4-nitrophthalonitrile
in anhydrous DMF with dry potassium carbonate.
Silicon phthalocyanine dichloride was treated with NP2-
OH in toluene and NaH led to axially di-(4-{[(1E)-(4-
methoxyphenyl) methylene] amino} phenoxy) group
substituted  silicon phthalocyanine. Through a
cyclotetramerization reaction in n-pentanol between
NP2-CN and a metal salt, Cu(Il) and Mn(IlI)Pcs with
substituted 4-[(1E)-(4-methoxyphenyl)methylene]ami-
nophenoxy) groups were created peripherally. The
typical nitrile stretching vibration was visible at 2232 cm-
! when the FT-IR spectra of NP2-CN was investigated.
The -OH stretching vibration of NP2-OH was vanished.
Aromatic protons of NP2-CN were seen in the TH-NMR
spectrum between 8.12 and 7.09 ppm. Also, =CH and -
OCHs protons were observed at 8.58 and 3.84 ppm,
respectively. In the TH-NMR spectrum of NP2-CN, the
nitrile carbon atoms of the NP2-CN, were observed at
115.88 and 114.76 ppm. In addition, the carbon atom of
methoxy group was seen at 55.90 ppm. The molecular
ion peak in the mass spectra of NP2-CN was seen at m/z:
353.44 [M]*. The removal of the OH band in the IR
spectrum provided unmistakable proof that NP2-Si had
formed. In the "H NMR spectrum of NP2-Si, Ha and Hg
protons of phthalocyanine ring was shown at 9.65-9.62,
8.37-8.35 ppm, respectively. The other aromatic protons
were observed at 7.85, 7.49, 7.01, 6.75, 5.53 ppm. Also,
protons of methoxy groups appeared at 3.75 ppm as
singlet. In the ¥*C-NMR spectrum of NP2-Si indicated 13
number aromatic and 1 number aliphatic carbon signals.
In MALDI-TOF MS spectrum of NP2-5i, the molecular
ion peak was shown at 993.45 [M]*. The disappearance
of the -C=N vibration (2232 cm™) in the IR spectrum of
NP2-Cu and NP2-Mn indicated the conversion of NP2-
CN to the phthalocyanine ring. Owing to the
paramagnetic nature of Cu(Il) and Mn(IIl) ion, 'TH-NMR
and BC-NMR measurements of NP2-Cu and NP2-Mn
could not be measured [32]. In MALDI-TOF MS spectra
of NP2-Cu and NP2-Mn the molecular ion peaks were
found at m/z 1476.35 [M]*, 1468.48 [M-Cl]*, respectively.
The UV-Visible spectra of NP2-Si, NP2-Cu, NP2-Mn
were recorded in THF at 1x10-> M concentration (Fig. 2).
All phthalocyanines (NP2-Si, NP2-Cu, NP2-Mn)
showed the Q and B bands in the expected ranges. As
seen in Fig. 2, the sharp Q bands of NP2-Si, NP2-Cu,
NP2-Mn were seen at 676, 678, 723 nm, respectively. In
addition, the peak at 498 nm for NP2-Mn was associated
with charge transfer absorption [33]. On the other hand,
the B bands of NP2-Si, NP2-Cu, NP2-Mn were observed
at 352, 337, 342 nm, respectively.
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Figure 2. UV-Vis spectrum of NP2-Si, NP2-Cu, NP2-Mn in THF.
(Concentration = 10 x 106 mol dm-)
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3.2. Electrochemical Measurements

Electrochemical behaviors of axially di- and peripherally
tetra-(4-{[(1E)-(4-ethoxyphenyl) methylene] amino}
phenoxy) group substituted metallophthalocyanines
were recorded wusing cyclic voltammetry(CV) in
DCM/TBAP electrolyte at room temperature. The peak
potential separation (AEyp), half-wave potential (Eiz), the
potential difference between the first half-peak processes
(AE1p), are shown in Table 1.
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Table 1. Electrochemical data of NP2-Si, NP2-Cu, NP2-Mn. All
potentials were given versus SCE

YAE
Label aEi2 (V) AEp AEu

Pcs Redox Processes mV)

[L2SilVPe2 )/[L2SilVP 3] Ri -0.60 135

NP2-Si [L2SilVPe3 |1 /[L2SilVPet ]2~ R2 -1.04 141 1.86
[L2SilVPc2 )/[L2SilVP el ]t O1 126 152
[Cul'Pc]/[CullPc3 ]~ Ri -0.97 202

NP2-Cu [CullPc3]t/[CullPct ]2 R2 -1.56 154 2.09
[CullPcz]/[CullPct-]H* O1 1.12 156
[CIMnPc2]/[CI'"Mn!'Pc2]1”  Ri -0.17 96

NP2-Mn [CI'"MnIPc2 1/[CIT MnIPc2 ]2 Re -1.01 129 129
[CIMnPc? ]27/[CIFMniPc3 ]~ Rs -1.51 138
[CI" MnlIPc27)/[CII” MnIPc ] O 1.19 141

a; E1p2 values ((EpatEpc)/2) were given versus SCE at 0.100 Vs scan rate.
b: AEp= Epa-Epc. ©: AE12= E1p2 (first oxidation)- Ei. (first reduction)

Fig. 3 shows cyclic voltammogram of axially di-(4-
{[(1E)-(4-methoxyphenyl)methylene]amino}phenoxy)
substituted silicon(IV) phthalocyanine (NP2-Si) in
DCM/TBAP electrolyte on a Pt working electrode. As
shown in Fig. 3, NP2-Si illustrated two reduction (Ri= -
0.60 V, Ro= -1.04 V) and one oxidation (O1= 1.26 V)
reaction within the potential windows of the electrolyte.
Here, axially di-(4-{[(1E)-(4-methoxyphenyl) methylene]
amino}phenoxy) substituted silicon(IV) phthalocyanine
(NP2-Si) have redox inctive Si** metal centers. For this
reason, NP2-Si illustrates only phthalocyanine ring
based redox responses and the axial (4-{[(1E)-(4-
methoxyphenyl)methylene]aminojligand on Si center
do not considerably influence the redox response of the
phthalocyanine ring [34]. According to the peak analyses
and shape of the voltammogram, reduction and
oxidation processes have quasi-reversible character.

Fig. 4 shows cyclic voltammogram of peripherally
tetra-(4-{[(1E)-(4-methoxyphenyl)methylene]amino}
phenoxy) substituted copper(Il) phthalocyanine (NP2-
Cu) in DCM/TBAP electrolyte on a Pt working electrode.
As shown in Fig. 4, two reduction and one oxidation
processes are observed at —0.97 V (Ri1), -1.04 V (Rz), and
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1.26 V (O1) with the cyclic voltammogram of NP2-Cu.
These redox processes are easily attributed to the
electron transfer reaction of phthalocyanine ring owing
to the redox inactivity of the Cu?* cation. According to
the peak-to-peak separation (AEyp), R1 has irreversible, Rz
and O1 have quasi-reversible character.

Fig. 5 shows cyclic voltammogram of peripherally
tetra-(4-{[(1E)-(4-methoxyphenyl) methylene]amino}
phenoxy) substituted manganese(Ill) phthalocyanine
chloride (NP2 Mn). Peripherally tetra-(4-{[(1E)-(4-
methoxyphenyl)methylene]amino}phenoxy) substituted
manganese(Ill) phthalocyanine chloride (NP2-Mn)
shows different redox behaviors than NP2-Si and NP2-
Cu, because NP2-Mn has redox active metal center
(Mn3+). For this reason, NP2-Mn shows metal-based
reduction processes in addition to the phthalocyanine
ring-based electron transfer reactions [35-37]. Here NP2-
Mn shows two metal-based reductions at -0.17 V (R1),
-1.01 V (R2) and one phthalocyanine ring-based
reduction at -1.51 V (Rs) during the cathodic potential
scans. On the other hand, during the anodic potential
scans, one phthalocyanine ring-based oxidationat 1.19 V
(O1) is observed. According to the peak-to-peak
separation (AEp), Ri has reversible, Rz, Rs and O1 have
quasi-reversible character.

