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Abstract: The potential of cotton seeds to serve as animal feed in reducing feed-food competition between
humans and animals was examined in this research. Proximate analysis, mineral characterization, and
fatty acid composition of the seed were determined using standard analytical techniques. The protein
content of cotton seeds found to be 24.81 £ 0.42% was observed to be above the protein requirement of
18% by rabbits and chicken and 12% for goats and sheep. The combination source of carbohydrates,
protein, and fat in which cotton seed is endowed offers an adequate nutritional diet for animals.
Carbohydrate and crude fat accounted for 19.30 £ 0.1% and 24.81 £ 0.42%, respectively, making cotton
seed a valuable source of lipids, protein, and carbohydrate, all major nutrients needed to maintain animals'
proper maintenance. The most abundant mineral was potassium (K), at 126.70 + 5.77 mg/g, which can
help maintain body weight. It could assist in the modulation of electrolyte and water balance in the
system. Quality assessments indicate that cotton seed, when properly processed, can serve as an
affordable alternative to soybean, maize, and groundnut and is currently used as the major sources of
animal protein and energy, thereby reducing the competition between feed and food.
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underutilized and undervalued nutritionally dense
lesser-known plant sources (2). Nah and Chau
(2010) (3) reported that there is a thousand lesser-
known biomass that might substantially add to the
array of available nutrient sources, particularly
animal protein needs.

INTRODUCTION

The increasing world population has set the pace for
competition for food between humans and animals,
thereby deepening the global food shortage crisis
(1). In addition, major food-producing countries
such as Nigeria and India are experiencing low

agricultural yields due to banditry, kidnapping of
farmers, uncontrolled grazing on farmland, and
unfriendly agricultural government policies. These
burdens increase the demand for food crops such as
soybeans, a vital source of protein, which are
hugely craved by animal production farmers and
human beings.

To meet the increasing global demand for food, it is
essential to explore the inherent potential in

It is already established globally that human needs
for food and animal feed production compete for the
already limited resources available (4). To eradicate
this competition for the same resources and avoid
increasing the pressure on natural resources,
alternative raw materials needed for animal feed
production need to be researched. One strategy is
the use of underutilized waste seeds. Hence, the
current work explores the potential of cotton seeds
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to serve as an alternative to animal protein and fat
requirements.

Cotton seed, an often-discarded waste material
after cotton fiber has been removed from the pod, is
readily available and affordable locally. Hence, the
reason for characterizing them in animal production,
especially in developing countries where protein
needs are a problem, and demand for food often
drives the price of goods.

In this regard, recent studies have shown that
underutilized plant materials are a potentially
sustainable and suitable source of food, particularly
for animal production (2). Nweze et al. (2011) (5)
reported that the performance of broiler chickens
fed African porridge fruits (Tetrapluera tetraptera)
and the dressed weight of broilers fed a Tetrapluera
tetraptera feeding regime were better than those
fed other diets.

Similarly, Ade-Omowaye et al. (2015) (6) carried
out research into the nutritive potential of some
underexplored legumes in Nigeria. Mallotus
subulatus was found to be rich in protein, making it
an alternative source of protein for animal feeding.
Harouna et al. (2018) (7) exploited the use of
different species of wild Vigna plants in animal feed
production; their findings indicate that the species
can be judiciously used as a food replacement in
animal feedstocks. Research further reported that
the species are underutilized because their potential
is still obscured.

With a dearth of information on available alternative
sources of animal feed ingredients, this study hopes
to evaluate the proximate, mineral, and fatty acid
contents of underutilized seeds of cotton seed
(Gossypium hirsutum).

MATERIALS AND METHODS

Sample Preparation

A fully matured sample of cotton seed was collected
fresh from a farm in Ogbondoroko, Afon area of
Kwara State, Nigeria. The plant material was
identified at the Herbarium of Plant Biology,
University of Ilorin, Ilorin, Nigeria, where a voucher
specimen was deposited. The seeds were deshelled,
pulverized, dried, and kept safe until needed for
analysis.

Methods

Proximate analyses

Proximate analysis was carried out to determine the
moisture content, ash content, crude fiber, crude
fat, crude protein, and carbohydrate contents. The
standard procedure of the Association of Official
Analytical Chemists was used to determine the
listed parameters (8).
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Mineral Characterization

The mineral contents of cotton seed were
determined by atomic absorption spectrophotometry
(AAS) according to the methods of Birt et al., 2002

(8).

The digested sample was analyzed for mineral
contents by an atomic absorption
spectrophotometer (Hitachi model 170-10). The
absorption measurement of the elements for cotton
seed was read out.

Extraction and Physicochemical Analysis of the
Seed Oil

Oil extraction was carried out using n-hexane (1000
mL) according to the method of Atolani et al.
(2016). Two hundred grams of sample material of
ground dried seeds was extracted using a Soxhlet
extractor at 55 °C for 7 hours. The oil was obtained
using a rotary evaporator at 40 °C, according to
standard methods described by Zubair et al. (2018)

(9).

GC-MS Characterization of the Seed Oils

The esterified oil from the seeds was analyzed using
a gas chromatograph (6890N, Agilent Technologies
Network) coupled to an Agilent technology inert XL
EI/CI mass selective detector (MSD) (5975B, Agilent
Technologies Inc., Palo Alto, CA). Constituents were
identified primarily based on the comparison of
retention time with those of the authentic standards
and further confirmed by comparing mass
fragmentation patterns with those of the NIST
library (10).

RESULT AND DISCUSSION

Proximate Analysis

In this research, we obtained data that point to the
potential of underutilized cotton seeds in Nigeria as
an alternative plant feed ingredient to reduce feed-
food competition between animals and humans for
scarce, limited food crops such as soybean and
groundnut seeds.

The proximate analysis results of cotton seed are
presented in Table 1. The oil content was found to
be 24.81%x 0.42%, this is very close to the value of
30.31% reported for soya beans by Bayero et al.,
(2019) (11) and 48.33 £ 0.14% for ground nut as
reported by Kamuhu et al., (2019) (12), this implies
the seeds can equally serve as a major source of fat
and oil for industry, freeing up the convectional
groundnut oil and soybean oil consumed at home,
thereby reducing home-industrial competition for
vegetable oil. Fat and oil are one of the primary
energy sources available to humans and animals
and a source of fat-soluble vitamins A, D, E, and K
(13). The seed has a moisture content of 7.49 %
0.21% and falls within the range of the WHO/FAO
recommended standard; the low moisture content
implies that the seed's shelf life would be high (14).
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The food ash content indicates that the mineral
composition of food, macro-, and micronutrients
aids proper digestion of food; the ash content was
found to be 5.85 x 0.00, this was also more than
the ash content in soybean (4.61 %), groundnut
(2.37 £ 0.04 %) and maize (1.35 %) (12)
indicating the seed is rich in minerals. Ruminant
animals need highly desirable fiber-rich plants for
proper gut functions. The high fiber content (18.71
+ 0.26) justifies cotton seed as an alternative
source of feed ingredients, particularly in ruminant
animals such as cattle, goats, sheep, and rabbits.
This value is higher than the 3.7 £ 0.03 reported
value by Atasie et al. (2009) (15) and 9.80 £ 0.19
by Kamuhu et al., (2019) (12) for groundnut seed,
commonly used in animal feeds but coveted by
humans.

The available protein in the body complements the
restoration of damaged tissue and the supply of
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energy. The high protein level in soya and
groundnut seeds is a significant reason for animal
feeding as a source of protein, thereby creating the
problem of feed-food competition that this research
hopes to solve. The protein content of cotton seed
was found to be 24.81 + 0.42%, which is more than
the enough protein requirement of 18% by rabbits,
(16), 12% for goats and sheep (17), and 18% for
chicken (18). The combination source of
carbohydrates, protein, and fat will offer an
adequate nutritional diet for animals. Carbohydrates
accounted for 19.30 + 0.1%, making cotton seed a
valuable source of lipids, protein, and
carbohydrates, all major nutrients needed to
maintain proper animal maintenance. This clearly
indicates that cotton seed, when properly
processed, can serve as an alternative to soybean,
the primary current source of animal protein,
helping to reduce the tension between feed-food
competition.

Table 1: The proximate composition of cotton seed.

Class of food

% Composition

Cotton seed Soybean Ground nut
Moisture 7.49 £ 0.21 8.13 5.11 +£0.05
Crude Protein 24.37 £ 0.28 39.24 22.02 £ 0.23
Crude Fiber 18.71 £ 0.26 6.84 9.80 + 0.19
Ash 5.85 £ 0.00 4.61 2.37 £ 0.04
Lipid 24.81 £ 0.42 30.31 48.33 £ 0.14
Carbohydrate 19.30 £ 0.10 5.08 12.37 £ 0.44

This study Ref (11) Ref (12)

Mineral Characterization

Table 2 shows the values obtained for mineral
characterization of the seed. The seeds were
analyzed for minerals such as Mg, K, Na, Zn, Ca,
and Fe. Minerals are known for their vital roles in
enhancing the proper utilization of food by both
plants and animals (19).

The most abundant minerals were found to be
potassium (K) at 126.7 + 05.77 mg/g. Potassium
assists in regulating water and electrolyte balance in
the body system (20). The sodium content was 12.5
mg/g. Low sodium content helps to regulate acid-
base balance and prevent nerve and muscle
contraction. High sodium content has been reported
to induce hypertension (21).

Magnesium (Mg) plays a crucial role in the stability
of the nucleic acid structure. A moderate level of Mg
content (7.45 mg/g) will aid in the absorption of
electrolytes in the body (22).

Calcium (Ca) is needed for strong bone and dental
formation: proper blood clotting and normal
functioning of the nervous system. Deficiency of
calcium has been reported to include rickets and
decaying of the teeth. Excess calcium affects
phosphorus usage in the body of animals, another
final vital nutrient; hence, a moderate level of the

content found in the seed (7.4 £ 0.02 mg/qg) is
desirable for animals (23).

Iron (Fe) aids oxygen binding to hemoglobin and
control of infection (24). Fe and zinc were found in
trace amounts (0.1 = 0.01 mg/g and 0.1 £ 0.00
mg/g, respectively). Zinc (Zn) assists in wound
healing. Excess zinc can induce anemia, and
deficiency can cause dermatitis (25).

These mineral compositions of cotton seed further
show its nutritive potential as a replacement feed
ingredient in animals.

Physicochemical Characterization of Cotton
seed

Physicochemical characteristics are vital in
determining the appropriate use of seeds. Crucial
traits such as the acid value are often used to judge
the edibility potential of uncommon seeds. Table 3
gives the quality assessment of cotton seed. The
percentage yield of 24.81 £ 0.42% indicates that it
is a vital source of oil. The acid value was found to
be 41.14 = 0.32 mg KOH/g, which compared
favorably to the value of 65.50 mg KOH/g for maize
seed oil (26). This further indicates that cotton seed
oil can serve as a replacement for feed ingredients,
thereby helping to reduce the food-feed competition
that has currently been seriously experienced. The
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saponification value of cotton seed oil was 183.40 %=
0.12 mg/KOH, which is below the standard stated
by the International Codex for edible oils compared
with a reference standard of 196-205 mg/KOH. This
implies that the oils obtained would not be an
excellent feedstock for soap-making but somewhat
reserved for dietary needs. The iodine value shows
the extent of the degree of unsaturation in a
molecule. A high degree of unsaturation is desired
in edible oils. Polyunsaturated fatty acid-rich oil was
reported to mitigate several health challenges, as it
prevents clogging of the arteries. Cotton seed shows
an iodine value of 157.2 + 1.55 1,100 g oil; these
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high iodine values mean that the oils contained
highly unsaturated fatty acids. The level of
unsaturation was further confirmed by GC-MS
characterization (Table 4), with a total unsaturation
level of 58.54%. Physicochemical analysis revealed
that the oil is stable and rich in phytochemicals, as
evidenced by the lower free fatty acid content.
Higher free fatty acids have been associated with
the autooxidation of fat and oil. The lower free fatty
acids also indicate a longer shelf life of cotton seed
oil and make it an ideal candidate ingredient to
reduce food-feed competition between humans and
animals.

Table 2: The Mineral Characterization of Cotton seed oil.

Minerals % Composition
Na 12.60 £ 0.10

K 126.70 = 5.77
Ca 6.9 = 0.06

Mg 7.4 £ 0.02

Zn 0.1 £ 0.00

Fe 0.1 £ 0.01

Table 3: Quality parameters of cotton seed oil.

Parameter Cotton seed oil
% Yield 24.81+0.42
Saponification value (mg KOH/g) 183.40+0.12
Acid value (mg KOH/g) 41.14+0.32

% Free fatty acid 2.11+0.01
Peroxide value (meq kg™) 4.16+0.04
Iodine value (12100 g of oil) 157.2+1.55
Physical state at ambient temperature (25°C) Liquid

Fatty Acid Methyl Ester Composition of Cotton
seed oil

Gas chromatography-mass spectrometry (GC-MS)
analysis of cotton seed oil revealed the presence of
ten (10) compounds, as shown in Table 4.

The relative abundances of the compounds were in
the order linoleic acid (30.22%) > palmitic acid
(25.32%) > vaccenic acid (22.27%) > oleic acid
(4.92%) > stearic acid (4.19%). The least abundant
fatty acids were 7,10-hexadecadienoic  acid
(0.73%), myristic acid (0.53%), stearolic acid
(0.24%), 7-hexadecenocic acid (0.19%) and
tridecanoic acid (0.18%) (Table 4). Literature
appraisals have revealed the crucial roles these fatty
acids play in nutrition.

Linoleic acid, a polyunsaturated fatty acid, is
credited to prevent food spoilage (27). Field et al.
(2009) (28) reported that vaccenic acid, another
PUFA found in cotton seed oil, demonstrated a
beneficial reduction in cell and tumor growth.

Sales-Campos et al. (2013) (29), in a mini-review,
attributed the reduction of inflammation
enhancement of bactericidal and fungicidal action
and inhibition of cancer proliferation amongst other
bioactive functions to the presence of oleic acid.

The role of cotton seed oil rich in polyunsaturated
fatty acid (PUFA) PUFAs in the management of
cardiovascular-related ailment cannot be
overemphasized (6, 30). The high prevalence of
PUFAs in cotton seed oil implies a positive health
benefit to the animals.
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Table 4: Fatty acid composition of cotton seed oil.

S/N  Fatty acid Saturation % Composition
1 Tridecanoic acid 13:0 0.18
2 Oleic acid 18:1 4.92
3 Palmitic acid 16:0 25.32
4 7,10-Hexadecadienoic acid 16:2 0.73
5 Stearolic acid 18:1 0.24
6 Linoleic acid 18:2 30.22
7 Vaccenic acid 18:1 22.27
8 Stearic acid 18:0 4.19
9 Myristic acid 14:0 0.53
10 7-Hexadecenoic acid 16:1 0.19
Total Saturation 41.46
Total Monounsaturation 27.62
Total Polyunsaturation 30.95
Total Unsaturation 58.54
CONCLUSION 4. Muscat A, de Olde E, de Boer 1], Ripoll-

This study indicates that cotton seed, if properly
processed, can serve as an alternative to soybean,
maize, and groundnut currently used as the primary
sources of animal protein and energy, thereby
reducing the tension between feed-food
competition. Many seeds are available cheaply in
Nigeria and many other tropical countries and are
often discarded as waste after the fiber has been
removed. Processing the seeds into animal feed is
viable, as cotton seed possesses many nutritional
benefits, making it a good alternative in animal
feed. The seed is an endowed source of
carbohydrates, protein, and fat with other
nutritional benefits. Carbohydrates and crude fat
accounted for 19.30 = 0.1% and 24.81 * 0.42%,
respectively, making cotton seed a valuable source
of lipids, protein, and carbohydrates, all significant
nutrients needed to maintain proper animal
maintenance. The combination source of
carbohydrate, protein and fat demonstrated by
cotton seed will offer adequate nutritional diet for
animals. This clearly indicate that cotton seed when
properly processed can serve as alternative to
soybean, groundnut and maize currently been used
as the major source of animal protein, thereby

reducing the tension between feed-food
competition.
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Abstract: Semiconductor metal oxide materials have gained huge attention in gas sensors owing to their
high sensitivity to many target gases. Herein, ZnO/CuO core-shell and ZnO/CuO hybrid, which were
synthesized by different sol-gel methods and formed in two different crystal structures, were used as an
additive material to enhance the response range of 8-hydroxypyrene-1, 3, 6-trisulfonic acid (HPTS) for the
sensing of gaseous carbon dioxide. Metal oxide materials were characterized by using XPS, XRD, FTIR,
SEM, UV-Vis, and PL spectroscopy. The HPTS dye along with the ZnO/CuO hybrid material displayed a
higher CO. gas sensitivity as 94% ratio (Io/I100=16.90) and Stern-Volmer constant (Ksv) value and
extended linear response range compared to the HPTS-based sensing thin films along with ZnO/CuO core-
shell material and additive-free form. ZnO/CuO core-shell and hybrid structures were used for enhancing
of carbon dioxide sensitivity of the HPTS dye.
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INTRODUCTION concentration range by detecting the dual

luminescence of the upconverting nanoparticles

Detection of carbon dioxide (CO2) has great
significance in various applications like clinical
analysis, chemical analysis, and environmental
monitoring (1,2). For this reason, it is very critical
to measure CO: values accurately, continuously,
and precisely. The CO2 can be measured by infrared
(IR) spectrometry (3), severinghaus glass electrode
(4), and optical sensors (5-7). Recently, the usage
of optical-based sensors for the quantitative
determination of CO: presents many advantages
according to other detection methods and reduced
noise interference, electrical isolation, remote
sensing, and the possibility of miniaturization. The
working principle of most optically based carbon
dioxide sensors is based on the colorimetric or
fluorometric changes of the pH indicators. Reham et
al. reported a scheme for sensing CO> with a low

emission together with bromothymol blue (BTB) (1).
A pH-sensitive indicator dye as di-OH-aza-BODIPY
was presented by Schutting et al. (8). Schutting and
co-workers also introduced new pH indicators based
on diketo-pyrrolo-pyrrole (DPP) dye, which becomes
highly soluble in polymers and organic solvents with
the addition of dialkylsulfonamide groups for optical
COz sensors (9).

Borchert and colleagues reported an optochemical
CO2 sensor using a colorimetric pH indicator a-
naphthathalene that was included into the plastic
matrix together with a phosphorescent reporter dye
PtTFPP and a phase transfer agent tetraoctyl- or
cetyltrimethylammonium hydroxide (10). Among
the used dyes in optical-based CO. sensors, the
most commonly used pH-sensitive fluorescent dye
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has been the trisodium salt of the 1-hydroxy-3, 6, 8
pyrenetrisulfonic acid (HPTS) or ion pair form of
HPTS. HPTS has distinct emission and absorption
bands in the visible light area (6). Fluorescent HPTS
dye, which is pH sensitive, has previously been used
in many carbon dioxide sensor studies (11-15). pH-
sensitive and fluorescence-based HPTS dye
embedded in an organically modified silica
(ORMOSIL) glass matrix were utilized for CO2 gas
monitoring (16). Bultzingsldwen et al. presented an
optical sol-gel based carbon dioxide sensor with a
fast and reversible response in a wide concentration
range (0-100% CO3z) based on the luminescent dye
HPTS (11). Ertekin et al. presented a new fiber optic
detection device using the fluorescence HPTS dye in
ion pair form in a capillary reservoir, encapsulated
in an ethylcellulose matrix (17).

It can be concluded from these studies that the
researchers employed hydrophobic polymers;
ethylcellulose, silicon, poly (1-trimethylsilyl-1-
propyne), polyethylene, polymethyl methacrylate,
and sol-gel as matrix materials with or without
additives either in the thin film, composite, micro-
nanofiber, and/or micro-nano particle forms. Oter
and et al. reported the ionic liquids and
perfluorocompounds in the same matrix for more
sensitive determination of CO. gas with the signal
change of bromothymol blue (BTB). They reported
that the electrospun nanofibers offered enhanced
sensitivity extending to 98% relative signal change
(18). By the way, Ongun and et al. presented two
novel coordination polymers for usage as sensor
additives with HPTS with the result of Io/Ii00 value
as 6.80 and 10.33 for CP1 and CP2, respectively
(19). However, further studies for the usage of new
matrix materials are still required to enhance the
sensitivity and stabilization of the sensors to
develop fluorescent optics-based CO. sensors, the
specific properties of both the sensitive dye and the
matrix material need to be viewed and improved.

Semiconducting metal oxides (SMO) are promising
candidate materials for gas sensing applications due
to their easy production methods, high sensitivity to
many target gases, low cost and is highly
compatible with other processes (20).
Nanomaterials are already established in the field of
gas detection due to their high sensitivity, especially
due to their large surface/volume ratio. Recently,
many heterojunctions containing ZnO and other
metal oxides have become a new and popular
application to improve electronic tape structure and
improve gas detection performance. For example,
studies have been conducted on ZnO/TiOy,
NiO/ZnO, CuO/NiO/ZnO, ZnFe>04/Zn0O, CuO/ZnO
structures (21).

The use of CuO and ZnO materials together among
the related metal oxides can increase the change of
conductivity, thus increasing the gas sensitivity of
the materials. However, it has been shown in the
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studies that the formation of p-CuO/n-Zn0O
heterostructures increases the gas detection
performance (22). Zhyrovetsky et al. reported
optical-based gas detection properties of several
metal oxide nanoparticles like ZnO, ZnO:Cu,
Zn0:Sn, Zn0O:Au, ZnO:Ni, TiO2, Sn02, ZnO:Pt, WO3
in several gas environments such as Oz, N2, Hz, CO,
CO2 (23). The sensor based on the p-CuO/n-ZnO
heterojunction fabricated by Ramachandran and co-
workers exhibited the enhancement for gas-sensing
performance to the ethanol (24). Wang et al.
presented that CuO/ZnO composite nanostructure
has more CO gas detection capability than single
phase ZnO nanowires (25). According to the
literature, many gas sensor studies containing metal
oxide are based on electrical measurement. The
advantage of the luminescence-based measurement
used as an alternative in the absence of electrical
contact between the resulting impurities and
nanostructures. In addition, real-time information
about the variation of certain additives in the
photoluminescence spectra can be observed.
However, the effect of adsorbed gases on the
photoluminescence of metal oxide powders has not
yet been adequately studied.

In this study, the CuO/ZnO hybrid and CuO/ZnO
core-shell particles have been synthesized by the
complex-directed hybridization and sol-gel
approaches, respectively, and were characterized as
morphological, structural, and optical properties. As
far as we know, the CuO/ZnO particle additives
were previously not used for the enhancement of
carbon dioxide sensitivity of the HPTS ion pair dye.
The aim of this study is to improve the emission-
based response of HPTS dye to CO, gas with the
synthesized metal oxide additive in our laboratories.
Herein, the carbon dioxide-induced emission
response of the highly sensitive dye-doped thin film
in the PMMA matrix was measured along with a
range of different CO2 concentrations. Upon
exposure to different concentrations of CO;, the
sensitivity values of Io/I100 were 10.16 and 16.90 for
core-shell Zn0O/CuO and hybrid Zn0O/Cu0O
immobilized PMMA thin films, respectively.

EXPERIMENTAL SECTION

Reagents

All utilized chemicals were of analytical purity. The
CO: sensitive and pH indicator fluorescent dye, 8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt
(HPTS) was used in the ion pair form as synthesized
before (26). The trisodium salt of HPTS and TOABr
were mixed as 1:4 ratio in 1% sodium carbonate
solution and CH2Cl> (1:1). Based on the formation of
the ion pair, the organic and aqueous phases were
separated with a separating funnel and the organic
solvent was evaporated to obtain the ion pair. The
HPTS dye, additive tetrabutylammonium hydroxide
(TBAOH) was supplied from Fluka. The ionic liquid
1-butyl-3-methylimidazolium tetrafluoroborate
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(BMIMBF4), dioctylphthalate (DOP), polymethyl
methacrylate (PMMA), and the solvents of ethanol
and tetrahydrofuran (analytical grade) were
obtained from Sigma. Nitrogen and carbon dioxide
gases were 99.9% purity and supplied from Tinsa
Gas, Izmir, Turkey. Copper(ll) acetate dihydrate
(Cu(CH3CHOO)2x2H20), Zinc acetate dihydrate
(Zn(CH3CO00)2%x2H20), sodium hydroxide (NaOH),
boric acid (H3BOs) were supplied from Sigma
Aldrich.

Instrumentation

The phase structure of the synthesized powders was
investigated by an X-ray diffractometer (XRD,
Thermo Scientific ARL X-ray diffractometer, Cu-Ka,
1.5405 A, 45kV, 44mA). X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha) with
a monochromatic Al-Ka (1486.7 eV) X-ray source
and a beam size of 400 um diameter was studied to
determine the elemental composition of metal oxide
samples. Functional groups of powders were
evaluated by Fourier transform infrared
spectroscopy (FTIR, Thermoscientific Nicolet I10).
UV-visible diffuse reflectance spectroscopy (UV-vis
DRS) measurement was performed to identify
absorbance spectra with Thermo Scientific Evolution
600. Microstructure images for morphological
characterization were studied with scanning electron
microscopy (SEM, COXEM EM-30 Plus) at different
magnifications. The steady-state photoluminescence
(PL) emission, excitation, and decay time
measurements were carried out by FLSP920
Fluorescence Spectrometer, Edinburgh Instruments.
The CO2 and N> gases were blended in the 0-100%
concentration range by a Sonimix 7000A gas
blending system for carbon dioxide detection
measurements. Mixtures of gases were introduced
into the sensing membrane via a diffuser needle
under ambient conditions after the gases were
humidified at a constant relative humidity level of
100%. The humidification of the gases was
accomplished by bubbling the gas stream through
thermostated wash bottles filled with water at 25 °C
at a constant relative humidity level of 100%.

Synthesis of 2ZnO/CuO Particles via Two
Methods
The ZnO/CuO hybrid and ZnO/CuO core-shell
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similarly, as based on the literature (27,28). 0.25 M
(Zn(CH3C00)2x2H70) and 0.25 M
(Cu(CH3CHOO)2x2H,0) solutions were stirred with
the addition of NaOH pellets to prepare the
Zn0O/CuO hybrid composites. Upon keeping the final
solution 12h at 120 °C, the calcination process
applied as 400 °C for 2.5 h. To prepare the
Zn0O/CuO core-shell structure, 1 M
(Zn(CH3C00)2%x2H20) solution was prepared with
the addition of NaOH pellets. The obtained final
powders with drying at 75 °C for 2h were added into
the 0.35 M (Cu(CH3CHOO)2x2H20) solution. After
waiting for 18 h, bluish precipitates were dried at
100 °C for 1 h to obtain core-shell particles. Both of
the synthesized particles were characterized and
used as additive materials to enhance the response
of the HPTS indicator dye for CO: gas sensing
measurements.

Thin Film Preparation

The PMMA based carbon dioxide sensing thin films
were made by stirring 120 mg of PMMA, 96 mg of
plasticizer (DOP), 24 mg of [BMIM][BF4], 2 mg of
HPTS ion pair dye, and 10 mL of THF/EtOH (1:1)
mixture in presence and absence of additive
materials; 5 mg ZnO/CuO hybrid and 5 mg
ZnO/CuO core-shell metal oxide particles. Table 1
presents the compositions of the utilized cocktails.
The solutions were mixed under magnetic stirring to
provide homogeneity. The obtained polymeric
cocktail compositions were spread onto a 125 mm
MylarTM type polyester support to obtain thin films.
The sensing films were cut to 1.2x3.0 cm and
placed crosswise in the quartz cuvette and then
emission/excitation-based spectra were taken. All
sensing composites contain 25% of polymeric
matrices [BMIM] [BF4], optimized in our previous
studies (29). The used ionic liquid increased the
stability of the sensing slides and carbon dioxide
solubility due to their unique properties such as
their reversible solubility with gases. This high
solubility results from the formation of Lewis acid-
base complexes between the CO: anion (electron-
pair acceptor) and the ionic liquid (electron-pair
donor). The ZnO/CuO hybrid nanocomposite and
ZnO/CuO core-shell metal oxide samples were
encoded as ZCO-HC and ZCO-CS, respectively.

particle (1:1 ratio) samples were synthesized
Table 1: Cocktail compositions used as CO2-sensing agents.

Ionic Additive / Additive
Dye Coctail Name 'ZI:::;‘ (-I;‘:ILF) ([:‘?gp) T?:LO)H liquid ZCO-H / ZCO-
(mg) (mg) Cs (mg)

HPTS_Additive 455 200 96 200 24 - -

HPTS free
(2 mqg) HPTS_ZCO-H 120 2.00 96 200 24 5 -
HPTS_ZCO-CS 120 2.00 96 200 24 - 5
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RESULTS AND DISCUSSION

Characterization of Synthesized Nanoparticles
The structural changes of the produced particles
were examined by XRD. Figure 1 (a) shows XRD
patterns for both ZCO-H and ZCO-CS particles,
respectively. The recorded patterns exhibit all of the
major peaks of a monoclinic CuO phase (JCPDS:48-
1548) and also a hexagonal wurtzite ZnO phase
(JCPDS:36-1451) for both samples (27,28). The
variation in peak positions and their corresponding
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intensities can be attributed to the change of
synthesized methods as a hybrid structure and also
the core ZnO and CuO shell in the ZnO/CuO.

Additionally, FTIR analysis was carried out to
determine the molecular structure of the
synthesized particles. Figure 1 (b) indicates the
FTIR spectra of both the ZCO-H and ZCO-CS
powders. All relevant peaks according to the
obtained spectra are shown in Table 2.

Table 2: FTIR spectra data for ZCO-H and ZCO-CSO powders.

Sample Wavelength/cm™! Vibration Type
3000 - 3700 O-H stretching vibration modes
1100 - 1500 C-H bending (symmetrical)
ZCO-H / ZCO-CSs
/ 1500 - 1750 0O-H bending vibration modes
400 - 700 u(M-0) stretching modes
The absorbance spectra (See Fig. 1 (c)) of binding energies and atomic weight (%) values of

measurements were performed by using UV-Vis
DRS. As it is seen from the spectra, both samples
exhibit strong absorption with a maximum of around
350 nm in the UV range.

The XPS analysis was studied to clarify the surface
chemical structure of all prepared particles in terms
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Figure 1: a) XRD patterns, b) FTIR spectra, ¢) UV-Vis. Spectra, d) XPS spectra, e) SEM images of both
ZCO-H and ZCO-CSO particles.

According to the information given in the literature,
while the binding energy for Cu2p shifts to lower
energy than pure CuO, and the binding energy for
Zn2p shifts to higher binding energy than pure ZnO
upon to the ZnO/CuO structure formation. This
binding energy change in XPS measurement is
mainly assigned to the difference in
electronegativity between the metal ions (30). The
fact that the electronegativity value of Cu?* is 2.0
and this value of Zn2* is 1.7 causes the electrons to
remove from Zn?* to Cu?*. So the electron-shielding
effect of Cu2* is improved and the main peak of
Cu2p shifts at lower binding energy, while the main
peak of Zn2p shifts to higher binding energy (31).

Considering this information, when both materials
are examined, the highest shift in both Zn2p and
Cu2p values according to binding energies of pure
CuO and ZnO (31) was observed for ZCO-H.
Meanwhile, the XPS spectra of O 1s can be placed
on peaks with the binding energy of 529.78 eV and
531.29 eV for ZCO-H. According to the former
studies, the 529.78 eV peak is attributed to the
lattice oxygen (O27) on the metal oxide structure,
while the 531.29 eV peaks belong to the presence of
02~ at the surface. By the way, it has been reported
that the sensor sensing performance is due to the
adsorbed oxygen on the surface of the material
reacting with the target gas (31) (See Table 3).

Table 3: Binding energy (BE) and atomic weight % values according to XPS survey analysis of all samples.

2Co-H 2co-cs
Name Peak BE Weight % Peak BE Wi}fht
Zn2p 1022.15 15.18 1021.88 3.67
Cu2p 933.48 40.05 934.53 36.71
o1s 531.29 25.20 531.18 37.58
Cis 285.87 19.57 285.12 22.04

The SEM micrographs were performed to search for
the morphology and microstructure of the hybrid
and core/shell particles and the results were shown
in Fig. 1 (e). According to the obtained results, the
particles are agglomerated. However, some large
particles present in the structure and aggregation of
nanoparticles can be assigned to the high surface
area and surface energy of ZnO particles. In
Zn0O/CuO particles, the formation of p-n
heterojunctions between p-type CuO and n-type
ZnO along with pores and voids also contributes to

sensitivity. Previous reports presented that the
interface between CuO and ZnO plays an important
role in gas sensitivity. In our study, ZCO-H material
has much finer pores and voids in the structure.

Emission and Excitation Spectra of HPTS and
the Utilized Metal Oxide Powders

The excitation and emission spectra of HPTS dye,
ZCO-H, and ZCO-CS particles were shown
individually in Figure 2.
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Figure 2: The excitation and emission spectra of the PMMA embedded HPTS, ZCO-H, and ZCO-CS.

In accordance with the literature, HPTS dye
exhibited an excitation peak at 380, 405, and 467
nm and also an emission peak at 515 nm when it is
embedded in the PMMA matrix (32). The existence
of different excitation wavelengths indicates
whether the  structure is protonated or
unprotonated. However, when the dye is exposed to
CO; gas, the peak at 405 nm increases, whereas the
peak at 467 nm decreases with an isobestic point at
419 nm.

The presence of additives significantly increased the
COz-induced sensitivity of HPTS, increasing the
Io/I100 parameter from 6.36 to 10.16 and 16.90 for
sensing agent dye along with the ZCO-CS and ZCO-
H additives, respectively. So, in this study, we
measured the excitation and emission spectra of
HPTS dye and the additives of ZCO-H and ZCO-CS
heterostructures independently in order to clarify
the reasons lying behind the enhancement to CO>-
induced sensitivity (See Fig. 2). Both ZCO-H and
ZCO-CS have strongly absorbed between 300 and
420 nm and emitted in a wide range of 400 to 700
nm that covers the excitation band of HPTS. This
result enables an energy transfer between the
synthesized metal oxide particles and the HPTS dye.

The mechanism underlying the strong emission and

absorption capabilities of the Zn0O/CuO
heterostructure involves bandgap excitation by
energetic photons that produce holes in the

crystalline valence band and exciton pairs with
electrons in the conduction band. Also, the p-n
hetero formation plays an important role in
improving the detection performance (21,24).
However, it can also be attributed to the larger
depletion layer on the CuO/ZnO surface, which
results from the formation of p-n heterojunctions
between the p-CuO and n-type ZnO particles (24).

CO: Induced Response of HPTS Based Sensing
Slides

Figures 3, 4, and 5 reveal COz-induced variations of
the excitation and emission spectra of HPTS-based
sensing thin films in the absence and the presence
of the ZCO-CS and ZCO-H additives, respectively.
Intensity-based emission/excitation measurements
were performed upon exposure of sensing PMMA-
based thin films to 0, 10, 20, 40, 60, 80, and 100%
gaseous CO: after humidification of the gas.

Herein, the effects of synthesized ZCO-H and ZCO-
CS particles on the CO: sensitivity of HPTS dye were
investigated. It was expected an enhancement in
the performance of the dye is expected by the
formation of the p-n heterojunction, which reveals a
wide depletion region properties of the additives. As
a result, HPTS based thin films showed high
sensitivity and  good linearity in certain
concentration ranges along with the additives.

In this study, the Stern-Volmer constant was used
for quantitative measurements of
photoluminescence-based quenching (Eq. 1):

I
TG:1+K5V[CDZ] (Eq. 1)

where Ip and I are the emission intensities of
without and with a quencher, respectively; [CO?] is
the carbon dioxide concentration, Ksyv is the
collisional quenching constant, called the Stern-
Volmer constant. The equation indicates that Io/ I
increases directly proportional to the concentration
of the quencher (33).

Figure 3 indicates the COz-induced spectral behavior
of the additive-free HPTS embedded in PMMA thin
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film for the 0-100% [CO2] concentration range. In
the case of excitation at 467 nm, the decrease of
the emission intensities was observed at 515 nm.
The Io/l100 value which shows the sensitivity of the
sensor has been recorded as 6.36 with a linear
response, which can be characterized by the
equation y = 0.0084x + 1 and R? value of 0.9818.
However, the Io/Ii00 values of the sensing films in
presence of ZCO-CS and ZCO-H additives were
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enhanced to 10.16 and 16.90, respectively (see
Table 2). This result can be assigned to the
absorption and emission abilities of the ZnO/CuO
particles as well as the large surface-to-volume ratio
and the defects in the ZnO/CuO system (34). All of
the HPTS based sensing slides exhibited good
carbon dioxide sensitivity (Io/Ii00), regression
coefficients, and Ksy values for the concentration
range of 0-100% p[CO2].
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Figure 3: Emission and excitation spectra of additive-free-HPTS upon to exposure 0.0%, 10.0%, 20.0%;
40.0%; 60.0%; 80.0%; 100.0% CO2(qg).

Figures 4 and 5 show the CO:-induced spectral
behavior of HPTS with ZCO-CS and ZCO-H additives
embedded in PMMA thin film for the 0-100% [CO:]
concentration range, respectively. The insets of
Figures 4 and 5 show the linear response for the 0-
40% [CO2] concentration range. When comparing

the COz-induced response of the HPTS-based used
composites, ZCO-H showed a superior linear
response and a considerably higher slope than ZCO-
CS, which can be characterized by the equation y =
0.0102x + 1 and R? value of 0.9951.
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Figure 4: Emission and excitation spectra of HPTS as including ZCO-CS upon to exposure 0.0%, 10.0%,
20.0%; 40.0%; 60.0%; 80.0%; 100.0% CO2(g).
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Figure 5: Emission and excitation spectra of HPTS as including ZCO-H upon to exposure 0.0%, 10.0%,
20.0%; 40.0%; 60.0%; 80.0%; 100.0% CO2(g).

Figure 6 presents comparative calibration plots of

composites used for the 0-100%

[CO2] and
concentration range. Comparing the COz-induced

exhibited a quite high slope between 0-100% pCO>
linear response for the 0-40% [CO:]
concentration range.

variations of the composites used, HPTS_ZCO-H
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Figure 6: The COz-induced response of the additive-free HPTS and HPTS along with ZCO-H and ZCO-CS
additives for the 0-100% [CO] range.

The wuse of additive metal oxide materials
remarkably increased the CO:-induced sensitivity of
HPTS, enhancing the parameter of Io/I100 from 6.36
of additive-free to 10.16, 16.90 for composites
including, ZCO-CS, ZCO-H, respectively (See Table
4). The presence of too many free electrons on the
surface of the semiconductor material allows a large
number of oxygen species to be adsorbed by
trapping the free electrons. Due to the presence of
too many oxygen species on the ZnO/CuO structure
surface, much more CO; gas reaches the surface,
which leads to an increase in gas sensitivity. Apart
from this, the presence of the ZnO/CuO
heterostructure provides more reactive part and
surface area, so it absorbs more CO> gas molecules
(24).

Among the prepared HPTS-based sensing slides, the
highest Ksy value of HPTS_ZCO-H underlines
extreme sensitivity to CO2, making 2ZnO/CuO
proportion attractive for the detection of trace

amounts of carbon dioxide. Wang et al. reported
that sensitivity decreased in the case of reducing
the Zn proportion in the structure (31). Lavin and
co-workers also present that ZnO content in
Zn0O/CuO heterojunction enhances the
photocatalytic efficiency of the structure (21). In our
study, unlike the ZCO-CS, the Zn amount is higher
for the ZCO-H heterostructure (confirmed by XPS).
So the higher sensitivity of the ZCO-H structure
along with HPTS dye can be attributed to the
equilibrium of the interaction. When the CuO and
ZnO materials are incorporated, electrons can be
moved from n-type ZnO to p-type CuO until the
system is equilibrated, which indicates the strong
interaction between both materials.

This result indicates that HPTS dye with ZCO-H (Ksv
= 1.02 x 102 %™!) has appropriated candidates for
sensitive CO; sensing whereas the lower Ksy value
of HPTS_ZCO-CS (Ksv = 8.7 x 1073 %!) (see Table
4).

Table 4: Photoluminescence-based properties and CO: sensitivity of HPTS dye in PMMA thin film with
additives ZCO-CS and ZCO-H.