4. Conclusion

In this work, Si(IV), Cu(ll), Mn(IlI) phthalocyanines
substituted with (4-[(1E)-(4 methoxyphenyl) methylene]
aminophenoxy) groups were synthesized and analyzed
by FT-IR, NMR, UV-Vis, mass spectroscopy. The redox
behaviors of axially di- and peripherally tetra-(4-{[(1E)-
group
substituted metallophthalocyanines were determined.
Electrochemical results of NP2-Si, NP2-Cu, NP2-Mn
were in compatible with the responses of the similar
metallophthalocyanines. While NP2-Si and NP2-Cu,
only

(4-methoxyphenyl)methylene]amino}phenoxy)

showed phthalocyanine ring based redox
processes, NP2-Mn showed rich redox responses and
both metal-based and phthalocyanine ring based redox
processes. NP2-Mn showed two metal-based and one
phthalocyanine ring-based reduction reactions. The
addition of Mn¥* cation to the phthalocyanine ring
the redox richness of

significantly  changed

phthalocyanines.
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Abstract

This study investigated the acetylcholinesterase, urease enzyme inhibition and, these enzymes’ molecular docking as well as the antioxidant
activity of commercially available amygdalin. While Amygdalin displayed effective anti-urease activity compared to acetohydroxamic acid anti-
acetylcholine esterase activity was a little ineffective compared to donepezil. The molecular docking was performed to check binding interactions
between the amygdalin and the enzymes. DPPH: and FRAP assays were preferred to determine the antioxidant activity. The antioxidant activity
(3.39 £ 0.33 pmol Fe2SO47H20 /g, SCs0 18.74 + 0.72 mg/mL using the FRAP and DPPH assays, respectively. Amygdalin's in vitro and in vivo studies

are needed to demonstrate that is a therapeutic agent for the treatment of various diseases.

Keywords: Acetylcholinesterase, urease, molecular docking, antioxidant activity, amygdalin

1. Introduction

Amygdalin is a naturally occurring chemical compound
found in the kernels of various fruits, such as apricots,
peaches, cherries, and plums, as well as in bitter
almonds. It has a molecular weight of 457.42g/mol and,
a chemical formula C20H2:On. Amygdalin, also known
as laetrile or Vitamin B17, has garnered attention in
recent years due to claims of its potential anti-cancer,
anti-inflammatory, antibacterial and antioxidant
properties [1,2]. Amygdalin is classified as a cyanogenic
glycoside, meaning it contains both a sugar molecule
and a cyanide group. When metabolized, amygdalin
breaks down into glucose, benzaldehyde, and hydrogen
cyanide. While amygdalin itself is harmless, the release
of hydrogen cyanide (HCN) during its enzymatic
hydrolysis can be harmful. Recent studies have shown
that HCN is released in normal cells, indicating that it
may not be safe for the human body [3].

Amygdalin is a cyanogenic disaccharide [4]. There
are numerous studies in the literature regarding its high
therapeutic effects, such as anti-inflammatory and
analgesic effects in neurodegenerative diseases [5].
Studies have shown positive effects of amygdalin in the
treatment of various diseases such as leprosy, colorectal

cancer, asthma, and bronchitis [6,7]. Numerous studies
have also revealed its anticancer and anti-inflammatory
effects [8,9]- Amygdalin has been used as a therapeutic
agent in cancer treatment for many years [10,11,12]. For
example, it has been reported to have a curative effect in
the treatment of prostate cancer as well as a positive
effect in the treatment of colon cancer.l'¥ In another
study, it was found that amygdalin derived from Apricot
(Prunus armeniaca) inhibited breast, lung, and bladder
cancer cell [14].

Alzheimer's disease (AD) is the most common form
of dementia, which is a progressive neurological
condition characterized by the gradual degeneration and
loss of brain cells Despite numerous studies on the
treatment of this disease, a complete cure has not yet
been found [15,16,17]. Acetylcholinesterase (AChE) is an
enzyme breaking down the
neurotransmitter acetylcholine in the nervous system.
Inhibiting AChE activity is a key mechanism of action for
drugs used in the treatment of Alzheimer's disease.

responsible  for

Helicobacter pylori (H. pylori) infection occurs when H.
pylori bacteria infect your stomach. H. pylori is a
widespread cause of stomach ulcers, also known as

Citation: Z. Can, Y. Kara, H.I. Giiler, C. Birindi, S. Kolayli, Antioxidant
activity and in vitro/in silico acetylcholinesterase and urease enzyme
inhibition effects of amygdalin, Turk ] Anal Chem, 5(2), 2023, 143-150.

doi https://doi.org/10.51435/turkjac.1390923

Author of correspondence: zehracan6l@gmail.com
Received: October 25, 2023 Tel: +90 (458) 211 11 53 — 2549

Accepted: December 18, 2023 Fax: +90 (458) 333 20 43


https://doi.org/10.51435/turkjac.1390923
https://orcid.org/0000-0002-9366-5110
https://orcid.org/0000-0003-3121-5023
https://orcid.org/0000-0002-7261-6790
https://orcid.org/0000-0002-0167-6809
https://orcid.org/0000-0003-0437-6139

Can et al.

peptic ulcers, and it is estimated that it could be found in
over half of the world's population [18]. Persistent
infection with H. pylori has been linked to the onset of
gastric cancer, primarily attributed to the formation of
DNA damage caused by oxidative and nitrosative
processes [19]. Urease is an enzyme that the breakdown
down of urea into ammonia and carbon dioxide through
hydrolysis. It holds significant importance as a target for
the advancement of anti-ulcer medications.

In the treatment of Alzheimer's disease, drugs such
as tacrine, donepezil, rivastigmine, and galantamine are
used as they effectively inhibit the AChE enzyme [20].
Similarly, inhibitor drugs are also used for the urease
enzyme, which plays a role in the development of
diseases like stomach cancer and ulcers. However, due
to the significant side effects of these drugs, natural
products are preferred for the treatment of these
diseases. In this study, we evaluated commercially
purchased amygdalin for its in vitro inhibition of urease,
and acetylcholinesterase enzymes, as well as its
antioxidant activity. In our planned study, we
investigated the inhibitory potential of amygdalin,
which has limited
acetylcholinesterase and urease enzymes, as well as its

studies in the literature, on
molecular docking. Additionally, its antioxidant activity
was also determined.

2. Material and methods

2.1. Acetylcholinesterase inhibition assay

The inhibition of acetylcholinesterase (AChE) was
determined using Ellman’s method [21] reported with
slight modification as by Kantar et al. [22]. Initially, 50 ul
of 2.5U/mL enzyme, 50 uL of the sample, 3 mL of pH:8
100 mM phosphate buffer was mixed and left for 5
minutes. Subsequently, the reaction was initiated by the
addition of 100 pL of a 10 mM solution of 5,5-dithio-
bis(2-nitrobenzoic) acid (DTNB) and, 20 pL of a 75 mM
solution of acetyl thiocholine chloride (ATCI). After 30
minutes, absorbance values were recorded at 412 nm.
Donepezil was used as the standard.

2.2. Urease enzyme inhibition assays

The inhibition effect of the urease enzyme was
determined according to Weatherburn [23] with slight
modifications. In brief, a reaction mixture comprising
500 pL of buffer solution (pH 8.2), 200 puL of urease
enzyme solution, and 100 pL of the sample was
incubated for 15 minutes in a tube. Then, 500 pL of a
phenol reagent and 600 pL of an alkali reagent were
added to each tube and incubated for 50 minutes in a
dark room. The increase in absorbance at 625 nm was
measured at the end of the incubation period using a
UV-Vis spectrophotometer. Acetohydroxamic acid was

Turk J Anal Chem, 5(2), 2023, 143-150

used as the inhibitor. The ICso value corresponds to the
concentration of a compound that effectively inhibits
50% of the maximum activity observed.

2.3.Molecular Docking Studies

In order to investigate the potential binding modes of
amygdalin against both human acetylcholinesterase
(AChE) and urease enzymes, a molecular docking
(MD) technique was employed using Auto Dock 4.2
software [24]. The three-dimensional structure of human
acetylcholinesterase (AChE) complexed with donepezil
was obtained from the Protein Data Bank (PDB) website
(https://www.rcsb.org/) with the identifier 4EY7 (Chain
A, Res: 2.35 A). The other receptor, urease in complex
with Acetohydroxamic Acid, was downloaded from
Protein Data Bank, which was denoted 4H9M (Chain A,
Res: 1.52A). The 3D structures of the reference
molecules, acetohydroxamic acid and donepezil, were
PubChem
(https://pubchem.ncbi.nlm.nih.gov/) in sdf format and

downloaded  from  the database
converted to pdb file format using OpenBabelGUI 2.4.1
software [25].

After energy minimization, the protein structures
were prepared for docking by removing water
molecules, ions, and other ligands, and adding polar
atoms of hydrogen and Kollman charges. The prepared
structures were then converted to PDBQT file format for
docking. Possible docking modes between molecules
and target proteins were studied using Auto Dock 4.2
software with the Lamarckian genetic algorithm
employed for all docking simulations. For the standard
docking procedure, the target protein was kept rigid
while all ligands were kept flexible with torsion angles
of 150 independent runs per ligand. Docking studies
were performed with a population of 150 individuals,
of 2,500,000,

maximum energy evaluations and

maximum generation of 54,000.

Additionally, the active site of AChE was covered
with a grid box of dimension 60 A x 60 A x 60 A and -
14.1, -43.83, 27.66 points in the x, y, and z directions with
a grid spacing of 0.375 A. To cover the urease active site,
a grid box of dimension 70 Ax70A x70 A and -19.84,
-58.46, -22.38 points in the x, y, and z directions with a
grid spacing of 0.375 A was applied. Default settings
were applied for all other parameters. The results of the
molecular calculations elucidated the binding affinity of
each ligand to the targeted proteins, as determined by
the docking score and hydrogen/hydrophobic binding
The docked
conformations and post-docking analyses of each ligand

interactions. binding energies of

against the target protein were assessed using BIOVIA
Discovery Studio Visualizer 2018 [26].
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2.4. Antioxidant activity assays

2.4.1. Ferric-reducing antioxidant power (FRAP)

The frap method is the most common method for
determining antioxidant activity due to its simplicity
and low cost. The ferric-reducing antioxidant capacity of
amygdalin was determined according to the method
described in the literature [27]. To create the FRAP
reagent, a mixture was prepared using the following
components: 2.5 mL of 10 mM (2,4,6-Tris(2-pyridyl)-s-
triazine) TPTZ, 2.5 mL of 20 mM FeCls, and 25 mL of 0.3
M acetate buffer at pH 3.6. Then, 50 uL of the sample and
1.5 mL of the FRAP reagent were combined. After 4
minutes, the absorbance was measured at 595 nm.
Fe25047H20 was used for calculating the antioxidant
activity. FRAP result was expressed as pmol
Fe25047H:0 /g.

(A)

H-Bonds

Donor

Acceptor B

H-Bonds

Donor

Acceptor BER
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2.4.2. DPPH: assay
DPPH- (1,1-diphenyl-2-picrylhydrazyl)
scavenging activity was investigated using the method

radical

described in the literature [28]. The sample was prepared
at six different concentrations. A 10 mM DPPH solution
was prepared in methanol. Subsequently, 750 pL of each
sample and 750 pL of the stock DPPH solution were
combined and incubated for 50 minutes in a dark room.
Following the completion of the incubation period,
absorbance measurements were obtained at a
wavelength of 517 nm. Lower absorbance values
indicate greater free radical scavenging activity. Trolox®

was employed as a positive reference in the experiment.
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Figure 1. Binding pose profile of amygdalin in the target protein AChE (C), blue shaped molecule represents the receptor and yellow shaped
molecule indicates the ligand. The two-dimension (2D) (B) and three-dimension (3D) (A) interactions analysis of human acetylcholinesterase (AChE)

with amygdalin.
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Table 1. Acetylcholinesterase and urease and enzyme inhibition of
Amygdalin

. Urease
et aision
1Cs0 (M)
Amygdalin >1 0.11£0.01
Donepezil 39.84 +0.21 —
Acetohydroxamic acid — 28.6 +0.78

2.5. Statistical analysis

All experiments were carried out in triplicates, and the
results are presented as mean * standard deviation (SD).
SPSS version 22.0 (SPSS Inc., Chicago, IL, USA) of the
Windows software was executed for statistical analysis.

3. Results and discussion

3.1. Acetylcholinesterase and urease enzyme inhibition
Acetylcholinesterase is an enzyme that plays a vital role
in the breakdown of the neurotransmitter acetylcholine.
Acetylcholine is a critical molecule involved in the
transmission of nerve signals within the nervous system,
including the brain, spinal cord, and peripheral nerves.
Inhibition of acetylcholinesterase can have therapeutic
implications in the treatment of conditions such as
Alzheimer's disease. Donepezil and rivastigmine are
very widely used AD remedies targeting the AChE
enzyme. However, both are known to have various side
effects [29,30]. The use is widespread of synthetic AChE
inhibitors (such as donepezil, rivastigmine, and
galantamine) and urease inhibitors (like thio-ureas,
hydroxamic acids, etc.) however, they are associated
with several side effects. Therefore, there is a growing
demand to explore natural sources for the development
of AChE and urease inhibitors that exhibit strong
therapeutic effects with minimal to no toxicity, aiming to
treat diseases caused by these enzymes effectively. For
this reason, amygdalin was investigated for its ability to
inhibit AChE (acetylcholinesterase) and urease.
According to our findings we may say that amygdalin
has the potential to inhibit the activity of AChE, which
may have therapeutic implications for the treatment
of Alzheimer's disease, and also the urease enzyme,
which is vital in addressing conditions like gastric
cancer, gastritis, and peptic ulcers as a potential

Turk J Anal Chem, 5(2), 2023, 143-150

inhibitor. Table 1 shows that amygdalin exhibited an
inhibition effect against acetylcholinesterase and urease.
Several studies have reported that Amygdalin has the
potential to act as an acetylcholinesterase inhibitor.
Vahedi-Mazdabadia et al. [31] reported that both sweet
and bitter extracts of apricot kernels had inhibitory
effects on cholinesterase (ChE) enzymes in vitro.

The aqueous extract of the bitter type had the best
inhibition effect, with an ICso value of 134.93 + 2.88
pg/mL. Another study reported that kernels extracted
from fruits of 20 different peach cultivars had ICso values
ranging from 0.67 to 5.85 (mg of dried seeds). A study
was conducted to investigate the neuroprotective and
neuritogenic effects of amygdalin. Initially, the study
demonstrated that amygdalin enhanced the process of
nerve growth factor (NGF)-induced neuritogenesis and
also induced by 6-
hydroxydopamine (6-OHDA) in rat dopaminergic PC12
cells [32].

A camp formulation consisting of P. armeniaca L. has
been investigated for its neuroprotective abilities and its
potential to improve learning difficulties and synaptic
loss in AD (Alzheimer's disease) patients. It was found

reduced the neurotoxicity

that synergistic effects play a significant role in directly
activating neurons [33].

The enzyme wurease functions in the process of
converting urea to ammonia and carbon dioxide through
its catalytic activity. Inhibition of urease can have
potential applications in the treatment of various
medical conditions, including urinary tract infections
and gastric ulcers. The inhibition of urease by amygdalin
at a concentration of (ICs) 0.11 M. As a result of, we
suggest that amygdalin may have moderate potential as
a urease inhibitor.