Equation

Regression

Cocktail name (Conge_llt(;a:;‘i,o[r::gi?)ge of Ksv coefficient, R? Io/I100
Additive-free y = 0.0084x + 1 8.4 x 1073 0.9818 6.36
ZCO-Cs y = 0.0087x + 1 8.7 x 1073 0.9924 10.16
ZCO-H y = 0.0102x + 1 1.02 x 107 0.9951 16.90

Decay Time Measurements

We measured and interpreted COz-induced decay
time values of the HPTS dye including ZCO-H and
ZCO-CS additives to clarify the CO; sensitivity upon
excitation at 468 nm pulsed laser. The recorded
decay time values were shown in Table 5. In

addition, measuring the decay times of the thin
films give us significant information for the
interaction mechanism between fluorophore and
quencher. The decay curves of the HPTS_ZCO-H
and HPTS_ZCO-CS for 0-100% [COz] concentration
were indicated in Figure 7. The decay time values of
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4.51 ns to 2.57 ns and from 4.52 ns to 3.89 ns
when exposure to carbon dioxide, respectively.

Table 5: The decay time values of ZCO-H and ZCO-CS in the PMMA matrix.

To Decay Std. To Decay
Sample (0% Time Dev. :E;ol; (100% Time Stc(l.nsD)ev. F"Zli
CO») (ns) (ns) CO2) (ns)
T1 4.05 0.01 95.96 T1 0.42 0.01 34.96
HPTS_ZCO-H T2 15.45 0.06 4.04 T2 3.73 0.05 65.04
Tavr 4.51 ns Tavr 2.57 ns
T1 4.10 0.01 93.89 T1 0.75 0.02 21.04
HPTS_ZCO-CS T2 11.04 0.02 6.11 T2 4.73 0.03 78.96
Tavr 4.52 ns Tavr 3.89 ns

10%

Time/ns

I

Counts

10° T T T T
20 40 60 80 100
Time/ns

Figure 7: Decay curves of I: HPTS_ZCO-H II: HPTS_ZCO-CS.

The obtained results can be evaluated as electrical
conductivity and charge mobility, resulting in a
decrease in decay time values. In metal oxide
semiconductors, the adsorbed or diffused gas
reduces the carrier density and creates potential
barriers between the oxide grains that cause a
reduction in electrical conductivity. The same charge
mobility that affects the conductivity also affects the
luminescence and the decay time values decrease
(35).

CONCLUSION

In this study, HPTS dye was used along with
additives of ZnO/CuO heterostructures for the first
time and thus HPTS dye has been shown to increase
its sensitivity to CO2 gas. The carbon dioxide
sensitivities of the HPTS along with these additives
are tuned via changing the proportion of ZnO and
CuO. Although the Io/Ii00 value of core-shell
Zn0O/CuO immobilized in PMMA thin film was 10.16,
hybrid ZnO/CuO showed better sensitivity with the
value of 16.90 upon to CO;. The results show that
the generation of heterojunction between ZnO and
CuO in the synthesized ZnO/CuO structure makes
free electrons, which facilitates the adsorption of
CO2 molecules on the surface and facilitates
morphology and defects.
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Abstract: Bamboo shoots of Dendrocalamus asper is essential for human health because of the high
content of dietary fiber, low sugar, negligible amount of fat, and rich vitamin and mineral content. The
bamboo shoots' chemical constituents were evaluated against the P. falciparum strain 3D7 as a potential
antimalarial drug. One new metabolite, (11Z,13E,17E,192)-dimethyl-15,16-dibutoxytriconta-
11,13,17,19-tetraenedioate (1) along with four known compounds; p-sitosterol (2), methyl-4-
hydroxybenzoate (3), 1-methoxy-4-(methoxymethyl)benzene (4) and 4-hydroxybenzaldehyde (5) were
isolated from the crude extract of Dendrocalamus asper using chromatographic methods: MPLC,
UPLC/MS, analytical and preparative HPLC. Among these, compounds 1, 3, and 4 showed promising
antimalarial activity with ICso between 0.8-2.2 ug/mL. The molecular docking between the most potent
compound 3 and dihydrofolate reductase-thymidylate synthase (DHFR-TS) was done to understand and
explore the ligand-receptor interactions and hypothesize the compound's refinements.
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INTRODUCTION

Malaria is a tropical blood-borne protozoan disease
caused by parasites of the genus Plasmodium, and
spread by female Anopheles mosquitoes. There are
five types of Plasmodium causing malaria viz; P.
ovale, P. knowlesi, P. malariae, P. vivax, and P.
falciparum (1). The World Health Organisation

(WHO) reported that in 2018, there were 228
million malaria cases that occurred worldwide. It
resulted in 405,000 deaths and approximately
70% of the global dealths involving children under-
five from malaria (2). Even though Malaysia does
not have any domestic malaria (indigenous) cases
recorded since 2018, it remains one of the most
significant health challenges to other southeast
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Asian countries (2). The main drawback of
malaria's current treatment are the development
of multiple drug resistance and the non-specific
targeting to intracellular parasites. This, in turn
results in the requirement of high-dose anti-
parasitic drugs and subsequent intolerable toxicity.
Hence, there is a need for novel chemotherapeutic
agents.

The tropical rain forest is rich in biological and
chemical resources, which have a huge potential as
defense agents against pests, diseases, and
predators (3). Two natural compounds, quinine,
isolated from the stem of Cinchona sp. and
artemisinin, isolated from the herbal plant
Artemisinin annua are phenomenal, and have
contributed greatly to reducing deaths due to
malaria all over the world (4,5). Malaysia is one of
the world's most thriving center of biodiversity
with its tropical rainforests. Many of the rainforest
plant based phytomedicines are used as an
alternative treatment for malaria (6). Among
these, the Dendrocalamus asper (bamboo) from
the family of Poaceae is a tall arborescent grass,
which plays an essential role in construction,
reinforcing fibers in paper, medicines, and food
sources (7). Bamboo shoots are young, edible
plants with health benefits, including healthy

weight loss, antibacterial and anti-carcinogenic
activities.
To date, no antimalarial studies have been

reported on the bamboo plant. Therefore, this
research reports new potential antimalarial agents,
and phytochemical investigations of the extract
from bamboo shoots of Dendrocalamus asper. The
evaluation of the antimalarial activity of all the
isolated compounds are herein reported.

EXPERIMENTAL SECTION

Plant material

Bamboo shoots of Dendrocalamus  asper
(DAPB52014) were collected at Pos Brook Village,
Gua Musang, Kelantan, Malaysia. The bamboo
shoots were identified by Assistant Botanist, Mr.
Deraman, M., from South Kelantan Development
Authority (KESEDAR).

General
All chemicals were obtained from QRec (Asia) and
Merck (Germany). Thin-layer chromatography

(TLC) were performed on alumina plates pre-
coated with silica gel (Merck 60 F2s4). The spots
were determined under UV radiation (Amax = 254
nm). SiO>-MPLC was performed using CombiFlash
Companion (Teredyne ISCO). Preparative reverse
phase HPLC was performed using a Waters 600
pump system with Waters 2998 photodiode array
detector and Senshu pack pegasil ODS column (20
X 250 mm). Analytical HPLC was performed using
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an Empower system with Waters 2996 detector
with senshu pack column (4.6 X 250 mm) and
Waters 717 plus autosampler. One- and two-
dimensional nuclear magnetic resonance (NMR)
spectra were recorded using a JEOL ECA-500
spectrometer at Chemical Biology Building, RIKEN,
Wakoshi, Saitama, Japan using CDClz and
methanol-ds as solvents. Infrared (IR) spectrum
was recorded on a Perkin-Elmer System FTIR-ATR
spectrometer at the School of Chemical Sciences,
USM. The chemical ionization mass spectrometry
(CI-MS) was recorded by using a Bruker Micro
TOF-QII LCMS at the Department of Chemistry,

National University of Singapore. The
measurement was carried out in positive-ion
mode. Mass resolution: 17,500 (FWHM),

temperature compensated, mass range: 50-20,000
m/z, acquisition rate: 20 Hz (2 GHz sampling
rate).

Extraction, separation, and isolation

The dried bamboo shoot (1.29 kg) was extracted
with three different types of solvents, one after the
other on the same bamboo shoot. First, n-hexane
was used in the extraction. After the extraction,
the bamboo shot was evaporated to dryness. It
was then extracted with dichloromethane. After
which the sample was evaporated to dryness and
finally extracted with methanol. The recovered
extractants were evaporated using a rotary
evaporator to obtain the crude extract. The dry
weight of n-hexane extract (BSH) was 19.4 g, the
dichloromethane extract (BSD) was 30.9 g, and
the methanol extract (BSM) was 80.9 g. Figure 1
shows the structure of compounds isolated from
the n-hexane and dichloromethane extracts.

n-hexane extract (BSH)

BSH extract (16.5 g) was separated by SiO>-MPLC
eluted with n-hexane:acetone stepwise gradient
(100:0, 99:1, 98:2, 95:5, 90:10, 80:20, 50:50,
0:100) to obtain 8 fractions. Fr.5 (2.08 g) was
subjected to the SiO2-MPLC with n-hexane/ethyl
acetate gradient system (ethyl acetate: 0-100%)
to afford five fractions (Fr.5.1 to Fr.5.5). Fr.5.4
(200.7 mg/ 432.3 mg) was subjected to the SiO»-
MPLC using n-hexane/ethyl acetate in a stepwise
gradient (ethyl acetate 0-100%) to afford six
fractions (Fr.5.4.1 to Fr.5.4.6). Fr.5.4.5 (18.2 mqg)
was purified by preparative reverse phase HPLC
using an isocratic solvent system of MeCN/H20
(80/20) to yield compound 1 (tr 12.5 min, 2.1 mg,
0.013%) as a yellowish oil.

Further analysis of Fr.5.4.3 afforded compound 2

(27.0 mg, 0.164%) as a white solid. Fr.6 (1.53 g)
was subjected to the SiO2-MPLC  using
hexane/ethyl acetate gradient system (ethyl
acetate: 0-100%) to afford five fractions (Fr.6.1 to
Fr.6.5). Purification of Fr.6.3 (50.5 mg) by
preparative reverse phase HPLC using an isocratic
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solvent system of MeCN/H.O (20/80) vyielded
compound 3 (tr 42.1 min, 3.9 mg, 0.024%) as a
white powder. This fraction also afforded
compound 4 (tr 21.6 min, 3.7 mg, 0.022%) as a
white powder through the preparative reverse
phase HPLC using an isocratic solvent system of
MeCN/H20 (20/80).

From spectroscopic analyses, compound 1 was
found to be a new compound. While compounds 2,
3 and 4 were identified as B-sitosterol, methyl-4-
hydroxybenzoate, and 1-methoxy-4-
(methoxymethyl)benzene, respectively, by
comparing with the spectroscopic data in the
literature (8-11).

(112,13E,17E,192)-dimethyl-15,16-

dibutoxytriconta-11,13,17,19-tetraenedioate (1)
(tr 12.5 min, 2.1 mg, 0.013%) as yellowish oil. FT-
IR (ATR) Vmax cm™1: 3013 (C-H sp?), 2927 (C-H
sp3), 1712 (C=0), 1221 (C-0), 1093 (C-H in plane
bending), 751 (C-H out-of-plane bending); 1y-
NMR (500MHz, CDCls): 54 0.87 (3H, t, J = 6.5
Hz, 4’-CH3), 2.15 (2H, q, J = 5.5 Hz and 6.9 Hz,
10-CHz), 2.28 (2H, t, J = 7.5 Hz, 2-CHy-), 3.62
(2H, s, 1'-OCHz-), 3.64 (3H, s, -OCH3), 4.13 (1H,
m, 15-OCH-), 5.43 (1H, dt, J = 6.4 Hz and 10.9
Hz, H-11), 5.64 (1H, dd, J = 6.9 Hz and 15.2 Hz,
H-14), 5.95 (1H, t, J = 11.5 Hz, H-12) and 6.46
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(1H, dd, J = 10.9 Hz and 15.5 Hz, H-13); 13c-
NMR (125 MHz, CDCI3); dc 14.3 (C-4’), 22.8 (C-
3"), 25.1 (C-3), 25.6 (C-4), 28.0 (C-10), 29.3 (C-
5), 29.4 (C-6), 29.5 (C-7), 29.6 (C-8), 31.7 (C-2"),
34.3 (C-2), 37.5 (C-9), 51.7 (-OCHs), 70.8 (C-1"),
73.1 (C-15), 126.1 (C-13), 127.9 (C-12), 133.3
(C-11), 136.0 (C-14), and 174.5 (C-1); CI-MS:
m/z 647.4 [M+H]T {calcd 646.5 for (C20H3503)2}

and my/z 585.2 [M-31]T <{calcd 585.9 for
(C19H3202)23}.

Dichloromethane extract (BSD)

A part of BSD (5.12 g) was separated by SiO2-
MPLC using CHCI3/MeOH in a stepwise gradient
(CHCI3/MeOH 100:0, 99:1, 98:2, 95:5, 90:10,
80:20, 50:50, 0:100) to obtain eight fractions. Fr.5
(414.2 mg) was subjected to the SiO2-MPLC with
CHCI3/MeOH gradient system (methanol: 0-100%)
to afford eight fractions (Fr.5.1 to Fr.5.8). Then,
Fr.5.4 (0.414 g/ 2.380 g) was subjected to the
SiO2-MPLC using n-hexane/EtOAc in a stepwise
gradient (EtOAc 0-100%) to afford eight fractions
(Fr.5.4.1 to Fr.5.4.8). TLC analysis of Fr.5.4.3
yielded compound 5 (203.3 mg, 3.9707 %) as a
white powder. Based on the spectral data and
comparison with the literature report (12,13),
compound 5 was identified as 4-

hydroxybenzaldehyde.

HO

2

4
1
|
o 0] ~ _0O
OH ? OH
3 4 5

Figure 1: Compounds 1-5 isolated from Dendrocalamus asper. Compound 1 to 4 is from the BSH extract
and compound 5 is from the BSD extract.
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Antimalarial activity

Plasmodium falciparum 3D7 were cultured at 37 °C
under 5.0% COz an 5% 02 in 3% hematocrit t-type
A human red blood cells (Japanese Red Cross
Society) in RPMI1640 (Thermo Fisher Scientific),
supplied with 0.4% glucose, 20 pg/mL
hypoxanthine, 24 pg/mL gentamicin, and 0.25%
AlbuMax-II [14,15]. The, P. falciparum growth
assay was performed by suspending 100 pL of
0.3%-parasitized red blood cells (as above) and
2% hematocrit in a 96-well plate for 72 h; the
plates were frozen overnight at -70 #C and then
thawed at room temperature for 4 h. An amount of
150 pL of the reaction mixture (166 mM sodium L-
lactate, 166 uM  3-acetylpyridine adenine
dinucleotide, 208 pM Nitro Blue Tetrazolium
Chloride, 150 pg/mL diaphorase (22.5 U/mL),
0.8% Tween 20, 116 mM Tris-HCI, pH 8.0) was
then freshly prepared and added into the wells to
analyze LDH activity. After 10 minutes of
incubation at room temperature, the plates were
shaken to ensure mixing and the absorbance at
650 nm using a plate reader (PerkinElmer) was
recorded.

Molecular docking

Molecular docking studies were performed using
AutoDock v. 4.2.2 to identify appropriate binding
modes and conformation of the ligand molecule.
The crystal structure of Plasmodium falciparum
DHFR-TS complexed with pyrimethamine (PDB
code: 3QG2) was retrieved from the RCSB protein
data bank as a PDB format
(https://www.rcsb.org/structure/3QG2) (16).
Preparation of protien was carried out following the
steps described elsewhere (17). All hetero atoms
and water molecules were deleted using
PyMol(version 1.3) software packages whereas,
energy minimization of the protein was carried out
using Swiss-Pdb viewer software (version 4.1.0).
The structures of all the ligands were drawn using
Chemdraw Ultra 13.0 and converted into 3D
structures using Hyperchem Pro 8.0 software
(www.hyper.com). Autodock Tools (ADT) version
1.5.6 (www.autodock.scrips.edu) was used to
prepare the molecular docking. The active site was
considered as a rigid molecule, while the ligands
were treated as being flexible. Finally, rigid
docking simulation was performed by AutoDock
software considering the center grid box size of
27x6x67 in the x, y and z coordinates. The best
binding con-formation was selected from the
docking log (.dlg) file for each ligand and further
interaction analysis was done using PyMol and
Discovery Studio Visualizer 4.0.

RESULTS AND DISCUSSION

Chemistry
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Extraction followed by chromatographic
fractionation of Dendrocalamus asper yielded one
new compound; (11Z,13E,17E,192)-dimethyl-
15,16-dibutoxytriconta-11,13,17,19-tetraenedioate
(1), and four known compounds; B-sitosterol (2)
(18), methyl-4-hydroxybenzoate (3) (19,20), 1-
methoxy-4-(methoxymethyl)benzene (4) (21) and
4-hydroxybenzaldehyde (5) (22) (Figure 1). The
last four known compounds have not been
previously isolated from this plant species. The
structure of 1 was elucidated by FTIR, 1D and 2D
NMR, and CI-MS.

The FTIR of compound 1 exhibited transmission
bands at 3013, and 2927 cm~1 due to the C-H sp2
and C-H sp3 stretching. Besides that, the

transmission band at 1712 cm™!l indicated the
presence of the carbonyl group (C=0) stretching of
the methylated fatty acid ester moiety attached to

compound 1. Also, the band at 1221 em™1 was
attributed to the C-O bond stretching vibration,
while the band at 1093 cm™! was assigned to the
in-plane bending of the C-H bond.

The 1H NMR spectrum of compound 1 exhibits four
signals at dén 6.46 ppm (1H, dd, J = 10.9 Hz and
15.5 Hz), 5.95 ppm (1H, t, J = 11.5 Hz), 5.64 ppm
(1H, dd, J = 6.9 Hz and 15.2 Hz), 5.43 ppm (1H,
dt, J = 7.5 Hz and 10.9 Hz) which represents the
four vinylic protons, H-13, H-12, H-14, and H-11.

H-11 and H-14 protons are bonded to an sp3
hybridized carbon, C-10, and C-15, respectively.
So, they are shielded and absorb upfield compared
to H-12 and H-13. H-13 has two nearby non-
equivalent protons that split its signal, the trans
protons of H-12 and H-14. H-14 splits the H-13
signal into a doublet, and H-12 proton splits the
doublet into two doublets, forming doublet of the
doublet. At the same time, H-12 has two nearby
non-equivalent protons, the cis proton H-11, and
trans proton H-13. H-13 is more deshielded than
H-12 due to the hydrogen in a cis-isomer being
slightly more upfield and trans hydrogen being
more downfield to the left of the spectrum. Two
singlet signals located at &4 3.64 (3H) and dn 3.62
(2H) were assigned to the -OCH3s and 1'-OCHz. The

13C NMR of compound 1 shows the presence of 20
signals. The signals for twelve methylene carbons
(C-2, C-3, C-4, C-5, C-6, C-7, C-8, C-9, C-10, C-
1’, C-2', and C-3’) can be observed at dc 34.3,
25.1, 25.6, 29.3, 29.4, 29.5, 29.6, 37.5, 28.0,
70.8, 31.7, and 22.8, respectively. Meanwhile, the
signal for carbonyl carbon, C-1 showed a

resonance at 8c 174.5. The 1H-1H COSY and HMBC
correlations of compound 1 are shown in Figure 2.
The HMBC spectrum reveals the aliphatic proton,
H-14 at dy 5.64, correlated with C-12 (&c 127.9)
and C-15 (8c 73.1). The signal for methyl proton
(4'-CH3) showed cross-peak with C-2" (8¢ 31.7)
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and C-3’ (0c 22.8). Besides, the singlet methoxy
proton (-OCH3) at dn 3.64 assigned to -OCH3 (3¢
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51.7) showed HMBC correction with the carbonyl
carbon, C-1 (6¢c 174.5).

0
'I’rr~l
{ ) 0—
= 4. '"H-CcOosY
= Key HMBC
Figure 3. Key COSY/ HMBC correlations of compound 1.
The nominal APCI-MS spectra of compound 1 were [M+H-62]"  (Figure 3). Based on the

in good agreement with the molecular formula
(C20H3503)2 showing a base peak at m/z 646.4
[M+H]T {calcd 646.5 for (Ca0H3503)2}. The ion
peak at m/z 585.6 arise due to the (Ci9H3202)2
fragment, by the loss of two methoxy radicals

spectroscopy data (IR, 1D- and 2D-NMR) and mass
spectrometric data, compound 1 is a new diester
isolated for the first time from the plant and its
chemical name is (11Z,13E,17E,192Z)-dimethyl-
15,16-dibutoxytriconta-11,13,17,19-
tetraenedioate.

kY
o Y
W {
i *, kY
= e ) —
— g~ —
A '\1 _.-} ':: h" x
—_,/~ P \ﬁ\% .
§ S
) —{
miz = 646.5 {\ o=
-2 (-OCH,)
Y
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@ Y
0= {
—\ \/. =
b 1\‘ (jl: _."_' \.
—_— }—{ xﬁ
1Y rd A} "
‘%\‘ I_,_r 0  —
h—/ {r 1l\'\__k et
;} =0
miz = H84.5 (\‘

Figure 3. The fragmentation of compound 1 leading to the ion peak m/z 584.5.

Antimalarial activity
All the five isolated chemical constituents of
Dendrocalamus asper were evaluated for their

potential antimalarial properties against the P.
falciparum strain 3D7 (Table 2). Compound 3 was
the most active compound against the P.
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falciparum with the ICso value of 5 pM (~0.82
pg/mL). Meanwhile, compounds 1 and 4 showed
moderate antimalarial activity with the ICso values
of 3 yM (~2.2 pg/mL) and 7 pM (~1.1 pg/mL),
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respectively. However, compounds 2 and 5
showed weak antimalarial activity with 50 %
inhibition (ICso) value > 24 uM (>10 pg/mL) and >
82 uM (>10 pg/mL), respectively.

Table 2. Growth inhibitory activity of compounds 1-5 against P. falciparum 3D7.

Compound ICso

Hg/mL KM

1 2.2 3
2 >10 >24

3 0.8 5

4 1.1 7
5 >10 >82
Chloroquine (control) 0.01 0.05

Results are mean values of duplicate independent assays

Molecular docking studies

To gain further evidence regarding the mode of
action of the potent compounds (i.e 1, 3 and 4) a
molecular docking study was carried out on P.
falciparum enzyme dihydrofolate reductase-
thymidylate synthase (DHFR-TS), which is a

potential drug target for malaria (16). All the three
compounds 1 (-4.20 kcal/mol), 3 (-5.4 kcal/mol),
and 4 (-5.2 kcal/mol) showed good interactions
with the enzyme DHFR-TS in terms of binding
interactions. It was also observed that all the three
compounds 1,3, and 4 occupied the same binding

site and formed similar type of interactions with
the active site residues (Figure 4). The results of
binding studies of the most active compound 3
clearly indicate that the compound exhibited
significant interactions at the active site by forming
two hydrogen bonds with LEU164 and TYR170
residues (docking score of -4.16 kcal/mol). A n-n
stacking was also observed between the phenyl
ring of compound 3 and PHES58. The results of
molecular docking studies revealed that the
antimalarial activity of compound 1, 3 and 4 might
be due to DHFR-TS inhibition.

LEU Interactions

Ad6 van der Waals
- H
A:108 Conventional Hydrogen Bond
ALA l !
A:lg D Carbon Hydrogen Bond
o¥s D PI-PI Stacked
A15
D Al
p— Pyl
/ (.

LELR ~ '
Aded [ W
Ald
: MET
GlY TYR PHE ASS
Ai65 A:170 A58

A:54

(b)

Figure 4. (a) Docking poses of compound 1 (magenta), 3 (lime), 4 (cyan) and reference ligand
pyrimethamine (yellow) at the active site of P. Falciparum DHFR-TS (PDB ID: 3QG2) showing hydrogen
bondings (green). (b) 2D binding interactions of the most active compound 3 showing two hydrogen
bonds (green) with LEU164 and TYR170 residues at the active site.

CONCLUSION

Five bioactive principles were isolated from
bamboo shoot extracts, of which one new
metabolite, compound 1, and three known

metabolites, which are compounds 2-4 were

isolated from n-hexane extract, whereas one
known metabolite, compound 5 was obtained from
dichloromethane extract. Among these, compound
3 was highly active against P. falciparum with ICso
value of 0.82 pg/mL.
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Abstract: Site selective acylation of monosaccharides and oligosaccharides is essential for the preparation
of both natural and novel synthetic carbohydrate compounds, synthetic intermediates, postglycosylation
modifications, and for the preparation of therapeutic agents, including research tools for glycobiology.
Hence, site-selective octanoylation of 1,2-O-isopropylidene-a-D-glucofuranose was conducted. Under low
temperature in anhydrous pyridine, direct unimolar octanoylation of this glucofuranose without any
catalyst exhibited selectivity at the C-6 hydroxyl group. The C-6 O-octanoylglucofuranose, thus obtained,
was then used to prepare three 3,5-di-O-acyl esters in a similar direct method to get novel esters of
glucofuranose. Characterization of all the glucofuranose esters by 1D and 2D spectroscopic technique is
also discussed herein.

Keywords: Bisacetone D-glucose, HMBC, Site-selective acylation, Sugar esters.
Submitted: April 30, 2021. Accepted: August 25, 2021.

Cite this: Devi P, Matin MM, Bhuiyan M, Hossain M. Synthesis and Spectral Characterization of 6-0-
Octanoyl-1,2-0O-isopropylidene-a-D-glucofuranose Derivatives. JOTCSA. 2021;8(4):1003-24.

DOI: https://doi.org/10.18596/jotcsa.929996.

*Corresponding author. E-mail: mahbubchem@cu.ac.bd, Tel: +880-1716-839689, Fax: +880-31-
2606014,

INTRODUCTION biodegradable drugs (11-13). Their environmental

Carbohydrate-derived fatty acid esters, also known
as sugar esters (SEs), have attracted interest due to
their non-ionic surfactant (1) and biological
activities (2-5). In general, the combination of
hydrophilic sugar moieties and hydrophobic acid(s)
produced the sugar esters and showed high
stability, biodegradability under aerobic or anaerobic
conditions, and low stimulatory effects with no taste
(6-7). These properties attracted their use in food
(e.g., gelatinization of starch), cosmetics, and
pharmaceutical industries (8-9). One of the crucial
features is their HLB (hydrophilic-lipophilic balance).
This HLB can be manipulated, if necessary, via
altering fatty acid(s) and monosaccharide moiety
(glycon part) (10). Maintaining this HLB a plethora
SEs has been synthesized for a long time, searching
for effective bio-surfactant and potential

acceptability, renewability, and low cost make SEs
surfactants an excellent alternative to
petrochemically derived similar types of products.
Apart from the well-known surfactant and drug, SEs
are found ubiquitously and well documented for
other health-protective effects such as antimicrobial,
anti-inflammatory, antimutagenic, etc. (14-16). In
plants, SEs can carry not only sugars but also long-
chain fatty acids into the plant cells. Thus, synthesis
and application of monosaccharide-based SEs are
essential for both medicinal and biological chemists
(17-19).

Of the SEs, several glucofuranose esters of alkyl-
fumarates were found suitable for use as active
substances in treating psoriasis or other
hyperproliferative, inflammatory, or autoimmune
disorders (20). To control the solubility of SEs
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sometimes sugar acetals and alkyl derivatives are
also used (21). Protected glucofuranose, i.e.,
bisacetone D-glucose has been used as an
intermediate for the synthesis of many natural and
synthetic novel bioactive compounds (22-24). For
example, D-glucofuranose-derived Seprilose (GW
80126) is used to inhibit prostaglandin E2 synthesis
(25). Kobayashi and co-workers (26) also utilized D-
gluco-1,4-furanose to synthesize its 6-O-palmitoyl
derivative 1 (Figure 1) by enzymatic technique.
Catelani et al. (27) synthesized several 3-O-acyl-
1,2-0O-isopropylidene-D-glucofuranose derivatives

WO,
1
2"'O><
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(2a-c) for bioactivity tests found that several such
acyl glucofuranoses were highly potent enhancers
for erythroid tumor cells. It was found that the
combination of glucofuranose with various ester
groups like acetyl and benzoyl groups increased its
antimicrobial activities, and in some cases, the
results are comparable to the standard drugs (28-
29). Overall, an intrinsic interest was observed to
synthesize glucofuranose derived compounds, many
of which are used as drugs (e.g., Seprilose) (30-
32).

HQ, (0] .\\O><
HO)_SAJ'I/O

ROCO 2a:R=CH,CH,CH3
2b: R = CH,CH(CH;3),
2c:R= C(CH3)3

Figure 1. Structure of glucofuranose ester 1 and 2.

Synthesis of site-selective monosaccharide esters
faces unique synthetic difficulties as compared to
other biomolecules. The basic problem is the
availability of several hydroxyl (OH) groups in
monosaccharides of almost the same reactivity as
many reagents (33). Again, most of these
secondary OH groups have similar reactivity and
lead to mono-, di-, and poly-ester formation (34-
36). Investigations for selective and site-selective
conversion/protection of monosaccharides have
been conducted for the last 100 years. Many
methods were developed using a minor inherent
reactivity variation of hydroxyl groups in useful
ways (34, 37-38). For instance, in glucopyranoside
and mannopyranoside, the OH group at C-4 was
found intrinsically more reactive than the OH groups
present in other positions under several conditions
(39). However, in most cases, the 1° OH group

showed higher reactivity than the 2° hydroxyl
groups (40-41). The most common
esterification/protection methods for

monosaccharides are (i) direct method (42-43), (ii)
catalyst mediated acylation (44-45), (iii) protection-
deprotection method (46-47), (iv) enzymatic (48),
and (v) microwave-assisted method (49). A direct
acylation technique was employed in the present
study, maintaining some important reaction
conditions with some advantages over other
methods (12-13).

Site-selective octanoylation of 1,2-O-isopropylidene-
a-D-glucofuranose and its 3,5-di-O-acyl esters are
described in the present article. Especial emphasis is
given to their 1D and 2D spectroscopic
characterization.

EXPERIMENTAL

Materials and general methods

All the reagents (D-glucose, octanoyl chloride,

pentanoyl chloride, hexanoyl chloride, 4-
chlorobenzoyl chloride etc.) and related solvents
were purchased from a commercial supplier
(analytical grade). Reduced pressure  and
temperature (40 °C, Bichi rotavopor, Switzerland)
were maintained for evaporations. Electrothermal
melting point apparatus is used for melting points
and reported without corrections. Silica gel GFzs4
plates were used for thin-layer chromatography
(TLC) detection. For purification, silica gel Gso was
used in column chromatography (CC). During CC
purification different proportion of n-hexane
(PE)/ethyl acetate (EA) was used, and these
solvents were distilled before use. FT-IR spectra
were recorded on an FT-IR spectrometer
(PerkinElmer, Spectrum Two) without solvent
(neat). CDCls solutions of the samples were used for
scanning *H (400 MHz) and 3C (100 MHz) NMR
spectra. During characterization, the position of the
proton and carbon signals for each compound was
confirmed with the help of their different types of
2D spectra.

Preparation of
glucofuranose (4)
Initially, bisacetone D-glucose 3 was prepared from
the reaction of dry D-glucose with freshly dried
CH3COCH3 and dry copper sulfate following reported
method (50) in moderate yield (46%, solid, mp
107-109 °C [(50) mp. 108-109 °C]. The bisacetone
D-glucose (5.0 g, 19.209 mmol) was then dissolved
in a mixture of methanol-water (70:15 mL) with
stirring followed by the addition of 10% H>S04 (3.6
mL) at normal temperature. The stirring was
continued for 5 h when the reaction mixture was
neutralized with saturated aqueous potassium
carbonate (KCOs) solution. The reaction mixture
was concentrated to dryness and slowly extracted
with organic solvent (EA) with occasional heating.
The combined EA layer was dried (MgSO4) and

1,2-0O-isopropylidene-a-D-
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subjected for concentration. The thick syrup thus
obtained was passed through the silica gel column.
Elution with petroleum ether (PE)/EA (1:9)
furnished the title compound 4 as a white solid
(3.215 g, 76%), mp 158-160 °C [literature (51)
melting point 159-160 °C].

Preparation of 1,2-0O-isopropylidene-6-0-
octanoyl-a-D-glucofuranose (5)

To a solution of monoacetonide 4 (1.5 g, 6.812
mmol) in dry CeHsN was slowly added octanoyl
chloride (1.218 g, 7.488 mmol) at ice-cooled
temperature. Stirring of the reaction mixture was
continued at this temperature for 9 h and then at
22-25 °C temperature for 3 h. The reaction was
quenched with ice-water. Then it was added with
DCM for extraction (dichloromethane, 8x3 mL). The
combined DCM solution was washed with 5%
aqueous HCI, saturated aqueous NaHCO3 solution
and NaCl solution followed by drying with MgSQOa,
and concentration under diminished pressure.
Purification of the thick residue thus obtained was
achieved by passing the syrup through silica ge
column (PE/EA, 1:1) and obtained a clear solid
compound 5 (1.772 g, 73%) as needles, mp 90-92
°C (ethyl acetate-n-hexane). Rf = 0.66
(n-hexane/EA = 1/2); FT-IR (neat) Y max (cm):
3180-3465 (OH), 1710 (CO), 1377 (C(CHz)2); H
NMR (400 MHz, CDCl3) &4 ppm: 5.98 (d, J = 3.6 Hz,
1H, H-1), 4.55 (d, J = 3.6 Hz, 1H, H-2), 4.42-4.47
(m, 1H, H-6a), 4.38 (d, J = 1.6 Hz, 1H, H-3), 4.22-
4.28 (m, 2H, H-5 and H-6b), 4.09-4.11 (m, 1H, H-
4), 2.89-2.98 (br s, exchangeable with D;0, 2H,
2x0H), 2.39 (t, J = 7.6 Hz, 2H, CH3(CH2)sCH2CO),
1.63-1.68 (m, 2H, CH3(CH2)4CH>CH.CO), 1.51 (s,
3H, C(CHz)2), 1.34 (s, 3H, C(CHz)2), 1.26-1.32 (m,
8H, CH3(CH2)4(CH2).CO), 0.90 (t, J = 6.4 Hz, 3H,
CH3(CH2)6CO); 3C NMR (100 MHz, CDCl3) dc ppm:
174.5 (CO), 111.9 (C(CHs)2), 105.0 (C-1), 85.2 (C-
2), 79.3 (C-4), 75.6 (C-3), 69.4 (C-5), 66.0 (C-6),
34.2, 31.6, 29.0, 28.8, 24.8, 22.6 (CH3(CH2)sCO),
26.8, 26.2 (C(CH3)2), 14.0 (CH3(CH2)sCO). All the
positions of proton and carbons were determined by
combined analyses of 1D and several 2D spectra.

General procedure for preparation of 3,5-di-O-
acyl derivatives 6-8 of 6-0-octanoyl-a-D-
glucofuranose 5

Selected three acyl halides (2.2 eq.) were added
separately drop-wise to an ice-cooled and well-
stirred solution of diol 5 (0.2 g, 0.578 mmol) in dry
CsHsN. A catalytic amount of DMAP was added to
the solution. Stirring was continued, and reaction
temperature was allowed to rise to 22-25 °C.
Stirring continues for 10-12 h. Decomposition of
excess acyl halide(s) was accomplished by the
addition of a small amount of frozen water. An
organic solvent like dichloromethane (DCM) was
added and collected several times from a separating
funnel. The combined DCM layer was washed with
dilute aqueous HCI solution, then with aqueous
NaHCOs solution, and finally with NaCl solution in
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water. This DCM layer was dried with MgSO4 and
concentrated in a rotavapor. This gave a thick
syrup, which was finally purified employing column
chromatography (CC). In CC, elution was performed
with different proportions of n-hexane and ethyl
acetate (10:0 to 6:1). After CC, the desired 3,5-di-
O- acylates 6-8 were obtained in satisfactory yields.

1,2-0-Isopropylidene-6-0-octanoyl-3,5-di-O-
pentanoyl-a-D-glucofuranose (6): Colorless
thick mass; vyield 91%,; Rf = 0.50 (PE/EA = 5/1),
FT-IR (neat) “Ymax (cm): 1747, 1741, 1733 (CO),
1375 (C(CH3z)2); *H NMR (400 MHz, CDCIl3) dx ppm:
5.93 (d, J = 3.6 Hz, 1H, H-1), 5.33 (d, J = 2.4 Hz,
1H, H-3), 5.24 (ddd, J = 7.2, 5.6 and 2 Hz, H-5),
4.61 (dd, J = 12.4 and 2.0 Hz, 1H, H-6a), 4.47 (dd,
J =7.2 and 3.2 Hz, 1H, H-4), 4.44 (d, J = 2.8 Hz,
1H, H-2), 4.14 (dd, J = 12.4 and 5.6 Hz, 1H, H-6b),
2.30-2.34 (m, 4H, 2®CH3(CH2)2CH.CO), 2.26 (t, J =
7.5 Hz, 2H, CH3(CH:)sCH.CO), 1.54-1.62 (m, 6H,
2®CH3CH2CH.CHCO  and  CH3(CH2)4CH2CH2CO),
1.53 (s, 3H, C(CHs)2), 1.25-1.39 (m, 15H, C(CHs)2,
2®CH3CH>(CH2)2CO and CH3(CH2)4(CH2).CO), 0.88-
0.94 (m, 9H, 2®CH3(CH2)3CO and CH3(CH2)sCO);
13C NMR (100 MHz, CDCl3) dc ppm: 173.3, 172.4,
172.3 (CO), 112.4 (C(CHs)2), 105.2 (C-1), 83.3 (C-
4), 76.8 (C-2), 74.6 (C-3), 67.4 (C-5), 63.1 (C-6),
34.2, 33.8, 33.6, 31.7, 29.1, 28.9, 26.7, 26.6, 24.9,
22.6, 22.2(2) (2¢®CH3(CH2)3CO and CH3(CH2)eCO),
26.8, 26.3 (C(CH3)2), 14.0, 13.7(2)
(2®CH3(CH2)3C0O and CH3(CH2)sCO).

3,5-Di-O-hexanoyl-1,2-0-isopropylidene-6-0-
octanoyl-a-D-glucofuranose (7): Clear syrup;
yield 88%; Rr = 0.52 (PE/EA = 5/1); FT-IR (neat)
Ymax (cm): 1736, 1739, 1722 (CO), 1374
(C(CH3)2); *H NMR (400 MHz, CDCl3) dx ppm: 5.91
(d, J = 3.2 Hz, 1H, H-1), 5.31 (d, J = 2.8 Hz, 1H, H-
3), 5.23 (ddd, J = 7.0, 5.4 and 1.6 Hz, H-5), 4.59
(dd, J = 12.2 and 1.6 Hz, 1H, H-6a), 4.45 (dd, J =
7.1 & 3.2 Hz, 1H, H-4), 4.42 (d, J = 2.4 Hz, 1H, H-
2), 4.12 (dd, J = 12.2 & 5.4 Hz, 1H, H-6b), 2.11-
2.44 (m, 6H, 2®CH3(CH2)3CH.CO and
CH3(CH2)sCH.CO), 1.56-1.74 (m, 6H,
2®CH3(CH2)2CH>CH2CO and CH3(CH2)4CH.CH,CO),
1.53 (s, 3H, C(CHsz)2), 1.34 (s, 3H, C(CHs3)2), 1.22-
1.33 (m, 16H, 2®CH3(CH2)2(CH2).CO and
CH3(CH2)4(CH2)2C0), 0.87-0.92 (m, 9H,
2®CH3(CH2)4CO and CH3(CH2)sCO); C NMR (100
MHz, CDCls) dc ppm: 173.3, 172.4, 172.3 (CO),
112.5 (C(CHs)2), 105.1 (C-1), 83.3 (C-4), 76.8 (C-
2), 74.6 (C-3), 67.4 (C-5), 63.1 (C-6), 34.1, 34.0,
33.8, 31.6, 31.2(2), 29.1, 28.9, 24.8, 24.4, 24.2,
22.6, 22.2(2) (2®CH3(CH2)4CO and CH3(CH2)sCO),
26.8, 26.2 (C(CHs3)2), 14.0, 13.8(2)
(2®CH3(CH2)4CO and CH3(CH2)6CO).

3,5-Di-0-(4-chlorobenzoyl)-1,2-0-
isopropylidene-6-O-octanoyl-a-D-
glucofuranose (8): Pale-yellow semi-solid; yield
94%; Rf = 0.59 (PE/EA = 5/1); FT-IR (neat) ~ max
(cm-1): 1745, 1708, 1701 (CO), 1381 (C(CH3)2); H
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NMR (400 MHz, CDCl3) 64 ppm: 7.90 (d, J = 8.4 Hz,
2H, Ar-H), 7.82 (d, J = 8.8 Hz, 2H, Ar-H), 7.43 (d, J
= 8.4 Hz, 2H, Ar-H), 7.38 (d, J = 8.4 Hz, 2H, Ar-H),
6.04 (d, J = 3.6 Hz, 1H, H-1), 5.60 (ddd, J = 7.2,
5.6 and 2.8 Hz, H-5), 5.54 (d, J = 2.8 Hz, 1H, H-3),
4.68-4.72 (m, 2H, H-4 & H-6a), 4.66 (d, J = 3.2 Hz,
1H, H-2), 4.37 (dd, J = 12.4 & 5.6 Hz, 1H, H-6b),
2.30 (t, J = 7.5 Hz, 2H, CH3(CH2)sCH-CO), 1.61 (s,
3H, C(CHs)2), 1.52-1.59 (m, 2H,
CH3(CH2)4CH2CH2CO), 1.37 (s, 3H, C(CH?s)2), 1.19-
1.29 (m, 8H, CH3(CH2)4(CH2)2CO), 0.87 (t, J = 6.4
Hz, 3H, CH3(CH2)sCO); 13C NMR (100 MHz, CDCls)

dc ppm: 173.5 (C;H1sCO), 164.2, 164.1 (294-
Cl.CeH4CO), 140.0, 139.9, 131.2(2), 131.0(2),
128.9(2), 128.8(2), 127.8, 127.4 (Ar-C), 112.7

(C(CHs)2), 105.2 (C-1), 83.2 (C-4), 76.9 (C-2), 76.1
(C-3), 68.8 (C-5), 63.1 (C-6), 34.1, 31.6, 29.0,
28.9, 24.9, 22.6 (CHs3(CH:2)6CO),  26.8, 26.3
(C(CHs)2), 14.0 (CH3(CH2)sCO).
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RESULTS AND DISCUSSION

Regioselective octanoylation of monacetonide-
a-D-glucofuranose 4

The present study mainly describes the synthesis
and spectroscopic characterization of 6-O-octanoyl-
a-D-glucofuranose 5 and its three derivatives 6-8.
In this respect, initially, 1,2:5,6-di-O-
isopropylidene-a-D-gluco-1,4-furanose  (3) was
prepared from D-glucose. Treatment of D-glucose
with anhydrous acetone, a catalytic amount of conc.
H>SOs and CuSO4, according to the literature
procedure (Scheme 1), gave 3 in moderate yield
(46%) (19, 50). At this stage, removing the 5,6-0-
acetonide group was conducted selectively by
treating bisacetonide 3 with 15% H>SO4 in methanol
for 5 h, which upon CC purification was furnished
pure crystals of monoacetonide 4 (76%), mp 158-
160 °C (Scheme 1). Its FT-IR, 'H, and 3C NMR
showed similarity with the published data (51).

I_LE D- ,'-'IDN
b A d
LI % '“| }QH
HO—4 s
HO 4

Scheme 1: (a) Dry acetone, anhydrous CuSOg4, conc. H2SOq4, rt, 24 h, 46% (50); (b) 15% H>S0O4, MeOH-
H20, 25 °C, 5 h, 76% (51).

Having monoacetonide 4 in hand attempt was made
for its mono-octanoylation. Thus, treating 4 with
unimolar octanoyl chloride in basic pyridine at
reduced temperature (0 °C) for 12 h followed by CC
purification gave a solid mp 90-92 °C in 73%

ST

Ho 4

C:H3COCL Py
0:C, 12 h, 73%

(Scheme 2). Its FT-IR showed one broad
characteristic band at 3180-3465 cm™ for the OH
group. Also, a sharp characteristic band at 1710 cm-
1 (CO) indicates the molecule's partial octanoylation.

HU r::-j..-r:>><
" CrHis0C0— ? o
HC &

Scheme 2. Selective octanoylation of glucofuranose 4.

In its 'H NMR spectrum, additional fifteen protons
appeared at & 2.39 (t, 2H), 1.63-1.68 (m, 2H),
1.26-1.32 (m, 8H), and 0.90 (t, 3H), which
corresponded to an octanoyl group of protons. The
appearance of a broad singlet at & 2.89-2.98
corresponding to two protons of two OH groups
supported the addition of only one octanoyl group in
this solid. Also, the seven protons of glucofuranose
skeleton appeared in their anticipated positions
(Figure 2). In !3C NMR eight extra carbons were
found at 8 174.5 (CO), 34.2, 31.6, 29.0, 28.8, 24.8,
22.6 [CH3(CH2)6CO] and 14.0 [CH3(CH2)sCO]. The
relative position of each proton and carbon signal
was ascertained by analyzing its 2D COSY (Figure
3a), DEPT-135 (Figure 3b), and HSQC. Now, the

position of attachment of the octanoyl group was
ascertained in two ways. Firstly, reasonable
downfield shifting of both the H-6 protons (& 4.42-
4.47 and 4.22-4.28) than that of its starting
compound 4 (19, 51) suggested that an octanoyl
group was added at the C-6 position of the
glucofuranose skeleton. Secondly, in its HMBC
spectrum (Figure 3c), the only carbonyl carbon
interacts with both the protons of H-6a,b, which
significantly confirmed that the C;H1sCO was added
to the primary OH (C-6) position. Thus,
corroboration of FT-IR, 'H and '3C NMR, DEPT-135,
2D COSY, HSQC, and HMBC spectra confirmed the
structure assigned as 5.

1006



Devi P et al. JOTCSA. 2021; 8(4): 1003-1024. RESEARCH ARTICLE

v LKV
H-5 & H-6b
H-3
H-2
H-1
H-6 H-4

ool o h o Ak

9
0 C-1
2.5
o N
idioiodriat s o . i
' CH, carbons ‘\w

ks
=

5.5

) [ oo

6.5

T T T T T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 PP 180 160 140 120 100 80 60 40 20 ppm

1007



Devi P et al. JOTCSA. 2021; 8(4): 1003-1024.

RESEARCH ARTICLE

OH

PPmM

co @@

— 164
— 166
- 168
—170
—172
@ 174
—176

—178

— 180

T T T
4.5 4.0 3.5

3.0 25 2.0 ppm

Figure 3: (a) 2D COSY, (b) DEPT-135, and (c) HMBC spectra of 6-O-octanoate 5.

The successful synthesis of compound 5 thus
indicated that the necessary conditions for site-
selective 6-O-octanoylation in the direct method
are- (i) use of bulky acylating agent, (ii) use of
unimolar acylating agent, and (iii) reaction need to
conduct at low temperature (0 °C). An analogous
methodology has also been reported by Sindona et
al. (52) with other acylating agents and yields vary
from 15% to 93%.

Synthesis of 2,5-di-O-acyl esters 6-8 of
octanoate 5

For more evidence in favor of 6-O-octanoate 5
formation and to prepare newer glucofuranose
esters, 5 was converted into three 3,5-di-O-acyl
esters using three different acylating agents. First of
all, dihydroxy compound 5 was reacted with
pentanoyl! chloride in dry CeHsN for 10 h, and a thick
syrup was obtained in 91% (Scheme 3).

HC O e
] < RcocLdryPy
C-Hys0Co— g DMAP, 0 C-rt
HC 5 10-12h ROCC
G: R = E;Hgi T"R= |:3H11
8: R =4-ClLCgH.

Scheme 3. Derivatization of octanoate 5 (6 = 91%; 7 = 88%; 8 = 94%).

In its FT-IR spectrum, carbonyl characteristic peaks
appeared at 1747, 1741, and 1733 cm™ while the
hydroxyl stretching band completely disappeared
(Figure 4), indicating the pentanoylation of the
molecule. A total of thirty-nine protons resonated in
the aliphatic region of its 'H NMR spectrum. Of

these 6 protons are due to one isopropylidene
group, and fifteen protons are for one octanoyl
group that already exists in the molecule. The
additional eighteen protons than its starting 5 were
indicative of the attachment of two C4HsCO groups
in the molecule.
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Figure 4. Comparative FT-IR peaks of all the synthesized glucofuranose esters 5-8.

For confirmation, its 13C NMR was analyzed, where
an additional two CO and fourteen aliphatic carbon
signals were present. In its HMBC, protons present
at 3 and 5 positions were found to interact with two
carbonyl carbons at & 172.4 and 172.3,
respectively, and thus, the new two pentanoyl
groups must be attached at the same 3 and 5
positions. The considerable downfield shift of H-3 (&
5.33) and H-5 (& 5.24) as compared to its precursor
5 (0 4.38 and 4.22-4.28, respectively) confirmed
this fact. Thus, the structure of this compound was
unambiguously assigned as 6.

In the next step, dimolar hexanoylation of octanoate
5 in dry DMF for 12 h (Scheme 3) furnished a syrup
in 88% yield. No band in the OH was observed in its
FT-IR spectrum. Instead, it exhibited characteristic
bands at 1736, 1739, and 1722 cm™ (CO) (Figure
4). The 'H NMR spectrum gave peaks for additional
characteristic twenty-two protons compared to its
precursor compound 5. In its '3C NMR carbonyl
carbon signals at & 173.3, 172.4 and 172.3, and
aliphatic carbon signals at 6 34.1, 34.0, 33.8, 31.6,
31.2(2), 29.1, 28.9, 24.8, 24.4, 24.2, 22.6,
22.2(2), 26.8, 26.2, 14.0 and 13.8(2) were
confirmative of the addition of two CsH11CO groups
in this compound in addition to one isopropylidene
and one octanoyl group. HMBC spectrum showed
multiple bond correlations between carbonyl
carbons and H-3, H-5, and H-6a,b (Figure 5). As the
octanoyl group is already attached to the C-6
position, hexanoyl groups must be attached with 3
and 5 positions. Complete analysis of its all 1D and
2D spectra established its structure as 7.
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Figure 5. HMBC correlation between CO and H-3, H-5 and H-6a,b in 7.

Finally, dimolar 4-chlorobenzoylation of octanoate 5
in dry pyridine for 10 h gave a semi-solid which
resisted crystallization (Scheme 3). The
disappearance of OH band and presence of CO
characteristic bands at 1745, 1708, and 1701 cm!
were informative of the desired di-
chlorobenzoylation of this compound (Figure 4). To
confirm this observation, initially, its proton NMR
spectrum was analyzed, where new eight aromatic
protons resonated at & 7.90 (2H), 7.82 (2H), 7.43
(2H), and 7.38 (2H) indicating the attachment of
two 4-chlorobenzoyl groups in the molecule. A
doublet at & 6.04, assigned for H-1, with small
coupling constant 3.6 Hz indicated cis-relationship
with H-2. As H-2 is B-oriented H-1 must be B-
oriented i.e. above the plane. Also, C-3 and C-5
protons resonated at highly down fields (at & 5.54
and 5.60, respectively). Like compound 6-7, its
carbonyl signals at & 164.2 and 164.1 showed
heteronuclear multiple bond correlation with H-3
and H-5, respectively, thereby confirming that 4-
chlorobenzoyl groups were added at these C-3 and
C-5 positions. Thus, its structure was established as
8.

CONCLUSION

A convenient and straightforward site-selective
octanoylation method for monoacetonide protected
a-D-glucofuranose is described. The necessary
condition for such a reaction was using an unimolar
acylating agent and a lower reaction temperature,
and the absence of any catalyst. The regioselective
6-0-octanoate 5, thus obtained, was converted into
corresponding three di-O-acyl esters 6-8
successfully. All these synthetic compounds were
characterized well with 1D and 2D spectroscopic
techniques. The biological activities, computer-aided
in silico thermodynamics, binding energy and

ADMET properties, and structural basis for such
bioactivities will be reported shortly.
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SUPPLEMENTARY DATA

Synthesis, and Spectral Characterization of 6-0O-Octanoyl-1,2-0O-isopropylidene-a-D-
glucofuranose Derivatives
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Figure S1. FT-IR (neat) spectrum of compound 5.
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Figure S2. 'H NMR (400 MHz, CDCI5) spectrum of compound 5.
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Figure S4. 2D HSQC spectrum of compound 5.
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Abstract: Cancer, which is often described as an uncontrollable rapid proliferation of cells, is currently the
leading cause of death in the world together with cardiac disease. Therefore, the main purpose of the
current research work was to study the anticancer effects of a first-time-synthesized phthalocyanine (Pc)
as photosensitizer in PDT against cancer and evaluate its effects on human cells in vitro. Quantum yields of
singlet oxygen photogeneration were in air using the relative method with standard-ZnPc as reference and
DPBF as chemical quencher for singlet oxygen. The concentration of DPBF was prepared almost 3 x 10~
molar to avoid chain reactions induced by DPBF in the presence of singlet oxygen. Solutions of Pc as
sensitizer (absorbance = 2.0 at the irradiation wavelength) containing DPBF were prepared in the dark and
irradiated in the Q band region using the setup described. DPBF degradation at 417 nm was monitored
with UV-Vis spectrophotometry. For in vitro studies, nine different MFPc-1 concentrations (0.2 uM- 0.4 uM-
0.8 uyM- 1.6 uM- 3.2 uM- 6.4 uM- 12.8 uM- 25.6 pM- 51.2 yM) applied to MCF-7 and MDA-MB-231 breast
cancer cell lines for 24 hours and MTT assay was carried out. After determination of optimum
concentration, mitotic index, and apoptotic index values of cell lines were determined with administration
of these concentrations. Singlet oxygen quantum yield (®,), which is a measure of the efficiency, of MFPc-
1 was found 0.50, although MFPc-1 is being metal-free phthalocyanine. For in vitro studies after the
application of different concentrations to MCF-7 and MDA-MB-231 for 24 hours, the optimum concentration
was determined as 12 pM for both cell lines by the MTT assay. After application of the determined optimum
concentration for 24, 48 and 72 hours, there was a significant decrease in the mitotic index values and
significant increase in the apoptotic index values of both MCF-7 and MDA-MB-231 breast cancer cell lines.
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INTRODUCTION

Phthalocyanine (Pc) was discovered by accident in
1907 as a by-product in the synthesis of o-
cyanobenzamide  (1). Pcs are macrocyclic
compounds that consist of 4 pyrrole subunits that
are linked by azomethine bridges in a 16-membered
ring with 18n electron system which is responsible
for the intense blue/green color (2). Pcs can be
modified to suit a specific application either by

changing the peripheral group and non-peripheral
group or by changing the central metal (3).
Therefore, they are useful in a wide range of areas
such as in medicinal and material science as gas
sensors (4) photodynamic therapy sensitizers (5)
nonlinear optical materials (6). In medicine, Pcs
were used in clinical photodiagnosis due to
photosensitizer properties (7,8). For PDT, the first
official approval and clinical were concurrently
reported in 1993 and 1996, and it can be alternative
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due to be a safe in cancer treatment, respectively
(9-11). PDT has advantages over other cancer
treatment modalities, such as surgery,
radiotherapy, and chemotherapy. PDT consist of
light, photosensitizer, and cancer tissue which is
based on the generation of singlet oxygen (102-1444)
and a Pc can do this as a photosensitizer that leads
to cancerous cell death upon the wavelength of
irradiation between 650 and 900 nm (12-15).

(5:MFPc-1) b)<
Scheme 1. Synthetic pathway. i:

EXPERIMENTAL SECTION

Materials and Methods

3-nitrophthalonitrile 1 and 1,2-dihydroxy-4-tert-
butylbenzene 2 were purchased from Alfa Aesar and
Sigma-Aldrich, USA, respectively. The materials,
instruments and methods that are used for
synthesis, photophysical (fluorescence quantum
yield) and photochemical studies (singlet oxygen
quantum vyield) as previously published in the
literature (19-25).

Synthesis

A reaction was started so that can obtain 3,3'-(4-
tert-butyl-1,2-phenylene)bis(oxy) diphthalonitrile 3
(24,25) from 4-tert-butylbenzene-1,2-diol 2 (2.40
g, 14.45 mmol) and 3-nitrophthalonitrile 1 (5.00 g,
28.90 mmol)) in the present anhydrous potassium
carbonate (11.98 g, 86.68 mmol) in
dimethylsulfoxide (15 mL) under Ar atmosphere,
after stirring for 4 h at 60 °C. The reaction mixture
was stirred at room temperature for 3 days and was
subsequently poured into water (500 mL). The beige
to yellow powdery product was filtered off. It was
observed to give a green color in a flat-bottomed
flask while being crystallized from ethanol (150 mL),
yielding a MFPC-1. Then, it was purified via column
chromatography using a gradient of tetrahydrofuran
and methanol as the eluent, respectively. Pc was
obtained as a deep green powder with mp > 200 °C
and is soluble in THF, DMSO, and DMF. The other
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In the present study, we have obtained Pc(MFPc-1)
substituted with electron-donating group including
di-tert-butyl while 3,3'-(4-tert-butyl-1,2-
phenylene)bis(oxy)diphthalonitrile was recrystallized
from methanol. This is not surprised since the first
accidental synthesis of Pcs by Braun and Tcherniac
(16). Here, we report the production of singlet
oxygen as possible photosensitizer based on PDT.
We also present here antiproliferative effect of the
MFPc-1 obtained on cancer cells (17,18).

@

(6:MFPc-2) JCST

DMSO, K>CO3, 3 days, room temperature.

data such as FTIR and UV-Vis spectrum are given as
follows.

Yield 0.021 g. UV-Vis (DMSO), Amax/nm (loge): 724
(4.67), 695 (4.67), 660 (4.35), 632 (4.25), 320
(4.68). FT-IR (ATR), Mmax/cm™l: 2958 (Ar-CH),
2906/2865(Aliph. -CH), 2237 (C=N), 1575 (C=0),
1275/1245 (C-0-C). 'H-NMR (DMSO-ds), 3,/ppm:
7.85-7.00 (36H, Ar-H), 1.35 (36 H, t-butyl). Anal.
calcd. for Ci04H74N160s: C, 74.54; H, 4.45; N, 13.37
found: C, 74.58; H, 4.45; N, 13.45%. MALDI-TOF-
MS: m/z calcd. 1674.59 amu; found 1678.00 amu
[M+4H]*.

Photophysical Studies

Fluorescence quantum yield (®r)
Relative ®F was calculated by a comparative method
using a standard reference, using Equation 1.

FXAg, Xn’

B =0 (Std)
FSthAantd
(Eq. 1)
Photochemical Studies

Singlet oxygen quantum yield (®,)
Singlet oxygen quantum yield was also determined
by chemical procedure according to to Eq. (2).

1026



Canlica M, Cetin 1. JOTCSA. 2021; 8(4): 1025-1034.

Std Std
B« — A ><RDPBFXIabs (Eq_ 2)
A RY X1
DPBF abs
Cell Studies
Cell culture
The MCF-7 and MDA-MB-231 cells used in the
experiments were purchased by our research

laboratory from American Type Culture Collection
(ATTC Manassas, VA, USA). Cells were cultured in
DMEM (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% (v/v) fetal bovine serum
(FBS; Invitrogen, Carlsbad, CA, USA), 100-unit
mL~! penicillin and 100 pyg mL~! streptomycin at 37
°C and 5% CO: (26).

Cell viability

The antiproliferative effect of MFPc-1 on MCF7 and
MDA-MB-231 cells were determined by the MTT (3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) assay. Cells were plated in 96-well plates
with 3x10% cells/200 pyL medium for 24 h at 37 °C.
MFPc-1 was applied to the cells at 0,2 uM- 0,4 pM-
0,8 uM- 1,6 uyM- 3,2 pyM- 6,4 pM- 12,8 pM- 25,6 uM-
51,2 yM concentrations for 24 hours. At the end of
the experimental period the medium in each well
was removed and 40 pL MTT solution (5 mg/mL in
phosphate buffered saline/PBS) was added into each
well and cells were incubated at 37 °C for 4 h. Then,
16 pL of dimethylsulfoxide (DMSO) was added into
each well and cells were shaken thoroughly for 1 h
on a shaker. The absorbance of the samples was
measured against a background control as a blank
using an Elisa reader at 450-690 nm (18).

1,5 A

Absorbance

0 T T
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Mitotic index (MI)

For evaluation of MI, cells were planted in 24-well
plates. Each well contained 3x104 cells for both cell
lines. Cells were incubated 24 hrs after cell seeding.
Cells were treated with 12.8 yM concentration for
24, 48 and 72 hours. At the end of this
experimental period, for fixation, Carnoy fixative
was used and the cells were made clear with the
Feulgen method and stained with Giemsa. For
analyzing MI, metaphases, anaphases and
telophases stages of cell division were evaluated.
For calculating of MI, approximately 3000 cells were
counted (27).

Apoptotic index (AI)

The Al represents the percentage of fragmented
nuclei. DAPI (6-diamidino-2-phenylindole) was used
to determine the apoptotic nucleus. It is a blue
fluorescent dye. Cells were cultured in 6-well culture
dishes and fixed with methanol: FTS mixture after
the experimental process until staining was
performed. Washing was carried out to remove the
dye. For washing, PBS was used. A fluorescent
microscope was used to identify apoptotic cells. For
calculating of AI, approximately cells in 100
microscopic fields were evaluated (27).

Statistics

All parameters of cell kinetics were evaluated
according to the controls and each other. Therefore,
in order to analyze the results, one-way Anova test,
Dunnett's test and Student's t-test were used.
These statistical analyses were performed using
SPSS statistics software (V22.0 IBM, Armonk, NY,
USA). In the tests p< 0.05 level of significance was
accepted.

300 400 500

600 700 800

Wavelength / nm
Figure 1: UV-Vis spectrum for MFPc-1 in DMSO.
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Figure 2: The excitation spectrum (long dashed line, black), emission spectrum (square line, pink),
excitation wavelength 617 nm.
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Figure 3: Singlet oxygen generation spectrum at 417 nm.
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Figure 4: Absorbance values of mitochondrial dehydrogenase activity of MCF-7 cells treated with different
MFPc-1 concentrations for 24 h (450-690 nm) (p<0.05).
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Figure 5: Absorbance values of mitochondrial dehydrogenase activity of MDA-MB-231 cells treated with
different MFPc-1 concentrations for 24 h (450-690 nm) (p<0.05).
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Figure 6: Percent viability values of MCF-7 and MDA-MB-231 cells treated with different concentrations of
MFPc-1 for 24 hours (p<0.05).
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Figure 7: Mitotic index values of MCF-7 cells treated with 12.8 yM concentration of MFPc-1 for 24, 48 and
72 h (p<0.05).
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Figure 8: Mitotic index values of MDA-MB-231 cells treated with 12.8 pyM concentration of MFPc-1 for 24,
48 and 72 h (p<0.05).
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Figure 9: Mitotic index values of MCF-7 cells treated with 12.8 uM concentration of MFPc-1 for 24, 48 and
72 h (p<0.05).
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Figure 10: Mitotic index values of MDA-MB-231 cells treated with 12.8 pM concentration of MFPc-1 for 24,
48 and 72 hours (p<0.05).

Table 1: The photophysical and photochemical data in DMSO.

Compound AAbs AEms AExc Astokes ()3 LOIN ISC
MFPc-1 695/724 729 690/722 5 0.18 0.50 0.32
Std-ZnPc? 672 682 672 10 0.18 0.67 0.15

aData from refs. (28, 29).
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RESULTS

We obtained a novel Pc even if it is by chance.
Characterization of this Pc was carried out using FT-
IR, UV-Vis spectroscopy, mass spectrometry, and
elemental analysis. In the UV-Vis spectrum of a Pc,
there are two peaks as characteristic called Q band
and B (Soret) band. As shown in Figure 1, B band
and Q band of MFPc-1 were recorded at 320 nm and
at 695/724 nm with Dsn symmetry in DMSO at room
temperature, respectively. The shape of Q band was
typical for metal-free Pcs. On the other hand, the Q
band is attributed to n—n* transitions from the
HOMO to the LUMO of the Pc ring whereas the B
band is observed due to the transitions between the
deeper n levels and the LUMO.

Fluorescence excitation and emission peaks for
MFPc-1 are shown in Figure 2 and the data are
listed in Table 1. Fluorescence emission peak was
observed at 719 nm in DMSO. The Q band in
emission spectrum and excitation spectrum, is
typical of Pcs (30). While the observed Stokes shift
of the MFPc-1 is lower than that of unsubstituted
Std-ZnPc. Fluorescence quantum yield value is 0.18
just like a typical metal Pc, this means it is losing
less energy.

Singlet oxygen is generated by a Type II reaction
and is explained transform to from triplet oxygen
energy level with the Jablonski Diagram (Kindly see
Supplementary inf. Figure S1, at the end) the
generation of singlet oxygen via the Type II process
involving a spin coupling interaction with oxygen in
its triplet ground-state. The efficiency is known as
their singlet oxygen quantum yield (@) which is
described as the number of molecules of singlet
oxygen generated per number of photons absorbed
by the sensitizer (here MFPc-1). DPBF is used to
determine the singlet oxygen quantum yield which
is a good acceptor because it reacts rapidly with
singlet oxygen (31). The spectral changes were
examined during the photolysis of the MFPc-1 in the
presence of DPBF were measured over time (0-80
sec) by UV-Vis spectroscopy. In Figure 3, the
spectrum of MFPc-1 shows no change at 417 nm in
the Q band, this means the compound is not
degraded. The ®x value is 0.50 and is considerably
high for metal-free Pcs. This result is considerably
good compared to substituted metal-free
phthalocyanines published in the literature (32).
This may be due to the effect electron-donating of
t-butyl groups to Pc ring.

Cell proliferation values belong to MCF-7 cells
decreased from 365.333 x 103 to 360 x 10-3 for 0.2
HM; to 354.286 x 1073 for 0.4 uM; to 330.857 x 1073
for 0.8 uM; to 309.714 x 103 for 1.6 uM; to 301.75
x 1073 for 3.2 uM; to 274 x 1073 for 6.4 uM; to
159.25 x 1073 for 12.8 pM; to 113.25x 1073 for 25.6
UM and 34.714 x 1073 for 51.2 pM (Figure 4). Cell
proliferation values belong to MDA-MB-231 cells
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decreased from 622.5 x 1073 to 602.375 x 103 for
0.2 uM; to 588.25 x 103 for 0.4 uM; to 580.375 x
103 for 0.8 uM; to 542.5 x 103 for 1.6 uM; to
522.625 x 1073 for 3.2 uM; to 450.625 x 1073 for 6.4
UM; to 340.5 x 1073 for 12.8 puM; to 210.25 x 1073
for 25.6 uM and 13.5 x 1073 for 51.2 uM (Figure 5).

After the administration MFPc-1 concentrations for
24 h, cell proliferation values of MCF-7 and MDA-
MB-231 cells decreased significantly depending on
concentration. The differences between the control
and all experimental groups were significant
(p<0.05). Cell viability values of MCF-7 cell line are
98,54%, 86,98%, 90,56%, 84,78%, 82,6%, 75%,
43,6%, 30,9%, 9,5 for MCF-7 cells; 96,77%,
94,49%, 93,23%, 87,15%, 83,95%, 72,39%,
54,69%, 33,78%, 21,17% for MDA-MB-231 cells
respectively for 0,2 yM- 0,4 pM- 0,8 uM- 1,6 pM-
3,2 uM- 6,4 uM- 12,8 pM- 25,6 uM- 51,2 uM
concentrations (Figure 6).

Administration of 12,8 pM concentration of MFPc-1
to MCF-7 and MDA-MB-231 cells caused a decrease
in mitosis. MI values decreased from 3.27% to
2.96% at 24 h; from 3.69% to 2.21% at 48 h and
from 4.01% to 1.39% at 72 h for MCF-7 cells
(Figure 7); decreased from 5.14% to 3.12% at 24
h; from 6.18% to 2.56% at 48 h and from 6.57% to
1.13% at 72 h for MDA-MB-231 cells (Figure 8). MI
values of MCF-7 and MDA-MB-231 cells decreased
significantly with time as a result of MFPc-1
administration. This decrease was statistically
significant (p <0.05).

Administration of 12.8 pM concentration of MFPc-1
to MCF-7 and MDA-MB-231 cells caused apoptotic
cell death. Al values increased from 1.16 to 6.12 at
24 h; from 1.37 to 9.16 at 48 h and from 2.52 to
12.18 at 72 h for MCF-7 cells (Figure 9); increased
from 1.27 to 5.58 at 24 h; from 1.97 to 10.11 at 48
h and from 2.93 to 11.94 at 72 h for MDA-MB-231
cells (Figure 10). Apoptotic index values of MCF-7
and MDA-MB-231 cells increased significantly with
time as a result of MFPc-1 administration. This
increase was statistically significant (p <0.05).

CONCLUSION

We have explored the photophysical and
photochemical properties of a 4-tert-butylbenzene
substituted metal-free phthalocyanine. MFPc-1 is a
novel material and its findings suggest that MFPc-1
exerts potent anticancer effects and shows that it
can potentially be used as a photosensitizer in PDT.
In this study, antiproliferative effects of MFPc-1 on
MCF-7 cell line derived from estrogen receptor-
positive human breast epithelial carcinoma and
MDA-MB-231 cell line derived from estrogen
receptor-negative human metastatic breast
carcinoma were investigated. For this purpose, the
anticancer effects of MFPc-1 were evaluated using
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different cell kinetics parameters (cell viability,
mitotic index and apoptotic index).
Among these parameters, MTT analysis (cell

viability) is an effective and fast method used to
determine cytotoxicity in vitro. In various studies
using phthalocyanine, MTT analysis has been used
to determine cytotoxicity (33, 34). In present study
as a result of MTT analysis for both cell lines, 12,8
MM concentration was determined as LDso (Lethal
Dose 50) that caused the death of half of the cells.

Although the mitotic index parameter is not widely
used, it is a laborious and reliable method used in
determining cell kinetics. Apoptotic index is one of
the frequently used methods in cell kinetics studies.
The 12.8 pM concentration used in this present
study resulted in a significant reduction in mitotic
index values and significant increase in apoptotic
index values in both cell lines and similar results
were seen.

These parameters showed that MFPc-1 has similar
effects in both cell lines. Similar sensitivities to the
compound for both cell lines have suggested that
the mechanisms causing cell death are independent
of the presence of the hormone receptor.
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Abstract: The green synthesis of bimetallic nanoparticles using plant extracts is attracting an increasing
attention in the nanoparticle production field since, besides being available for the production of
bimetallic nanoparticles, it is cost-effective, eco-friendly, and it is available for large scale production.
The required agents to reduce and stabilize metal nanoparticles during synthesis already exist in plant
extracts as phytochemicals. The study highlights the synthesis of gold, silver, and silver-gold (bimetallic)
nanoparticles at room temperature using an aqueous extract of dried bay leaves and their physical and
chemical characterizations for their potential applications. We have synthesized Ag, Au, and Ag-Au
nanoparticles using the aqueous bay leaves extract. The nanoparticles were characterized by UV-Vis
spectroscopy, X-ray diffraction (XRD), transmission electron microscopy (TEM), and Fourier transform
infrared spectroscopy (FT-IR). According to UV-Vis spectroscopic results, it is concluded that Ag-Au
bimetallic nanoparticles synthesized in the extract have a core-shell arrangement. XRD measurements
revealed that all nanoparticles (Ag, Au, and Ag-Au) are in fcc structure. The nanoparticles' average sizes
were measured as 10+7, 23+4, and 8+3 nm for Ag, Au, and Ag-Au nanoparticles, respectively, as
determined from the TEM images. The results offer that besides Ag and Au nanoparticles, bimetallic Ag-
Au nanoparticles synthesized in an aqueous extract of dried bay leaves may play a prominent role in the
field of nanotechnology, especially in nanomedicine.
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INTRODUCTION atoms in one nanoparticle," and core-shell
structure consists of nanoparticles having a

Bimetallic nanoparticles often display different or
better catalytic, optical and magnetic properties
and surface energy than their monometallic
counterparts due to the synergism between two
metallic nanoparticles (1-4). These nanoparticles'
structures can be divided into alloys and core-shell
structures (5). Alloy structure may be defined as
merely a "mixture of at least two different metal

monometallic core surrounded by another metallic
layer (shell) (Figure 1). Among core-shell
nanoparticles, the Au-Ag combination is one of the
most studied bimetallic nanostructures due to their
surface plasmon resonance (SPR) tunability
features for applications such as sensing, imaging,
and nanophotonics (5-8). Ag-Au core-shell
nanoparticles can be prepared by a number of
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methods such as seed-growth (9,10), pulsed laser
ablation (11), green approach (12,13), etc. Among
them, green approach is one of the emerging fields
in nanoscience and nanotechnology, because of
being eco-friendly, biocompatible, low-cost, and
energy-efficiency (13-16). There are many
publications on the synthesis of bimetallic
nanoparticles of Au-Ag using plant extracts such as
Neem (Azadirachta indica) leaf broth (14),
Persimmon (Diospyros kaki) leaf (17), Anacardium
occidentale (18), mushroom (13), mahogany
(Swietenia mahogani JACQ.) leaf (19), Cacumen
platycladi leaf (20), cruciferous vegetable (21),
piper pedicellatum (22), and sago pondweed
(Potamogeton pectinatus L.) (23). The synthesis of
nanoparticles in plant extracts is a bottom-up
approach in which metal salts are used as
precursors. Biomolecules present (carbohydrates,
proteins, sugars, etc.) can be responsible for
reducing metal ions into metal nanoparticles. For
example, Mondal et al. (19) reported that
bimetallic Au-Ag nanoparticles were produced
using mahogany leaf extract. Also, they claimed
that limonoids, one group of the phytochemical
constituents of the mahogany leaf, were reducing
and stabilizing agents for the formation of stable
nanoparticles. Bimetallic nanoparticles are
synthesized by simultaneous or sequential
reduction in plant extracts. In simultaneous
reduction, two metal ions are added into plant
extract together (co-reduction), leading to the
formation of alloy or core-shell structure (14,19).
Sequential reduction involves the addition of two
metal ions into plant extracts successively, and it
is the most promising method to synthesize core-
shell bimetallic nanoparticles. In this method, one
of the two metal ions is added first and reduced to
form nanoparticle as core and second metal ions
are deposited by reduction onto preformed
nanoparticle (core) to form shell. While there are
limited publications concerning synthesis of Ag-Au
(core-shell) structured bimetallic nanoparticles
using plant extracts in literature (24), there are
many researches on the synthesis of Au-Ag (core-
shell) or alloy structured bimetallic nanoparticles
using plant extracts (14,17,18). Ag-Au (core-shell)
bimetallic nanoparticles are used in many
applications such as a sensing and medical imaging
etc. (25,26). Therefore, it is worth studying the
synthesis of Ag-Au (core-shell) bimetallic
nanoparticles that are biocompatible, in green and
eco-friendly way.

RESEARCH ARTICLE

Alloy
@ Ag nanoparticles

Core-Shell
@® Au nanoparticles

Figure 1: A schematic representation of alloy and
core-shell structure of bimetallic nanoparticles.

Laurus nobilis L., commonly known as bay leaves,
is a Laureacea family member, being one of the
native species to the Mediterranean region (27). It
is an evergreen tree cultivated in many countries
with the moderate and subtropical climax, such as
Italy, Turkey, Mexico, Spain, and the USA (28). It
can also be used as a spicy fragrance and flavor in
traditional dishes (29); it is also used to treat the
symptoms of gastric secretion, flatulence, and
rheumatic complaints (30). Aqueous extract of bay
leaves contains constituents such as sugars,
organic acids, acylated kaempferol glycosides,
sesquiterpene lactones, megastigme glycosides,
(+)-catechin, (-)-epicatechin, (+)-gallocatechin,
(+)-epigallocatechin, and procyanidins (B2, B4, B5
and B7, etc., which can reduce metallic ions to
form nanoparticles and stabilize them (31-36). A
few researches on the synthesis of nanoparticles
using bay leaves extract are seen in literature in
the last few vyears (37-39). For example,
Vijakumar et al. (2016) synthesized ZnO
nanoparticles using aqueous bay leaves extract
and characterized them by UV-Vis spectroscopy,
FTIR, XRD, TEM, SEM, and EDX. After
characterization, they further investigated ZnO
nanoparticles synthesized for their antibacterial
activity, cytotoxicity, and anticancer activity. They
found that ZnO nanoparticles synthesized
effectively inhibited the biofilm growth of S. aureus
and P. aeruginosa at 75 mg.mL?, showed no
cytotoxic effect on normal murine RAW264.7
macrophage cells, and were influential in inhibiting
the viability of human A549 pulmonary cancer cells
at higher concentrations of 80 mg.mLt. The
present work's primary purpose is to synthesize
Ag, Au, and bimetallic Ag-Au nanoparticles using
aqueous bay leaves extract and characterize them
for their further applications. There is no
publication on the synthesis of Ag-Au bimetallic
nanoparticles using bay leaves extract to the best
of our knowledge.

EXPERIMENTAL

Material and Method

Silver nitrate, AgNOs (Aldrich), and sodium
tetrachloroaurate(III) (NaAuCls.2H20) were used
as purchased. In the extraction processes,
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deionized water was used. All other reagents were
purchased from commercial sources and were used
after the usual drying and/or distillation without
further purification. Bay leaves were purchased
from the local market and confirmed that they are
gathered in the Mediterranean coast of Antalya,
Turkey, and dried in shadow.

Preparation of aqueous leaves extract

After washing with tap water, the leaves were
washed twice with deionized water and spread to
dry for three days at room temperature and
ground. The ground leaves were sieved, and the
fraction of 0.650-1.00 mm was used for extraction.
2.5 gram of leaves powder was taken into an
Erlenmeyer flask, and 100 mL of deionized water
was added and then refluxed for 5 min. After
cooling to room temperature, the mixture was
sieved with 0.350 mm mesh to remove large
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particles, and then it was centrifuged with 4500
rpm for 15 min. The supernatant was collected and
stored at 4 °C for further studies.

Synthesis of nanoparticles

0.01 M, 1 mL of AgNO3s, and HAuCls were added to
10 mL of extracts to synthesize Ag and Au
nanoparticles separately, and the mixtures were
stirred for 24 h in a dark condition at room
temperature. For the synthesis of Ag-Au core-shell
nanoparticles, 0.01 M, 1 mL of AgNOs has initially
been added to 10 mL of extract and was allowed to
be reduced and stabilized by phytochemicals
present in the extract. Then, the corresponding
portion of HAuCls was added and allowed to
complete the reaction. The green synthetic steps of
the Au-Ag bimetallic nanoparticles are shown in
Figure 2.

NaAuCl,

Ag-Au Bimetallic nanoparticles

gy B

Figure 2: Schematic diagram of green synthesis of Ag-Au bimetallic nanoparticles using aqueous
extract of bay leaves (Laurus nobilis L.).

Characterization of synthesized nanoparticles
UV-visible spectra of extracts containing Ag, Au,
and Ag-Au nanoparticles were recorded with the
wavelength range from 200 to 800 nm using a
Perkin Elmer Lambda 35 UV/Vis spectrometer
operating at a resolution of 1 nm. X-ray (XRD)

patterns of synthesized nanoparticles were
obtained using Rigaku MiniFlex X-ray
diffractometer with monochromatic Cu-Ka incident
beam (A=0.154056 nm) with nickel

monochromator the range between 10° and 90° at
26 angle. The morphologies and the synthesized
nanoparticles' sizes were examined through
Transmission Electron Microscopy (TEM) Zeiss Leo
906E TEM instrument by evaluating TEM images
with Adobe Photoshop 7. A total of 200 particles
were counted and averaged for corresponding
particle sizes. Fourier transforms infrared (FT-IR)
spectra were recorded with ATR-FTIR using Perkin
Elmer Two spectrometer at room temperature at 4
cm-! resolution.