In a study, the methanol and aqueous extracts of five
apricot cultivars were investigated for their effects
against the urease enzyme involved in treating stomach
conditions such as carcinomas and ulcers. In the study,
it was found that both methanol and aqueous extracts
exhibited inhibitory effects on the urease enzyme, with
ICso values ranging from 20.763 to 195.437 mg/mL [34].

Table 2. Description of amygdalin and reference molecules against different enzymes with binding energy, Ki and interacting residues in the

binding site
. Binding Energy : No of H . 1
Receptor Name PDB ID Ligand name (keal/mol) Ki bonds Interacted residues with ligand
Human Amygdalin -9.35 140660M 7 Asp74, Trps6, Asn?;y’f;z%’ Tyr124, Gly126,
?;%ﬁg;‘dme“erase 4EY7 D | 19,09 37 M ) Tyr72, Trp86, Trp286, Leu289, Ser293, Phe295,
onepezt : =rn Tyr337, Phe338, Tyr341, His447
Amygdalin %13 3219 uM 8 Arg439, His492, Met588 Leu589, Val591, His593,
Arg609, Asp633, Alab36
Urease 4HOM *Acetohydroxamic
Ayc id -5.04 200.49 uM 6 Glu547, Gly548, Ala549, Gly550, Glu618

*Reference molecules
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3.2.In silico analysis

Molecular docking is widely used to investigate binding
interactions between potential drugs and different sites
or active sites on target molecules. Various types of
interactions, such as H-bonds, m-m interactions, and
amide-7t interactions, are evaluated to determine the
binding efficiency of a ligand molecule with a target. The
hydrogen bonding pattern and the nature of residues
present in the active site play a crucial role in explaining
the binding affinity of a ligand with a target molecule.
Binding free energy (kcal/mol) is used to examine and
compare the binding affinity of different ligands with
their respective target receptor molecules. When the
binding energy is lower, it signifies a greater affinity of
the ligand towards the receptor [35,36]. In this study,
molecular performed to
amygdalin against AChE and urease enzymes. The

docking was evaluate

simulation results provided predicted protein-ligand
binding energies, Ki values, and identified potential
ligand binding sites (Table 2). After successfully docking

amygdalin and reference molecules (Table 2), significant
interactions of the ligand with the receptor proteins were

H-Bonds
Donor

Acceptor B

(C)

H-Bonds

Donor

Acceptor B
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Table 3. Antioxidant Activity of Amygdalin

Sample FRAP (umol DPPH SCso
Fe2504.7H:0 /g) (mg/mL)

Amygdalin 3.39+0.33 18.74+0.72

Trolox — 0.004 + 0.00

observed. When examining the interaction of amygdalin
with AChE, it was found that the ligand effectively binds
to the receptor with a low binding energy of -9.35
kcal/mol, while the reference molecule, donepezil, binds
strongly with an even lower binding energy (-12.09
kcal/mol). Both the reference molecule and amygdalin
appear to form strong interactions with Trp86 and
His341 residues in the active site of AChE. Amygdalin
forms five conventional hydrogen bonds, two carbon
hydrogen bonds, two Pi-sigma bonds, and two donor-
donor bonds with AChE, with one of these bonds having
an atomic distance lower than 2 A. On the other hand,
when examining the docking poses with urease enzyme
and amygdalin, it is evident that the ligand binds to the
receptor more effectively than the reference molecule,
acetohydroxamic acid. Amygdalin forms six
conventional hydrogen bonds with urease, three of
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Figure 2. Binding pose profile of amygdalin in the target protein Urease (C), blue shaped molecule represents the receptor and yellow shaped
molecule indicates the ligand. The two-dimension (2D) (B) and three-dimension (3D) (A) interactions analysis of Urease with amygdalin
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which have atomic distances lower than 2 A (Fig. 2).
Additionally, the ligand forms two carbon hydrogen
bonds, two pi-alkyl bonds, two donor-donor bonds, one
pi-cation bond, one pi-anion bond, and one pi-pi t-
shaped bond with the receptor. It appears that Met588
plays a crucial role by forming two conventional
hydrogen bonds with lengths of 1.99 and 1.88 A. Fig. 1
and Fig. 2 provide the docked poses of the best hits in
each target receptor, the residues they interact with, and
the corresponding interactions.

3.3. Antioxidant activity of amygdalin
Amygdalin has
antioxidant activity in numerous in vitro and in vivo
studies. It is a natural compound found in the seeds of

been observed to demonstrate

many fruits, such as apricots, peaches, and almonds, as
in other plants. Apricot seeds contain
antioxidant, Angiotensin I converting enzyme (ACE)
inhibitor, and hypocholesterolemic peptides [37]. In our
study, we performed DPPH and FRAP tests to assess the
antioxidant
amygdalin. The FRAP value was determined as
3.39+0.33 pmol Fe2S047H20/g, while the DPPH value
was determined as SCso 18.74+0.72 mg/mL (Table 3).
When the numerical value of the DPPH value is low, it

well as

activity of commercially purchased

signifies a potent capability to scavenge free radicals.
When comparing our study with the Trolox standard,
we could see that the DPPH value is effective.

In an in vivo study, the effects of amygdalin at different
doses on antioxidant gene expression and suppression of
oxidative damage were evaluated in mice. The results of
found that low and moderate doses of amygdalin did not
cause toxicity in hepatic and testis tissues, and they did
not have any adverse effects on the oxidative balance
[38].

In a study conducted by Sushma et al. [39], amygdalin
was extracted from Prunus dulcis and tested for its
antioxidant and cytotoxic properties in vitro. Multiple
antioxidant experiments revealed that the amygdalin
extract from P. dulcis exhibited potent antioxidant
characteristics. Zhang et al. [40] investigated the
different varieties of apricot kernels. The researchers
found that all the tested varieties had antioxidant
activity, with some varieties showing higher levels than
others. The study also suggested that the antioxidant
activity of apricot kernels may be due to their high levels
of phenolic compounds. A study was conducted to
determine the amygdalin levels in different genotypes of
bitter and sweet almonds. The results showed that bitter
almonds had a higher amygdalin content compared to
sweet almonds. Additionally, the study found that bitter
almonds were rich in phenolic content. These findings
suggest that it can be concluded that the amygdalin
content affects the phenolic content [41].

Turk J Anal Chem, 5(2), 2023, 143-150

Another study assessed the biological activities of
amygdalin extracted from the organs of three cassava
varieties that are commonly produced in Benin (BEN,
RB, and MJ). HPLC analysis was employed to measure
the amygdalin content in and
derivatives. The results indicated that the organs of all

cassava organs

three cassava varieties contained glycosides, flavonoids,
saponins, steroids, tannins, coumarins, and cyanogenic
derivatives. Among these, young stems and fresh
cassava leaves exhibited the highest concentrations of
amygdalin, with 11,142.99 ug per 10 g and 9251.14 ug per
10 g, respectively. The antioxidant activity results
showed that the amygdalin extracts were DPPH radical
scavengers with ICso values ranging from 0.18 mg/mL to
2.35 mg/mL [42]. Based on these results, it can be
concluded that these extracts possess a considerably
high concentration of amygdalin.

4. Conclusion

In summary, the purpose of this present study was to
emphasize the enzyme inhibitory properties of
amygdalin, as well as its antioxidant activity. In this
study, the potential of amygdalin to act as an inhibitor
for acetylcholinesterase and urease enzymes was
investigated in vitro, as well as its molecular docking
binding capacity. And the antioxidant capacity of
amygdalin was determined. Based on the findings of our
study, we can say that amygdalin holds significant
potential as a valuable agent in pharmaceutical and
food-related  applications. = Amygdalin, to be
recommended for the treatment of human diseases, its
safety and efficacy as a potential therapeutic agent must
undergo thorough evaluation in clinical trials.
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Abstract

Green synthesis of silver nanoparticles (AgNPs) provide superiority due to their usage of various biological applications. The aim of this study is
synthesizing the silver nanoparticles by using Birch (Betula spp.) branches extract with an ecofriendly, cost-effective, simple, and cheap green
method. Even Betula is wide-spread tree with rich in phenolic compounds, data on the use of Betula branches is limited. Within this scope, this
study is the first for using Betula branche extracts which take part as reducing and capping agent to synthesize the silver nanoparticles to evaluate
the antimicrobial activity and antiproliferative efficiency. The biosynthesized AgNPs were characterized by various characterization methods
such as UV-visible spectroscopy, dynamic light scattering (DLS), Fourier transform infrared (FTIR) spectroscopy and scanning electron
microscopy (SEM). The characterization analysis has revealed the phenolic compounds of Betula extract acted as reducing and capping agent for
formation of AgNPs.