RESULTS AND DISCUSSION

The synthesis of Ag, Au, and Ag-Au (core-shell)
nanoparticles was performed in an aqueous bay
leaf extract. After adding any precursor into an
extract and stirring, an immediate change in color
of solutions was observed, confirming
nanoparticles' formation by reduction reactions. As
indicated in the inset of Figure 3. the color of
extracts turned into dark-yellow, purple, and
grayish-black for Ag, Au, and Ag-Au nanoparticles,
respectively. Also, Figure 3 shows the UV-Vis
spectra of synthesized nanoparticles. The
absorption peaks at 425 nm (Figure 3b) and 542
nm (Figure 3c) belong to the SPR absorption of Ag
and Au nanoparticles. SPR bands are highly
dependent on the shape and size of the
nanoparticles (40). The absorption peak observed
at 542 nm is the characteristic peak for spherical
gold nanoparticles (12).
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Figure 3: UV spectra of extract and nanoparticle solutions (a, b, ¢, and d represent bay leaf extract, Ag,
Au, and Ag-Au nanoparticles in extract, respectively).

Experimental absorption spectra and calculated
spectra for the Au-coated Ag nanoparticles (using
full Mie equations and the dielectric data for the
alloys) were compared by Mulvaney (41) to
investigate whether the optical spectra alone can
reveal whether alloying has taken place during
deposition of a second metal onto a seed metal
particle. According to Mulvaney's work (1996), Ag-
Au bimetallic nanoparticles' alloyed structure has a
single plasmon band between the corresponding
bands of monometallic Ag and Au nanoparticles
regarding content ratios of corresponding metals.
As Au content increases in the bimetallic
nanoparticle, a continuous red-shift in the band
position is observed. In the case of core-shell
structures (Ag-core, Au-shell) Ag (core) plasmon
band is strongly damped but does not shift, and
Au's thick coating on the Ag core shows a plasmon
band close to the band of monometallic Au
nanoparticle. As Au content (correspondingly
thickness of the shell) increases, damping in the
Ag (core) band increases. In our case for Ag-Au
synthesized nanoparticles, the SPR absorption
observed at 538 nm (Figure 3d) confirming the Ag-
Au bimetallic nanoparticles are in core-shell
arrangement. Because, in the UV-Vis spectrum of
Ag-Au bimetallic nanoparticles, the disappearance
of absorption peak for Ag nanoparticles and still
observing absorption peak at almost the same
position as in monometallic Au nanoparticles
strongly suggest that Ag nanoparticles formed core
and Au formed the shell. Also, the complete
disappearance of absorption peak for Ag
nanoparticles depends on the thickness of the shell
since, when the shell is sufficiently thick, only
absorption corresponding to shell could be
observed, but when the thickness of the shell is
not enough to shield UV-Vis waves, any absorption

from the core could occur (41). The results are in
good agreement with the works on Ag-Au core-
shell bimetallic nanoparticles (12-16,24,27-30,35-
38,42). In general, during synthesizing bimetallic
nanoparticles of Ag and Au by co-reduction, if
monometallic nanoparticles of Au and Ag form
separately, the solution will be just a physical
mixture of the corresponding nanoparticles; just
two absorption bands will be observed at the same
position and intensity with the monometallic
counterparts. Nevertheless, when any intensity
change is observed at the absorption maxima, it
can result from the formation of core-shell
arrangement. In alloy arrangement for bimetallic
nanoparticles, only one absorption peak is
observed between two maxima of the
corresponding monometallic nanoparticles, and the
peak of maximum observed depends on the
concentration of the precursors (41,42).

The crystalline natures of the synthesized
nanoparticles were confirmed by X-ray diffraction
(XRD) analysis. Powders of nanoparticles were
obtained by vacuum drying of extracts containing
nanoparticles using a rotary evaporator. The XRD
patterns of powders are given in Figure 4. As
illustrated in Figure 4a, the XRD pattern of Ag
nanoparticles shows four distinct diffraction peaks
at 38.1°, 43.9°, 64.5° and 77.1° representing (1 1
1),(200),(220), and (3 1 1) crystal planes of a
faced center cubic (fcc) lattice of silver consistent
with the JCPDS data [No. 04-0783]. In Au
nanoparticle diffraction pattern (Figure 4b), the
peaks at 38.1°, 44.2°, 64.4° and 77.4°correspond
tothe (111),(200), (220)and (311)facets
(1,28,30,36) of the face-centered cubic crystal
structure, respectively. The ratio between peak
intensities gives the predominant orientation, and
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in the Au nanoparticle diffraction pattern, the ratio
of intensities of (2 0 0) and (1 1 1) peaks is much
lower than the usual value (0.52), suggesting that
the (1 1 1) plane is the predominant orientation
(27). In the case of Ag-Au bimetallic nanoparticles
(Figure 4c), diffraction peaks appeared at 38.1°
(111), 44.1° (200), 64.4° (220), and 77.1° (311),

RESEARCH ARTICLE

confirming that Ag-Au bimetallic nanoparticles are
in fcc structure. Unassigned peaks in all the XRD
patterns can be attributed to the crystallization of
the bioorganic phase on nanoparticles' surface.
Similar results were reported in some works in the
literature, too (12,13,21).

(111) &

Figure 4: XRD patterns of nanoparticles synthesized (a, b and c represent Ag, Au and Ag-Au
nanoparticles, respectively).

The TEM images of nanoparticles synthesized in
bay laurel leaves extract are given in Figure 5, and
these images can help us analyze the size and
shape of the nanoparticles. Figure 5(a), 5(b), and
5(c) are the images of nanoparticles of Ag, Au, and
Ag-Au (core-shell), respectively. The shape of the
nanoparticles is spherical primarily, but for Au
nanoparticles, a few hexagonal and triangular
shapes were observed in TEM images not given
here. While Ag-Au nanoparticles' size ranges
between 1 nm and 17 nm with a mean diameter of
8+3 nm, Au nanoparticles' size ranges between 12
and 33 nm with a mean diameter of 23+4 nm and
Ag nanoparticles' size ranges between 1 nm and
31 nm with a mean diameter of 107 nm. The size

of core-shell Ag-Au nanoparticles is smaller than
that of Au and Ag nanoparticles synthesized.
Gopinath et al. synthesized Ag, Au and Ag-Au
bimetallic nanoparticles by using the Gloriosa
superba leaf extract and they reported that mean
size of Ag-Au bimetallic nanoparticles as 10 nm
(43) which is close to our findings. In another
study, Chavez and Rosas synthesized Ag-Au Core-
shell bimetallic nanoparticles using the extract of
Hamelia patens plant and they found that the
particle size distribution ranging from 10 to 50 nm
being the average particle size was 32 nm (44)
which is four folded of our findings. The size of
nanoparticles synthesized using plant extracts may
depend on plant types.

1039



Hoda N et al. JOTCSA. 2021; 8(4): 1035-1044.

RESEARCH ARTICLE

A

L

Figure 5: TEM images of the a) Ag, b) Au, and c) Ag-Au nanoparticles in bay leaf extract.

Fourier Transform Infrared Spectroscopy (FT-IR)
measurements of pure and nanoparticle-containing
powdered samples of bay leaf extract were carried
out to identify the possible interactions between
the nanoparticles (Ag, Au, and Ag-Au) and
bioactive molecules, which might be effective in
the synthesis and stabilization of the nanoparticles
in the extracts. The FT-IR spectra obtained from
the pure extract powders display absorption peaks
at different positions for various functional groups
at 3342, 2921, 2856, 1711, 1606, 1438, 1373,
1206, 1040, and 775 cm™ as seen Figure 6. The
bands at 3342 cm™! and 1040 cm™ can be
attributable to O-H stretching vibrations indicating
hydroxyl groups' presence in the structure of
biomolecules present in the powder of extract
(45). The bands observed at around 2921 cm-!
and 2850 cm~! are from stretching vibration of C-H
(46). The stretching vibrations of the C=0 group
from ketones are observed at 1722 cm™. While the

band observed at 1616 cm™ corresponds to
stretching of C-O bond of amide-I, the weak band
at 1440 cm™! corresponds to —~C=C- vibrations from
aromatic skeletal compounds (47). The bands at
1373 and 775 cm™ are assigned to C-H bending
vibration for -CHz symmetrical deformation and N-
H's bending vibration, respectively. The band at
1206 cm can be attributed to in-plane bending
vibration of the —OH group of phenols (48). While
the characteristic IR band of amine and amino-
methyl stretching groups appeared at 1438 cmt, -
C-N vibrations appeared at 1373 cm™ (49). When
the spectrum of pure extract and spectra of
nanoparticle-containing powdered extract samples
are compared, there are only minor shifts of about
+1-5 cm except for the band at 1040 cm~! which
shifted to 1032 cm for Au and Ag-Au containing
samples. As explained above, many functional
groups are responsible for reducing or stabilizing
the nanoparticles in the extract.

% T

4000 3500 3000 2500

Wavenumber (¢em™)

2000 1500 1000 500

Figure 6: FTIR Spectra of a: bay leaf extract, b: Ag nanoparticles, c: Au nanoparticles, d: Ag-Au
bimetallic nanoparticles in the bay leaf extract.
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CONCLUSION

This study focused on producing nanoparticles of
Ag, Au, and Ag-Au (bimetallic) in the aqueous bay
leaf extract. The nanoparticles were prepared by a
green, eco-friendly, fast, low cost, and large-scale
applicable method. The synthesized nanoparticles
were characterized by TEM, UV, XRD, and FT-IR. It
was observed that Ag-Au bimetallic nanoparticles
synthesized in the extract are in the core-shell
structure according to UV spectral results. XRD
characterization of nanoparticles showed that all
nanoparticles synthesized are in FCC structure.
TEM technique was used to identify the size and
shape of the nanoparticles. TEM measurements
indicated that the nanoparticles' shape is primarily
spherical, but a few hexagonal and triangular
shapes were observed for Au nanoparticles. The
nanoparticles' average sizes were measured as
10+7, 23+4, and 83 nm for Ag, Au, and Ag-Au
nanoparticles, respectively. FT-IR measurements
showed that the extract's biomolecules are
responsible for reducing Ag* and Au3* ions to Ag°
and Au® to form nanoparticles and stabilize them in
the extract. The present study confirmed that Ag,
Au, and Ag-Au nanoparticles could be successfully
synthesized in the aqueous bay leaf extract. These
nanoparticles have potential usage in various
applications, including the biomedical field.
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Abstract: The gelatin/chitosan (GEL/CTS, GC) membranes have been fabricated well by a simple in-situ
method. The as-prepared GC membranes were characterized by morphological surface (scanning electron
microscopy, SEM), chemical (Fourier-transform infrared spectroscopy, FT-IR), crystallinity (X-ray
diffraction, XRD), thermal (thermal gravimetric analysis, TGA), mechanical (tensile test), hydrophilic
(water contact angle), and swelling properties to elucidate the changes in their chemical structures and
morphologies. The morphological structure of the GC membranes was found to be very smooth, non-rough
and homogeneous. The FT-IR and XRD studies manifest that the GC membranes have good interaction and
compatibility between GEL and CTS in the hydrogel mixture. The prepared GC membranes also obtain
better thermal, mechanical and swelling properties comparing to the raw CTS molecule. These results
suggest that the nontoxic GC membrane can become a preferred hydrogel membrane in the field of wound
dressing or tissue-engineering applications.

Keywords: Chitosan, gelatin, swelling, hydrogel membrane.
Submitted: May 25, 2021 . Accepted: September 20, 2021.

Cite this: Vo TS, Vo TTBC, Nguyen TS, Tien TT. Fabrication and Characterization of Gelatin/Chitosan
Hydrogel Membranes. JOTCSA. 2021;8(4):1045-56.

DOI: https://doi.org/10.18596/jotcsa.942478.

*Corresponding author. E-mail: vtsinh92 @skku.edu.

INTRODUCTION biomedical applications. These hydrogel membranes
significantly swell in an aqueous medium that can
be mainly due to their cross-linked networks,
meaning they do not disintegrate in water at

physiological pH and temperature (15).

As known, polymeric membrane system was
extensively applied in different research fields and
practical applications (1-5), at the same time that

remarkable factors of a polymeric membrane almost
regard to possibly physical, chemical and interface
properties. Hence, they are necessary to conduct
considerable modification methods that can obtain
better desired results corresponding to multiple
researches. Especially, hydrogel membrane-based
superabsorbent has effective swelling behaviors that
can be due to the hydrophilic functional groups (i.e.,
carboxyl, amino, and hydroxyl groups) contained
availably on the polymer chains (6-14). At the same
time, the hydrogel membranes are also considered
as hydrophilic membranes with three-dimensional
cross-linked networks being applied for plenty of

Furthermore, the hydrogel membranes reach lots of
advantages, e.g., high water content and soft elastic
property, boost granulation and epithelialization due
to the moist environment (16), promote the healed
wound without any damage (17), respectively.
Thus, the hydrogel membrane is widely used in the
fields of drug delivery, agriculture, purification,
hygiene, and food industry. The development and
expansion of eco-friendly membrane has been
researched and explored intensively to protect
environment; concomitantly, multiple natural
sources are recently concerned (10-14).

1045


https://doi.org/10.18596/jotcsa.942478
mailto:vtsinh92@skku.edu
https://doi.org/10.18596/jotcsa.942478
https://doi.org/10.18596/jotcsa.942478
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:%20vtsinh92@skku.edu
https://orcid.org/0000-0003-3830-0474
https://orcid.org/0000-0002-3049-2080

Vo et al. JOTCSA. 2021; 8(4): 1045-1056.

Notably, single-network hydrogel membranes show
slow response and weak mechanical property at
swelling, while multiple-network membranes (i.e.,
interpenetrating polymer networks) can be designed
to overcome this drawback (18). So far, plenty of
hydrophilic polymer sources have been used to
produce the appropriate hydrogel membranes,
counting natural (proteins and polysaccharides) and
synthetic (contain hydrophilic functional groups, i.e.,
carboxyl, amino, and hydroxyl groups, etc.) polymer
sources; especially for commonly natural polymers,
e.g., gelatin and chitosan. Specifically, chitosan
(CTS) is considered to be an eco-friendly and
widely-used compound of chitin N-deacetylation,
which is also a potential candidate in numerous
fields such as drugs, catalysis, food, etc. (1, 2, 6-8).
Besides, the CTS is known as a biomedical material
source owing to its wound-healing ability,
biodegradability, biocompatibility, hemostasis,
antimicrobial activity, etc. (19-21), which leads to
being a valuable biomedical material - CTS
molecule. Concomitantly, the CTS is soluble in weak
acid solvents (i.e., lactic acid, acetic acid, etc.) but
insoluble in a water medium, although it has a
crystalline structure with several hydrogen bonds
(22). Indeed, several researchers presented
possible modifications on basic of the CTS molecule
regarding to available chemical features to be
expanded in the material systems of beads, fibers
and membranes, owing to its good solubility in a
weak acid medium (1, 2, 23-27). By the way,
gelatin (GEL) is a biocompatible protein with a very
high bio-absorptivity and low antigenicity in a living
body (28, 29), and its outstanding property regards
to a sol-gel transition under an aqueous medium.
Several various membranes have been produced on
natural material sources of the CTS and GEL
molecules to be applied in biomedical applications
(2, 26, 28). Nonetheless, these membranes were
mostly successfully prepared by casting method
using GEL/CTS (GC) solution in acetic acid solvent,
which is known as a common solvent to dissolve the
CTS molecules. However, the odor feature of this
acid solvent is one of the disadvantages to be

RESEARCH ARTICLE

utilized in the fabrication of GC membranes. Hence,
the lactic acid solvent is selected to replace the
acetic acid solvent and overcome this disadvantage
in this study, at same time that the incorporation of
GEL and CTS molecules is also considered as a
nontoxic hydrogel membrane, owing to natural
polymer sources.

Herein, the lactic acid solvent is employed to
fabricate GC hydrogel membranes based on a
simple in-situ method. Moreover, the morphological
surface, crystallinity, thermal, mechanical,
hydrophilic, and swelling properties of the as-
prepared GC membranes are specifically
investigated with different weight ratios of GEL/CTS
to probably elucidate the changes in their chemical
structures and morphologies. Thereby, we hope that
these nontoxic GC membranes can become a
promising hydrogel membrane in the fields of
wound dressing or tissue-engineering applications.

EXPERIMENTAL SECTION

Materials

CTS (deacetylation degree = ~90%) and lactic acid
(CH3CH(OH)COOH, 85 - 90%) are obtained from
Sigma Aldrich. GEL is purchased from Samchun
Chemical Co.. Deionized water is directly offered
from a Milli-Q ultrapure system.

Fabrication of GC Membranes

A CTS stock solution with a concentration of 2% is
fabricated by mixing CTS in 100 mL of aqueous
lactic acid (2.5%, v/v) and stirring overnight. Then
GEL is added and stirred in 20 mL of distilled water
at 50 °C, mixed into the CTS solution, and agitated
at 50 °C with the different weight ratios (GEL:CTS,
wt/wt = 8:2; 6:4; 5:5; 4:6 and 2:8). The GC
solution with different weight ratios is spread over
the bottom of Petri dishes (100 mm diameter), and
resultant GC membranes are air-dried for 1 day
(room temperature). The fabrication process of the
GC hydrogel membrane is described in Figure 1.
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Figure 1: Fabrication process of GC hydrogel membrane.

Swelling Study

The swelling property of the prepared GC
membranes is performed by immersing and sealing
into an aqueous solution. Specifically, the as-
prepared GC membranes are cut and measured the
weight (2 cm x 2 cm, W,) by a four-digit analytical
balance. Next, the cut membranes are immersed
and sealed into distilled water at room temperature.
After preset times (t = 5 - 60 min), the membranes
are took-out and weight was measured (W1).
Finally, the swelling rate (SW, %) of the membrane
is calculated from an equation: SW (%) = [(W1 -
Wo)/Wo] x 100.

SEM Analysis

The morphological structures of the GC membranes
(i.e., top-surface and cross-section) are captured
from scanning electron microscopy (SEM) (FESEM
JSM-7600F) at different magnifications.

FT-IR and XRD Analysis

The chemical and crystalline characterization of the
GC membranes are analyzed by a Fourier-transform
infrared (FT-IR) spectrometer and an X-ray
diffraction (XRD). FT-IR spectroscopy is measured in
the 4000-500 cm~! wavenumber region by an FT-IR
spectrometer with the KBr method (Nicolet 380
spectrometer). Wide-angle XRD analysis s
performed in the 26 range of 5—70° via an X-ray
diffractometer (D8 ADVANCE, Bruker Corporation).

Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) is conducted on
a Seiko Exstar6000 instrument with a temperature
range of 30-700 °C at a heating rate of 10 °C-min~!
for the samples.

Contact Angle Measurement

In order to determine the hydrophilic properties of
the GC membranes, a drop technique is applied to
investigate the water contact angle [SEO Phoenix
MT(M)] by using a distilled water drop (volume =5
pL). The contact angle values are calculated by
analyzing the captured drop images based on the
Imagel® program.

Tensile Analysis

The strength and strain of the tensile test (original
size of membrane = 1 cm x 5 cm) are carried out by
a universal tensile machine (UTM model 5565, UK)
with 250 N of load cell and 10 mm-mint of pulling
rate. Prior to the tensile test, the membranes are
stored for more than one day at room temperature.

RESULTS AND DISCUSSION

Characterization of GC Membranes

As known, several researchers (30-32) have used
acetic acid solvent, which is known as a common
solvent to dissolve the CTS molecules; however, the
odor nature of this solvent is seen as a
disadvantage to be utilized in the fabrication of GC
membrane. Thus, the lactic acid solvent is chosen to
replace acetic acid in this study as well as to
overcome this disadvantage.
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Figure 2: SEM images of top surface (a) and cross-section (b) of GC 5/5 membrane

For a hydrogel membrane, the morphological
structure is also concerned to be one of the
significant factors to evaluate its performance
corresponding to the aim study (2). In this study,
the morphological structure of GC membranes is
detected by SEM images (Figure 2), indicating that
the top-surface (Figure 2a) and cross-section
(Figure 2b) morphologies of the GC_5/5 membrane

the pores. Thereby, this smooth morphology is
owing to the GC hydrogel formation in the
membrane, manifesting that the CTS and GEL
molecules are well dispersed in the molecular level,
as well as the homogeneous characterization of this
GC mixture. As such, the smooth surface and
homogeneous feature of the GC hydrogel membrane
are truly useful in the field of wound dressing or

tissue engineering applications.

are relative smooth surface and non-rough without
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Figure 3: Ion exchange in lactic acid solvent and possible reaction mechanism between CTS and GEL.

Figure 3 indicates that in the GEL/CTS spectrum,
the C=0 groups of GEL absorbed with the N-H
groups of CTS resulting in strong hydrogel bonds,
leading to a far more miscible GEL/CTS component.
To further understand the chemical characterization
of the membrane, FT-IR spectra of CTS, GEL, and
GC membrane are shown in Figure 4a. The peaks at
3500-3000 cm™ can belong to the O-H and N-H
stretching of CTS, and the peak at 1560 cm™!
regards to the C-N deformation vibration (amide II)
of CTS (33, 34). The peaks at the amide I (C=0)
band (1645 cm™) and the amide II band are very

weak that can be due to the higher deacetylation
degree of CTS (33, 34). For GEL spectra, the N-H
bending vibrations of the amide I, II, and III bands
can be observed at 1655 cm™, 1510 cm™% and 1324
cm™, respectively (35). Moreover, the vibrational
peak of the GC membrane relating to amino groups
at 1560 cm™ has disappeared after GEL/CTS
polymerization, while prominent peaks at 1650 cm™!
are observed clearly in the GC membrane spectra.
Thereby, these are probably explained as based on
the amidation reaction between carboxyl and amino
occurring in CTS and GEL mixture (Figure 3).
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Besides, the peaks at 3500-3000 cm™! have also
became broader in the GC membrane spectra
regarding their hydrogen bonding interaction
occurred in that GC hydrogel mixture. At the same
time, the shifted peaks of C=0 and C-O-C are
observed from 1645 cm™ to 1539 cm, and from
1068 cm? to 1058 cm™! in the GC membrane
spectra, respectively. Thereby, the chemical
interactions of GEL and CTS molecules have
happened in this hydrogel mixture, similarly to the
above-mentioned SEM analysis. In addition, Figure
4b manifests the XRD pattern of the CTS, GEL, and
GC membrane. These show that the primary
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diffraction peaks are observed at ~20° in their XRD
patterns, suggesting good interaction and
compatibility between GEL and CTS in the hydrogel
membrane. Concomitantly, the peak intensity ratio
of GC membrane is reduced with a supplement of
GEL component into the mixture, resulting in a
decrease in CTS crystallinity probably because of
the incorporation of the amorphous nature of GEL
into this mixture. Besides, a small reduction in the
GC membrane crystallinity can be due to the
hydrogen bonding interactions between the GEL and
CTS molecules in the mixture regarding their good
compatibility (36, 37).

7.83°
GEL
19.22°
8.73°
GC_5/5
1 [ [ [ ]
10 20 30 40 50 60

200)

Figure 4: FTIR (a) and XRD (b) spectra of CTS, GEL, and GC_5/5 membrane.

Furthermore, the thermal property of a material is
also concerned as a significant factor to be
investigated in this study. In Figure 5, it illustrates
the thermograms of CTS, GEL, and GC membrane.
Their loss of initial weight at ~50 °C is attributed to
their loss of moisture in all samples. In addition, the
CTS curve shows lower thermal stability than that of
the GC membrane. Specifically, the second
degradation of the CTS curve is observed at 295 °C,
while that of the GC membrane is at 319 °C.
Thereby, it probably relates to incorporating the
amorphous nature of GEL into the mixture, as well
as the GEL degrades faster than the GC
membranes. Besides, the DTG peaks of the GC

membrane are similar to CTS peaks, while those of
GEL are not similar to the GC membrane (Figure 5b)
that can be due to the difference in crystal structure
and hydrogen bonding network between GEL and
CTS. Also, it indicates that the as-prepared
membranes with CTS and GEL are well dispersed at
the molecular level. As a result, combining these
materials to form a hydrogel membrane is stable
more in thermal property compared with pure
materials. Overall, there are good interactions and
compatibility between the GEL and CTS molecules in
this hydrogel mixture through the aforementioned
analyses.
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Figure 5: TGA (a) and DTG (b) curves of CTS, GEL, and GC_5/5 membrane.

Mechanical Property of GC Membranes

In addition to the above-suggested chemical,
crystalline and thermal characterizations, a
material's mechanical property is also seen as a
rather important factor in this study. Actually, the
hydrogel membranes reach lots of advantages, e.g.,
soft elastic property and promote the healed wound
without any damage (17). Herein, the prepared GC
membranes are used to directly investigate their
mechanical property based on the values of stress
at break and strain at break through the tensile test
(Figure 6). It is obvious that the values of stress at
break of the GC membranes are high with the
decrease of weight ratio of GEL/CTS; it is the
opposite for those of strain at break. Specifically,
the GC_2/8 membrane has the highest stress and
lowest strain values; on the other hand, those
values are opposite for the GC_8/2 membrane.
Additionally, the GC_5/5 membrane shows a higher
value of stress at break comparing to the GC_6/4
and GC_8/2 membranes (i.e., the stress value
range from GC_5/5 to GC_6/4 membranes: 0.26
MPa; the stress value range from GC_5/5 to GC_6/4
membranes: 0.62 MPa); on the other hand, the
stress value range of GC_5/5 membrane is lower

to the GC_4/6 and GC_2/8
the stress value range from
GC_5/5 to GC_4/6 membranes: 0.10 MPa; the
stress value range from GC_5/5 to GC_2/8
membranes: 0.30 MPa). Furthermore, the GC_5/5
membrane shows a lower strain value compared to
the GC_6/4 and GC_8/2 membranes (i.e., the strain
value range from GC_5/5 to GC_6/4 membranes:
0.37%; the strain value range from GC_5/5 to
GC_6/4 membranes: 0.81%), while the strain range
of GC_5/5 membrane is higher little comparing to
the GC_4/6 and GC_2/8 membranes (i.e., the strain
value range from GC_5/5 to GC_4/6 membranes:
0.14%; the strain value range from GC_5/5 to
GC_2/8 membranes: 0.26%). It indicates that the
prepared GC membranes with various weight ratios
of GEL/CTS are flexible and reach different stress
and strain values. Besides, physical strength is seen
as an important factor in biomedical applications.
These show that the as-prepared GC membranes
can be truly useful in the applications of biomedical
fields, at same time that the GC_5/5 membrane can
be selected as a promising membrane to apply in
the fields of wound dressing or tissue-engineering
applications.

little comparing
membranes (i.e.,
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Figure 6: Stress-strain curves of the as-prepared GC membranes.

Hydrophilic Property of GC Membranes

As known, the hydrogel membranes reach lots of
advantages, e.g., high water content, boost
granulation, and epithelialization due to the moist
environment (16). At the same time, the wettability
and hydrophilic properties of a solid surface based
on a liquid can be predicted from the use of contact
angle. Herein, the hydrophilic property of the as-
prepared GC membrane surface is also investigated
through the water contact angle method.

Specifically, the picture of a water droplet on the

(2)

CTS surface is captured and shown in Figure 7a,
resulting in that its water contact angle is obtained
at 119.6°, as well as the hydrophobic nature of the
CTS surface. On the other hand, the water contact
angle of the as-prepared GC membrane surface
significantly decreases with the increase of the
GEL/CTS weight ratio (i.e., from 68.0° to 32.3°)
(Figure 7b-f) (38). These results further support the
swelling test of the as-prepared GC membranes as
well.

(b)

Figure 7: Contact angles of CTS (a), GC (b - f) membranes: GC_2/8; GC_4/6; GC_5/5; GC_6/4 and
GC_8/2, respectively.
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Swelling Property of GC Membranes

Basically, the hydrogel membranes significantly
swell in an aqueous medium that can be mainly due
to their interacted networks, meaning they do not

disintegrate in water at physiological pH and
temperature (15). In addition to the above-
mentioned hydrophilic properties, the swelling

property of the as-prepared GC membranes is
conducted by immersing into distilled water at
different times (i.e., 5 - 60 min, r.t). For visual
observation of the swelling studies (Figure 8), after

RESEARCH ARTICLE

30 and 60 min immersing, GC_8/2 and GC_6/4
membranes are almost soluble into the aqueous
solution, in contrast for GC_5/5; GC_4/6, and
GC_2/8 membranes. These show that the GC
membranes can maintain stable swelling ability with
a low weight ratio of GEL/CTS, which involves
stronger intermolecular hydrogen bonds among the
GC membranes. At the same time, these results are
similar to the above-mentioned hydrophilic property
of the membranes as well.

After 30 min

GC 2/8 GC 4/6 GC 5/5 GC 6/4 GC 82
After 60 min

GC 2/8 GC_4/6 GC_5/5 GC_6/4 GC 812

Figure 8: Swelling of all GC membranes after different immersing times.

Besides, each membrane's swelling rate at various
immersing times is also concerned to be further
investigated, as shown in Figure 9. Specifically, the
swelling property of the GC membranes increases
with the weight ratio of GEL/CTS within 5 - 60 min
of immersing and sealing time period (i.e.: 51.6 -
211.3% / GC_2/8 membrane; 87.7 - 248.3% /
GC_4/6 membrane; 107.3 - 270.4% / GC_5/5
membrane; 148.2 - 390.9% / GC_6/4 membrane;
and 134.0 - 438.2% / GC_8/2 membrane). The
main reason is that the addition of GEL can cause
the hydrogel membrane structure to become looser,
and the molecular chains in the system is more
easily extended (39). Besides, the swelling rate
range of each hydrogel membrane has significantly
raised from 5 to 60 min of immersing and sealing
time period (i.e.: 159.7% / GC_2/8 membrane;
160.6% / GC_4/6 membrane; 163.1% / GC_5/5
membrane; 242.7% / GC_6/4 membrane; and
304.2% / GC_8/2 membrane). The results suggest
that the swelling property of each membrane
increases rapidly from 5 to 60 min. However, it
slows down gradually after 45 min, indicating that
the swelling equilibrium of each membrane reaches
at 45 min. In general, the GC membranes manifest
a good swelling behavior since the incorporation of
GEL molecule, which is one of the common
hydrophilic polymers. Concomitantly, the water-

absorbing capacity of the hydrogel membranes is
higher than their own weight. Additionally, the
GC_5/5 membrane shows lower much swelling rate
comparing to the GC_6/4 and GC_8/2 membranes
(i.e.: the swelling rate range from GC_5/5 to
GC_6/4 membranes: 41.0% / 5 min, 84.9% / 10
min, 105.9% / 30 min, 110.2% / 45 min and
120.5% / 60 min; the swelling rate range from
GC_5/5 to GC_8/2 membranes: 26.7% / 5 min,
120.2% / 10 min, 149.9% / 30 min, 69.8% / 45
min and 167.8% / 60 min); on the other hand, the
swelling rate range of GC_5/5 membrane is higher
little comparing to the GC_4/6 and GC_2/8
membranes (i.e.: the swelling rate range from
GC_5/5 to GC_4/6 membranes: 19.6% / 5 min,
22.7% / 10 min, 17.1% / 30 min, 22.3% / 45 min
and 22.1% / 60 min; the swelling rate range from
GC_5/5 to GC_2/8 membranes: 55.7% / 5 min,
58.8% / 10 min, 40.1% / 30 min, 46.8% / 45 min
and 59.2% / 60 min). As a result, the GC
membranes can maintain stable swelling ability with
a low weight ratio of GEL/CTS, which involve to
stronger intermolecular hydrogen bonds among the
GC membranes. At the same time, the GC_5/5
membrane is chosen as a stable membrane to can
apply for wound dressing or tissue-engineering
applications.
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Figure 9: Swelling behavior of all GC membranes at room temperature.
CONCLUSION become a promising material (i.e., special for

In summary, GC membranes with various weight
ratios of GEL/CTS have been successfully prepared
by a simple in-situ method. The surface morphology
of the as-prepared GC membranes, is found to be
very smooth and homogeneous. For chemical and
crystalline characterization of the as-prepared GC
membranes, indicating that the incorporation of GEL
in the membrane has decreased the crystallinity of
CTS as well as appearing interaction between these
molecules based on FT-IR and XRD studies. Besides,
combining these natural polymer sources to form a
hydrogel membrane is more stable in thermal
property than pure materials. In addition to the
above-mentioned characterizations, the hydrophilic
property of GC membranes is investigated through
contact angle measurements, resulting in their
contact angle values significantly decrease with the
increase of weight ratio of GEL/CTS (i.e., from 68.0°
to 32.3°). For the mechanical property of the GC
membranes, the values of stress at break are high
with the decrease of weight ratio of GEL/CTS, but it
is the opposite for the values of strain at break. At
the same time, the prepared GC membranes with
various weight ratios of GEL/CTS are flexible and
reach different stress and strain values. Moreover,
the swelling equilibrium of each membrane has
reached at 45 min, as well as the GC membranes
can maintain a stability in the swelling ability
according to the low weight ratio of GEL/CTS, which
involves to both the stronger intermolecular
hydrogen bonds among the hydrogel membranes
and the addition of GEL in the hydrogel membranes.
These results suggest that the GC membrane can

GC_5/5 membrane) in the field of wound dressing
or tissue-engineering applications, at same time
that the incorporation of GEL and CTS molecules is
also considered as a nontoxic hydrogel membrane,
owing to natural polymer sources.
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Abstract: This work includes the preparation of ionic liquid 1,4-dimethylpiperidinium iodide [MMPip]I and
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compounds from the petroleum model was examined using dibenzothiophene (DBT) with a concentration
of 1000 ppm dissolved in the solvent of normal hexane. The results showed that the compounds used had
an acceptable efficiency of up to 30% despite using medium amounts of the extracted agent relative to the
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INTRODUCTION

Desulfurization is one of the chemical processes
used to remove sulfur from raw materials in
industry or final products. These processes are
critical because they provide a large portion of the
sulfur used in other fields and other sulfur-free
materials to reduce toxic and polluting emissions to
the environment, such as SOx emissions that cause
acid rain (1-3). The fuel refining process necessarily
requires the removal of sulfur from the oil
hardships. The Environmental Protection Agency has
imposed global restrictions on the specifications of
the fuels used in transportation (EPA)(4). The
optimum allowable sulfur content in diesel and
gasoline is 15-30 ppm, which was previously 500
ppm in most countries, and is how being reduced to
10 ppm (5). Thus, one of the critical processes in oil
refineries is the removal of sulfur from oil. The price
of oil production is determined by the sulfur content,
which influences the price of crude oil and
processing costs (1, 6-8).

Ionic liquids (ILs) with a high distribution coefficient
for sulfur compounds, a low cross solubility for
hydrocarbons, a low viscosity, and a fast separation
phase after mixing and extraction are ideal.
Unfortunately, natural ionic fluids perform less
efficiently in liquid-liquid extraction for typical sulfur
compounds such as dibenzothiophene (DBT).
However, ionic liquids have a high distribution
coefficient. In mixtures, the distribution coefficient
is somewhat low; in other words, liquids are not
ideal solvents for extraction desulfurization,
especially with heavy oil, and the (EDS) process
efficiency is lower. Because oxidizing sulfur
compounds have a much higher distribution
coefficient, the efficiency of the ionic liquid
extraction process increases if organic sulfur
compounds have previously been oxidized to
sulfoxides and sulfonates (9-11).

Desulfurization by extracting fuel with ionic liquids
instead of conventional organic solvents is an
exciting alternative to extremely clean diesel oils.
The use of different ionic liquids have been
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investigated within (EDS) (cations such as
imidazolium, pyridinium, quinolinium, and
pyrrolidinium, anions such as alkyl sulfate, alkyl
phosphate, halogens, ethanoate, and thiocyanate),
the treatment carried with (DBT) dissolved in
dodecane as a model fuel. The results showed that
the extraction efficiency of the cationic ions is in the
following order: methylpyridinium = pyridinium =
imidazolium = pyrrolidinium. Methylpyridinium
cation showed the highest sulfur removal, up to
(80%) per batch (12-16).

In practical experiments with the (EDS) process, it
was found that ionic liquids containing Lewis acids
such as FeCls, AICIs and CuCl gave promising good
results for the selective extraction process for
aromatic sulfur compounds even when used in
thermal conditions of up to 70 °C due to their solid
presence (17, 18). In the (EDS) process, many ionic
liquids mixed with Lewis acids were tested in
different molar ratios, for example, the mixture
between the ionic liquid (1-n-butyl-3-methyl
imidazolium [BMIM]CI ) and with aluminium chloride
AICIs as Lewis acid in molar ratios [BMIM]CI: AICI3
(0.35:0.65) where the bilayer system was formed
with the petroleum model at room temperature. It
was also tested in the (EDS) process of real diesel.
In the extraction process, the ionic liquids
containing Lewis acids showed higher efficiency than
their counterparts, non-containing Lewis acids (18,
19). Also, ionic liquids containing ZnCl, were tested
in the oxidative desulfurization process (0ODS),
[BMIMICI / nZnCl> (n=1,2,3), using the fuel model
with concentrations of 500 ppm and 1000 ppm of
(DBT). The results showed that the desulfurization
efficiency decreases with the increase in the
percentage of ZnCl,. These may be attributed to the
strong binding of zinc chloride with the cation in
ionic liquid; and its lack of participation in the
desulfurization process (20). On the contrary, we

CH3I
2h stirring

H H CH3
4-methylpiperidine

[MMPip]I
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notice the increase in extraction efficiency when
using FeClz when increasing the ratio of ferric
chloride to ionic liquid nFeCls /[BMIM]CI (n=1,2,3),
which is due to the increase in acidity and the closer
association of aromatic sulfur compounds with ionic
liquids of higher ferric chloride (15, 18). The use of
ionic liquid alone or Lewis acid alone did not show
high efficiency in the (EDS) process. However, when
using the mixing technique between them, the
efficiency was higher. Therefore, the process of
mixing them is beneficial, as an ionic liquid
containing FeCls showed higher efficiency when
compared with their counterparts containing AICls or
CuCl under the same experimental conditions (15,
21).

MATERIALS AND METHODS

All chemicals are of high purity and from certified
international companies and used without any
additional treatment.

Preparation of ionic liquids systems

The ionic liquids (molten salts) were prepared as
mentioned in the literature (22-26), the ionic liquid
1,4-dimethylpiperidinium iodide [MMPip]l was
prepared through the reaction of 4-methylpiperidine
dissolved in absolute ethanol with the gradual
addition of methyl iodide with continuous stirring for
two hours with cooling, the reaction is exothermic.
At the end of the reaction, evaporation followed by
a rotary evaporator at 80 °C concentrated the
solution and removed the remaining solvent. After
that, the ionic liquid [MMPip]I reacted with FeCls in
different molar proportions through mixing them
with reflex for 4 hours and disposing of the used
solvent (absolute ethanol) by rotary evaporator for
4 hours. Scheme 1 shows the preparation of the
ionic liquids systems.

nFeCI3
8 h reflux

~ / nFeCl3

(n =1,2,3)
HCH3

[MMPip]I/ nFeCi3

Scheme 1: Preparation of ILs systems.

Extractive desulfurization using ILs Systems

1000 ppm of sulfur content has been prepared by
dissolving (DBT) in n-hexane (as model oil). In the
process (EDS), the optimum conditions were
determined by treating the prepared ionic liquid

systems to several conditions of temperature, time
and concentration of the extracted material. Conical
flask 100 mL used in a shaker by adding 10 mL of
the (DBT) model oil with a specified concentration of
ionic liquid dissolved in 5 mL DMSO, 211DS Shaking
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Incubator used to control the operating conditions of
the experiment. Analyzing the results of sulfur
removal ratio was done by using absorption to
create a standard calibration curve and determine
the wavelength (Amax = 285 nm) at the highest
absorption intensity, as shown in Figure 5. The
percentage of sulfur removed was calculated
through the following relationship:

Conc.i - C_onc.t x 100
Conc.i

(o) —_—
Sremoval % =

Where Conc.; = initial concentration of sulfur (1000
ppm) represented by concentration of organic sulfur
compound (DBT), Conc.t sulfur concentration at
certain time in a specific conditions (DBT)
concentration.

RESEARCH ARTICLE

Characterization and analysis data

Several physical and spectral methods were used;
the 'H-NMR was investigated by Bruker Avance DPX
400 MHz using DMSO-de as solvent. Trio-1000
equipment was used for mass spectroscopy; the
elemental analysis was investigated by Flash EA
1112 Series Thermo Electron Corporation. The FT\IR
measured by JASCO Canvas 4200, Avanta 2.02
software for atomic absorption by SensAA GCB
scientific equipment system. METTLER Toledo TGA\
DSC used for thermal analysis at 30-950 °C with a
ramping heat rate of 10 °C/min under air, STARe
evaluation software. The sulfur content was
measured by Shimadzu UV-Vis 1800 spectrometer
at (Amax = 285 nm). Table (1) shows some physical
properties of prepared compounds.

Table 1: Some physical properties of prepared compounds.

No. Compound Conductivity* m.p. °C Color
1 [MMPip]I 100 85 Off white
2 [MMPip]I/FeCls 90 70 Brown
3 [MMPip]I/2FeCl3 90 68 Dark brown
4 [MMPip]I/3FeCls 90 68 Dark brown

* Conductivity (ohm-t.molt.cm?2) at (25 °C) and (103 M) by using water as solvent

RESULTS AND DISCUSSION

Characterization data

The characterization of the cation in the ionic liquids
[MMPip]* by 'H-NMR (DMSO-ds, 400 MHz): 50.9409
(3H-CH3, d, J = 11.52 Hz), 61.6512 (5H-CH,2CH,,
m), 082.7547 (3H-CHs, s), 63.0718 (4H-2CH2, m),
08.2942 (1H-NH, br).

[MMPip]I (1) Anal. Calcd. for C7Hi6IN: C, 34.87; H,
6.69; N, 5.81. Found: C, 35.89; H, 6.84; N, 5.61.

[MMPip]I/FeCls (2) Anal. Calcd. for C;H16ClsFeIN: C,
20.85; H, 4.00; Cl, 26.37; Fe, 13.85; N, 3.47.

Found: C, 19.25; H, 3.76; Cl, 27.66; Fe, 14.65; N,
3.22.

[MMPip]I/2FeClz (3) Anal. Calcd. for C7H16CleFe2IN:
C, 14.87; H, 2.85; ClI, 37.61; Fe, 19.75; N, 2.48.
Found: C, 13.05; H, 2.66; CI, 39.05; Fe, 21.55; N,
2.22.

[MMPip]I/3FeCl3 (4) Anal. Calcd. for C;7H16CioFe3IN:
C, 11.55; H, 2.22; ClI, 43.84; Fe, 23.02; N, 1.92.
Found: C, 9.75; H, 1.98; Cl, 42.76; Fe, 24.25; N,
1.75. Figure 1 shows the *H-NMR of [MMPip]I (1).
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Figure 1: The 'H-NMR of [MMPip]I (1) (400 MHz, DMSO-ds).

The infrared spectrum measured the ionic liquid
(organic salt) and the ionic liquid mixture with FeCls.
The results showed that the presence of Lewis acid
makes slight displacements of some bands, and it
may change the band's intensity (26-28). For
example, a band appeared at 975 cm™! due to the
in-plane bending frequency of the (C-H) group and
is shifted to a lower position when ferric chloride is

present (20, 29). The bands observed at 1072 cm™!,
1454 cm™ belong to (C-N str. or C-C str.) and (C-
H, scissoring bending) respectively (20, 30). The
other bands investigated are 2472 cm™ (N*-CHs
str.), 2734 cm?t (N*-H str.), 2954 cm?! (C-H
symmetric str.). Figure 2 shows the IR spectra of
ILs systems (20).

@) b ety

Transmittance (%)

L : 1

3000
Wavenumber [cm-1]

2000

1000 600

Figure 2: IR spectra of the IL systems: (1) [MMPip]I; (2) [MMPip]I/FeCls; (3) [MMPip]l/2FeCls; (4)
[MMPip]1/3FeCls.
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Thermal study data

The thermal stability of [MMPip]I and its mixtures
with ferric chloride was studied. A noticeable
decrease in the melting point of compounds
containing ferric chloride was revealed. The study
was under thermal conditions (30-950 °C) and a
temperature rampage rate (15 °C/min). The results
showed that the ionic liquid [MMPip]I is stable at
temperatures up to 250 °C; as shown in Figure 3,
the thermal degradation process occurs in one main

RESEARCH ARTICLE

stage (21, 31, 32). Although the presence of ferric
chloride increases the presence of moisture water in
the compound, as the results showed, the moisture
water loses by cycling to 110 °C. Thus, the
[MMPip]I/nFeCls compounds have two main stages
of thermal degradation. However, all mixes are
relatively stable at the temperature of experimental
conditions of the process (EDS). Figure 4 shows the
thermal gravimetric analysis of the compounds.

% 1 1/min 4
e e e T e e L S e R —3,06~]
IMMPipt 3
Sample Weight ]
MMPiEI, 19.1360 mg 3053
804 ]
2.10]
601 0.15
0.20 :'
40 ]
0.254
201 230
0,35
o -
| -0.404
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 200 =
PO T Y e . - P - PR S T T T U T Y P P - il s PR . el i gl o dd kbl
T t T + T + T t T t T t
0 5 10 15 20 2 30 35 40 5 50 55 min

Figure 3: TGA and DTA of [MMPip]I.
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Figure 4: TGA analysis of [MMPip]I and its FeCls mixtures.

Data for desulfurization analysis
Completing the standard curve by measuring the
compound (DBT) absorbance for several standard

shown in Figure 5.
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Figure 5: DBT absorbance with different concentrations.

The optimum conditions for the (EDS) process were
determined by treating the model oil with prepared
compounds for extraction at multiple temperatures
(15, 30, 45 °C) using a fixed weight of the extracted
materials (0.05 g) and 30 minutes. The results
showed an increase in the removal efficiency with
an increase in temperature. These results have good
similarities to the literature (18, 20, 33), noting that
there was no significant increase in efficiency when
the temperature was increased from 30 °C to 45 °C,
and it is preferable to use the laboratory
temperature because it is more controllable, as
shown in Figure 6. After stabilizing the temperature,

the optimum time was verified under 30 °C and
using the weight of the extracted substance (0.05
g). The results showed that the removal process
increases with the increase of time, which have
slightly different from the literature (20), and there
is no significant difference between 60 minutes and
90 minutes, as the equilibrium is almost stable after
60 minutes and as illustrated in Figure 7. Finally,
the efficiency was tested using many different
weights, as the results showed that with the
increase in the amount of extracted material, the
extraction efficiency increases Figure 8.

18

13

S -removal %
(0]

0 15 30

Temperature (oC)

—=— 1 [MMPip]I

—e— 2 [MMPip]I/FeCl3
—%— 3 [MMPip]I/2FeCl3
—— 4 [MMPip]1/3FeCI3

Figure 6: Effect of temperature: extractant used 0.05 g, 30 min.
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Figure 7: Effect of time: extractant used 0.05 g, 30 °C.
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Figure 8: Effect of extractant weight: 60 min, 30 °C.

Through these results, it is noted that the increase
in temperature from 30 °C to 45 °C and the
increase in the time for the extraction process after
60 minutes does not significantly affect the
efficiency of the extraction process, while the
increase in the weight of the extracted material
(ionic liquid or ionic liquid containing Lewis acid) is
more considerable and more clearly. By comparing
the results, we find that the highest percentage of
sulfur removal is when using 0.1 g of compound (I),
which is rather good when compared to efficiency
results of up to 100%, but by using high amounts of
the extracted substance to the oil model (18, 20). It
also noted that the efficiency of the removal ratio
increases with the increase in the ratio of ferric
chloride to the ionic liquid, which is consistent with
the published research (19, 34, 35).

The proposed mechanism for the extraction of
organic sulfur compounds is through the interactions
between the n electrons of organic sulfur
compounds (DBT) with n electrons of the ionic liquid
and their interaction with the metallic element in
Lewis acid (36, 37). The results showed that ionic
liquid mixed with Lewis acid has a higher extraction
efficiency than the ionic liquid alone and higher than
the use of Lewis acid alone, and the extraction
process is more selective for aromatic sulfur
compounds (17, 20, 21).

CONCLUSION

The pyridinium base's ionic liquid and salt were
prepared with ferric chloride as Lewis acid, and their
efficiency was tested in extracting the organic sulfur
compounds from the petroleum model. It was found
that the best extraction factor among the
compounds used is [MMPip]I/3FeCl;, where the
percentage of sulfur removal from the oil model was
(30%) under the optimal conditions (10 mL of
model oil of 1000 ppm DBT, 0.1 g of extractant, 60
min at 30 °C). Compared with the previous work,
these results are considered promising due to the
use of acceptable quantities of the extracted agent
relative to the quantity of the oil model used. It also
noticed that the extraction efficiency increased with
the increase in Lewis acid (ferric chloride) ratio to
the ionic liquid under the same experimental
conditions for the extraction process.
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Extractive Desulfurization Using Piperidinium Based Ionic Liquids with
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Figure S1: 1H-NMR of [MMPip]I ionic liquids.
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Figure S2: Pictures of the prepr opounds.
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Figure S5: TGA and DTA analyses of [MMPip]I ionic liquids.

1068



Sabah AA. JOTCSA. 2021; 8(4): 1057-1088.

Transmittance (%)

RESEARCH ARTICLE

BRI e Ja | A
NN st d N
G Y/ N : g A
"-\l lidfl : o 1_},%\, — d __/_;' |k ' : ! /\
i o M
\.‘ \ I|{'a :')'JII . ’ |III l M/ _‘llullll Y |||I| i'l,r
I' f L) Y M A | |
\ L VAN , b Whan Al
ll‘-l\\__ I“I|L.\|"r \1,\\]‘ |I | _s'll _. :"',.'J ..\‘.II‘I['.-"\ .}ﬁllk.__..l‘l.m
N i \ha”’ SR
| |I I ¥ | .I -“
hI 'u\, { |.l . I
Loak s \ :
P‘. |'. J "
\\ o L
!f / s, : |
al | I I |
L i nr i B |
3000 2000 1000 600

Wavenumber [cm-1]
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Figure S9: Effect of time: extractant used 0.05g, 30 °C.
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Figure S10: Effect of extractant weight: 60 min, 30 °C.
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Figure S30: UV- Spe?trum Beak pick report of extractive desulfurization condition: extractant (2), at 30
°C, weight of extractant 0.05 g, time = 90 min.
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Figure S31: UV- Spectrum peak pick report of extractive desulfurization condition: extractant (3), at 30
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Figure S32: UV- Spé_c_trum peak pick ?gport of extractive desulfurization condition: extractant (3), at 30
°C, weight of extractant 0.05 g, time = 90 min.
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Figure S33: UV- Spectrum peak pick report of extractive desulfurization condition: extractant (4), at 30
°C, weight of extractant 0.05 g, time = 60 min.
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Figure S37: UV- Spectrum peak pick report of extractive desulfurization condition: extractant (2), at 30
°C, weight of extractant 0.075 g, time = 60 min.
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Figure S38: UV- fS-Bectrum peak picﬂkmreport of extractive desulfurization condition: extractant (2), at 30
°C, weight of extractant 0.1 g, time = 60 min.
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Figure S39: UV- Spectrum peak pick report of extractive desulfurization condition: extractant (3), at 30
°C, weight of extractant 0.075 g, time = 60 min.
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Abstract: Isatin or 1H-indole-2,3-dione or 2,3-dioxindole is an indole derivative. Isatin and its
analogs are synthetically useful substances where they may be utilized for the production of a
broad range of heterocyclic molecules, which are depicting a wide reach of biological and
pharmacological activities, as well as anticancer, anti-inflammatory, antiviral, anticonvulsant, anti-
TB, antidiabetic, anti-microbial, antitumor, antimalarial, anti-HIV, antibacterial, anti-analgesic, and
antiplasmodial activities. Isatin is a precursor for many synthesized therapeutic molecules that are
amenable to pharmacological action and have excellent biological potential. Isatin has a
magnificent scaffold for both the natural and synthetic construction of molecules. These molecules
are being used in drug therapy such as anticancer, antibiotic, and antidepressant drugs and have
many more clinical applications. Due to its privileged scaffolding, the synthetic versatility of isatin
has produced many structurally diverse derivatives, including the substitution of mono-, di- and tri-
substitution of the aryl rings A and those derived by derivation of isatin nitrogen and C2 and C3
carbon moieties. As a result, improving and expediting access to isatin-related molecules is a
challenging study in synthetic organic chemistry.
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INTRODUCTION orange-colored monoclinic crystals product (3).

Kekulé established isatin's present form, and the
Isatin derivatives (1H-indole-2,3-dione) are among chemistry of isatins was initially studied by
the most important heterocyclic compounds Sumpter and then revised by Popp and Silva et al.
currently occupying an essential place in

pharmaceuticals and chemicals (1,2). Isatin, also 0]
known as indole quinine and indenedione, is a

biologically active compound with a wide range of 0
properties. Isatin has two cyclic rings in its N
structure, one of which is six-membered (aromatic H
property) and the other is five-membered (anti-

aromatic character). Both rings lie in the same Isatin

plane, a five-membered ring contains a nitrogen
atom and two carbonyl groups. Isatin was first
synthesized in 1840 by Erdmann and Laurent as an
oxidation product of the indigo dye by nitric acid
and chromic acid, which resulted in isatin's bright

Figure 1: Chemical structure of Isatin.
Typically, isatin is found in the plant of the Isatis

genus (4) in Calanthe stain LINDL.(5) and
Couroupita guianensis Aubl. (6) and discharges
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from the parotid organ of the bufo frog (7,8) and
in people as it is a metabolic subsidiary of
adrenaline (9). Different subbed isatin have
likewise been distinguished in plants, for example,
methoxy phenylmethyl isatin acquired from
Melochia tomentosa (10,11), hydroxylated isatins

methoxy phenylpentyl isatin

REVIEW ARTICLE

disengaged from Streptomyces (fungi)(12), and
marine mollusks (13), where they are proposed to
assume a guarded part against pathogenic
creatures. Isatin is additionally discovered to be a
part of coal tar (14).

O

0
N
H

6-(3'-methylbuten2'-yl) isatin

0

5-(3'-methyl buten2'-yl) isatin
Figure 2: Structures of methoxyphenylpentyl isatin, 6-(3’-methylbuten 2’-yl) isatin and 5-(3’-
methylbuten 2’-yl) isatin.

A thorough investigation of the manufacture and
response of isatin, a compound with an indole
motif, a ketone, and a - lactam moiety, revealed
many intriguing chemical reactions and processes.
Isatins' unique capacity to act as both an
electrophile and a nucleophile and their wide
distribution has made them important building
blocks in organic synthesis. Syntheses of several
heterocyclic structures of biological importance,
such as indoles, B-lactams, pyrrolidine, quinolones
and 2-oxindoles, etc. Literature survey revealed
that isatin derivatives such as hydrazine, mannich

bases, Schiff bases, and spiroindolinones
possesses an extensive range of biological
activities such as antimicrobial (15), antitumor

(16), antimalarial (17), anti-HIV (18), analgesic,

HN
)—NH,
S

Metisazone

antibacterial (19), anti-inflammatory (20),
antiglycation (21), neuroprotective (22),
antioxidant (23), anti-tubercular (24), antifungal
(25), anticonvulsant (26), antidepressant (27),
anticancer (28,29), antiplasmodial activity (30),
anti-corrosive (31), antiepileptic (32), antidiabetic
(7) and antiviral (33) antianxiety (34), and
antiasthma (35). In 1965, an isatin-2,3-dione-
based compound Metisazone was developed, it is
an antiviral agent used against viral infections as a
prophylactic agent (36). Food and Drug
Administration, USA (FDA) approved an isatin
derivative Sunitinib maleate to treat different
malignancies such as advanced renal-cell
carcinoma, pancreatic neuroendocrine tumors and
gastrointestinal stromal tumors (37,38).

\/\N"A‘\
0 L

Sunitinib

Figure 3: Structure of Metisazone and Sunitinib.

GENERAL
ISATINS

METHODS FOR SYNTHESIS OF

Metalation of Anilide Isatin Compound

A new strategy for creating isatin includes ortho-
metalation (DoM) of N-pivaloyl-and  N-(t-
butoxycarbonyl)- anilines is presented. The
dianions are treated with diethyl oxalate after
deprotection and cyclization of the middle of the
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road a-ketoesters, and isatins are created (Scheme
1). This technique for orchestrating 4-subbed
isatins from meta-subbed anilines has the
advantage of being regioselective (39).

Martinet’s Isatin Synthesis

Isatin was made by responding a fragrant amino
atom with an oxomalonate ester or its hydrate
within sight of a corrosive to frame a 3-(3-
hydroxy-2-oxindole) carboxylic corrosive
subsidiary, which was then oxidatively
decarboxylated to yield isatin (Scheme 2)(40).

Stolle’s Isatin Synthesis

The Stolle isatin synthesis involves reacting
anilines by oxalyl chloride to generate a
chlorooxalylanilide intermediate, which is

O
O diethyl oxalate
) g o
N OH
CHs o

methyl(phenyl)carbamic acid OEt

N
CHj

REVIEW ARTICLE

subsequently cyclized in a Lewis acid, commonly
BF3, Et;0, or aluminum chloride. However, TiCls
has been used as well (41).

Sandmeyer’s Isatin Synthesis

Isatin was made by combining aniline with chloral
hydrate and hydroxylamine hydrochloride in
aqueous sodium sulfate to generate an
isonitrosoacetanilide, which was then separated
following treatment with concentrated sulfuric acid
to obtain >75 percent isatin (42).

Gassman’s Isatin Synthesis

This procedure starts with creating an intermediate
3-methylthio-2-oxindole, which is then oxidized to
produce substituted isatin (40-81 percent yield)
(41).

0
0 HCI
M R 7 °
OH  THF
H
H

indoline-2,3-dione

(2-(2-ethoxy-2-oxoacetyl)
phenyl)(methyl)carbamic acid

Scheme 1: Metalation of anilide isatin synthesis. Adapted from (39).

HO

MeQO

MeO COCl‘g

—_——

MeO NH,

3,4-dimethoxyaniline

N
MeO H

0

CO,H (0] MeO o

o ’ N
MeO H

3-hydroxy-5,6-dimethoxy-2-oxo-

5,6-dimethoxyindoline-2,3-dione

indoline-3-carboxylic acid
Scheme 2: Martinet’s isatin synthesis. Adapted from (40).

o
cocl, o
MeO OMe AICI,/BF, MeO N
OMe OMe

1,2,3-trimethoxybenzene

6,7-dimethoxyindoline-2,3-dione

Scheme 3: Stolle’s isatin synthesis. Adapted from (41).

HO.__OH
H H
NH, CCly @NIO H,S0, N
- + NH4HSO
NH,OH 07 H 60-80°C @Qfo 4TS
aniline HCLH,0 2-oxo-N-phenylacetamide O

indoline-2,3-dione

Scheme 4: Sandmeyer’s isatin synthesis. Adapted from (42).
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OMe
1 BuOCI
« @ 2 MeSCH,CO,Et
NH, 3.ETsN H
4.H0

aniline

REVIEW ARTICLE

NC

SMe
X @]
N

N _

3-methoxyindolin-2-one

3-isocyano-3-(methylthio)indolin-2-one

HgO\BF
or H,O/THF

X O

N
H

indoline-2,3-dione

Scheme 5: Gassman’s isatin synthesis. Adapted from (41).

To complete the synthesis of N-substituted isatins,
several new synthetic methods have been devised.
One such endeavor uses [,-DMSO as a catalyst in a
metal-free synthesis Scheme 6. The technique

involves activating the C-H bond and then internal
cyclizing 2- amino acetophenones to make N-
alkylated and N-arylated isatins (43).

o o
R
R2 I, DMSO 5
—_—
NH 950C N
I R1
R4

2-amino acetophenones

N- alkylated isatin

R4 = H, Me, allyi, Et, Bn, 4-MeOBn, 4-CIBn, 4-FBn

R, =H, CI, Me

Scheme 6: Combination of N-alkylated isatin subsidiaries from 2-amino acetophenones. Adapted from
(43).

Indole, NBS, and anhyd. DMSO mixture were taken
in a 3-necked R.B. flask that was clean and dry.
The flask was heated to 60 °C for 6 hours under
decreased pressure and 80 °C for 16 hours. After
the reaction was finished, the mixture was placed

in water, and the extracts were extracted with
dichloromethane. The sections were then dried
over MgSOs4 and purified using silica gel
chromatography with DCM as the eluent M.P.202
°C (Scheme 7)(44).

@]
NBS
N DMSO N
H H
1H-indole indoline-2,3-dione

Scheme 7: Blend of isatin. Adapted from (44).

The reaction was carried out by dropping a solution
of isatin, con. H2S0Q4, into a solution of at 0 to 5 °C
for 1 hour, yielding 5- nitroisatin. 249-250 °C M.P.

Isatin is nitrated at C-5 with KNOg3, in the presence
of H2SO4. (Scheme 8)(44).
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3
4 0 o
S KNO3 + H,SOy4 O2N
(e 2 - O
. - N H,S0; H0 N
7 "1| (Temp. 0-5) H

NO»
indoline-2,3-dione

5-nitroindoline-2,3-dione

Scheme 8: Synthesis of 5-nitro-1H-indole-2,3-dione. Adapted from (44).

On reaction with chloral hydrate and
hydroxylamine hydrochloride,
isonitrosoacetanilides were produced from
substituted anilines. Substituted
R

\©\ ClsCCH(QOH),

NH, NH>OH.HCI
Aniline

H3C
R\O\ o H* o
- —-
H&N\OH N

isonitrosoacetanilides gave equivalent indolin-2, 3-
diones after reaction with sulfuric acid (Scheme 9)
(45).

H
5-methylindoline-2,3-dione

(E)-2-(hydroxyimino)-N-(p-tolyl)acetamide

Scheme 9: Isonitrosoacetanilides have been synthesized from substituted anilines on reaction with
chloral hydrate and hydroxylamine hydrochloride (45).

Isatins are made by responding a sweet-smelling
amino atom with an oxomalonate ester or its
hydrate within sight of a corrosive to create a 3-

subsidiary, which is along these lines oxidatively
decarboxylated to give the ideal isatin (Scheme
10)(46).

(3-hydroxy-2-oxindole) carboxylic corrosive
FoN ) MeO N
OMe  Oxomalonate  MeO N -CO, mo
o — = MeQ
OMe - ol
. - ester MeO HO
3.4-dimethoxyaniline COOH 5,6-dimethoxyindoline-2,3-dione

3-hydroxy-5,6-dimethoxy-2-oxo-
indoline-3-carboxylic acid
Scheme 10: Isatins are created when one aromatic amino molecule reacts with another aromatic amino
molecule. Adapted from (46).

The related (2-oxo0-1,2-dihydro-3H-indol-3-
ylidene)malononitriles, the Knoevenagel
condensation products, are obtained by grinding
isatins with malononitrile for 15 minutes at room
temperature in the presence of 1-5 equivalent of
water (Scheme 11)(47).

Under ultrasonic irradiation, 3-(indol-3-yl)-3-
hydroxyindolin-2-ones were synthesized from
isatins and indoles using Fe(III) as a recyclable
homogeneous catalyst (Scheme 12). It was
discovered that the circumstances used resulted in
85-95 percent yields (48).
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o) NC
grinding ) CN
R : CN 15min R,
o é .
N CN H,0 "
Isatin malononitrile r.t. I\?1
1af 2af
aR'=R?=H d R'=CH,Ph, R? = H

bR'=Me, R2=H
cR'=Et,R2=H

e R'=H,R2=CI
f R'=H,R2=Br

Scheme 11: Synthesis of isatines with malononitrile via Knoevenagel condensation. Adapted from (47).

Fe(lll),H,0:EtOH(60:40)

(3

HO NH

@]
[I\\ @E&o
+
N N

H
1H-indole ;4 ine-2.3-dione

2-25 min,50°C

Ny
" Ly
N
H
3-hydroxy-3-(1H-indol-3-yl)indolin-2-one

Scheme 12: Ultrasound-advanced, Fe(IlI)-catalyzed 3-indolylation of isatins. Adapted from (48).

The electrocatalytic change of isatins and barbituric
acids in ethanol in a unified cell within sight of
sodium produces subbed 5,5'- (2-ox0-2,3-dihydro-
1H-indole-3,3-diyl) bis (pyrimidine-2,4,6(- 1H, 3H
5H)- triones (B) with 89-95 percent substance
yields and 89-95 percent current yields (Scheme

o NHR,

(Z)-2-amino-N-((2-oxo-2,3-dihydro-1H-benzo
[elindol-1-ylidene)methyl)acetamide
(A)

13). This novel and effective synergist strategy is
fundamental because of its variety situated
massive scope activities. It is an illustration of an
electrocatalytic double response that is simple and
biologically amicable (49).

Oi NHR,

&,
(Z)-2-amino-N'-(2-oxoindolin-3-ylidene)acetohydrazide

(B)

Scheme 13: Isatin and barbituric acids are used to make a functionalized (2-oxo0-2,3-dihydro-1H-indole-
3,3-diyl) bis (pyrimidine) system. Adapted from (49).

The response of isatins to
nitromethane/nitroethane in the presence of 1,4-
diazabicyclo[2.2.2]octane (DABCO)(50) has been
described as an efficient and universal technique

for the production of 3-hydroxy-3-(nitromethyl)-
indolin-2-one (C). The reaction is catalytic and
swift; yields are incredibly high, and no solvents
are used.
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N __N -
5
R DABCO R
1 e} Ry Ho. NO,
R, (5mol%)
o + R-NO; o
Solvent free R N
R3 N . 1-5 Min 3 ‘
nitroethane R R
R4 Rs 4
2,3 di-one indolin (B) 3-hydroxy-3-(nitromethyl)-indolin-2-one
(A) (©)
R =H, CH3, Bn

R1=R2=R3 =R4=H, 5-CH3, 5-CI, 5-Br, 5-1, 5-NO2, 5-OCF3

R5=H, CH3
1,4 diazabicyclo[2,2,2]octane (DABCO)

Scheme 14: 3-Formation of hydroxy-(nitromethyl) indolin-2-one derivatives utilizing DABCO as a
catalyst. Adapted from (50).

By basically refluxing a response mixture of
several types of isatins and heterocyclic ketene
aminals (HKAs) with acetic acid, a straightforward
and practical approach for synthesizing highly

O HN-n
3 0 g,
/ N
H

R4 +
0]
Rj

substituted imidazopyrroloquinoline derivatives
was devised (Scheme 15). In drug discovery, this
method is appropriate for both combinatorial and
equal blends (51).

AcOH R

Toluene
reflux

N
Isatin H
2-(imidazolidin-2-ylidene)-1-phenylethanone oo
6-phenyl-8H-imidazo[1',2":1,2]pyrrolo
(A) ®) [3,4-c]quinolin-11(9 H)-one derivatives
R1=H,Br, Cl, F 78-94%
n=123; (C)
R2 =H,CH3

R3 = CH30, CH3, H, CI

Scheme 15: Imidazopyrroloquinoline compounds with extensively modified substituents were
synthesized. Adapted from (51).

CONCLUSIONS

Isatin is a heterocyclic compound that is vital for
the blend of natural mixtures. Schiff bases of
isatin, 3,3-disubstituted oxindoles, and
spirooxindoles are a portion of the remarkable
frameworks that might be created utilizing isatin
as an antecedent material. They can function as
electrophilic partners in many of the traditional
aldehyde transformations, such as the production
of 1,3-dipoles, the Knoevenagel reaction, and so
on. On the other side, isatins have a sensitivity

that is not seen in aldehydes, including ring-
opening processes. The majority of these
compounds also have biological and

pharmacological characteristics. In recent times,

isatin has also been extensively used to produce a
variety of chemical compounds.
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INTRODUCTION

Corrosion is the natural phenomenon of the
decadence of a material and its properties due to
the synergy between the material and its active
environment (1). The tendency of metal for
corrosion to occur depends upon the surface
structure and grain size, its chemical constituent,
and the temperature of corrosive environment.
Practically, the process of corrosion can be
prevented rather than to eliminate completely.
Corrosion plays a crucial role in environment, the
mechanisms of corrosion is dependent upon the
corrosive environment in which material surface is
exposed. Corrosion depends upon these factors like
metallic reactivity, presence of impurities in the
metal, and corrosive medium, the presence of air,
moisture, different corrosive gases like sulfur
dioxide and carbon dioxide, and the presence of
electrolytes (2). Corrosion is a critical and major
industrial problem as it causes deterioration of
metals and alloys in the presence of a corrosive
environment generated by chemical or

electrochemical pathways. Corrosion is an associate
degree irrecoverable reaction of a metal, ceramic, or
chemical compound with its surroundings which
ends up in its consumption or dissolution into the
fabric of a part of the surroundings (3-6). It causes
significant loss to the total GDP of the nation.
Corrosion costs more than 2.0 lakh crores of the
Indian economy per year (7-9). Corrosion costs
glaring in the form untimely decadence or necessary
maintenance failures, repairs, and replacement of
damaged parts. Corrosion inhibition can be
employed by using chemicals, however almost all
chemicals/substances start corrosion in the
presence of air, water and soil (10,11).

A chemical which, when added to a corrosive
environment and hence reduces the rate of reaction
of metal with its corrosive environment, is referred
to as a corrosion inhibitor. Corrosive control of
metals is aesthetically, economically,
environmentally, and technically important (12).
The inhibitor used is the best option to protect
metals and alloys but there are some major
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limitations of organic inhibitors which have leads to
the development of green and sustainable inhibitor
materials towards control the metal corrosion as
they are less toxic, biodegradable, cost-effective,
and ecologically acceptable. To replace these toxic
and hazardous inhibitors with less toxic and less
hazardous inhibitors, many research groups work on
developing an environmentally benign sustainable
non-toxic corrosion inhibitor likely to have oxygen,
nitrogen, and sulfur-like heteroatoms. Numerous
natural products and their applications as a
corrosion inhibitor, especially in steel, are discussed.
Green inhibitors (13) are a need of the time.
Research on corrosion has been an interesting topic
for quite a long time. Green inhibitors are an old
dream in applied corrosion in industrial practice, but
one of the challenges is to guarantee or to trust in
the chemical stability of the compound. Most of the

research groups infer that the inhibitor
concentration required is on the higher side but it
has its own disadvantages: The  higher
concentration cannot be guaranteed in real

applications over a longer period of time. High
concentrations of inexperienced (organic) corrosion
inhibitors (14-16) may scale back the barrier
properties of a coating and should be not even
compatible with the organic coating etc.

In the last few decades, the drugs make their
efficient role as a corrosion inhibitor which
fascinates research attention. Literature review
disclose that various types of drugs (antibacterial,
antifungal, antibiotic, anti-malarial, analgesic, anti-
depressant, anti-hypertensive, antihistamine) have
been efficaciously vibrant as feasible corrosion
inhibitors for decreasing effect of corrosion on mild
steel and other metals and metal alloys (17-20).
The imminent sections deliver comprehensive
overview of the application of drugs and the
literature on their corrosion inhibition studies. Most
widely used metal in industry is mild steel in
structural requirements. Acids are used in industrial
applications for the purpose of pickling and
descaling, etc. To minimize the corrosion due to
these activities, corrosion inhibitors play a
significant role to protect the metallic surfaces.
Among various types of corrosion inhibitors, organic
compounds are the most successful and profitable
corrosion inhibitors for the protection of metallic
surfaces (21). The inhibiting molecule may be
adsorbed on the metallic surface due to physical or
chemical interactions or it may be the combination
of both. Generally organic and inorganic molecules
act as corrosion inhibitors in practice are toxic in
nature. Therefore, importance of the development
of eco-friendly non-toxic corrosion inhibitors is the
need of the day. In the current research, the
development of  corrosion inhibitors from
commercially available drugs are used as corrosion
inhibitors on metal surface owing to its low LD50
values (19, 22-28) in acidic media.

RESEARCH ARTICLE

Cefotaxime sodium drug used in present study is a
beta-lactam antibiotic classified as a third
generation cephalosporin used to treat infections
caused by bacteria. It is a cephalosporin organic
sodium salt. Cefotaxime sodium is the commercial
name of the sodium salt of [6R-[6-alpha,7beta(z)]]-
3-[(acetyloxy)methyl]-[[(2-amine-4-thiazolyl)

(methoxyimino)acetyl]lamino]-8-oxo-5-thia-1-

azabicyclo[4,2,0]oct-2-ene-2-carboxylic acid (29,
30). In this paper, investigation of the corrosion
inhibition activity of expired cefotaxime sodium drug
is investigated towards surface of mild steel in 0.5 M
H>SO4 using weight loss and electrochemical
studies. Structure of the molecule is given in Figure
1 which has a molecular formula of CisH1sNsNaO7Sa.

0
O /
0]
CHs
\ / S O/
o?
N—/ iCHy N
=
o=
NH N
~o /o
NH,
S

Figure 1: Chemical structure of cefotaxime sodium.
EXPERIMENTAL

Inhibitor

Cefotaxime sodium was procured from a common
medicine shop and kept till the expiry date is over
and the stock solution of this compound is made
with water for all the experiments using dilution
method for various concentrations of inhibitors (29)

Corrosion measurements

Corrosion measurements will be done on mild steel
having composition (wt%) P=0.03; Mn=0.035;
C=0.14; S=0.025; Si=0.17; and Fe (remains). The
mild steel surface duly cleaned by emery papers and
cleaned with deionized water. Acetone is used for
degreasing process and the samples were further
dried in hot air blower and placed in desiccator for
experiments.

Weight loss technique

This study is performed on mild steel of 10 cm? area
and having rectangular shape in 100 mL of acidic
solution in various concentrations of inhibitors (from
zero to optimum) at different temperature ranges.
All the experiments were done in triplicate and the
results are found to be a deviation of less than 0.1%
which is due to manual error. To minimize the
discrepancy, weight loss average in each condition
has been taken in consideration for the calculation
of different parameters. %!lnhibition efficiency,
corrosion rate, surface coverage, and calculation of
thermodynamic and adsorption parameters were
calculated as mentioned in literature (31), (32).

1100



Shukla SK, Tanwer S. JOTCSA. 2021; 8(4): 1099-1110.

W,—W,
I.E.(%)=——1x100 (1)
W,
@:WO_Wi (2)
W,

W, =weight loss of metal in the absence cefotaxime
sodium,
Wi = Weight loss in the presence of cefotaxime
sodium.

Electrochemical techniques

Polarization resistance, Tafel polarization, and EIS is
conducted three electrode assembly where calomel
electrode acts as reference electrode, platinum as
the counter electrode, and metal sample for test as
the working electrode. Working electrode area will
be 1 cm2 Gamry Instruments potentiostat /
galvanostat with Gamry frame work system on ESA
400 for all the electrochemical studies and analysis
will be done through Echem analyst version 5.50
software packages for data fitting. All the
measurements will be done with the parameters
reported in literature (21, 33, 34). All
electrochemical studies like linear polarization, Tafel
polarization and electrochemical impedance
spectroscopy has been reproduces before reporting
the results.
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RESULTS & DISCUSSIONS

Weight loss measurements:

Weight loss measurement of the metal strip is used
to calculate inhibition efficiencies (n %), corrosion
rates (Cr, in mmpy), and surface coverage (8) for
varying temperatures and they are reported in Table
1. Inhibition efficiency of the cefotaxime sodium
increases with the increase in the inhibitor
concentration from 0 to 4.5x10* M. It was apparent
from the Table 1 that while varying the temperature
from 298 K to 338 K of 0.5 M H»S04 solution,
efficiency of inhibitor was always the highest at
4.5x10* M inhibitor percentage whereas increasing
the percentage of drug in concentration makes
negligible change in efficiency either in positive or
negative data change. The maximum inhibitor
efficiency was found at 289 K to be 95.7%, but it
seems to be decreasing at various increasing
temperature change in 4.5x10% M inhibitory
mixture, so 4.5x10% M inhibitory percentage was
found to be the best suited amount in mixture to
provide 95.5% inhibitory efficiency at 298 K
temperature. This inhibitory action is caused by the
molecular adsorption of cefotaxime sodium on the
surface of mild steel. Adsorption may be due to both
n-electrons and non-bonding lone pair of electrons.
These properties can also be responsible for the
inhibitive action. The same has been plotted in
Figures 2 and 3 report the required inhibitor
efficiency at varying temperature range of mixture
with respect to inhibitor efficiency and corrosion
rate, respectively.

Table 1: Weight loss measurement data in absence and presence of cefotaxime sodium in towards mild

steel in the aqueous solution of 0.5 M sulfuric acid.

Temperature Concentration Weight loss | Inhibition Corrosion Surface
(K) of inhibitor (M) (in mg cm- | efficiency rate (Cr) | coverage
) (n) (%) (mm/y) ()
Blank 14.00 - 52.14 -
298 0.5x10* 5.59 60.1 20.81 0.601
1.0x10* 4.54 67.6 16.89 0.676
1.5x10*4 3.42 75.6 12.72 0.756
2.0x10¢ 2.60 81.4 9.70 0.814
2.5x10* 1.97 85.9 7.35 0.859
3.0x10* 1.39 90.1 5.16 0.901
3.5x10¢ 0.95 93.2 3.55 0.932
4.0x104 0.63 95.5 2.35 0.955
4.5x10% 0.60 95.7 2.24 0.957
Blank 17.17 - 63.94 -
308 0.5x10 8.03 53.2 29.92 0.532
1.0x10 6.40 62.7 23.84 0.627
1.5x10% 4.87 71.7 18.13 0.717
2.0x10* 3.67 78.6 13.66 0.786
2.5x10* 2.97 82.7 11.05 0.827
3.0x10* 2.27 86.7 8.44 0.868
3.5x10* 1.73 89.9 6.46 0.899
4.0x104 0.97 94.4 3.60 0.944
4.5x104 0.97 94.4 3.60 0.944
Blank 26.05 - 97.01 -
318 0.5x10 13.44 48.4 50.06 0.484
1.0x10* 11.62 55.4 43.27 0.554
1.5x10* 9.87 62.1 36.77 0.621
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2.0x104 7.79 70.1 29.00 0.701
2.5x10* 5.89 77.4 21.92 0.774
3.0x10* 4.32 83.4 16.10 0.834
3.5x10 3.28 87.4 12.22 0.874
4.0x104 2.29 91.2 8.54 0.912
4,5x104 2.55 90.2 9.50 0.902
Blank 33.74 - 125.66 -
328 0.5x10% 19.57 42 72.88 0.420
1.0x10*% 17.71 47.5 65.97 0.475
1.5x104 15.39 54.4 57.30 0.544
2.0x10¢ 12.85 61.9 47.88 0.619
2.5x10* 11.34 66.4 42.22 0.664
3.0x10* 9.28 72.5 34.56 0.725
3.5x10“ 7.29 78.4 27.14 0.784
4.0x104 7.25 78.5 27.02 0.785
4.5x10% 7.05 79.1 26.26 0.791
Blank 43.06 - 160.38 -
338 0.5x10% 31.22 27.5 116.27 0.275
1.0x10% 27.82 35.4 103.60 0.354
1.5x10% 24.37 43.4 90.77 0.434
2.0x10¢ 21.49 50.1 80.03 0.501
2.5x10* 19.29 55.2 71.85 0.552
3.0x10* 15.42 64.2 57.41 0.642
3.5x10 14.68 65.9 54.69 0.659
4.0x104 14.60 66.1 54.37 0.661
4,5x104 15.29 64.5 56.93 0.645
100
i
80 _/:?:/ .

S o

& - «

.g 60* - [ ] A/*

£ oo

= “ * -
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Figure 2: Inhibitor efficiency at varying temperatures on standard find concentration of the inhibitor.
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Figure 3: Corrosion rate at varying temperatures at various concentrations of cefotaxime sodium.
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Effect of solution temperature on the
adsorption isotherm
It is crucial to understand how organo-

electrochemical reactions work through adsorption
isotherms. It was tested using different isotherms
by Cinn vs Cinn/6 graph (3, 35), for the experimental
results presented in this trial, Langmuir adsorption
isotherm was considered adequate due to most
linear representation of regression coefficient (R?). A
mild steel plate, already discussed above, has been
initiated for test in 0.5 M H2S04 solution with 0.5 x
104 M inhibitor concentration in combination with
the steel surface at a varying temperature range
from 298 K -338 K and represented in Figure 4,

RESEARCH ARTICLE

which shows the linear regression coefficient and
slope of the graph. The values of R? listed in Table 2
range from 0.99765 to 0.98973 to extend the
temperature range of the mixture from 298-338 K.
Due to the presence of n-electrons, and a
quaternary nitrogen atom, it has proved perfectly
suited for 4.0 x 104 M at a temperature of 298 K at
the MS surface. Desorption of inhibitor may be the
reason for this phenomenon. The -AGags values have
been calculated and reported in Table 2, and they
are between 31.13 kJ mol! to 38.34 kJ molY,
corresponding to a range of 20 to 40 kJ mol™t, This
suggests that the inhibitor is adsorbed on the metal
surface is physically (36).