The synthesized selected AgNPs were exhibited spherical shape with 103.2 + 5.2 and 69.2 #12.7 nm according to DLS and SEM analysis,
respectively. Also, the biological activity of biosynthesized AgNPs were evaluated by antimicrobial and antiproliferative tests on selected
microorganisms and cell line, respectively. The ICso values of B3-4 AgNPs was determined as 64.27 ug/mL on HT29 colorectal cancer cells. And
also, the antimicrobial activity results of AgNPs have revealed the dose-dependent inhibition for all studied test microorganisms.

In conclusion, this study evidently suggests the use of silver nanoparticles biosynthesized from Betula branches extract as a potential agent for

antimicrobial and anticancer studies.

Keywords: Betula spp., silver nanoparticles, green synthesis, antiproliferative, colorectal cancer, antimicrobial

1. Introduction

Nanotechnology is a multidisciplinary field of science
and engineering that deals with the design, manufacture
and control of nanometer-scale materials, the smallest
building blocks of matter. A nanometer is a unit of
measurement that is one billionth of a meter, and this
ideal understanding and
manipulating the properties of materials at the atomic
and molecular level. The main goal of nanotechnology is
to enable the production of new and advanced products

scale is an size for

by utilizing the unique properties of materials of these
small sizes. The properties of nanomaterials differ from
and offer
advantages in their electrical, mechanical, thermal and
optical ~ properties. These  properties
nanotechnology to be used in a range of industrial,
scientific and medical applications [1-5]. The
applications of nanotechnology in the field of health aim
to treat diseases more effectively, increase the rate of

those of large-scale materials several

allow

early diagnosis and overcome limitations in the field of
medicine. Nanotechnology enables the development of
drug carrier systems that enable more effective transport
and delivery of drugs to targeted sites in the body, the
development of high-resolution imaging and diagnostic
tools, the development of nano-sized sensors that allow
the detection of biological
concentrations, and the design of nanorobots or

analytes at low
nanomachines used in surgical operations [6-11].
Among the nanotechnological products that have
application areas in many sectors, silver nanoparticles
play an important role in many applications, especially
in the field of medicine due to their unique properties.
One of the most remarkable properties of silver
nanoparticles is their strong antimicrobial effects. Silver
disrupts the cell membrane of microorganisms and
prevents them from multiplying. This property provides
antibacterial, antiviral and antifungal effects, which
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makes silver nanoparticles preferred
applications such as wound healing, medical devices
and addition,
nanoparticles are generally biocompatible, meaning that
they can be used in a compatible manner with biological

systems. This property allows them to cause minimal

in many

antibacterial coatings. In silver

toxic effects in the body and optimize their interaction
with biological tissues. This allows silver nanoparticles
to be used safely in medical applications. The surface
plasmon resonance (SPR) properties of
nanoparticles enable their use in imaging and sensor

silver

technologies. Silver nanoparticles can be well dispersed
in various solvents. This property allows nanoparticles
to be homogeneously used and dispersed in various
medical applications. Nano-sized silver particles have
large surface areas, which increases their reactivity. This
feature enables silver nanoparticles to be effective in
antimicrobial and catalytic applications. The high
surface area enhances the antibacterial effect by
increasing the interaction with microorganisms. In
addition, these properties allow them to be used in drug
transport and targeting studies. Moreover, silver
nanoparticles attract attention with their anticancer
activities. Silver nanoparticles have the capacity to stop
the cell cycle of cancer cells. It has been reported that
with this property, they stop the uncontrolled growth of
cancer cells by preventing the division and proliferation
of cells. Silver nanoparticles can increase oxidative stress
in cancer cells. This may cause damage to cancer cells by
increasing the production of free radicals in the cells.
Silver nanoparticles can trigger the degradation of the
genetic material of cancer cells and the process of
apoptosis. Considering all these features,
nanoparticles are widely used in studies such as imaging

silver

and diagnostics, drug delivery and targeting, tissue

regeneration and  rehabilitation,  anti-microbial
applications, development of sensitive and unique

nanosensors that detect tumor markers [12-21].

The methods used for the preparation of silver
nanoparticles include chemical reduction,
reduction, microwave heating, and electrochemical
synthesis methods. In these methods, silver salts are

thermal

reduced from solutions under special conditions to
obtain nanoparticles. However, these traditional
methods have problems with the use of toxic chemicals,
energy intensity, high cost, long response times and
scalability. Chemical reduction and thermal reduction
methods are generally not environmentally friendly and
the use of toxic agents is contrary to the principles of
green chemistry. The microwave heating method may
involve disadvantages in terms of equipment cost and
energy consumption. Electrochemical synthesis requires
specialized equipment and can sometimes result in
uncontrolled particle growth. In recent years, green
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synthesis method has been used to synthesize silver
nanoparticles. Green synthesis represents an eco-
friendly and sustainable approach and involves the use
of herbal extracts, microorganisms or substances of
natural origin for the synthesis of silver nanoparticles. In
this method, environmentally friendly reducing agents
are used. Green synthesis reduces the environmental
impact of conventional synthesis methods, minimizes
the use of toxic chemicals and enables medical and
biological applications of silver nanoparticles with their
biocompatibility properties. Green synthesis is an
important step in the development of sustainable
nanotechnology [14, 21-28].

Colorectal cancer is a type of cancer that develops in
the large intestine (colon) or rectum. This type of cancer
is recognized as a major health problem worldwide. Its
incidence is increasing and it is a condition where early
diagnosis is vital. Colorectal cancer is usually caused by
abnormal cell masses called polyps, which can become
cancerous over time. Risk factors include age, genetic
predisposition, family history, inflammatory bowel
diseases, poor eating habits and obesity. Methods used
in the treatment of colorectal cancer include surgical
intervention, chemotherapy, radiotherapy and targeted
therapies. Surgery involves an operation to remove
tumoral masses. Chemotherapy involves drugs used to
kill cancer cells or control their growth. Radiotherapy is
a treatment method that aims to destroy or shrink cancer
cells by targeting them with high-energy rays. However,
traditional methods various
disadvantages. Disadvantages of surgery include the
invasiveness of surgery, the patient's long recovery

treatment have

period, the serious side effects of chemotherapy and
radiotherapy, and damage normal tissues. These
methods often have a broad range of action and can also
affect healthy cells. Additionally, in some cases,
resistance to treatment may develop. Therefore, the
development of new and more specific treatment
strategies is an important area of research [29-31].

Betula is a genus of plants belonging to the Betulaceae
family and includes tree and shrub species native to
temperate climate regions. Betfula tree has very valuable
components, and the components may vary depending
on the type of plant, growing conditions and extraction
methods.  Betula triterpenoid
components such as betulin and betulinic acid,
flavonoids, phenolic acids, essential oils, minerals and
vitamins. Betula tree extracts, through their various

extracts contain

components, are an important biological resource in
terms of reducing silver nitrate and stabilizing the silver
nanoparticles formed by the green synthesis method [32,
34].

Taking all this into account, the aim of this study was
to synthesize and to characterize silver nanoparticles,
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which may have potential use in the treatment of
infectious diseases and colorectal cancer, using green
synthesis. It was also aimed to evaluate the antimicrobial
and anticancer effects of silver nanoparticles synthesized
and characterized by the green synthesis method.