Table 2: Adsorption parameters of cefotaxime sodium on mild steel surface at different temperature

ranges.
Temperature (K) Kads Slope R2 -AGads
(Mol?) (K3 mol?)
298 5.1 x103 0.94 0.99765 31.13
308 6.4 x103 0.92 0.99793 32.72
318 8.5 x103 0.92 0.99332 34.56
328 9.9 x103 1.04 0.99281 36.07
338 1.5 x10% 1.16 0.98973 38.34
8
m 298K
® 308K
61 318K
v 328K
338K

c,, (Mx10")6

R’ at 298K = 0.99765
R’ at 308K = 0.99793
R’ at 318K = 0.99332
R’ at 328K = 0.99281
R’ at 338K = 0.98973

3 4 5 6

C,, Mx10™)

Figure 4: Langmuir’s adsorption isotherm for different concentrations of cefotaxime sodium in 0.5 M
sulfuric acid solution.
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Figure 5: Transition state graph in the absence and presence of different concentrations of cefotaxime
sodium for mild steel corrosion in 0.5 M sulfuric acid.
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Figure 6: Arrhenius’ plot of the cefotaxime sodium in 0.5 M sulfuric acid solution.

Activation the inhibition
process

Temperature of the solution is key to understand
the inhibitive process of corrosion. For observing the
effect of temperature samples has been tested at
298 to 338 K for different concentrations of the
cefotaxime sodium and inhibition efficiency and
corrosion rate has been calculated and listed in
Table 1. Corrosion rate at various temperatures of
solution and concentration of inhibitors are

correlated with the Arrhenius equation to express

parameters on

the relationship of corrosion rate with the
temperature of acidic media (37-40).
log (C )= ——¢ log A (Eq. 3)
g( r) 2.303 RT 8

Where Es= apparent effective activation energy,
R = molar gas constant
A = Arrhenius’ pre exponential factor.

A graph of CR Vs. 1/T has been plotted in Figure 6
which shows the regression coefficient
approximately very close to unity. Ea values are
calculated from the slope of the curve. The slope of
the curve is equivalent to -E2/2.303 R and A value
can be calculated from the intercept which is
equivalent to the log A. Calculated values of these
two has been listed in Table 3. Value of activation
energy is more than that of uninhibited sample and
increasing though out the increment of the inhibitor
concentration suggested that the adsorption of the
inhibitor on the mild steel surface is physical
adsorption. Subsequent increase in the activation
energy also suggests that the inhibitor is less
effective on increasing temperature towards the
mild steel surface at 0.5 M sulfuric acid medium. As
per observation of Arrhenius equation it is found
that the corrosion rate is also influence by A
increasing the value decreases the corrosion rate
(41).

Table 3: Thermodynamic parameters in absence and presence different concentration ranges of cefotaxime

sodium for mild steel.

Concentration Ea A AH AS

of inhibitor (M) (kJ mol?) (mg cm2) (kJ mol?) (J moltK1)
Blank 24.29 9.14x10° 21.68 -142.25
0.5x10* 35.92 3.95%107 33.30 -110.93
1.0x10* 38.54 9.10x107 35.92 -103.99
1.5x104 42.19 2.98x108 39.58 -94.12
2.0x10% 45.41 8.11x108 42.80 -85.81
2.5x10*% 48.86 2.45%10° 46.25 -76.60
3.0x10* 51.58 5.24x10° 48.96 -70.29
3.5x10* 57.11 3.35x1010 54.50 -54.86
4.0x10* 68.49 1.90x1012 65.88 -21.27
4,5x10* 69.91 3.32x101? 67.30 -16.65

Value of enthalpy of activation (AH) and entropy of complex in transition state equation can be

activation (AS) for the formation of the activated
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calculated by alternative Arrhenius equation i.e.
transition state equation (42, 43).

RT AS —AH
== =2 — (4)
C. Nhexp( R )exp( RT )

Where h = Planck’s constant,
N= Avogadro’s number,

AS= entropy of activation
AH= enthalpy of activation.

A graph of log (CR/T) versus 1/T has been plotted
as represented in Figure 5 which is a straight line.
Values of enthalpy of activation (AH) and entropy of
activation (AS) has been calculated from the slope
and intercept of the curves and listed in Table 3. As
per Table 3, in the inhibition process the value of
the enthalpy is increasing with the increase in the
inhibitor concentration. The positive value of
enthalpy of activation reflects that the corrosion
inhibition  phenomenon is endothermic and
dissolution of metal is difficult by increasing the
inhibitor concentration (44). Higher protection
efficiency is due to the presence of energy barrier
for the reaction.

Entropy of activation (AS) is increasing with an
increase in the inhibitor concentration as compared
to the compared to free acid solution. Increased
entropy of activation in the presence of inhibitor
indicated that disorderness is increased on going
from reactant to activated complex. Therefore the
inhibition efficiency will increase.

Linear Polarization technique

Linear polarization data were listed in Table 4.
Polarization resistance value increases with increase
in inhibitor concentration results the increase in
inhibition efficiency of the inhibitor used in the
study. Maximum inhibition efficiency is

RESEARCH ARTICLE

approximately 93%, which is in good agreement
with the inhibition efficiency exhibited in the weight
loss studies.

Tafel Polarization

Measurements of polarization have been measured
and documented. Figure 6 shows plots
demonstrating the effect of cefotaxime sodium
concentrations on the anodic and cathodic
polarization actions of mild stain in 0.5 M H2SO4
solution. Table 4 shows the electrochemical
properties of plots, such as the density of corrosion
current (Icorr), the potential for corrosion (Ecorr),
the anodic slopes (ba and bc), the resistance to
polarization (Rp), and the inhibitor performance (IE
percent) (45). As seen in Table 4, the addition of
cefotaxime sodium to the 0.5 M H>SO4 solutions
inhibit both anodic metal dissolution and cathode
hydrogen evolution. Table 4 demonstrates that,
when the concentration of cefotaxime sodium was
increased, the inhibition of these reactions became
more  pronounced.  Without causing major
improvements in the tendency for corrosion, the
inhibitor results in a lower I corrosion current
density, indicating that a mixed form inhibitor (i.e.
prevents both anodic and cathodic corrosion) is
adsorbed on the surface, preventing corrosion (46).
Without an inhibitor, the ability of mild steel became
involved and changed to 455 mV (SCE) as a more
negative value due to the dissolution of an air-
molded oxide film, as seen in Figure 6. With the
addition of an inhibitor to the solution, the potential
shifted to the positive side, and the shift became
more pronounced as the inhibitor's concentration
rose. The established Icorrdensity decrease was
detected as cefotaxime sodium levels increased,
indicating that the inhibitor's inhibitory efficacy
increased as the inhibitor's concentration increased.
This is the beginning of the production of protective
oxide-and-cefotaxime films.

Table 4: Potentiodynamic polarization parameters for cefotaxime sodium in sulfuric acid medium on mild

steel surface.

Inhibitor Tafel data Linear Polarization
Conc. data

'Ecorr ba bc Icorr IE Rp IE

(mv vs | (mV dec?') | (mV dec?!) | (MA cm2) (%) | (R cm?) | (%)

SCE)
Blank 455 63 137 1275 - 55.3 -
1.0x10* 457 71 147 478 62.5 137.3 59.7
2.0x10* 460 72 151 284 77.7 | 255.8 78.3
3.0x10* 462 71 144 175 86.3 398.1 86.1
4,0x10* 465 74 152 88 93.7 | 796.4 93.0
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Figure 7: Tafel polarization curve with different concentrations of cefotaxime sodium on mild steel in 0.5 M
sulfuric acid.

Electrochemical
techniques

Corrosion inhibition activity cefotaxime sodium was
investigated using electrochemical impedance
spectroscopy on mild steel surfaces in 0.5 M
aqueous H2SO4 solution. Figure 7 depicts an
impedance spectrum i.e. Nyquist plot mild steel
corrosion where the depressed semicircles look like
a depressed capacitive ring. A high frequency single
semicircle, which can be transmitted via the loading
phase of corrosion and the surface heterogeneity, is
due to these factors which can be exacerbated by
surface ruggedness, dislocations at the active site or
adsorption by the inhibitor molecules represented in
Figure 7. The impedance electrochemical data would
be compared to F. Mansfeld's multiple theoretical
circuits. The analogous circuit was applied at a

Impedance Spectroscopy

constant phase angle to demonstrate the impedance
data applicable to the iron/acid interface model
(47). For electrochemical impedance, the
corresponding circuit parameters (Rs, Rt Yo, and n)
have been obtained and reported in Table 5.

The inhibitor's adsorption effect is similar to the
impedance distribution on the metal surface.
Adsorption of drug inhibitor molecules causes
polarization resistance Rp, which increases with the
number of adsorbed molecules. Furthermore, the
adsorbed inhibitor film reduces capacitance at the
metal-solution interface as a result of a reduction in
the dielectric constant between metal and
electrolyte and/or an improvement in thickness of
metal (48-50).
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Figure 8: Nyquist plot of the electrochemical impedance spectroscopy curve of different concentrations of
cefotaxime sodium on mild steel surface in 0.5 M sulfuric acid.
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Table 5: Electrochemical impedance parameters values of cefotaxime sodium in 0.5M sulfuric acid

Inhibitor Rs Rp Yo N Ca IE
concentration (2 cm?) (2 cm?) (HF cm™2) (HF cm2) | (%)
(ppm)

Blank 1.13 53.3 1181.5 0.858 55 -
1.0x10* 1.07 141.8 205.7 0.836 48 62.4
2.0x10* 1.09 214.3 112.3 0.831 42 75.1
3.0x10* 0.96 309.9 87.5 0.825 | 38 82.8
4.0x10* 0.99 401.4 74.3 0.822 35 86.7

Surface Study (AFM)

Atomic force microscopic technique is used to know
morphology of the surface of mild steel unexposed
in corrosive environment, exposed in corrosive
environment without inhibitor and with optimum
concentration of cefotaxime sodium inhibitor and

175
150
120
95
60
30

n
800
500
400
300
200
100

the surface morphology is represented in Figure 8a-
c. Surface roughness of untreated, uninhibited, and
inhibited surface of mild steel are 51 nm, 590 nm,
and 154 nm, respectively. Decrease in surface
roughness shows the effectiveness of the

cefotaxime sodium.

Figure 9: AFM studies of mild steel surface (a) polished surface, (b) surface exposed in corrosive medium
without inhibitor, (c) surface exposed in corrosive medium with optimum concentration of cefotaxime

sodium inhibitor.

CONCLUSION
. It is evident from all studies that cefotaxime
sodium is good inhibitor for the surface of mild steel
in 0.5M sulfuric acid medium.

. Increase in the temperature of the test
solution results the decrease in the inhibitor
efficiency suggest that it is a good inhibitor at lower
temperature range.
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. Electrochemical studies suggested that it is
a mixed type of inhibitor and adsorbed on the
surface in monolayer.

. Adsorption of cefotaxime sodium follows
Langmuir adsorption isotherm.
o All the thermodynamic and adsorption

parameters suggested that the interaction of the
inhibitor on mild steel surface is of the physical
adsorption type.
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Abstract: The objective of this paper was preliminary to extract and characterization of purified pectin
from lemon wastes. Dry lemon waste was extracted applying citric acid solvent or water at various
concentrations under a similar condition (85 °C for 4 h). It was found that the highest yield of pectin
(20.8% dry basis) was achieved using hot water extraction with an esterification degree of 47.8%. It
contained 63.2 * 0.74% galacturonic acid, followed by 17.4 £ 0.76% total sugar. The monosaccharides
found in pectin were arabinose (2.7 £ 0.20%), galactose (2.3 £ 0.01%), glucose (1.4 £ 0.09%), mannose
(0.4 £ 0.01%), fructose (0.4 = 0.05%), and xylose (0.1 £ 0.01%). The found pectin had a high atomic
weight of 2060 kDa with a wide polydispersity index of 4.41, decided by high-Performance Size Exclusion
Chromatography (HPSEC). The extricated lemon waste pectin was grouped into low methoxyl pectin,
depends on the methoxyl content and degree of esterification affirmed by Fourier transform infrared
spectroscopy (FT-IR) and rheological properties. In conclusion, the discoveries of the study show that

lemon waste can be investigated as a promising elective for the commercial manufacturing of pectin.

Keywords: Lemon waste, pectin, composition, molecular weight

Submitted: March 23, 2021. Accepted: October 21, 2021.

Cite this: Beyecha Hundie K, Abdissa Akuma D. Extraction and Characterization of Pectin from Lemon
Waste for Commercial Applications. JOTCSA. 2011;8(4):1111-20.

DOI: https://doi.org/10.18596/jotcsa.901973.

*Corresponding author. E-mail: ketema.hundie@ju.edu.et, Tel:

+251913557447

INTRODUCTION

Pectin is a complex polysaccharide substance found
in the cell walls of plants, including a backbone of a-
1,4-galacturonic acids that are partly esterified at
the carboxylic acid groups and wall and other
materials to create a cellulosic network for the
firmness of plant tissue (1). It can be commercially
extracted from citrus peels and apple pomace with
an acidic solution. Several pectin sources have been
found in other fruits and vegetables, including okras
papayas, cocoa pod husks, and cabbages (2,3).
Pectin is widely applied to form a gel and maximize
viscosity and constancy in several cosmetic and food
industries. It is utilized to prepare jams, jellies,
marmalades, and other products to ameliorate the
texture. Pectin is also a good dietary fiber,
protecting diseases like diabetes and colon cancer in

the human body, and letting down cholesterol and
serum glucose (4).

The galacturonic acid component units are the
primary chain of pectin that is partly linked to
neutral sugar side chains. The common
carbohydrates found on the ramification chain are
galactose, arabinose, and glucose, and to a lesser
degree, xylose, mannose, and rhamnose (5). In
common, pectin can be divided into two kinds
depending on the degree of esterification (DE) high
methoxyl pectin (HMP, DE = 50%) and low
methoxyl pectin (LMP, DE < 50%) (6). The gelling
formation gotten from HMP at a lower pH value (~3)
within the existence of a large amount of sugar is
generally utilized in high sugar jam and jelly-such
as a nutrient. In contrast, the gel got from LMP in a
higher pH interval (2 - 6) with or without a little
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amount of sugar requires calcium ions for polymer
interaction and is utilized in low calorie and non-
sugar added to nutrient (7).

The amount and properties of pectin vary based on
plant sources, extraction mechanism, and extraction
stages in the processes. Hot water or acid
extractions commonly involved in both the yield and
the final quality of the extracted product (8, 9). It
was detected that the best and optimum extraction
parameters to get the most noteworthy pectin from
natural citrus products were warm water at 90 - 110
°C for 1-5 h (10). Additionally, it was studied that
natural acids such as citric acid in the pH range of
2.0 - 2.5 at higher temperature were excellent
solvents for pectin extraction in other natural
products (2).

Citrus fruit is the most abundant crop plant in
global. Concording to the Food and Agricultural
Organization, a lot of 1.17x108 tons of citrus fruits
(in  which lemon leads 0.14x10°% Tons) were
manufactured per year (11, 12). The quantity of
residual obtained from citrus fruits describes 50% of
the whole fruit's original amount. It has been
approximated that, on average, a juice producer
forces up to 10.0x104 tons of fresh citrus fruits
every year and represents the manufacture of the
citrus residues as a waste by-product quantity
5.5x104 tons per year (14, 15). Thus, significant
quantities of citrus wastes are available as a by-
product. The peels, if addressed as waste materials,
may bring environmental problems, especially water
pollution. This problem could have become an asset;
if possible marketable by-products like pectin could
be extracted from these wastes. Previous studies
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have been investigated the pectin-like and the gel
formation ability with calcium cation of the pulp of
lemon wastes. Some chemicals and characteristics
were also separately studied (16). However, the
properties and constitution of purified pectin in its
waste have been less delineated.

Therefore, this research directed to a preliminary
analysis of pectin extraction from lemon waste and
investigated the extracted pectin components and
its properties. The data obtained might be
advantageous for the practical application of pectin
to other items separated from food.

MATERIALS AND METHODS

Materials

The lemon wastes were collected from a juice
producer in Ethiopia. Galacturonic acid, citrus
pectin, and simple sugar (monosaccharide), Bovine
serum albumin standard were chemical product
suppliers in Addis Ababa, Ethiopia. The citrus pectin
with the DE 55 - 70% and 85% as fixed by the
provider were applied. Other analytical grade
chemicals used in this experiment are not specified.
Pectin extraction and characterization were carried
out at Addis Ababa University and Jimma institute of
technology.

Methodology

Preparation of lemon wastes

Lemon wastes were collected as sun-dried, washed,
and electric oven-dried. The dry lemon waste (10%
moisture) was scraped, powdered, and passed
through a 60 mesh sieve and then stored in a
sealed plastic bag at 4 °C for the subsequent
analysis.

Lemon waste collection—> Pretreatment

>

Extraction S~ Filtration

Centrifuge —»  Evaporation

—»>

Drying —  Dry pectin

Figure 1. Lemon waste pectin extraction process flow chart.

Pectin extraction

Pectin in dry lemon waste was extracted utilizing
unadulterated refined water or an arrangement of
citric acid at distinctive concentrations of 6, 8, and
10% (w/v) at 85 °C for 3h (dry lemon waste to
water 1:10 w/v). The extricated samples were then
centrifuged for 15 min at 4,500 rpm, and the
obtained supernatant was dialyzed against refined
water for a day, utilizing a dialysis tube with the
atomic weight cut off 12,400 Da (Sigma-Aldrich)
(17). The dialyzed samples were centrifuged (4,500
rpm), the supernatants were accumulated and

accelerated with 4 mL of ethanol (96% purity, 1:3
v/v) and cooled overnight at 25 ©°C. After
centrifugation, the supernatant was disposed of, and
the coagulated accelerates were accumulated and
cleaned with ethanol (96% purity ) and, after
that, centrifuged once more. Finally, the accelerates
were hot air-dried at 60 °C, grounded, and passed
through a 60 mesh analysis to get pectin powder.
The amount of the extracted pectin was determined
according to Eq. (1).

(1)
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Mass of pectin(g)

x100% (1)
Massof dry lemonwaste(g) °

Amount of pectin=

Determination of Moisture and Ash contents
Moisture and ash contents were decided to agree to
the strategy of AOAC (18). Moisture content: 1 g of
the sample was weighed and dried by employing an
electric oven at 105 °C for 12 h to a constant
weight. The weight loss was taken and calculated as
a percentage of moisture (%).

Ash content: 2 g of the sample was weighed and
burned in a furnace at 600 °C for 5 h and the
remaining was weighed, and the percentage of ash
content (%) was calculated.

Determination of the Degree of Esterification (DE)

Titration procedure: The titration strategy was
employed to decide the DE of pectin according to
USP 30-NF 23 (19). The pectin powder of 60 mg
was dissolved using 30 mL of carbon dioxide-free
deionized water for 20 min at 50 °C and after that
cleared out to cool. After 3 drops of phenolphthalein
were added, the solution was titrated with 0.2 N
KOH concentrations (A). Additionally, 20 mL of 0.2N
KOH was added and blended at room temperature
for 25 min. Subsequently, 30 mL of 0.15 N HCI
solutions were added and blended until the pink was
blurred. The extra 3 drops of phenolphthalein were
added and, after that titrated with 0.2 N KOH until
the endpoint was indicated (B). The percentage (%)
degree of esterification (DE) was calculated using Eq

(2).

Degreeof esterification (DE )= B X 100% (2)

(B+A)

Fourier Transform Infrared Spectroscopy (FT-IR)
The powder of pectins and citrus pectin were dried
for a day and blended with spectroscopic-grade KBr.
The sample pectin was then put into the KBr-
crucible. The infrared spectra were measured on a
Bruker-Tensor 30 FT-IR spectrometer, utilizing MIR-
ATR mode. The 64 filters at 4 cm™! resolution were
taken from 4000 - 400 cm. The top zone's
proportion at 1725 cm™ over the entirety of the 2
top zones at 1725 and 1600 cm™ (relegated to the
retention of esterified and non-esterified carboxyl
bunches, separately) was determined to% degree of
esterification utilizing OPUS software program
version 8.3 (20).

Determination of protein content

Protein substance was analyzed, agreeing with the
Bradford’s strategy (21). The sample was arranged
and diluted wusing refined water to get a
concentration of 4.50 mg/mL. The Bradford buffer
solution was added (counting bovine serum egg
whites standard solution) and blended well before
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measuring the absorbance at a wavelength of 595
nm.

Determination of galacturonic acid content

The galacturonic amount was decided to agree to
Blumenkrantz and Asboe-Hansen's (2) strategy,
employing a UV-Visible spectrophotometer (PG
Instrument, T60, Britain) at the wavelength of 520
nm. The sample concentration of 4.50 mg/mL was
developed in refined water and agitated at 50 °C for
2h and diluted to fit the galacturonic acid standard
interval. The diluted sample and standard solutions
were blended with 10.5 mM tetraborate in
concentrated sulfuric acid and, after that, cooled
quickly with an ice bath. All solutions were heated
for 3 min at 90 °C and left out in an ice bath to cool.
The 0.2% m-hydroxy diphenyl reagent was
included, and the absorbance was studied after
color improvement for 15 min.

Determination of total sugar content

The phenol-H2SO4 was utilized to decide the whole
sugar substance as depicted by Lim et al. (22). A
sample of 20 mg was weighed and hydrolyzed with
1.5 mL of 75% H>S04 for 25 min at 25 °C. After
diluting with 10 mL of refined water, 3 mL of the
diluted sample was pipetted into a test tube and
blended with 60 pL of 85% phenol. The
concentrated sulfuric acid was added quickly and
leftover for 20 min before reading the absorbance at
490 nm, employing a UV-Visible spectrophotometer.
The glucose standard bent was plotted to compare
the whole sugar as glucose equivalence.

Determination of mineral content

The mineral substance was decided by inductively
coupled plasma optical emission spectrometer (ICP-
OES) (Perkin Elmer, Optima 8000, and Italy) and
CHNS/O analyzer (Thermo Logical, Streak 2000,
and the UK).

Determination of monosaccharides

The pectin sample was hydrolyzed with 1.5 M
sulfuric acid solution for 3 h at 90 °C and diluted
with refined water. The monosaccharide
hydrolysates were sifted through a 0.4 ym film, and
the volume of 20 pL was infused onto a high-
performance anion-exchange chromatography
(HPAEC) apparatus (Dionex, ICS-2500, USA)
isolated by CarboPac PA20 (160 mm x 4 mm)
column with an electrochemical indicator (20). The
260 mM KOH and deionized water proportion was
2/23 to 0/100 to angle elute at the stream rate of
0.3 mL/min for 1 hour. Monosaccharides' types and
concentrations were recognized by comparison with
a blend of monosaccharides (glucose, galactose,
arabinose, mannose, xylose, and fructose).

Determination of molecular weight distribution
The sample was arranged by dissolving in deionized
water to the concentration of 5.5 mg/mL at 60 °C
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for 4 h (22) and added with potassium chloride
(KCIl) and ammonium acetate (NH4CH3CO3) to obtain
100 mM of each. A filter paper was used to filter a
solution and the atomic weight was measured by
high-performance size exclusion chromatography
(HPSEC, Water 3754, Divisions module, Waters
enterprise, Italy) utilizing multi-point laser light
scrambling and refractive index (RI, Waters 4241,
Waters organization, Italy) detectors. The 30 pL of
the volume was infused onto Ultra hydrogel 300
columns (Waters Enterprise, USA). A blend of 90
mM KCl and 90 mM NH4CHsCO. was utilized as a
versatile stage with a stream rate of 0.5 mL/min,
and all information was utilized for atomic weight
calculation.

Determination of rheological measurement

The samples were decided on a modular Compact
Rheometer: MCR63 (Anton Paar, France), utilizing
RheoPlus Rheometer program version 4.52. A cone
and plate geometry with a distance across 40 mm
was utilized for oscillatory estimations. The
estimations were kept up at room temperature and
subjected to the recurrence of 1.0 Hz using a strain
of 3.0%. The samples of 5% (w/v) were arranged
by dissolving in refined water for 15 min at 60 °C
(23). After cooling, 0.3 M CaCl> was included and
blended altogether. All samples (with and without
0.3 M CaCly) were stored at 25 °C for a half a day
before the measurement.

Statistical analysis

All the experiments were carried out in triplicate at
the time (60, 120, and 180 min), temperature (70,
90, and 110 °C) and Citric acid (6, 8, 10 v/v%), and
the analyses of Variance (ANOVA) were carried on
by Duncan's and Tukey's methods applying SPSS
(Statistical Package for the Social Sciences) version
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25. Duncan's and Tukey's tests were accomplished
to examine the substantial changes between the
mean values for treatments (P < 5%) and standard
deviation (24). The result was indicated in
supplementary materials for citric acid extraction
(Tables 1-5).

RESULTS AND DISCUSSION

Water and acid-extracted pectin

The impression of water and acid-extracted pectin
from lemon waste and its DE are indicated in Table
1. The values showed that the maximum yield of
pectin (20.8%) and DE (47.8%) of extracted pectin
were found by water extraction than those of citric
acid extractions. It was discovered that acid
extractions (6, 8, and 10%) significantly diminished
the degree of esterification values to 45.6, 33.6,
and 25.4%, respectively. It was described that the
higher pectin substance was found from fruits and
leaves using acid treatment at higher temperature
since this condition probable release pectin
substance from the cell wall of the plant (25), while
other authors found that acidic solvents at high
temperature degraded pectin (26). In this study,
the result was in correspondence with the previous
finding. The Statistical data analysis using Duncan's
and Tukey's methods applying SPSS version 25 was
also indicated in supplementary materials (Table 1-
6).

A diminishment in methoxyl group and pectin yield
was detected. As a result of the depolymerization of
acid, de-esterification could be due to higher
temperature and long-time technique (27).
Therefore, the extract found from water extraction
was further examined concerning the maximum
yield.

Table 1: Effect of water and acid extraction on yield and DE of lemon waste pectin.

Solution Yield of pectin DE (%)

(at 90 °C) (%, dry basis)

10% Citric Acid 10.0 £ 0.38% 24.3 £ 1.11w
8% Citric Acid 16.5 £ 0.07* 31.4 + 1.86*
6% Citric Acid 12.5 £ 0.33Y 44.7 £ 0.89Y

Purified water 20.7 £ 0.23% 48.3 £ 0.297

The different letters w X, y, and z in the same column are significantly different (P < 5%)

Characterization of extracted pectin

The extracted pectin was analyzed for composition
as indicated in Table 2. It was determined that the
pectin extracted in dry lemon waste contained 5.7%
of moisture content, 3.6% of ash content, and 2.4%
of protein content. It consisted of the higher value
of galacturonic acid 61.2% and 19.3% of low sugar
contents. The total sugar amount was similar to the
pectin of citrus fruits, around 14.6 to 20.50%
described by Liew et al. (2). The other components,
including mannose, fructose, galactose, glucose,

arabinoses, and xylose, also existed with a few
minerals. The observation results explicated that
polyose in the extract was highly galacturonic acid
and small amounts of neutral sugar, commonly
found in pectin structure. Depend on the DE value
(48.3%) and composition, the extracted pectin in
this research shown that it could be grouped as low
methoxyl pectin since its DE is below 50% (6). The
low DE result was not coherent with the finding of
64% DE as reported by Yeoh et al. (4). Although the
DE of pectin is based on the origin (source) and
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extraction methods and conditions, it generally
diminishes with the rise of adulthood level (10).

The FT-IR spectrum has illustrated pectin's
characteristics extracted from lemon wastes by
comparison to other citrus pectins. Figure 1

indicates that the wavenumber interval of 1680 -
1760 and 1540 - 1680 cm™ was the extending of
the ester carbonyl group (C=0) and carboxyl ion
groups (COO"), respectively, when equated with the
information described (4, 13). It was shown that the
citrus pectin addressed under the area the spectrum
of C=0 and COO-. The peak reign of C=0
diminished, in conformity with a diminish of a DE,
while the peak reign of COO- raised (10). The
spectrum of lemon waste pectin was similar to that
of 55 - 70% degree of esterification of citrus pectin,
proposing that the extracted pectin might have a
similar percentage of a DE. Nevertheless, when
decided by the FT-IR method, the intensity of the
peak reign of C=0 was estimated and determined
as 46.8% of the degree of esterification, roughly
close to 47.5% degree of esterification detected by
the titrimetric procedure (Table 2), which affirmed
that pectin in lemon wastes should be LMP.
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Table 2: Chemical composition of extracted pectin.

Chemical Content (%,
composition dry basis)
Moisture 5.5+ 0.43
Ash 3.7 £ 0.03
Protein 2.8 +0.12
Galacturonic acid 63.2 £ 0.74
Total sugar 17.4 £ 0.76
Monosaccharides

Arabinose 2.7 £0.20
Galactose 2.3 £ 0.01
Glucose 1.4 +£ 0.09
Mannose 0.4 £ 0.01
Fructose 0.4 £ 0.05
Xylose 0.1 £ 0.01
Minerals

K 1.23 £ 0.01
N 0.85 £+ 0.02
Ca 0.75 £ 0.03
Si 0.075 = 0.02
P 0.01 £ 0.02
Mn 0.011 + 0.00
S < 0.01

1.0

0.8

Citrus pectin 85% DE

0.6

Citrus pectin 55-70%

Lemon waste pectin

0.2

2400 2200 2000 1800 1600

o
=}

1400

1200 1000 800 600 400

Wavenumber / cm!
Figure 1. FT-IR Spectrum of lemon waste pectin and citrus pec. The y axis is absorbance.

Molecular weight distribution

The molecular weight dispersion chromatogram of
lemon waste pectin run by HPSEC with double
detectors is indicated in Figure 2. The light
dispersion (LD) indicated only one large dispersion
part as a function of time, while the refractive index

(RI) indicated two parts of unlike molecular size.
This is due to a common argument that the LD
signal is low sensitive to minor molecular dispersion.
The large intensity signal observed by LD was a
potential dominant large molar weight constituent
galacturonic units of pectin polysaccharides in

1115



Beyecha Hundie K, Abdissa Akuma D. JOTCSA. 2021; 8(4): 1111-1120.

concurrence with a high peak by RI at a retention
time of roughly 20 min. The littler elution peak
indicated by RI around 30 min may be led to a little
number of protein atoms that are ordinarily
combined in polysaccharides. It was taken note that
the mean atomic weight (Aw) of lemon wastes
pectin was 2060 kDa, much higher than that of the
LM of citrus pectin extending from 110 - 290 kDa,
and the polydispersity record (Mw/Mn) was 4.31,
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4 4

LS signal

0. 4

10 20

o5
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Rl shgnal

02

i 20
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too more prominent than 1.74 - 2.60 in that report
measured by HPSEC chromatography methods (15,
20). The molecular (atomic) weight was higher than
already detailed in LMP extricated from okra fruits
which extending from 700 - 1700 kDa (28). The
wide atomic mass with Aw/Mn of 4.41 of extricated
lemon wastes pectin was likely due to the natural

development and the impact of extraction
conditions.
a:
T il
a0 40 &0 =la]
20 400 al =

Ratention tirme [ming

Figure 2: HPSEC chromatogram of lemon waste pectin from 2 detectors: (a) Light scattering (LS) and (b)
refractive index (RI).

Rheological properties

The rheological properties of lemon waste pectin
(4.5% w/v) with and without the addition of calcium
chloride have appeared in Figure 3. In Figure 3(a),
the fast diminishment in complex viscosity was
detected with expanding frequency, clarified strong
shear diminishment stream characteristics. A better
complex viscosity of lemon waste pectin with

calcium chloride was recorded as a function of
particular recurrence than that without calcium
chloride, which shown that the existence of calcium
ion affected intermolecular systems of pectin
substances. When assist expanded in recurrence,
the significantly diminished in complex thickness to
about zero value was found likely due to shear
misshapen within the consistent period.
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Figure 3. Rheological properties of lemon waste pectin.

Figure 3(b) outlines the capacity (G’) and loss (G")
moduli in lemon waste pectin with and without the
inclusion of calcium chloride. The clear recurrence
tests appeared a higher G’ than G” without hybrid,
within the energetic run between 0 and 10 Hz (1/s),
supporting the marvel of gel-like behavior at
minimum frequencies. It was detected that lemon
waste pectins (with and without calcium chloride
ions) were gathered to be weak-gels about G' cross
all over G" and subordinate on the powerless
recurrence within the experiment (21, 29). The
intelligence between carboxyl bunches on the most
chain of LMP and divalent cations (Ca?*) are critical
for cross-bridge gelation through the component
called "egg-box" due to the affiliation of
intermolecular intersection zones between the
smooth homogalacturonan area of diverse chains

(20). The rheological outcome confirmed that the
extractable pectin in lemon waste was LMP, in which
pectin polymers ionically cross-linked through free
carboxyl chain and divalent cations.

CONCLUSIONS

In this work, the composition and characteristics of
water-extractable pectin obtain from lemon wastes
were studied. The hot water extraction gave better
results than a hot acidic extraction using citric acid,
since it produces the highest pectin yield. The
extracted pectin was mainly composed of
galacturonic acid and considered as low methoxyl
pectin, based on a low degree of esterification
values as it was detected by FT-IR fingerprint. The
HPSEC analysis clarified those pectin
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polysaccharides had high molecular weight, which
enabled interaction with calcium ions as detected by
rheological analysis. These results propose that
lemon waste is a good source of gelling pectin that
could be employed in food and non-food products.

The yield of water extracted pectin is higher than
acid extracted pectin
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Abstract: Increasing concentration of pollutants has significantly affected the quality of water,
especially for organic dyes-contained water/wastewater. This is probably reduced effectively through
adsorbing the pollutants onto potential materials-based adsorbents. Chitosan/graphene oxide
(CTS/GO) hybrid networks utilizing as adsorbents are attracting considerable interest owing to the
available functional groups, which can remove plenty of the organic dyes from water/wastewater. In
this review, the progress and expansions of CTS/GO hybrid networks-based adsorbents are
summarized and discussed in detail. Following the general introduction and properties of each
material system (i.e., CTS, GO and CTS/GO hybrid networks), the CTS/GO hybrid networks-based
emerging adsorbents with coupling numerous other support materials (i.e., reduced GO, magnetic
iron oxide, polymeric materials, metal-organic frameworks, etc.) are compared and discussed in
short, at same time that some common organic dyes used in adsorption studies are also introduced.
Besides, adsorption technique and mechanisms (i.e., adsorption kinetics and isotherms) focus on the
CTS/GO hybrid networks' role are discussed as well. Although there are still some challenges from
the reviewed researches, the CTS/GO hybrid networks-based emerging materials can be considered
promising and potential adsorbents. Moreover, this review can provide a clear overview of CTS/GO
hybrid networks-based adsorbents in organic dye removal applications to readers.
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INTRODUCTION charges in an aqueous solution that is due to the

presence of carboxyl and/or sulfonate groups (2,
So far, organic dyes have been employed plenty 5, 6). Among them, the anionic dyes are

in the dyeing, textiles, leather, paper, plastics, intensely colored, water-soluble, and manifest
and food industries, etc.; thus, these colored acidic features inducing to the most challenging
matters significantly affect currently (7, 8).

environmental problems. Various organic dye

types (i.e., reactive, anionic, and cationic dyes, Additionally, the organic molecular structures of

etc.) employed in these industries are toxic and these complex aromatic dyes display more

disadvantage to the water source (1-6) (Table 1). stability inducing to being difficult to biodegrade,

Specifically, anionic dyes contain negative which leads to removing the organic dyes from

charges instead of cationic dyes with positive water/wastewater with an economical way is
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considered to be an important challenge for
scientists. In fact, primary methods regarding
dye-contaminated water/wastewater treatment
(i.e., flotation and sedimentation) cannot be
adequate to remove the colored features without
general chemical manners. The treatment
methods of coagulation, separation, and ion
exchange are utilized for removing the color from
the dye-contaminated water/wastewater as well;

however, the «cost is one of the main
disadvantages of these methods. Whereas,
adsorption is a well-known and effective

technique in dye-contaminated water/wastewater
treatment applications to remove the color from
the dye-containing wastewater (4, 8, 9) that is
mainly owing to low cost, flexibility, simple
design, and easy operation (4).

So far, material system was extensively applied
in different research fields and practical
applications (4, 6, 10-12), at same time that
remarkable factors of a material-based adsorbent
almost regard to possible physical, chemical and
interface properties. So, it is necessary to
conduct considerably synthetic methods that can
obtain better desired results corresponding to
multiple researches. Concomitantly, the emerging
materials-based adsorbents are found and
utilized increasingly more to investigate the color
removal from dye-contaminated
water/wastewater (13-17), which can be novel,
readily available, economical and highly effective
adsorbents. Especially, chitosan (CTS) - a
biopolymer is attracting interest as a matrix for
the development of emerging material-based
adsorbent that can be mainly owing to potentially
active adsorption sites in a high density of
available primary amine (-NH2) and hydroxyl (-
OH) groups; thus, the CTS is considered an
efficient adsorbent (4, 6, 18). Actually, the CTS
molecule is not available that is produced through
N-deacetylation of chitin (19-22) basing on the
replacement of acetamide group at position 2 to
distinguish the structure and solubility of CTS and
chitin molecules (Figure 1) (i.e., CTS is soluble in
weak acids, chitin is inert and insoluble) (19-22).
At the same time, graphene oxide (GO) contains
plenty of functional surface groups [i.e., carbonyl
(>C=0), epoxide (C-0-C), hydroxyl (-OH) and
carboxylic (-COOH) groups] (Figure 2a) that can
facilitate to couple with positively charged
molecules through electrostatic interactions, and

REVIEW ARTICLE

which attracts significantly in combing with
polymer matrices for enhancement of organic dye
removal, mainly based on its high surface area
and water solubility (4, 6, 23). Indeed, plenty of
studies have shown the GO's excellent ability to
adsorb various organic dyes through electrostatic
interaction, n-stacking and hydrogen bonding
(24-28). However, the organic dye adsorption
performance of GO alone is lower than that of
modified GO-based adsorbents (24, 25, 28).

Furthermore, the stability of GO nanosheets in
colloidal solutions can lead to coupling easily with
the CTS molecules (i.e., the CTS is often
dissolved in acetic acid) to reach CTS/GO hybrid
networks with a homogeneous mixture (Figure
2b). The CTS is known as a positively charged
biopolymer that is mainly owing to protonation of
the amino (-NH2) groups leading to attracting the
negatively charged GO nanosheets (Figure 2b).
These electrostatic interactions coupling with
both hydrogen bonding and =-stacking have
facilitated the formation of the CTS/GO hybrid
networks (Figure 2b) to reach the more stable
hybrid networks-based materials with
outstandingly mechanical and thermal features
(6, 29). Indeed, the measurement of Fourier-
transform infrared spectroscopy (FTIR) (30) has
been successfully employed to demonstrate the
possible reaction between the amino (-NH2)
groups of the CTS chains and the carboxylic (-
COOH) groups of GO basing on the formation of
amide (-NHCO-) linkages (Figure 2b). So far, the
CTS/GO hybrid networks can be easily attained
through various methods (i.e., the supplement of
NaOH, violent shaking, sonication, freeze-drying,
etc.) (6, 31-33), and which can also be well
combined with other support material sources to
develop and expand these CTS/GO hybrid
networks that are applied in organic dye removal
applications, especially for becoming cost-
effective, eco-friendly and recyclable adsorbents.
In this review article, the adsorption technique
regarding the general adsorption theory and the
adsorption kinetics/isotherms are introduced in
detail. Significantly, the recent progress and
expansions of emerging CTS/GO hybrid
networks-based adsorbents for various organic
dye removal applications are summarized and
compared to favor the reader with a clear
overview.
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Table 1: Information of some organic dyes.
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Organic Structures Dye Amax M.W._1 Contamination
dyes class (nm) (g-mol1?) sources
Textile, Leather,
Dyestuff, Paper and
Methylene + 665 319.85 Plastic industries;
Blue . ]
Pharmaceutical uses;
Laundry activity
Natural sources;
. Textile, Dyestuff,
Rhodamine + 558 479.02  Food, Leather and
B e o
Plastic industries;
Laundry activity
Textile, Leather and
Malachite + 617 364.91 Dyestuf_f _|r!dustr|es;
green Lab activities;
Laundry activity
Textile, Foodstuffs,
Paper and Leather
gl':'t:yé 464 327.33 industries; Lab
9 activities; Laundry
activity
Textile, Leather and
Congo Red ) 498 696.67 Dyestuff industries
Pigments, Dyestuff
Brilliant + 625 475.60 f':md Ch_em.|cal
green industries;
Pharmaceutical uses
Crystal Textile, Leather and
vi‘{)let + 590 407.98  Dyestuff industries;

Laundry activity
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Figure 1: Preparation of chitin and CTS molecules from the waste supply sources.