2. Materials and Methods

2.1. Materials

Silver nitrate (AgNOs), Muller Hilton Broth, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (St Louis, MO, USA). Dulbecco’s
Modified Eagle’s Medium (DMEM), high glucose, and
pyruvate were purchased from Gibco (Waltham, MA,
USA). Escherichia coli (ATCC 25922),
aeruginosa (ATCC 27853), gram-positive bacteria,
Staphylococcus aureus (ATCC 25923), Enterococcus faecalis
(ATCC 29212) and a yeast, Candida albicans (ATCC
10231) strains were purchased for antimicrobial studies.
HT29 (ATCC HTB-38) colorectal cancer cell line was
purchased for antiproliferative studies and L929 mouse
fibroblast cell line was also purchased for in wvitro
biocompatibility from ATCC Cell Bank (USA). All other
chemicals which used in study were analytical grade.

Pseudomonas

2.2. Methods

2.2.1. Preparation of Betula spp. extract from branches
Betula tree branches were collected from Van province,
Tiirkiye. The purification of branches was done under
the distilled water by washing twice and dried under
room temperature in the shade. The dried samples were
grounded in an electric grinder and weighed. After that
dried ground samples were weighed to 25 g and mixed
with 250 mL distilled water for extraction. The extraction
was carried out in Soxhlet Extractor at 80 °C for 8 hours.
Then the extract was filtered by using Whatman No. 1
filter paper and stored at 4 °C in amber colored bottle for
further use [34]. The experiment was carried out in
duplicate.

2.2.2. Synthesis of silver nanoparticles (AgNPs)

The synthesis of silver nanoparticles from branches was
carried out with some modifications as reported before
[35]. Silver nitrate (AgNOs) was used as precursor salts
to obtain silver nanoparticles. To prepare silver
nanoparticles, various concentrations (1 mM, 3 mM, and
5 mM) of AgNQ:s solutions were incubated with Betula
extracts in the ratio 1:10 for 24 hours. Also, the effect of
temperature on the formation of silver nanoparticles was
performed by changing the temperature from room
temperature to 80 °C. Finally, the formation of silver
nanoparticles was confirmed by color changes on
different reaction solutions. After color change, the
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reaction was stopped and silver nanoparticles were
purified by centrifugation (Sigma 3-30KS, Germany).
Therefore, the mixtures were centrifuged at 13500 rpm
for 20 minutes twice to remove unreacted silver ions.
Then the supernatant was discarded and the pellet was
air dried in incubator overnight to obtain powder. The
experiment was carried out in duplicate.

2.2.3. Characterization of AGNPs

The obtained silver nanoparticles were characterized by
UV-Vis spectrophotometer (Rayto,RT, 2100C, China),
particle size analyzer (Zetasizer Nano ZS, Malvern, UK),
Fourier transform infrared (FTIR) spectrophotometer
(Thermo Scientific / Nicolet IS50, China), Scanning
electron microscopy (SEM) (FEI / Quanta 450 FEG,

Japan).

2.2.3.1. UV-Vis spectroscopy

The reduction of silver ions in the presence of Betula
extract was determined by measuring the spectrum of
the reaction medium. The green synthesized silver
nanoparticles  were characterized by UV-Vis
spectroscopy. UV-Vis spectrum of obtained silver
nanoparticles were measured in the range of 200-800 nm
by using UV-visible spectrometer. Three replicates of
experiments were carried out.

2.2.3.2. Particle size analysis

The particle size, zeta potential and distribution of silver
nanoparticles were analyzed by dynamic light scattering
using Zetasizer Nano ZS (Malvern). The samples for
measurement were prepared fresh each time and were
analyzed at 25 °C. Three replicates of experiments were
carried out.

2.2.3.3. FT-IR Analysis

Analysis of synthesized silver nanoparticles by FT-IR
(Fourier Transform Infrared Spectroscopy) spectrometer
provided information about structural properties of
these nanoparticles. The measurements were carried out
in the range of 400—4000 cm at a resolution of 4 cm™ by
using KBr pellet method to introduce the bioreduced
silver nanoparticles.

2.2.3.4. Scanning Electron Microscopy (SEM)

The synthesized silver nanoparticles from Betula spp.
branches were analyzed by scanning electron
microscopy to determine the formation, stability and
surface morphology of nanoparticles.

2.2.4. Antiproliferative activity of AgNPs against HT-29
colorectal cancer cell

Antiproliferative activity of (AgNDPs) against HT-29
colorectal cell (CRC) was evaluated using a MTT (3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay. 1 x 104 cells/well were plated in 96-well plates and
were incubated in DMEM medium supplemented with
10% FBS, and 1% antibiotics (100 U/mL penicillin, 100
pug/mL streptomycin) at 37 °C in a humidified
atmosphere containing 5% CO:. Medium was changed
every 48 h. When the cells reached about 70-80%
confluency, they were serum-starved over-night before
AgNPs exposure and medium was changed with serum
supplemented medium (100 pL). Then, cells were
exposed to 100 pL of AgNPs which dispersed in serum
free medium at different concentrations (20-100 pg/mL)
for 24 and 48 h. Serum free medium was used as a
control. After the incubating period, 20 uL of 5 mg/mL
MTT solution was added to each well and incubated at
37 °C and 5% CO: for 4 h. Then, the culture media was
aspirated and 200 pul DMSO was added to solubilize the
formazan crystals. The plate was read in a plate reader
at 570 nm. Results are standardized using control group
values. The viability (%) of the exposed cells was defined
as the percentage of absorbance compared to control
unexposed cells. Three replicates of experiments were
carried out.

2.2.5. Biocompatibility of AGQNPs

Healthy fibroblast cells were used to determine the
biocompatibility of synthesized nanoparticles in living
cells. For this purpose, L929 (Mouse Fibroblast cell line)
cells in DMEM containing 10% FBS were grown in 96-
well plates. After 2 days, the cells were washed and
AgNPs obtained at different concentrations were
applied to the cells. Cell culture medium not treated with
AgNP was used as a control. After 4 hours, the cells were
washed twice and the MTT test was performed
according to the manufacturer's instructions. The
absorbance value was measured in a microplate reader
at 570 nm. Three replicates of experiments were carried
out.

2.2.6. Antibacterial and antifungal activity of AGQNPs

The antibacterial and antifungal activities of AgNPs
were investigated using gram-negative bacteria,
Escherichia coli (ATCC 25922), Pseudomonas aeruginosa
(ATCC 27853), gram-positive bacteria, Staphylococcus
aureus (ATCC 25923), Enterococcus faecalis (ATCC 29212)
and a yeast, Candida albicans (ATCC 10231) as test
microorganisms by the Kirby-Bauer Disk method. In
brief, bacterial and fungal suspensions were inoculated
at 106 cfu/spot on Mueller-Hinton Agar (MHA) and
Sabouraud Dextrose Agar plates, respectively. Next,
sterile paper disks were placed on the agar surface and
different volumes of AgNPs stock solution (1 mg/mL)
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were added to disks to get the concentration of 5-20
pg/disk prior to microdilution method. 10 pg/disk
gentamicin and 10 pg/disk of fluconazole were used as
positive controls for bacteria and fungi, respectively.
The negative control consisted of disk treated with
serum free medium. After incubation at 37 °C for 24 h
for bacteria and at 30 °C for 48 h for yeast, the diameters
(in mm) of the inhibition zone of were determined. Three
replicates of experiments were carried out.

2.2.7. Minimal inhibitory concentration (MIC) of AgNPs
against test microorganisms

The microdilution method is a widely used method to
systematically and sensitively evaluate the antimicrobial
properties and MIC values of AgNPs. MIC of the AgNPs
against test microorganisms was evaluated using broth
microdilution method. Briefly, the test microorganisms
(1 x 10* CFU/mL) were incubated with AgNPs diluted in
MHB with the concentration gradients from 0.046-60
pg/mL. The wells not treated with AgNP was used as a
control. The 96 micro-well plates were incubated at 37 +
1 °C for 24 h. The first well without microbial growth
was defined as the MIC, expressed in pg /mL. The tests
were carried out in triplicate for sampling.