ADSORPTION TECHNIQUE

Adsorption is known as a surface phenomenon,
which is occurred at the surface or interface
positions. In another word, it mentions a
procedure in which a material is gathered at a
solid surface by its gaseous or liquid
surroundings. In 1881, the term "adsorption" was
firstly introduced by Heinrich Kayser - a German
physicist (1853-1940) in order to distinguish
surface  accumulation  from intermolecular
penetration, as well as which assumes surface
accumulation of a material to be a fundamental
feature of an adsorption process (4).
Theoretically, two adsorption types count
physisorption and chemisorption. If the attractive
forces between the adsorbed molecules and the
solid surface relate to van der Waals forces,
which are usually weak forces inducing reversible
adsorption to be named physisorption. In
comparison, chemisorption involves chemical
bonds between the adsorbed molecules and the
solid surface, which is higher strength, leading to
hard removal of the chemisorbed molecules from
the solid surface (4).

Besides, adsorption techniques are extensively
employed to remove plenty of pollutants from
water/wastewater, especially for organic dyes
that are not readily biodegradable. The general
mechanism of dye adsorption consists of three
steps during the process of color removal
following as (34): (i) diffusion of organic dye
molecules - adsorbates presented availably in
the bulk solution can be onto the material-based
adsorbent surface; (ii) the organic dye adsorption
on the material-based adsorbent surface can
base on molecular interactions (i.e., "film
diffusion"); and (iii) diffusion of organic dye
molecules can be moved from the surface to the
inside of the materials-based adsorbents (i.e.,
"surface diffusion" or "pore diffusion"). The
processes of diffusion and surface reaction
occurring on the materials-based adsorbents are
described in Figure 3. Overall, agitation and
concentration of the organic dye molecules in the
solution probably impact to the first step. The
nature of the organic dye molecules directly
influences to the second step, for example,
cationic and anionic features. At the same time,
the third step regards to the rate-confirming
stage in this process that surely impacts to the
adsorption of organic dye molecules on the
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substrates. In particular, external diffusion
occurring in the adsorption processes is the most
efficacy, while intraparticle diffusion will attain a
longer contact time in non-flow systems.

REVIEW ARTICLE

physicochemical factors, examples for
interactions of organic dyes and adsorbents,
particle sizes, surface areas of adsorbents, pH
values, temperatures, and contact times.

Moreover,

these are influenced by

CTS/GO hybrid networks

-COO~--- NH;*: Electrostatic ion pairing
>C=0 --- HN-: Hydrogen bonding
Aromatic rings: n-stacking

Figure 2: Schematic of chemical structure of GO (a) and possible interactions in CTS/GO hybrid
networks (b).
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Figure 3: The processes of diffusion and surface reaction occurring on the materials-based
adsorbents.

In addition, adsorption isotherms and kinetics are
suitable models to evaluate the adsorption
process (35). Specifically, adsorption isotherms
can reach through a change in the initial
concentrations of organic dye solutions, and the
other corresponding parameters are constants
(i.e., contact times, temperatures, pH values,
and stirring speeds). Basically, the removal
efficiency will attain high values through
increases of the organic dye concentrations until
no further uptake, which is named saturation or
equilibrium state. The common adsorption
isotherm models are listed in Table 2, which are
on basic of the original and linearized forms.
Concomitantly, many other models can also be
employed to elucidate the mechanism of organic

dye adsorption on a material-based adsorbent,
e.g., common adsorption kinetic models (Table 2
and Figure 3). In fact, the adsorption kinetics are
usually defined by establishing plots of the
adsorbed quantity vs. a time function to manifest
the possible nature of the adsorption process and
the kinetics. Overall, in order to more easily
understand, this review has been summarized on
basic of various adsorbent types studied from the
progress and expansions of CTS/GO hybrid
networks-based adsorbents coupled with
numerous other support materials (i.e., reduced
GO, magnetic iron oxide, polymeric materials,
metal-organic frameworks, etc.), as well as
organic dye removal efficiency and adsorption
mechanisms onto these emerging adsorbents.
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Table 2: Common adsorption isotherm and kinetic models.

REVIEW ARTICLE

Constants
Adsorption isotherms Original form Linearized form Plot attained from
the plot
_ q, K, C C 1 C C
Langmuir qQ=—"—— —= +— — Vs C, q, and K,
]-+ KLCe qe qrnKL qrn qe
Cl/n 1
Freundlich q.=K;— log q.=log KF"'HlOg C. log q, Vs log C, K, andn
n
— KBCeqm C C
4= C _ 1\ Kel G e vs (Ze and
BET (Cc)itsk,- (&) gea) Ko M Kea, 0.(C—C) (CS) Ky A
R.T. .T. .T.
Temkin q="3 I (AC,) qe:%ln AR line W, q Vs A, andb
, In q.=In q,—Kp ¢ €
Dubinin-Radushkevich qe:qse_K'”“8 c=RTIn (1+i) Inq, Vs ¢? K, . @M q,
CE‘
q ZKT*i log q,=2log K, —~1 +(271)1 c 1 VS Jog C K. and
Toth e \[/( C[) og q.=2log K, —log a,+|2— Jlog C, 0og g, og C, T ar
aT+ e
. _ AXCe C._ Ce Vs
Redlich-Peterson ey In - -=pin C.~In A In q— In C, Aand B
e ¢ e
Adsorption kinetics Linearized form Plot l():lcz:::stants attained from the
Pseudo-first-order ln( qe—qt)=1n g.— kit ln( qe—ql) VS ¢ k,
t 1t t t
Pseudo-second-order 4 2+q_ @ Vs @ k,
t 20e  Me t e
, 1 1 1 1 vs
Elovich qt_E n O(B+E nt q, Int aandB
Intraparticle diffusion q.= k t*%+1 q, VS ¢ 0.5 k, and|
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VARIOUS CTS/GO HYBRID NETWORKS-BASED
ADSORBENTS AND ORGANIC DYE
ADSORPTION PERFORMANCES

As known, CTS is often dissolved in acetic acid,
and GO is well stable in colloidal solutions, which
can easily couple together to attain CTS/GO hybrid
networks with a homogeneous mixture through
electrostatic interactions, hydrogen bonding, and
n-stacking resulting in outstandingly mechanical
and thermal features (6, 29). Concomitantly, the
CTS/GO hybrid networks-based materials can be
prepared from various methods such as
supplement of NaOH, violent shaking, sonication,
freeze-drying, etc. (6, 31-33). As a result, the
CTS/GO hybrid networks-based materials have
been formed with various shapes such as
membranes, beads, sponges, and columns (6, 36-
39), and which are all utilized successfully as
effective adsorbents for organic dye removal from
water/wastewater (40).

Notably, other components - support materials
have been supplemented to enhance the organic
dye adsorption performance of the CTS/GO hybrid
networks-based materials in recent vyears; in
particular, two-dimensional GO has also been
developed to reduced GO (rGO) or three-
dimensional GO-based aerogels. Typically, the GO

is formed through oxidizing graphite (i.e.,
Hummers method) (41), while the rGO s
synthesized by reducing the GO (i.e., various

thermal methods, reducing agents, electrochemical
reduction) (42-45). Actually, the oxygen-
containing functional groups on the GO are difficult
to reduce, which still contained some on the rGO.
Besides, the rGO can combine with various metals

or metal oxide particles (46), facilitating their
incorporation within the CTS molecule. For
instance, CTS/rGO hybrid network has been

coupled with iron oxide (FesO4) to attain magnetic
CTS/rGO hybrid network-based adsorbents that
are effectively applied for the cefixime adsorption
(47) (Table 3). Concomitantly, a comparison of dye
removal performance of CTS/GO and CTS/rGO
hybrid networks utilizing as adsorbents indicated
that the CTS/GO hybrid network has adsorbed
efficiently more (48) (Table 3), which can involve
to the presence of more numerous available
functional groups offering a combination of
electrostatic interactions, hydrogen bonding and n—
stacking with the organic dye molecules (4, 6, 28).
As a result, the pseudo-second-order model
studied in this research was the best model,
indicated that the organic dye adsorption could be
induced on the chemical rate-limiting step (i.e.,
electron share or covalent forces).

So far, magnetic CTS-based adsorbent has
emerged as a potential material for removing
pollutants from water/wastewater. There has

REVIEW ARTICLE

recently been a considerable interest in the
magnetic CTS/GO hybrid network-based material
as well (49, 50) (Table 3); notably, these magnetic
materials have shown a fast removal performance.
Obviously, the magnetism approach can facilitate
well for separating the adsorbents from
water/wastewater based on a simple magnetic
procedure (51). In fact, separation of CTS/GO
hybrid network-based materials using conventional
sedimentation and filtration techniques is an
important challenge due to blocked and lost filters
inducing secondary contaminations. Hence, the
choice of Fe304 is the most efficacy, owing to its
low toxicity, good compatibility and high magnetic
features (52). For preparation methods of the
magnetic CTS/GO hybrid network-based materials,
it can be easily created via in- or ex-situ approach,
or a combination of both these approaches (49,
53), or alterations of these two methods (50, 54)
(i.e., CTS/ Fe304 hybrid network can be first
created before being coupled with GO, or
opposite). Nonetheless, the shape and size of the
Fes04 nanoparticles are also important
characteristics to couple with the CTS/GO hybrid
network-based materials for organic dye removal
performances. Although the Fes0s nanoparticles
can be easily clustered that is mainly due to their
magnetic nature, several studies have also be
conducted to control the suitable shape and size
with the research aims (54-56). For example,
Fe304 particles could be attained with the spherical
shapes and ~45 nm of size by Shafaati et al. (55),
but their particle size has increased with
incorporating the CTS, suggesting that the CTS
chains could probably induce linking together for
the neighboring Fe3z04 particles. Silica is employed
to coat the Fes30O4 particles resulting from the
significantly reduced agglomeration (56). Thereby,
the use of silica is a promising approach to coat
and protect magnetic iron-containing particles in
the CTS/GO hybrid networks, as well as stability of
these materials need to be investigated more to
not leach the GO flakes or the magnetic iron oxide
particles.

In addition, the CTS/GO (or CTS/rGO) hybrid
networks-based materials with three-dimensional
porous structures acting as scaffolds (i.e., aerogel,
foam, sponge, column) can be fabricated through
the available wrinkling and blending of GO
nanosheets. These scaffolds are effectively applied
in the organic dye removal applications owing to
high surface areas, low mass densities (porous
structure) and good mechanical strength (57, 58);
besides, these scaffolds-based adsorbents are also
easily regained from the aqueous solution after
completing the adsorption procedure. Indeed, the
GO or rGO alone with three-dimensional structures
reach relatively poor stability in water, but this
stability can be improved significantly through a
combination of the three-dimensional GO or rGO
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network and the CTS molecules. For instance, the
three-dimensional CTS/GO hybrid network-based
columns have been successfully applied in five
adsorption-regeneration cycles reaching >90%-
adsorption performances (6, 32), and the layered
CTS/GO hybrid network-based sponges have also
been attained good stability and effective
recyclability resulting in>80%-adsorption
performances over five adsorption-regeneration
cycles (59). Besides, plenty of studies on CTS/GO
hybrid  network-based aerogel have been
successfully fabricated to remove effectively azo
dyes, anionic and cationic dyes (60, 61) from
water.

Furthermore, other additives - support materials
have been coupled with the CTS/GO hybrid
network to become potential and outstanding
materials-based adsorbents in environmental
applications. For example, B-cyclodextrin (Figure
4) has been combined with the CTS/GO hybrid
network to enhance the adsorption performance of
methylene blue following GO < CTS/GO <
CTS/GO/B-cyclodextrin networks (62), similarly for
a study on the adsorption performance of
hydroquinone and dye molecules (63) (Table 3).
Besides, polypyrrole (Figure 4) has also been used
to couple with the CTS/GO hybrid network basing
on polymerization of the pyrrole monomer in the
above-mentioned hybrid network, resulting in the
ternary CTS/GO/polypyrrole hybrid network-based
material that could become efficient adsorbents in
the organic dye removal applications (64, 65)
(Table 3). Interestedly, these hybrid networks-
based adsorbents could incorporate magnetic
nanoparticles to improve the separation of these
adsorbents from water/wastewater after
completing the organic dye adsorption process
(66) (Table 3). Concomitantly, other polymers with
high molecular weights (i.e., polydopamine,
polyacrylamide, and polyacrylate are shown in
Figure 4) have also been employed to combine
with the CTS/GO hybrid network (67-69) that
could significantly enhance the swelling and
adsorption performances of these hybrid networks-
based adsorbents (Table 3). In another word,
these support materials have offered different
binding sites to enhance the adsorption
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performances, and which are considered promising
materials-based adsorbents.

More notably, metal-organic frameworks (MOFs)
have recently attracted much interest in
environmental applications that is mainly due to
their high surface areas and porosities and
controlled pore structures. Thus, they have been
used to add into the CTS/GO hybrid network that
enhances adsorption performance (70, 71).
Unfortunately, the MOFs are powdered materials
that are hard to separate from water, which is its
main limitation in environmental applications.
Thereby, the CTS/GO hybrid network can be
contributed like a matrix to encapsulate these
powdered materials that can couple with magnetic
iron to result in a necessary magnetic separation.
Besides, plenty of other support materials has also
been combined with the CTS/GO hybrid network;
for examples, the use of hydroxyapatite
[Ca10(PO4)s(OH)2] has increased strength and
organic pollutant adsorption performance (72), the
use of silica (numerous silanol groups, Si-OH) has
favored a good dispersion of GO nanosheets within
CTS to reach effective adsorbents (73, 74), the use
of triethylenetetramine and lignosulfonate (Figure
4) have supplied amine groups and different
binding sites to enhance adsorption performance,
respectively (75-77) (Table 3). In general, these
studies manifested that these materials could
become cost-effective, eco-friendly, and recyclable
adsorbents for organic dye removal applications.
Additionally, other biopolymers (i.e., gelatin,
alginate, heparin, and cellulose are shown in
Figure 4) have been blended with the CTS to
create polymeric mixtures, which are then coupled
with the GO nanosheets to attain outstanding
performing adsorbents (78-81). Overall, the
pseudo-second-order model studied in these
researches were the best model; nonetheless, the
kinetic studies need to investigate more, and the
chemical/physical characterizations of the CTS can
be focused more on the degree of deacetylation
levels, molecular weight, etc., similarly, for the
GO. Also, it is needed to develop further suitable
recovery systems, as well as preparation process
of the adsorbents should be employed green
solvents and material sources.
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Figure 4: Chemical structures of various additives.
Table 3. Adsorption data of various CTS/GO hybrid networks-based adsorbents.

Adsorbents Organic dyes performance isotherm

Adsorption Adsorption Adsorption kinetic

(%, or mg-g'') models models

Methylene blue, ~95.0%,
Rhodamine B, >90.0%,

CTS/GO_1/15 (6) - -

Congo Red, ~70.0%,
Methyl orange ~80.0%

CTS/GO (48) Reactive Red 32.2 mg-gt! Langmuir Pseudo-second order
E44a7g)net|c CTS/rGO Cefixime 30.6 mg-g! Freundlich --

E4429)net|c CTS/GO Methylene blue 74.93 mg-g?! Freundlich Pseudo-second order
CTS/GO/pB- Methylene blue 1134.0 mg-g! Freundlich Pseudo-second order
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cyclodextrin (62)

Magnetic
CTS/GO/B- Methylene blue 84.3 mg-g! Langmuir Pseudo-second order
cyclodextrin (63)
(Pgél‘y;pyrrole/CTS/GO Ponceau 4R 5.4 mg-g? Langmuir Pseudo-second order
Magnetic
Polypyrrole/CTS/GO  Ponceau 4R 5.1 mg.g! Langmuir Pseudo-second order
(66)
CTS/
Polyacrylamide/GO Methylene blue 510.2 mg-g! Langmuir Pseudo-second order
(67)
CTS/polyacrylate/ Methylene blue, 296.5 mg-g, . Pseudo-first order,
GO (68) Food yellow 3 280.3 mg-g! Pseudo-second order
Congo Red, 43.1 mg-g’,
ﬁTgﬁgxo/a atite (72) Acid Red 1, 41.3 mg-g’?, Freundlich Pseudo-second order
Y yap Reactive Red 2~ 40.0 mg-g!
CTS/
lignosulfonate/GO Methylene blue 1023.9 mg-g! Langmuir Pseudo-second order
(75)
Magnetic
CTS/lignosulfonate/  Methylene blue 253.5 mg-g? Langmuir Pseudo-second order
GO (76)
CONCLUSIONS AND FUTURE RESEARCH of other CTS/GO hybrid networks-based

OUTLOOKS

With a large number of publications, the CTS/GO
hybrid networks-based materials are employed as
potential and interesting adsorbents for various
organic dye removal applications. In summary, the
CTS/GO hybrid networks easily couple with
numerous other components or additives - support
materials (i.e., rGO, magnetic iron oxide,
polymeric materials, MOFs, etc.) that is attracting
considerable attention, as well as the CTS/GO
hybrid networks-based materials have attained not
only magnificent adsorption capacity with organic
dyes but also heavy metal ions. Nonetheless,
several challenges still exist for removing a variety
of pollutants directly implicating in terms of costs,
which regards the regeneration of the CTS/GO
hybrid networks-based adsorbents. These
adsorbents should be effectively regenerated to
can be employed multiple times in the adsorption
process, which relates to washing-solvents and
natures of polysaccharide/carbon-based materials
(CTS/GO); thus, the adsorption capacity can
reduce with each cycle of adsorption-regeneration
(i.e., the polysaccharide hydrolysis on the CTS).
These require an offer of more longer-lasting and
cost-effective CTS/GO hybrid networks-based
adsorbents.

In addition to the effective performances of these
adsorbents, they also need to be removed from
the aqueous solution after completing the
adsorption purposes, especially for the magnetic
CTS/GO hybrid networks. Concomitantly, there are
also concerns about the environmental influences

adsorbents, which can adversely impact to the
water environment if these materials-based
adsorbents are leached. Consequently, the
emerging CTS/GO hybrid networks-based
adsorbents have to be stable and not leach
regarding other support materials (i.e., magnetic
iron oxide particles, GO flakes, and MOFs, etc.),
which is considered as one of the importantly
environmental perspectives. The other studies on
intraparticle diffusion and adsorption kinetics also
need to be investigated further, although most
studied kinetic models regarded to pseudo-second-
order models. These emerging materials-based
adsorbents are attractive and potential materials
that is probably due to the abundance supply
source from chitin (seafood waste sources), and
expansion of these materials in the various
preparation methods and high-performance
studies. Besides, the recent development has
attended to new two-dimensional materials (i.e.,
MoS;, MXenes, and MoSez), which are potential
support materials utilized as emerging adsorbents
and can easily couple with the CTS or CTS/GO
hybrid networks to generate novel materials-based
adsorbents with outstanding performances.
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Abstract: The application of recycled natural materials waste as biochar fillers in polymer composites
can be observed as a sustainable approach. This article aims to study recycled biochar (R-BCH)
improvements on the high-density polyethylene (HDPE) matrix properties. A series of composites was
developed with a different loading varying from 0 to 10 wt.% of R-BCH, using a twin-screw extruder
followed by compression molding. The results showed that the addition of 3-10% of R-BCH in pure HDPE
led to an increase in the tensile strength, modulus of elasticity, and a decrease of elongation at break.
Furthermore, the differential scanning calorimetry analysis (DSC) results showed that incorporating R-
BCH into pure HDPE improved thermal properties because interfaces between R-BCH and pure HDPE
caused decreased brittle behavior and enhanced the high crosslinking of pure HDPE.
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INTRODUCTION

A composite involves combining two or more
materials and that are blended in each other
without a solubilizing material. At least one type of
natural filler is incorporated in the dispersed phase
in the polymeric material to form a composite. The
performance of natural filler in composite materials
can be enhanced to achieve appropriate materials
regarding durability, thus being more economical
than synthetic fillers composites. In addition, these
natural fillers provide composites' stiffness and
strength and enhance superior chemical and
mechanical properties (1-4). High-density
polyethylene, medium density polyethylene, low-
density polyethylene polymers are commonly
utilized to produce flexible films and laminates for
bags, rigid containers, pipe extrusion, and injection
molding of various objects (5). The advantages of

HDPE are characterized by high shrinkage, simple
molding, and excellent melt strength (6-11).
Biochar can be considered neutral carbon or a
negative material that may play an essential role
in industrial and construction applications. Biochar
is the solid product found from biomass pyrolyses
such as wood, agricultural wastes, and municipal
wastes. It has consisted of stacked graphene
sheets inside crystallites of turbostratic carbon with
an amorphous compound (12). Through the
thermal decomposition of biomass, biocarbon is a
porous solid obtained. It is chemically stable under
ambient conditions. The properties of biochar are
based principally on the raw material and the
pyrolysis temperature utilized in the production
procedure. The thermal stability of the biochar
obtained from the high pyrolysis temperature
typically exceeds 350 °C. Besides, it can have
functional groups on its surfaces, facilitating its
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connection with the polymer matrix (13). In recent
decades, natural fillers reinforced polymer
composites companies and research institutions
made no effort to modify alternative bio natural
fillers based on the raw material limitation.
However, in recent years, there is a scope for the
biochar's effective application in thermoplastic
composites as a result of its porous structure,
large surface area, high carbon loading, which
could facilitate the physical bonding with the
polymer matrix (14). For example, the impact
strength of the polyester reinforced 2.5% w/w of
biochar increased by 77.50%, while the constant
dielectric rise by 7% compared with the
virgin polyester (15). Another study showed that
the electrical conductivity of polyvinyl alcohol
(PVA) reinforced with 2 and 10% w/w of biochar
exhibited values similar to carbon nanotube and
graphene-filed PVA composites. On the other
hand, the thermal stability, tensile, and storage
moduli for PVA/biochar composites were enhanced
with the addition of BC (16).

Previous studies exhibited that utilizing crop
residues or natural wastes such as rice straw,
sugar cane, flax, hemp, jute, wood chips, or tea
residues to replace wood fibers enhanced notably
mechanical and thermal properties of wood-plastic
composites (WPCs) (17-19). For example, Wu et
al. (20) prepared cotton stalk bark (CSB)
reinforced polypropylene (PP), and their
mechanical, thermal, and morphology properties
were investigated. They observed that the flexural
properties and tensile modulus of CSB reinforced
PP composites were improved with the increasing
loading of CSB. In contrast, the tensile strengths
showed a negative correlation with the loading of
CSB, which achieved 32.9 MPa when the CSB
incorporated was 30%. Another study by Cholake
et al. (21) investigated the waste macadamia sell

impact on improving the mechanical
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characterizations of WPC panel. It was displayed
that incorporating macadamia shell increased the

comprehensive modulus 548 MPa for 75%
compared to the PP matrix.
This paper applied the extrusion fabrication

method to prepare bio composites HDPE with
(RBCH) obtained by recycled wood chips pyrolysis.

The thermal characterizations of RBCH/HDPE
composites were studied to investigate the
crystallization performance. In addition, the

mechanical properties of RBCH/HDPE composites
were presented and discussed to provide a
theoretical basis for the application. In this regard,
this study attempts to utilize local resources of
wood chips converted to R-BCH to reinforce
thermoplastic polymers. The R-BCH could have a
promising future as a new reinforcement in
polymer composites as a result of their low cost,
low density, environmental friendliness, and great
mechanical characterizations.

MATERIALS AND METHODS

Materials

R-BCH was collected from waste wood chips,
cleaned, and dried. HDPE matrix with a density of
0.955 g/mL was used as a matrix and provided by
Indian Chemical and Petrochemical Manufacture
(CPMA).

Preparation of R-BCH

The wood waste was dried and then operated
through a chipper that turns it into woodchips (20-
40 mm). The woodchips were then converted
through slow pyrolysis at a temperature range
(450-550 °C), and the heating rate range was
0.1-1 °C/s into syngas to produce biochar. Figure
1 shows a schematic diagram for R-BCH
preparation.

R-BCH

Figure 1: Schematic illustration of the Preparation of R-BCH.

Fabrication of HDPE Composite

Initially, the required amounts of HDPE and R-BCH
were mixed thoroughly, utilizing a mixer to obtain
a homogenous composite (the mixture speed was

50 rpm at mixing time six minutes). The mixture
was then passed through a twin-screw extruder at
a temperature of 180 °C and a screw speed of 10
rpm. Next, the extruded composites were taken
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out from the extruder and compressed in a Carver
press at 140 °C for 30 min to obtain a sheet (15 x
15 cm?) having a thickness of 1 mm. The amount

V

HDPE

A twin-serew extruder

at 180°C

a Carver press at 140 °C
for 30 min

RESEARCH ARTICLE

of R-BCH powder added to the matrix varied from
0, 3, 7, and 10 wt%, respectively. Figure 2
exhibited the proposed scheme for R-BCH/HDPE

.
N\
J
=

Figure 2: A scheme of HDPE/R-BCH composites preparation.

Swelling Ratio Test

To measure the swelling ratio (SR), dry HDPE
composites (0.2+0.5 g) were immersed in 800 mL
of distilled water solutions for 4 h at room
temperature to achieve equilibrium. The swollen
product was filtered through a 100-mesh screen to
remove excess moisture and then weighed. Each
specimen was significantly tested, and the average
value was used. The capacity of water-absorbent
was calculated utilizing the following Equation (1):

(ml _mO) (1)
m,

SR %=

Where mo and m; are the mass of dried and
swollen products, respectively.

Differential Scanning Calorimetry

The blends' characteristics of melting and
crystallization were measured utilizing a machine
type, a Mettler 820 DSC. The weight of samples
was in a range of 5-10 mg. The first heating and
second heating were done from 25 °C to 200 °C at
10 °C/min in a nitrogen atmosphere. The DSC
thermograms provide details on the melting

temperature (Tm), crystallization temperature (7c),
melting enthalpy heat (AHm), and crystallization
enthalpy heat (AHc). In addition, the crystallinity
degrees (X;) of the specimens were calculated
using Equation 2.

x(%)=—3 (2)

Where AH’n is the enthalpy heat of fusion of the
fully crystalline HDPE, taken as 290 J/g (22-24).
The AHm, AHc, and X values of HDPE and HDPE
composites were normalized and accounted for
based on the actual HDPE composites, as listed in
Table 1.

Tensile Tests

Composite samples were tested utilizing an Instron
tensile machine model type (Testometric, M500-
50AT), UK, based on the standard of ASTM D 638.
The crosshead speed was about 20 mm/min.
Furthermore, three tests were replicated for each
composite sample.
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Figure 3: Tensile test simple with dimensions.

RESULTS and DISCUSSIONS

Swelling Analysis of HDPE Composites

The swelling ratio measurements against the
loading of R-BCH composites are illustrated in
Figure 4. The introduction of R-BCH into HDPE
composites has shown a significant effect on the
extrudate swelling ratio. It can be seen from Figure
1 that the swelling ratio of HDPE/R-BCH
composites decreased with an increase in the R-
BCH loading. The swelling ratio of 10% R-BCH/
HDPE composite was reduced by 64%, while the
incorporation of 3% and 7% R-BCH in HDPE

composites was decreased by 44% and 50%,
respectively. The hypothesis produced concerns
the ability of R-BCH in permitting further
interactions of polymer molecules. An ease in the
interaction of the molecules enhances the
entanglement level and elastic property of HDPE
melt, therefore affecting the deformation rate (in
this case, referring to the extrudate swelling).
Incorporating the highest loading (10% R-BCH) in
the HDPE matrix showed a sharp decrease
compared to other loadings of R-BCH (3% and
7%).

0.9

o

0.7

SR, %

0.6

0.5

0.4

0.3

0.2

0 2 4

6 8 10

R-BCH loading, %

Figure 4: Effects of R-BCH loading on swelling ratio of HDPE composites.

Thermal Analysis (DSC) of HDPE Composites

The DSC curves (heating and cooling processes) at
10 °C/min of the HDPE and HDPE/R-BCH
composites are illustrated in Figures 5 and 6. The
relative factors, for example, crystallization
temperature (T.), melting temperature (Tm),
crystallization enthalpy (AH.), and melting enthalpy
(AHm) for HDPE/R-BCH composites, are
summarized in Table 1. The DSC thermograms
showed single peaks for the composites' heating
and cooling scans (Figures 5 and 6). The Tm value
of pure HDPE was 135 °C, while the Tm value of
the R-BCH/HDPE composites increased with
increasing the loading of R-BCH. The HDPE/10 wt.
% R-BCH had the highest Tm, which was 141 °C

(Table 1). Incorporating R-BCH in HDPE seemed to
restrict the polymer chain's mobility, resulting in
higher Tm. The addition of R-BCH to the HDPE
matrix increased the melting peak temperature.
Hence the crystallinity increases progressively with
loadings of the R-BCH. As a result, they displayed
a higher melting peak temperature and
crystallinity. The reason may be that further lower
cooling rates take place with the addition of R-
BCH, which causes longer crystallization time, thus
further ideal crystals. The AHmn is an important
parameter since its magnitude is directly
proportional to the polymer's overall level of
crystallinity (X). The HDPE composite with higher
R-BCH loading also showed a higher AHmn value
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when compared with those with lower R-BCH
content. For the composite systems, it was
observed that generally, the AHm values of the
composites increased with increasing R-BCH
content. The AHn of pure HDPE was 179.5 J/g and
increased to 185 J/g at the highest loading of R-
BCH. The results are listed in Table 1, which
showed that the X values of these composites were
slightly increased relative to that of pure HDPE
(61%). Furthermore, the addition of 10% R-BCH in

RESEARCH ARTICLE

the HDPE matrix increased the X value up to 66%,
as shown in Figure 7. Karagoz and Tuna (25)
studied the impact of (various melt temperatures)
on the thermal characterizations of the HDPE
composite applied at different nozzle
temperatures. They reported that the HDPE
composite with the greatest nozzle temperature
(200 °C) achieved a significant improvement in
crystallinity compared to others (180 and 190 °C).

Heat Flow ( mV )

Pure HDPE

- - -HDPE/3% R-BCH
---- HDPE/7% R-BCH
—-—-HDPE/10% R-BCH

80 100 120

140 160 180

Temperature ( °C)

Figure 5: DSC thermograms (heating curves) of HDPE and HDPE/R-BCH composites.

——HDPE

- — -HDPE/3% R-BH

---- HDPE/I7% R-BH
—-—-HDPE/10% R-BH

Heat Flow ( mW)

70 80 920 100

110 120 130 140

Temperature (°C )

Figure 6: DSC thermograms (cooling curves) of HDPE and HDPE/R-BCH composites.
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Table 1: DSC results of non-isothermal crystallization and melting of pure HDPE and HDPE composites.

Composites Tc(°C) Tm(°C) AHc(J/g) AHm (J/g)
Pure HDPE 115 135 184 179.5
HDPE/3% R-BCH 117 136 185 180.7
HDPE/7% R-BCH 118 138 188 182
HDPE/10% R-BCH 121 141 192 185
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[} o o
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Figure 7: Crystallinity values of HDPE and HDPE/R-BCH composites.

Mechanical Properties

The results of the tensile tests are determined
from tensile stress-strain curves, as shown in
Figure 8. The HDPE/R-BCH composites displayed
higher tensile strength and modulus when
compared to the pure high-density polyethylene
(HDPE). It is evident from Table 2 that tensile
strength increased with increasing the loading of
R-BCH from 3 to 10 wt.% in comparison to pure
HDPE. The tensile strength of significant loading of
10% R-BCH was 42.5+4.8 MPa compared with
pure HDPE, which was 26+2.5 MPa. The results of
Young's modulus exhibited a significant increase
with 10% R-BCH loading, which was 296+25 MPa
by comparing to lower loadings (3 and 7% R-BCH),
and HDPE which were (284+18 MPa and 289 +22
MPa), and 28015 MPa, respectively, as shown in
Table 2. The addition of different loadings for R-
BCH composites exhibited significant changes in
the elongation at break, %. It decreased with
increasing the loading of R-BCH in the HDPE
matrix. Elongation at a break of 10% R-BCH in the
HDPE matrix decreased to 7.4+0.6%, while pure

HDPE matrix was 14.7+£1.4%, as shown in Table 2.
This may be attributed to the high loading of R-
BCH in the HDPE matrix, which displayed better
interfacial interaction and improved the blend's
plasticity by incorporating the compatibilizer (26).
Previous work was studied by Idress (27), who
found that the highest tensile strength for HDPE
composite with a mold surface temperature of 50
°C. By comparing with this work, Yu et al. (28)
reported in their findings regarding the mechanical
characterizations for particleboard dust (PB dust)
and basalt fibers (BFs)/Recycled (R-HDPE), they
found that the tensile strength was increased with
the loading of (1BP dust:1BFs) in HDPE composite.
They reported that the tensile strength of
1PB:1BFs/RHDPE composite was 28.3 MPa while
the virgin RHDPE matrix was 19.4 MPa. Poulose et
al. (14) studied the properties of date palm waste
extracted as biochar (BC) and utilized as biofilters
for polypropylene (PP) matrix. They observed that
the mechanical characterizations of BC/PP
composites improved tensile strength and modulus
with increased loading of BC.
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Tensile stress (MPa)

—— HDPE/10% R-BCH
— — HDPE/7%R-BCH
- - - -HDPE/3% R-BCH
— - — Pure HDPE

T
0.06
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T T
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Figure 8: Tensile stress-strain curves of HDPE composites.

Table 2: Mechanical properties of pure HDPE and HDPE composites.

Composites Tensile strength Young's Elongation at

(MPa) modulus (MPa) break %

Pure HDPE 26.5+2.5 312.5+£25 14.7+1.4
HDPE/3% R-BCH 28.2+3.5 400.7£60 12.5+1.1
HDPE/7% R-BCH 33.7+3.2 650.4+50 9.2+0.9
HDPE/10% R-BCH 42.5+4.8 1020.2+75 7.4+0.6

CONCLUSIONS
REFERENCES

This study demonstrated that R-BCH could be used
as an efficient filler for the HDPE matrix. R-BCH
was reinforced into HDPE by increasing the weight
fractions from 3 wt.% to 10 wt. The swelling ratio
was reduced with increasing the loading of R-BCH
in the HDPE matrix. The tensile strength and
modulus of R-BCH/HDPE composites were found to
be improved when compared to the virgin HDPE
matrix, while the elongation at break was reduced
with increasing the loading of R-BCH. The thermal
studies revealed that the crystallinity of
R-BCH/HDPE composites was increased compared
to the virgin HDPE matrix. Further investigation
could be addressed towards improving the BC/PP
composites characterizations by improving the
biochar properties such as porosity, surface
functionalization, and purity. It can be concluded
that this type of bio filler (R-BCH) enhances the
interaction between the HDPE matrix and R-BCH
filler and hence superior composite
characterizations.
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Abstract: Cerium(IV) oxide (CeO>) is widely used in industrial fields such as biomedical, glass, electronics,
automotive, and pharmacology. In this study, the cytotoxic effects on human peripheral blood cultures of
two forms of cerium(IV) oxide with different particle sizes (Bulk-sized Cerium(IV) oxide: BC and Nano-
sized Cerium(IV) oxide: NC) in concentrations range of 0.001-200 ppm were investigated. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay were used to determine the
cytotoxicity of these forms. According to the test results, it was determined that both forms caused severe

cytotoxicity at all concentrations studied.

It was observed that cytotoxicity increased with increasing
concentration. NCs are more toxic at all concentrations except 100 and 200 ppm concentrations.
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INTRODUCTION

Cerium(IV) oxide is one of the significant rare earth
oxides used in many applications such as catalyst,
hydrogen generation, optical displays and UV
absorber due to its unique properties (1). The
reason why CeO: is used in many industrial and
biomedical applications is its redox capability (2).
Due to the increasing use of cerium compounds, it is
important to determine their possible toxic effects
on living things and the environment. Because
organic compounds can be converted into non-toxic
compounds in nature, inorganic compounds often
decompose into components that can cause toxicity

3).

Nanotechnology is a research area that brings
innovation to technological processes with a
different perspective. Today, nanomaterials are
used in almost every application. In this early
adopted and rapidly advancing technology, the
effects of exposure to the nanoparticles used are

not yet fully known. The amount, transition,
degradation, change and accumulation in nature of
nanomaterials released into the environment are not
known exactly. Nanoparticles that enter the body
through the skin, mouth, or lungs can cause direct
or indirect harm to genetic material (4,5). It is
known that nano-sized cerium(IV) oxide is used in
different applications such as catalyst, conductor,
electrode,  ultraviolet absorber, Iuminescence
devices and glass polisher (6). In addition to these
physical applications, CeO: nanoparticles are also
used in many biological applications due to their
antibacterial, antioxidant and anti-inflammatory
properties (2,7-10). Without a doubt, the
application of nanoceria as a biomaterial will remain
a highlight of biology, biomedical and materials
research in the next vyears. However, the
Organization for Economic Cooperation and
Development (OECD) has classified this nanoparticle
as a hazardous chemical. The OECD advises that the
toxicity profile of CeO: nanoparticles be studied
further through in vitro and in vivo research (11).
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Particle-related parameters such as size, shape,
surface charge, crystal structure, concentration, pH,
and exposure time are factors that affect the

toxicity of the nanoparticle. Among these
parameters, the most intensively investigated
parameters are usually particle size and

concentration. In toxicity studies on many cell lines
using different methods, it has been determined
that CeO: in nanoparticle size is generally toxic
(1,12-14). There are many studies showing that
CeO2 with nanoparticle size is more toxic than that
in the bulk size (15-18). Lymphocytes are critical
components of the immune system as they are able
to elicit a response to bacteria, viruses and existing
cells that enter the human body that develop into a
cancerous cell type. They are widely used in in vitro
drug development studies because they play an
active role in the synthesis of lymphocyte cells,
immunoglobulins, and a wide variety of other
proteins in peripheral blood. In addition, researchers
and clinicians use lymphocytes in fields related to
immunology, infectious disease, hematological
malignancies, vaccine development, transplant
therapy, personalized medicine, and toxicology. In
general, in vitro lymphocyte studies contribute to
research on cell function, biomarker identification
and disease modeling (19,20). In this context, it is
necessary to know the toxic properties of cerium(IV)
oxide, which is widely used in many industrial areas,
in terms of the sustainability of its use as a
biomaterial. For this purpose, in this study, we
determined and compared that cytotoxic properties
of BC and NC on lymphocyte cells using MTT test.

EXPERIMENTAL SECTION

Chemicals and Instruments

Primary Peripheral Blood Mononuclear cells (ATCC
PCS-800-011™) (containing a minimum of 25x10°
viable cells), Phosphate Buffered Saline (PBS), Fetal

Bovine Serum (FBS), Penicillin-Streptomycin
Solution, Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma), Dimethylsulfoxide (DMSO),

Cerium(IV) oxide nanoparticles and Cerium(IV)
oxide bulk sized particles (Sigma-Aldrich) and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (Acros) were purchased commercially. In
this study, NICHIRYO Nichipet Single Channel (10-
100-1000 pL) automatic pipettes, Nive BM 101
Water bath, ISOLAB vortex mixer, Panasonic MCO
170AICUVH-PE CO2 Incubator, Hed Lab X BIO MSC
CLASS 1II biosafety cabine, Thermoscientific-
Countess II cell counter and Thermoscientific-
Multiskan Sky Microplate Spectrophotometer were
used. Powder X-Ray Analysis were performed Philips
X'Pert Pro diffractometer with Cu, Ka radiations, 40
kV of voltage and a current of 35 mA. The patterns
of the samples were recorded from 5 © to 70 ° (2
°@) with 0.2 °/ min and a step size of 0.02 °.
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Determination of particle sizes
The particle sizes of BC and NC were calculated with
Scherrer’s equation (1) from obtained data by
powder X-ray diffraction method.