2.2.8. Statistical analysis

All data were given as mean * standard deviation and
the results were expressed by repeated analyses. Cell
culture analysis results were evaluated by one-way
ANOVA  (*p<0.05)
significant.

and considered statistically

3. Results and Discussion

Firstly, the formation of silver nanoparticles was
confirmed based on color change of the solution that
usually occurs as a result of a chemical reaction. These
reactions are usually based on a redox reaction and lead
to the reduction of silver ions of AgNOs to form silver
nanoparticles. The phenolic compound of Betula
branches act as a reducing agent which resulted with
formation of silver nanoparticles [34]. During these
reduction reactions, the size, shape and arrangement of
the nanoparticles change, leading to a marked change in
their optical properties.

In this study we used three different AgNO:s
concentrations (1 mM, 3mM and 5 mM) to determine the
color changes depending on the formation of silver
nanoparticles. When the Betula branches extract was
added to various AgNOs solutions color has changed
from yellow to dark upon to AgNO:s solution for 24 h at
room temperature (Fig. TA).
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Figure 1. A. Color changes of Betula branches extract in the presence of various AgNOs concentrations (1 mM, 3 mM and 5mM) for 24 h at room

temperature B. 3 mM AgNQO:s at 80°C (B3-4).

As shown in Fig. 1 the darker brown color was
obtained by 3 mM AgNOs concentration (B3-4
formulation) at 24 h. The obtained darker color between
the different concentrations indicated the biosynthesis of
AgNPs by more reduction-induced silver nanoparticle
formation by reducing silver ions to Ag0 nanoparticles
[36,37].

Also, the effect of the temperature on formation of
AgNPs, the reaction was carried at 80 ° C which
observed by also color changes. These results consistent
with the previous reports that increasing temperature of
the reaction mixture decreases largely the reaction times
to 4 h (Fig. 1B) [38]. And this outcome suggesting that
the nanoparticle size would be decrease to the same
extent. These findings revealed that the phenolic
compounds of the Betula branches exhibits reducing
agent.

Formulations (B3-4 and B3-24) in which color change
occurred depending on different temperature and silver
nitrate concentrations were selected and continued with
the following characterization method.

3.1. UV-Vis spectroscopy

Selected AgNPs were characterized for their structural
analysis by UV-vis spectroscopy which is most
commonly used analytical method. In this study, the
reduction of AgNO:s silver ions to the AgNPs in existence
of Betula extract was analyzed by UV-Vis spectroscopy
in the range of 200-800 nm. While the UV-Vis profile of
Betula plant branches extract did not show any
absorbance peak, the maximum absorbance peak was
obtained at 425 nm with B3-4 formulation (Fig. 2).
Among the various AgNOs concentrations, 3mM AgNOs
treated extracts exhibited higher reduction activity. This
may be due to the fact that only fixed Betula extract can

reduce the sufficient amount of AgNOs. These findings
compatible with the literature that higher concentration
of plant extracts introduce more reducing activity in the
presence of higher AgNOs concentration [39].

The color changes and the presence of a sharp
absorption peak at 425 nm also revealed the formation of
AgNPs which related with the surface plasmon
resonance (SPR) because of the release of free electrons
[40]. Our results were also compatible with the previous
reports that silver nanoparticles were formed in the
range 420-430 nm according to UV-Vis spectroscopy
technique [41-43].The formation of selected AgNPs were
verified depending on color changes by also UV-Vis
spectroscopy.
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Figure 2. UV spectrum of the different Betula extracts according to
synthesis temperature and AgNPs synthesized plant extract
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Figure 3. FTIR spectrum of Betula branches extract (Blank line) and AgNPs (Blue line)

3.2. Particle size analysis

In this study, AgNPs were synthesized based on the
reducing power of the plant extract. However, there are
various parameters that affect the physicochemical
properties of nanoparticles synthesized with this
method. In this study, the effect of initial AgNOs
concentration on the mean particle size, zeta potential
and distribution of AgNPs was evaluated. Next, the
effect of reaction temperature on the size and
preparation time was evaluated. Once the formation of
colloidal ~ AgNPs confirmed by UV-vis
spectroscopy, physicochemical properties of
synthesized nanoparticles were analyzed by dynamic
light scattering (DLS) method. Table 1 shows the
synthesis conditions and physicochemical properties of
AgNPs. As it can be clearly seen from the results, mean
particle size and reaction time was significantly
decreased by the increasement in reaction temperature.

was

Therefore, formulation B3-4 was selected for further
studies. Our results differed from the study that
synthesized silver nanoparticles using aqueous extract
of Acacia cyanophylla. In the study, relatively large
nanoparticles were obtained when the reaction
temperature increased from 35 °C to 100 °C [37]. Our
results revealed that this synthesis method led to
formation of monodispersed nanoparticles. The AgNPs
demonstrated an acceptable particle
indicating homogeneity. No shifts in dispersity of

uniformity

nanoparticles were observed with the increase of
reaction temperature. The results were in agreement
with those reported by Salvioni et al [44]. Nanoparticles
were also evaluated in terms of zeta potential to
determine the surface charge and the stability of
nanoparticles. Results revealed that all formulations

were negatively charged and reaction temperature had
no significant effect on zeta potential.

3.3.FT-IR analysis

Functional groups contained in phytocomponents in
plant extracts are responsible for the reduction of silver
ions to AgNP [41,42]. In this context, Betula is wealthy
plant that contains tannis and other phenols with
hydroxyl groups (-OH) which is responsible for
bioformation of silver nanoparticles [35].

In present work, we used Fourier transform infrared
(FTIR) spectroscopy analysis to identify the functional
groups present in the Betula branches extract involved in
the reduction and capping of silver nanoparticles. The
FTIR spectrum of the Betula branches extract exhibited
distinctive absorption peaks in the range of 800-1650 cm-
1. The determined characteristic fingerprint absorption
peaks of Betula extract at 1628-1640 cm are related with
the phenolic components of plant extract such as lignin,
as indicated previous literatures [45,46]. Also, the
fingerprint peaks at 1440 cm indicated the methyl
groups and 1200 cm? indicated the alcohol groups.
These alcohol groups which found in plant extract
presents the bioreduction of silver ions to AgNPs.

The main absorption peaks which determined at
3400, 2934, 1728 and 1008 cm! has revealed the formation
of AgNPs (Fig. 3). Our reported results were also
compatible with earlier publications [47,48].

3.4. Scanning electron microscopy (SEM)

Morphological characterization of the biosynthesized
AgNPs was also determined by using SEM technique.
Fig. 4 showed SEM images of the B3-4 with particle sizes
ranging between 60-90 nm. When the results were

Table 1 Physicochemical properties of AgNPs synthesized at different conditions. Data was represented as the mean+SEM values of three

independent batches
Formulation code AgNO:s Reaction Reaction Size (nm) Polydispersity Zeta potential (mV)
concentration temperature time index
B3-24 3 mM 23°C 24h 117.7 £ 144 0.28 +0.09 -21.0+2.7
B3-4 3 mM 80 °C 103.2+5.2 0.26 +0.01 -215+4.38
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Figure 4. Scanning electron microphotographs of B3-4

compared to DLS method, the mean size of both
biosynthesized nanoparticles were considerably smaller
as a result of SEM analysis. In general, the size of
nanoparticles determined by SEM
approximately 20% smaller than those determined by
the DLS method. The difference between the results
regarding the size of the nanoparticles is due to the
different analysis conditions of the two techniques.
Through the DLS method, the average sizes of
nanoparticles dispersed in liquid are analyzed. The
presence of dispersants causes an increase in the size of
the particles. SEM analysis is generally performed under
vacuum and the sample must be dried during this
process. Additionally, during SEM analysis, samples are
usually coated with a thin metal layer. This coating
process can lead to particle size reduction by sealing and
flattening the surface of the particles [49]. Furthermore,
when the morphology of the AgNPs was examined, it
was seen that they exhibited spherical morphology. It
also could be clearly observed that Ag-NPs partly
aggregated.

analysis is

3.5. Antiproliferative activity of AgNPs against HT-29
colorectal cancer cell

After characterization of the biosynthesized AgNPs, B3-
4 formulation was evaluated for its cytotoxicity on
malignant cells. For this purpose, HT-29 CRC cells were
exposed to various concentrations of B3-4 AgNPs for 24
h and 48 h. After the indicated incubation period, MTT
assay was performed to determine the half-maximal
inhibitory concentration (ICso). As it can be clearly seen
in the Fig. 5, B3-4 AgNPs exhibited a dose and time-
dependent cytotoxicity on HT-29 CRC cells. There was
significant difference in cell viability between 24 hours
and 48 hours incubation periods (p<0.05). The ICso value
of B3-4 AgNPs was 64.27 ug/mL after 48 h of treatment.
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Our results corresponded well with the study, in which
biosynthesized AgNPs were evaluated for the
antiproliferative activity against HT-29 CRC cell [50].
Our results were also in agreement with the
antiproliferative activity of AgNPs biosynthesized using
Acacia nilotica extract against two colon cancer cell line
[51]. Similar results were reported by Shathviha et al [52].
They reported that (-sitosterol mediated AgNPs
induced concentration-dependent cytotoxicity in HT-29
cells. Our results are in contrast to research conducted by
Durai ef al [53]. They reported that lower concentration
of AgNPs had an antiproliferative effect on both HT-29
and HCT15 CRC cells (ICso: 8 pug/mL).
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Figure 5. Determination of % cell viability of HT-29 CRC cells
following treatment with different concentrations of B3-4 AgNPs

3.6. Biocompatibility of AgNPs

To evaluate the biocompatibility of B3-4 AgNPs, 1929
mouse fibroblast cell line were exposed to various
concentrations of nanoparticles. The effect of different
concentrations of nanoparticles on L929 cell viability was
determined with MTT assay. Fig. 6 showed the cell
viability of L929 cells following 24 and 48 h incubation
with B3-4 AgNPs.
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Figure 6. Determination of % cell viability of L929 cells following
treatment with different concentrations of B3-4 AgNPs

The results clearly demonstrated that nanoformulations
showed dose dependent toxicity. The ICso value of B3-4
AgNPs was 142.67 pg/mL after 48 h of treatment.
Survival rate of L929 cells did not show significant
difference between 24 h and 48 h incubation periods
(p>0.05). Our results was similar to the study in which
biosynthesized AgNPs did not exhibit any harmful
interaction to L929 mouse fibroblast cell line and the ICso
value was established as 64.5 ug/mL [54].

3.7. Antibacterial and antifungal activity of AgNPs

Silver nanoparticles are important nanosized materials
that exhibit a strong antimicrobial effect against both
gram-positive and gram-negative bacteria. Various
studies show that the antimicrobial potential of silver
nanoparticles is effective on different types of bacteria.
Previous studies showed that silver nanoparticles were
effective on important Gram-positive pathogens such as
Staphylococcus aureus and Streptococcus pneumoniae [55].
On the other hand, there are many studies showed that
silver nanoparticles are effective on gram-negative
species such as Escherichia coli and Pseudomonas
aeruginosa [56]. Another striking feature about silver
nanoparticles is that these nanoparticles have an
antimicrobial effect even at low concentrations. For these
reasons, silver nanoparticles synthesized by the green
synthesis method were first screened by the disk-
diffusion method for their antimicrobial activity. For this
purpose, different concentrations of AgNPs were
evaluated for inhibitory activity. As seen in Table 2,
AgNPs showed significant zones of inhibition against all
test organisms. AgNPs showed maximum inhibition
zones of 18 mm, 19 mm, 11 mm, 20 mm and 20 mm in
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus, Enterococcus faecalis and Candida albicans,
respectively. The results revealed that Enterococcus
faecalis and Candida albicans were the most susceptible
strains against AgNPs whereas Staphylococcus aureus is
the most resistant strain. AgNPs exhibited greater
inhibition zones against Pseudomonas aeruginosa and

Staphylococcus aureus compared to the reference
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Table 2. The mean zone diameters of AgNPs as measured by disk
diffusion method

Average zonesof inhibition (mm)

Test microorganisms AgNPs Gentamicin Fluconazole
(ug/disk) (ug/disk)  (pg/disk)
5 10 15 20 10 10
Escherichia coli 10 12 13 18 18 —
Pseudomonas aeruginosa 15 17 19 19 12 —
Staphylococcus aureus 3 8 9 11 20 —
Enterococcus faecalis 15 19 20 20 19 —
Candida albicans 12 14 17 20 — 15

antibiotic gentamicin. Our results were in agreement
with the studies in which inhibitory effect of AgNPs was
evaluated against Escherichia coli and Pseudomonas
aeruginosa [57,58].

3.8. Minimal inhibitory concentration (MIC Minimal
inhibitory concentration (MIC) of AgNPs against test
microorganisms

Minimum Inhibitory Concentration (MIC), the lowest
inhibitor concentration of B3-4 AgNPs, was determined
by the microdilution method for the
microorganisms. Serial dilutions of the B3-4 AgNPs
solution were prepared to adjust the concentrations in
the range of 0.046-60 ug/mL. As seen in Table 3 MIC
values for Escherichia coli and Pseudomonas aeruginosa
were 3.75 pg/mL and 1.875 pg/mL, respectively. A
similar results were found in the research carried out by
Panacek et al, in which Escherichia coli and Pseudomonas

test

aeruginosa exposed to AgNPs with a mean size of 28 nm
and MIC values was found 3.38 pg/mL and 1.69 pg/mL,
respectively [59]. The results were also in agreement
with the study determined the MIC values of AgNPs
against foodborne pathogens [60]. Staphylococcus aureus
was found to be most tolerant isolate to B3-4 AgNPs with
MIC value of 60 pg/mL. Our results were in contrast to
previous study in which MIC value of AgNPs
biosynthesized from lyophilized hydroalcoholic extract
of Syzygium cumini against Staphylococcus aureus was
250 pg/mL [61]. The result for Candida albicans showed
that B3-4 AgNPs caused a slight decrease in yeast cell
growth rates at low concentrations (0.12 pg/mL). A
significant inhibitory effect was observed at high
concentrations (15 pg/mL). Similar result was found in
the research conducted by Arséne et al, in which MIC
values of AgNPs ranged from 16 pg/mL to 32 ug/mL for
clinical isolates of Candida albicans [62].

Table 3. The MIC values for the AgNPs prepared using Betula

Test microorganisms MIC values (pug/mL)
Escherichia coli 3.75

Pseudomonas aeroginosa 1.875

Staphylococcus aureus 60

Enterococcus faecalis 0.94

Candida albicans 3.75
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4. Conclusion

Green nanotechnology is an ecofriendly, low-cost and
efficient method to synthesize the silver nanoparticles
from biological components such as plants. In this scope,
the silver nanoparticles were synthesized from the
extract of Betula branches by bioreduction of silver ions.
This is the first study for synthesis of AgNPs from Betula
branches extract which collected from Van province,
Tiirkiye. In this study Betula branch extract which is
reachable in all seasons and rich in phenolic compounds,
successfully reduced silver ions to silver nanoparticles
and the presence of nanoparticles was confirmed by
various characterization methods such as color change,
UV-vis spectroscopy and FTIR analysis, particle size
analysis and morphological analysis. The effect of
AgNO:s concentration and the temperature changes was
evaluated in the scope of contribution to the formation
of silver nanoparticles. Additionally, the antimicrobial
activity and the anticancer efficiency studies have
revealed that the green synthesized silver nanoparticles
exhibit dose-dependent biological activity.

As a conclusion, the efficiency of silver nanoparticles
obtained from a poorly studied plant part has been
successfully demonstrated which can be used for further
studies
properties.

in terms of antimicrobial and anticancer
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