__ KA~ (1)

~ BcosO

where d is the mean particle size, K is the grain
shape-dependent constant 0.89, A is the
wavelength of the incident beam in nanometer, O is
the Bragg reflection angle and B is the line
broadening at half the maximum intensity in radians
(21,22).

Preparation of Cell culture and MTT assay

MTT method, which is a colorimetric method, was
used to determine the cytotoxicity of bulk and nano-
sized CeO; (23,24). Human peripheral blood
mononuclear cell (PBMC) stock (1 mL) maintained
at -80 °C were thawed by using a water bath. 1 mL
of cell stock was diluted by adding 9 mL of culture
medium that contains 89 % DMEM, 10 % FBS and 1
% penicillin- streptomycin. The number of cells in
the cell suspension was calculated using a cell
counter. 100 pL aliquots of the prepared cell
suspension were added to the 96-well plate at
approximately 25000 cells per well. After cells were
seeded, 100 pL of culture medium was added to
each well and incubated for 24 h at 37 °C in a 5%
CO2 and 95% humidity in a COz incubator. After the
incubation, 100-pL aliquots from solutions with
different concentrations of BC and NC were added to
the test wells. At this stage, 100 mL of culture
medium was added to the cell control group wells.
The incubation was continued for another 24 h.
After the incubation was completed, 10 pL of MTT
solution prepared in PBS with a concentration of 5
mg/mL was added to each well. Incubation was
continued for 4 h and then 200 uL of DMSO used as
formazan crystal solvent was added to each well.
Incubation was continued for another 18 h. After
the end of the incubation, absorbance values at a
wavelength of 570 nm were recorded with the help
of a spectrophotometer. Experiments were carried
out in triplicate.

Statistical analysis

Two-way ANOVA (Tukey) test included in the IBM
SPSS statistics for Windows (version 22.0, IBM
Corp., Armonk, NY, USA) package program was
used for the statistical calculations of the
absorbance values obtained. Statistically
significance level is accepted at 95% (p<0.05).

RESULTS AND DISCUSSION

Characterization of particles

The average particle size of BC and NC was
calculated as 231.61 nm and 27.15 nm,
respectively. Powder X-ray patterns of BC and NC
were given in Figure 1.
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Figure 1: Powder X-ray patterns of BC and NC.

MTT assay

When Figures 2 and 3 are examined, it is seen that
all application concentrations of BC and NC cause
statistically significant cytotoxicity compared to the

cell control group. Especially at 100 and 200 ppm
125

[y
~ [=]
w (=]

Cell Viabilty (%)
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o

25

concentrations, the highest cytotoxic effect was
determined and cell viability decreased below 25%.
Remarkably, it is observed that BC and NC reduce
cell viability to more than 50% at all concentrations.

Concentration (ppm)

Figure 2: Effect of BC on cell viability at different concentrations.
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Figure 3: Effect of NC on cell viability at different concentrations.

In this study, the effects of BC and NC on human
lymphocyte cell viability were also compared. It was
determined that NC was more toxic than BC at all
concentrations except at 100 and 200 ppm. BC was
found to have a stronger toxic effect than NC at only

100 and 200 ppm concentrations. According to the
120
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International Standard 10993-5 (25), chemicals that
reduce cell viability by more than 50% are
considered moderately cytotoxic. The results of this
study reveal that both forms of cerium(IV) oxide are
moderately cytotoxic (Figure 4).

5 10 25 50 100 200

Concentration (ppm)

BHBC [NC
Figure 4: Comparison of cytotoxic effects of BC and NC.

There are many studies in the literature
investigating the cytotoxicity of CeO,. When the
literature is examined, the toxic effects of the
cerium(IV) oxide compound on cancer cell lines
have been studied more. However, this compound is
widely used especially in dental treatment.
Therefore, it is important to know the effects of this
compound on normal cells. In many of these
studies, the cytotoxicity of the nanoparticle sized
form of the cerium(IV) oxide compound was
investigated. There are very few studies
investigating the cytotoxicity of cerium(IV) oxide in
bulk form. There are two different studies
investigating the cytotoxicity of cerium(IV) oxide
nanoparticles with a particle size of 25-30 nm. In
these studies, the effects of this compound on
lymphocyte cells were investigated using the MTT
method. In one of these two studies, it was stated
that the nanoparticle did not cause any toxicity in
the concentration range of 2.5-20 ppm (11), while
in the other study, it was shown that the

nanoparticle caused cytotoxicity at high
concentrations (50, 100 and 200 ppm). In the same
study, it was claimed that nanoparticles were not
cytotoxic at 1 and 10 ppm concentrations (12).
Although the method and cell type used are the
same, the data obtained of our study and these two
studies partially overlap. The reason for this
inconsistency is thought to be due to the difference
in particle size and experimental conditions. The
cytotoxicity of cerium(IV) oxide on different cancer
cells other than Ilymphocyte cells has been
extensively investigated. For example, Abid et al.
determined that nano CeO: caused cytotoxicity in
the concentration range of 0.93-120 ppm on RD
rhabdomyosarcoma and L20B cell lines by using
MTT method (1). Using the same method, CeO> with
a particle size of 2-6 nm has been reported to be
cytotoxic on bone marrow mesenchymal stem cells
(13). Cerium(IV) oxide with a particle size of 15-20
nm was determined by the WST-1 method to be
cytotoxic on the MCF-7 cell line in the concentration
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range of 1-1000 ppm (14). Rasouli et al. determined
that CeO; with a particle size of 11-17 nm was more
cytotoxic on HFFF2 cancer cells than on HT29
normal cells and cytotoxicity increased with
increasing concentration and exposure time (26).
According to the results of a similar study, 100-nm
size Ce0; caused cytotoxicity on PC-3 cancer cells,
but not on L929 normal cells (27). Similarly, Kargar
et al. found that nano-CeO., at 8x10° ppm
concentration did not cause toxicity on L929 cells
(28). Contrary to these results, 11-33 nm-sized
cerium(IlV) oxide in the 125-1000 ppm
concentration range (29) and 21-32 nm cerium(IV)
oxide in the 1-500 ppm concentration range (30)
was found to be non-cytotoxic on PC12 and A549
cancer cells, respectively. De Marzi et al. (2013)
investigated the cytotoxic properties of 40 nm CeO>
on A549, CaCo2 and HepG2 cell lines in the
concentration range of 5x102-5x10® ppm. While it
did not cause cytotoxic effects on cell lines exposed
to nanoparticles for 24 hours, they determined that
the nanoparticle caused cytotoxicity after ten days
of exposure (31). In two different studies comparing
the toxicity of nano and bulk sized cerium(IV) oxide,
it was determined that CeO: with nano size was
more toxic than bulk size (17,18). This result is
consistent with the data obtained in our study. In a
study using the MTT method, it was determined that
cerium(IV) oxide with a particle size of 13.04 nm
did not cause any cytotoxicity on A549, Calu-3 and
3T3 cells at 10, 100 and 500 ppm concentrations
(32). Cerium(IV) oxide with a size of 4-13 nm
exhibited a cytotoxic effect as the concentration
increased on A549 cells in the concentration range
of 1.95-500 ppm. However, it has little effect on the
viability of these cells (33). It was found that
cerium(IV) oxide nanoparticles (14 nm) obtained by
green synthesis at a concentration of 0.01 ppm on
A549 cells were mildly cytotoxic according to the
WST-1 method and not cytotoxic according to the
MTT method (34).

CONCLUSION

In this study, the cytotoxic properties of bulk and
nano-sized cerium(IV) oxide on human peripheral
blood cultures in the concentration range of 0.001-
200 ppm were investigated. The particle sizes of
bulk and nano-sized cerium(IV) oxide are 231.61
nm and 27.15 nm, respectively. Both forms of the
compound caused cytotoxicity on lymphocyte cells
at all applied concentrations. The nano form is more
cytotoxic at 0.001-50 ppm concentrations and the
bulk form is more cytotoxic at 100 and 200 ppm
concentrations. It was determined that cell viability
decreased with increasing concentration, that is,
cytotoxicity increased. It has been reported in many
studies, including our study, that this compound,
which is widely used as a biomaterial, causes
cytotoxicity on both normal and cancer cells. In this
context, it is recommended to limit the use of the
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compound as a biomaterial and to examine the
toxicity profile in more detail with in vivo studies.
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INTRODUCTION

Clays and clay minerals are used as -catalytic
carriers and direct catalysts because they contain
silica and alumina. The catalytic properties of clays
have also been the subject of many studies. Their
catalytic activity results from the surface acidity,
that is, from the Brgnsted and Lewis acid centers
they contain. Silica and alumina are also used as
catalysts in chemical reactions (1-3). The surface
acidities and catalytic activities of metal oxides, clay
and clay minerals has been recently reported in a
review article. (4).

In the determination of the surface acidity of the
catalysts, Hammett indicators (5-8), amine titration
(9), calorimetric method (10-12) and investigation
of the gas phase adsorption of bases such as
pyridine by FTIR method (13-18) were studied.
Thermal desorption methods can also be used for
the determination of the types of acid sites and their
amounts in the catalysts (5, 12, 19-22). Gas phase
adsorption of pyridine onto metal oxides examined
by IR spectroscopy used for the estimation of the
surface acidities (23-27).

However, the results on the acidity of catalysts were
not comparable as both the catalysts and acidity
measurement methods in liquid phase or in gas
phase. This is due to the fact that origins of the
sites, the preparation methods and conditions (i.e.
pretreatment, calcinations etc.) were arbitrarily
different. The basic properties of silica and alumina
and their mixtures, and especially the source of
their acidic properties, were examined on a basic
chemical content and published as a review article
(28).

Clay minerals have Brgnsted and Lewis acid sites
because of their structures. The acidity and
Brgnsted to Lewis sites ratio related with the water
content and SiO»/Al>03 (Si**, AlI3* and Fe3* ions) of
the mineral. The acidity of bentonite results from
the removal of exchangeable cations from the
structure and the removal of water. Anhydrous
interlayer cations also function as Lewis acids (29-
33). Pyridine adsorption were also analyzed by
density functional theory (DFT) simulations (34).

In recent years, silica-alumina as catalyst carriers
and their effects on catalytic activity in terms of
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acidities in various catalytic reactions has been
investigated (35). Also, 2,4,6-tri-tert-butylpyridine
(TTBP) was used as a new probe molecule for the
determination of the acidities of zeolites as well as
to silica and alumina (36). Nuclear magnetic
resonance (NMR) relaxation time measurements
and temperature-programmed desorption (TPD)
techniques have also been developed as alternatives
to IR spectroscopy, especially for zeolites (37).

The subject of this article, the surface acidity of
synthetic Si-Al compounds, natural bentonite and
sepiolite will be examined in terms of the amount of
silica and their ratios they contain. The surface acid
centers and amounts will also be studied. For this
purpose, Hammett indicators, amine titration and
FTIR spectroscopy investigation of in situ gas phase
pyridine adsorption methods will be carried out.

EXPERIMENTAL SECTION

Materials

The chemical compositions of bentonite and sepiolite
taken from Edirne and Eskisehir were given in a
previous study (38). SiO2/Al:03 ratios in bentonite
and sepiolite samples were calculated as 3 and 96,
respectively. The physicochemical properties of
SIRAL samples are given in our previous study.
SIRAL consists of synthetic silicon and aluminum
oxide. It is given as an abbreviation for silica and
alumina. SiO/Al>03 ratios in these compounds are
given by the manufacturer as 20% SiO2 and 80%
AlO3 in SIRAL 20 sample. Other chemicals used in
our study were purchased from various companies
as commercial and pure products and used as they
are without any processing.

Acid Strength Measurements

Details about the experiment were given in a
previous study (39). Therefore, it is briefly
mentioned here. Dried powder samples were treated
with three drops of all indicators in benzene. By
looking at the color of the solution, it was decided
whether the samples are basic to all indicators or
the Ho, which was between the pKa of two
consecutive indicators.

Quantitative determination of acid sites

In this method, the sample was first dispersed in
benzene and then titrated with n-butyl amine in the
presence of an indicator which was determined in
acid strength measurement experiments. Dry
benzene (sodium wire drawn) was chosen as a
liquid that does not wet the surface and does not
interact with the surface of the samples. If the liquid
(or solvent) contains water or humidity from air, the
acidity of the surface changes.

RESEARCH ARTICLE

Fourier Transform Infrared
Spectroscopic Analysis

At first, dry pure sample is tableted. The sample to
be examined is taken into the IR cell and pre-
treated by heating at 110 °C under vacuum. The IR
cell for gas phase used in the study is made of
quartz, contains NaCl windows and has a heating
system. Pyridine adsorption experiments were
carried out in situ on pure tablets in the form of a
gas phase in a special gas manipulation line setup.
In our previous studies (39), a different FTIR device
was used. IR spectra after each pyridine adsorption
applied at certain time intervals and temperatures
are recorded in Perkin-Elmer BX-II spectrometer.
After the adsorption experiments, the desorption
process is carried out by applying vacuum for 10
minutes at certain temperatures and recording the
spectra at each stage. In the IR spectra recorded
during the adsorption and desorption experiments,
the area values below the relevant absorption bands
are calculated. These area values were used in
surface acidity calculations.

(FTIR)

RESULTS AND DISCUSSION

Acid Strength Measurements

In the study conducted with Hammett indicators, it
was determined that the samples were sensitive to
which indicators in terms of surface acidity. Acidity
strength measurement experiments were carried
out on seven samples and eight indicators. The
indicators used in the study and their pKa values
were neutral red, pKa= +6.8; methyl red, pKa=
+4.8; 4-nitroaniline, pKa=+1.1; crystal violet,
pKa=+0.8; 2-nitroaniline, pKa= -0.2; 4-chloro-2-
nitroaniline, pKa= - 0.9; 2,4-dinitroaniline, pKs= -
4.4; anthraquinone, pKa=-8.2, respectively. All
samples showed positive color change only with
neutral red and methyl red indicators. The studied
substances give color conversion with the indicators
of pKa values greater than +1.1. As the pKa values
increase, the acidity strength decreases. After the
indicators were determined, butyl amine titration
was performed for the estimation of quantitatively
the acid strength and sites. Titrations were carried
out with neutral red and methyl red indicators in
benzene.

n-butyl Amine Titration Results

The titration results were presented in Table 1. The
total acidity of Siral samples was about 0.8
mmole/g. It increased with SiO; content. In the case
of clays, Bentonite was more acidic than Sepiolite,
as 1.76 and 1.14 mmole g=!. This result may be due
to SiO2 content.
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Table 1: The acidities from the n-butyl amine titration (mmole g—1)

Indicator Siral 5 Siral 20 Siral 30 Siral 40 Siral 80 Sepiolite Bentonite
Neutral red 0.17 0.20 0.24 0.28 0.45 0.57 0.26
(pKa= +6.8)

Methyl red 0.30 0.40 0.47 0.55 0.36 0.57 1.50
(pKa= +4.8)

Total 0.47 0.60 0.71 0.83 0.81 1.14 1.76

It was published that the binary oxides such as
SiO2-Al03 were more strongly acidic than the
oxides alone when heating under vacuum. It was
found that the acidity strength increased
proportionally with increasing SiO> amounts (1).
This may be due to the water content of these
samples and also the method of preparation. In
another study, it was determined that grinding and
steam heating changed the acidity strength (18).
Fourier Transform Infrared (FTIR)
Spectroscopic Experiments in Acidity

Today, as a standard method in surface acidity, the
concentrations of Brgnsted and Lewis acid sites are

Table 2: The acid sites as mmole g from the
adsorption of pyridine.

Sample gu- gn® + gut
Siral 5 1.23 2.55
Siral 20 1.32 4.08
Siral 30 3.16 4.86
Siral 40 2.88 4.90
Siral 80 3.09 4.24
Sepiolite 0.53 2.22
Bentonite 0.20 0.58

calculated according to equation 1 as moles per dry
sample weight (40).

AnR (1)
we

qu=

Where A is the absorbance of the band from FTIR
spectrum, R is disk formed sample radius as cm,
and w is the sample weight as g before the
experiment. €, for the Brgnsted and Lewis acid sites,
the absorption bands at 1490 cm™ and 1450 cm™;
1.67 and 2.22 cm?umol! were taken as reference,
respectively (23). The acid sites were calculated
from the equation (1) and given in Table 2.

The IR spectra of pyridine adsorbed on the samples
were presented in Figures 1-7. Figure 1-3 were
organized in a Supplementary File as S1. On the
other hand, Siral 40, Siral 80, Sepiolite and
Bentonite were given in Figures 4-7, respectively.
The pyridine bands used in the evaluation of the
data in the FTIR spectroscopic examination of
pyridine adsorption from the gas phase on solid
samples are given in Table 3 (14,15). All spectra
(Figures 1-7) were evaluated according to this
chart.

Table 3: The pyridine bands used in the evaluation of the data.

Type PY cm! HPY cm™ BPY cm™ LPY cm™
Mode 8a 1582 1614 1639 1617
8b - 1593 1613 -
19a 1483 1490 1489 1495
19b 1440 1438 1539 1451

Therefore, the observed bands at 1634, 1576 and
1394 cm~! were defined to pyridinium ion as
Brgnsted species. For Lewis species, the bands at
1621, 1576 and 1456 cm~! were attributed. The
band at 1490 cm~! was related with BPY and LPY as
stated in Table 3. This band was observed as
common in all spectra (Figure 1-7). The band at
1456 cm™ is also located in all spectra and can be
taken close to the band at 1451 cm-1, which is the
closest for LPY, and shows Lewis acid locations.
Pyridine is physically adsorbed by surface hydroxyl
groups in the studied oxide structures. Absorption
bands in the wavenumber range of 1590-1620 cm
appear as an indicator of this interaction. While
1595 cm! of these bands which was due to HPY
species as in Table 3 observed especially in Siral
compounds, it was not observed in sepiolite and
bentonite. On the other hand, characteristic PY
mode 8a was observed at 1588 cm™ in bentonite
and sepiolite samples as in Figures 6 and 7,

respectively. Especially in the desorption
experiments carried out at increasing temperatures,
it was seen that a water molecule consisting of two
hydroxyl groups leaving from the structures is
strongly adsorbed on the surfaces, and it did not
completely move away from the surface even in
desorption at 573 K.

In the mutual evaluation of the spectra (Figures 1-
7), synthetic silica-alumina compounds (Sirals) and
natural clays (bentonite, sepiolite) were selected
according to their SiO> and Al;O3 contents. In this
respect, the spectra of Siral 40, Siral 80, sepiolite
and bentonite (Figures 4-7) were clearly evaluated
because of the SiO> content.

Bands were observed at 1593, 1490 and 1456 cm™!
for Siral 40 in Figure 4. The band at 1490 cm™ can
be explained as pyridinium ion and pyridine bound
to Lewis site. This band did not disappear in the
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desorption experiment (Spectrum f in Figure 4)
conducted at 373 K, and the desorptions carried out
up to 573 K were also permanent. This was
observed as an increase in band intensity in Siral 80
(Figure 5a-f). On the other hand, this band was
relatively absent in sepiolite (Figure 6). In bentonite
(Figure 7), band intensity was initially observed as
very weak (spectrum b), then the band intensity
increases and eventually becomes permanent. This
was observed as an increase in band intensity in
Siral 80 (Figure 5a-f). The band at 1490 cm™ was
relatively absent in sepiolite (Figure 6). In bentonite
(Figure 7), band intensity was initially observed as
very weak (spectrum b), increased gradually and
the eventually becomes permanent. This behavior of
the band at 1490 cm™ can be interpreted as that
pyridine interacts strongly with the Brgnsted and
Lewis acid centers on the surface and is also
chemically adsorbed.

The bands observed at 1490 and 1456 cm™ in Siral
40 (Fig. 4) were preserved, although the intensities
decreased partially in desorption carried out with
increasing temperature (Figure 4f). In Siral 80
(Figure 5), HPY (Mode 8b, Table 3) at 1595 cm™
and 1454-1444 cm™ (LPY) were observed. The
bands at 1435, 1456, 1574 and 1588 cm! were
observed for sepiolite (Figure 6).

There was an interesting situation here. All bands
disappeared at 298 K during the desorption process.
It can be interpreted that pyridine was poorly and
physically adsorbed to the acid centers on the

RESEARCH ARTICLE

surface. If we look at the situation with bentonite,
the band at 1490 cm™ was gradually narrowed and
its intensity decreased after desorption at 298 K,
but still observed the last desorption at 573K
(Figure 7e is not given here). Although common
bands are observed at 1588, 1490 and 1456 cm in
the adsorption spectra of pyridine on sepiolite and
bentonite, differences are observed especially in
desorption spectra.

CONCLUSION

Surface acidity of silica-alumina compounds and the
amount of acid centers vary depending on many
factors such as SiO2/Al,Oz ratio, SiO> percentage,
preparation conditions, water content heat
treatment. In situ adsorption/desorption
experiments carried out in the gas phase where
pyridine is used as the base and the monitoring of
the processes with the IR method are quite fruitful.
The method can be used as a standard in a wide
range. While the order of total acidity values
calculated according to the amine titration method
in the samples was determined as Bentonite>
Sepiolite>Siral 40> Siral 80> Siral 30> Siral 20>
Siral 5, the order according to FTIR data was quite
different from the amine titration method as Siral
40> Siral 30> Siral 80> Siral 20> Siral 5>
Sepiolite> Bentonite. All of the samples showed
surface acidity and can be used as solid acid
catalysts in a variety of reactions.
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Figure 4: FTIR spectra of pyridine adsorbed on Siral 40 a) reference b) initial ads. c)
15 min. ads d) 373 K, 30 min. ads. e€) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Figure 5: FTIR spectra of pyridine adsorbed/desorbed on Siral 80 a) reference b) initial ads. c) 15 min. ads.
d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Figure 6: FTIR spectra of pyridine adsorbed / desorbed on Sepiolite a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Figure 7: FTIR spectra of pyridine adsorbed / desorbed on Bentonite a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Figure S1: FTIR spectra of pyridine adsorbed/desorbed on Siral 5 a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Figure S2: FTIR spectra of pyridine adsorbed/desorbed on Siral 20 a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Figure S3: FTIR spectra of pyridine adsorbed/desorbed on Siral 30 a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Abstract: The structural Fe(III) in montmorillonite (MMT) clay has been reduced using catechol and its
derivatives. It was found that the reduction process is pH-dependent and also depends on the ring
substituents. If the catecholic ring has electron-donating substituents, reduction happens at high pH; if
the catecholic ring has electron-withdrawing substituents, no reduction occurs. The process involves
electron transfer from the hydroxy groups on the compounds to the active site at the iron atoms within
the MMT lattice. This site acts as an electron acceptor (Lewis acid). Heat treatment of the reduced
sample at 100-300 °C showed an enhancement of the Fe2*/Fe3* ratio, which is attributed to an increase
in the proportion of radicalic formation induced by dehydration. The MMT sample was added to the
solutions of the catecholic compound and the slurries were stirred for 24 hours in order to reach
equilibrium, then filtered, washed, and air-dried. The reactions were monitored using Md&ssbauer
spectroscopy, x-ray powder diffraction, differential thermal analysis, electron spin resonance, infrared,
and total surface area determination.
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INTRODUCTION

MMT belongs to the sizeable specific surface area
clay minerals with a 2:1 layer structure. An
octahedral sheet of alumina surrounded by two
layers of tetrahedral silica sheets. There is an
access net negative charge that can be balanced by
cations like Na*, Ca%* and Mg?* (1). The process of
reducing structural iron of MMT and other clays has
received significant interest from many researchers
due to the wide application of this process in
different fields. The iron existence in the clay
mineral structure adds to its unique importance.
The reason for this is the fact that the oxidation
state can be changed and controlled by the
influence of external factors. This is in turn, leads
to changes in the clay properties. The Fe oxidation
state in the crystal lattice of MMT clay has an
essential role in determining the surface and
colloidal chemistry. It also plays an essential role

(009647805845839).

in the physical behavior of the clay. The valence
states of clay's structural iron affect the
physicochemical properties such as cation
exchange capacity and surface area (2-4).
Bacterial reduction of Fe-bearing clay has the
ability to change the structure of the clay and
causes a decrease in the surface area and an

increase in the cation exchange capacity. The
process is mainly reversible (5-7). A reduced
nontronite clay has shown a noticeable

antibacterial activity at pH 6 toward E. coli (8). It
was found that D. vulgaris is able to reduce
structural Fe(III) in four types of clay minerals (9).
Humic acid can effectively stimulate the
bioreduction rate of structural Fe(III) in clays (10).
The Fe(II) in MMT was found to reduce 2-
nitrophenol after adsorption (11). The reactivity of
structural and surface-bonded Fe(II) in chemically
reduced and oxidized nontronite and reduced MMT
was investigated using two acetylnitrobenzene
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isomers as a probe (12). An experiment was
conducted to investigate the mechanism of Se
sorption on MMT «clay in deep geological
environments under reducing conditions. The Se
element was dissolved as selenide (Se(-II))
anions. It was shown by X-ray absorption that the
Se-sorbed oxidation state was (0), which implies
that Se was oxidized on MMT (13). Md&ssbauer
spectroscopy study showed that Fe(II) reduces a
large amount of Fe(III) in a low-Fe MMT. The
reduction rate extends from 12 to 78% through a
pH range of 4.0-7.5. It was suggested that
extensive reduction occurs by electron transfer
through the basal plane (14). The oxidant
production that was produced after oxygenation of
reduced nontronite was studied in the presence of
four different compounds. The compounds were
phosphate, tripolyphosphate, nitrilotriacetic acid,
and diaminetetraacetic acid. All the compounds
increase the oxidant yields, but the mechanisms
vary, depending on the compound type (15).
Electron transfer mechanism was suggested in a
study concerning Fe(II)-goethite systems (16,17).
On the other hand, Fe-bearing clay minerals were
used for the reduction of hexavalent chromium.
The process is affected by different environmental
factors (18-21). Several studies have
demonstrated the adsorption of phenol, substituted
phenols catechol, and its derivatives on clay
minerals (22-26). The structural Fe(II) of MMT can
be reduced to Fe(III) at high pH if the phenolic
ring has an electron donating substituent. The
adsorption process includes transferring an
electron from the hydroxyl group to the Fe atoms
inside the lattice (27). The aim of the current
research is to understand how catechols attack and
reduce MMT's structural iron, using different
analytical tool. The information collected from
different analytical tools may help in understanding
how the reduction process occurs and how the
oxidation state of iron changes.

MATERIALS AND METHODS

The MMT sample was obtained from Podmore and
Sons Ltd. All the chemicals used in this research
were of analytical grade obtained from Sigma-
Aldrich Company. Mdgssbauer spectra were
recorded at 77 °K on a Canberra Multichannel
Analyzer using >’Co as a source. The source used

was 25 mCi cobalt-57 in a rhodium matrix
obtained from the Radiochemical Centre,
Amersham. X-ray diffraction patterns were

recorded on a Philips diffractometer using CuKa
radiation. The differential thermal analysis curves
were recorded on a DUPONT 900 Differential
Thermal Analyzer. The ESR spectra were recorded
on a Varian EI0O4A X-band spectrometer. The infra-
red spectra were recorded on a Perkin ElImer 1330
infra-red spectrophotometer. The surface area of
the samples was measured by the methods
described by other researchers (28). The pH was
monitored using a Philips (PW-91109) digital pH
meter.

RESEARCH ARTICLE

MMT- Catecholic Compounds Reaction

The catecholic compound (100 mg) was added to 1
g of the MMT clay sample dispersed in 50 mL
distilled water. The pH was adjusted to 1, 7, and
10.5 and monitored periodically in the first few
hours using 0.1 N NaOH and 0.1 N HCI. The
mixtures were stirred for 24 hours to reach
equilibrium, then filtered, washed, and air-dried.

RESULTS AND DISCUSSION

When catecholic molecules or their derivatives are
brought together with the MMT clay in solution at a
pH high enough to dissociate one or both protons,
electron transfer occurs from the catecholic
compound to the active sites of the MMT clay.
These sites are aluminum exposed at the edges
and/or transition metal cations in a high valency
state at the planar surface. Our concern is the
latter site. Both sites act as electron acceptors,
and any initial reduction occurs at the surface; it
can propagate into the planar sites by electron
diffusion or hopping (29). The organic molecules
may approach the pyramidal edges of the MMT,
and electron diffusion takes place within the
octahedral layers since the organic compounds are
expected to be negatively charged at high pH
(Figure 1). When the reduction process is done,
there will be a charge imbalance, which may be
maintained by the protonation of the adjacent OH
group (30).

I+ te 2+
Fe =-0-Al+H' L— " Fe -/o\- Al
i e H o H
and
+e
ko H + 2 2+
Fe - 0 - Fe + H —* Fe =0 = Fe
| - N\
H e H H

Figure 1: The electron transfer process.

The protons in the equations are derived from
molecules of water dissociated in the interlayer
space. These protons penetrate the structure by
proton tunneling. The resulting OH- ions in the
spaces can pick up H* from the solution outside
the proton pump process. At high pH, small
amounts of iron, and some other ions, are
expected to be extracted from the MMT structure
and present in the solution as hydroxides. These
hydroxides interact with the catecholic molecules
to form iron-catechol complexes:

»~0 2
[FE{\DQ )3 ]

Figure 2: Structure of the iron-catechol complex.
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The mechanism of the MMT structural iron
reduction by the catecholic compounds can be
described as in Figure 3.

OH 3+
@ + Fe - MNMT
OH struct.

—
-——
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0
@ + Fe-MMT
OH struct.

Figure 3: Mechanism of the MMT structural iron reduction by the catecholic compounds.

The radical produced in the last equation
undergoes further oxidation to a quinone. For o-
substituted compounds like catechol, the expected
compound is o-benzoquinone (31).

Mdossbauer Spectroscopy

Mdssbauer spectra of MMT-catechol

The Mdssbauer spectra of the MMT sample reacted
with catechol at pH 1 and 7 showed the same
behavior as that of the original sample at the same
pH; no effect was seen in the presence of catechol;

in fact, some of the iron(II) was oxidized to
iron(III), presumably indirectly by oxygen
contamination in the solution. The sample reacted
with catechol at pH 10.5 shows a considerable
enhancement of iron(II) at the expense of the
iron(III) content. The Fe2*/Fe3* ratio derived from
the Mdossbauer spectrum was 2.4[5]. The
parameter is presented in Table 1, and Figure 4
shows the spectra at 77 K of MMT sample reacted
with catechol at pH 1, 7, and 10.5.

Table 1: The 57Fe Mossbauer parameters at 77 °K of the original MMT sample and the sample reacted
with catechol at different pH's in an aqueous solution. Data were collected on the dried solids.

Sample pH 3 mms! A mms! r mms? Absorption Fe2* /Fe3*

area % ratio

Original MMT - 0.43[2] 0.65[2] 0.30[2] 51[4] 1[2]
1.25[1] 3.03[1] 0.14[1] 49[3]

MMT-catechol 1 0.43[1] 0.64[1] 0.31[1] 100 -

= 7 0.39[1] 0.79[1] 0.40[2] 78[3] 0.3[1]
1.48[2] 2.56[4] 0.24[3] 22[4]

= 10.5 0.49[2] 0.73[4] 0.26[3] 30[5] 2.4[5]
1.27[1] 3.04[1] 0.12[1] 70[4]

Transmission (%)

._.
=
=
T

99

Velocity (mm/sec)

Figure 4: The >’Fe Mossbauer spectra at 77 °K of MMT reacted with catechol at (a) pH 1, (b) pH 7, (c) pH

Mdssbauer spectra of MMT-substituted catechol

10.5.

Two substituted catechol compounds with electron-
donating substituents, 4-tert-butylcatechol and 4-
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methycatechol, and two compounds with electron-
withdrawing substituents, 4-nitrocectechol and
tetrabromocatechol were reacted with the MMT

RESEARCH ARTICLE

sample at pH 10.5. The M&ssbauer parameters are
listed in Table 2, and the spectra of these samples
are shown in Figure 5.

Table 2: The >’Fe M6ssbauer parameters at 77 °K of the MMT samples reacted with different substituted
catechol at pH 10.5 in an aqueous solution. Data were collected on the dried solids.

Samples 3 mms? A mms?! r mms! Absorption Fe2* /Fe3*

area % ratio

MMT-4-tert- butylcatechol 0.42[2] 0.74[2] 0.30[2] 30[3] 2.4[3]
1.26[1] 3.04[1] 0.20[1] 70[2]

MMT-4-methylcatechol 0.44[3] 0.76[3] 0.30[3] 29[4] 2.4[3]
1.23(1] 3.02[1] 0.14[1] 71[3]

MMT-4-nitrocatechol 0.44[1] 0.67[2] 0.28[2] 46[3] 1.2[2]
1.26[1] 3.04[1] 0.16[1] 54[3]

MMT-tetrabromocatechol 0.31[1] 0.82[3] 0.41[2] 78[6] 0.3[1]
1.47[1] 2.60[2] 0.17[2] 22[3]

The samples reacted with 4-tert-butylcatechol and
4-methylcatechol showed a clear reduction. While
little or no reduction is observed in the sample
reacted with 4-nitrocatechol and
tetrabromocatechol compounds. The 4-nitro and
tetrabromo are withdrawing substituents and tend
to withdraw electron density from the catecholic

ring. The electron can be considered to reside on
the substituent, leaving the molecule unable to
transfer an electron to active sites on MMT.
Electron-donating substituents, such as 4-tert-
butyl and 4-methyl, facilitate electron transfer
from the ring to the clay.
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Figure 5: The 5’Fe Mossbauer spectra at 77 °K of MMT reacted at pH 10.5 with (a) 4-tert-butylcatechol,
(b) 4-methylcatechol, (c) 4-nitrocatechol, (d) tetrabromocatechol.

Méssbauer spectra of the fired MMT-catechol
sample

In order to investigate the effect of firing on the
powdered catechol-reduced MMT, the sample was
subjected to a firing treatment ranging from 100 to
1170
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800 °C for a period of 10 minutes under air (Figure
6). As the firing temperature increased, the
quadrupole splitting of the Fe3* doublet shows a
very small increase which indicates a mild
distortion of the lattice. The linewidth of the Fe?*
peak became very narrow (= 0.15 mms™), which
indicates a unique type of coordination. Oxidation
of the Fe2* ijons by firing occurred at higher
temperatures than the original MMT sample. The
Fe2* doublet disappeared at 300 °C in the original
sample, while its appearance continued to 600 °C
in the MMT-catechol sample. The amount of Fe?*
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increased with increasing the firing temperature
from 100-300 °C and then decreasing with firing to
a higher temperature as shown in the Fe2*/Fe3*
ration in Table 3. Other researchers noticed the
reduction enhancement upon firing during the
reaction between phenol and MMT (32). They
attributed this to an enhancement of radical
species induced by dehydration. The transferring of
the electrons from the organic compounds to the
active site of the Fe3* may be facilitated by firing
(Table 3).

Velocity (mm/sec)

Figure 6: The >’Fe Mossbauer at 77 K of MMT-catechol samples reacted at pH 10.5 and fired in the air at
various temperatures for 10 minutes. The temperature of firing is indicated.

Table 3: The >’Fe M&ssbauer parameters at 77 K of the fired MMT-catecholic sample.

Temp. 3 mms?? A mms™? r mms! Absorption Fe2*/Fe3*
Area % ratio

100 °C 0.43[4] 0.65[5] 0.31[5] 39[8] 1.6[4]
1.26[1] 3.06[1] 0.14[1] 61[5]

200 °C 0.44[3] 0.73[5] 0.27[4] 24[5] 3.3[9]
1.26[1] 3.03[1] 0.16[1] 76[4]

300 °C 0.46[4] 0.57[6] 0.12[5] 11[7] 14.3[9]
1.27[1] 3.03[1] 0.16[1] 89[8]

400 °C 0.48[1] 0.67[5] 0.15[4] 22[8] 4.2[1]
1.25[1] 3.02[1] 0.15[1] 78[8]

600 °C 0.41[3] 0.96[5] 0.53[5] 21[7] 4.3[1]
1.21[2] 2.64[4] 0.20[3] 79[9]

700 °C 0.36[2] 0.80[4] 0.44[4] 100 -

800 °C 0.31[2] 0.47[4] 0.47[4] 100 -

1171



Hassen JH, Silver J. JOTCSA. 2021; 8(4): 1167-1178.

X-Ray Powder Diffraction (XRD)

The basal spacing of the air-dried MMT sample is
13 A increasing to 17 on ethylene glycol
treatment. When this sample heated at 120 °C for
two hours, it showed partial collapse with a basal
spacing of 12.62 A. The collapse was completed on
heating at 375 °C for 1 hour (Figure 7). MMT gives
a basal spacing of 9.6 A when no molecules are
between the unit layers. The MMT sample that
reacted with the catecholic compounds at pH 10.5
did not show the 13 A basal spacing of the original
sample, possibly due to the presence of sodium
ions from the NaOH used to adjust the pH. The
sample containing the organics did not show the
17 A basal spacing on treatment with ethylene
glycol again, which suggests that the ligands are
present on the MMT crystal edges. These then
cause blocking of some of the layers and prevent
the complete swelling of ethylene glycol. In
addition to this, the XRD pattern peaks obtained
are slightly asymmetrical in the air-dried samples,
which suggests a mixed-layer sequence (Table 4).

From the results listed in Table 4, there is no
evidence for the intercalation of the catecholic
compounds into the MMT interlayer. Therefore, an
experiment was carried out to open the MMT
lattice by dispersing 1 g of the MMT in a 50 mL
solution of NaCl in water, as the sodium ions are
able to open the interlayer to about 20 A in water.
The sample was allowed to stir for 1 hour, and
then 100 mg of catechol was added, and the
mixture was stirred for a further 24 hours. Upon
examination, the sample showed no indications of
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intercalation. The sample gave basal spacing of
12.3, 16.67, 12.45, and 11.78 A for the air-dried,
ethylene glycol treated, 120 °C heated, and 300 °C
heated samples, respectively. At low pH, where no
sodium ions are present, the basal spacing of the
catechol-MMT sample was 13 A, but the ethylene
glycol treated sample did not swell to 17 A, which
provides further evidence for these compounds
affecting the interlayer swelling. Figure 8 shows
the XRD patterns of the air-dried MMT-catechol
samples reacted at pH 1, 7, and 10.5.

Differential Thermal Analysis, DTA

DTA analysis showed that the curves of the original
MMT sample subjected to pH's of 1, 7, and 10.5
are similar to the curve of the original sample. The
change in pH does not affect the curve. When the
MMT was reacted with the organic compounds,
only the curves of the sample reacted at pH 10.5
were extensively modified (Figure 9). Catechol has
two endothermic peaks at 100 and 200 °C (33),
which do not appear on the curve of an MMT
sample reacted with catechol, probably due to
complexation with MMT. The main alteration in the
curves of the sample reacted at pH 10.5 may be
due to the formation of metal-ligand complexes
adsorbed onto the clay surface since some cations
such as iron are solubilized by catechol and
expected to be found in the solution at high pH.
Such complexes are associated with water
molecules, which can be driven off as endothermic
peaks before the first endothermic reaction of the
MMT occurs.

Table 4: The basal spacing of some MMT-compounds.

d spacing in A -—--——-mmmemmmeee

Samples Heated at Heated at

Air-dried EG 120°C 2 h. 375°C1h.
MMT 13 17 12.62 9.6
MMT-catechol pH 10.5 12.8 16.67 12.27 10.04
MMT-4-tert-butylcatechol pH 10.5 12.45 16.67 13.3 10.28
MMT-4-methylcatechol pH 10.5 12.27 16.67 12.81 9.71
MMT-4-nitrocatechol pH 10.5 12.27 16.67 13 9.71
MMT-tetrabromocatechol pH 10.5 11.94 16.67 13 9.71
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Figure 7: X-ray powder diffraction patterns of MMT Figure 8: X-ray powder diffraction patterns of MMT-

(@) untreated sample, (b) treated with EG, (c)
heated at 120 °C, (d) 375 °C.

Electron Spin Resonance (ESR)

Silicon, aluminum, magnesium and alkali, and
alkaline earth metals are the most abundant ions
usually found in clays that are diamagnetic.
Paramagnetic ions such as Fe3* may be found
substituted for silicon, aluminum, or magnesium.
The spectrum of the original sample is
characterized by features with g-values of 2.0, 2.2,
3.7, 4.3, and 9.6, similar to the result reported by
other workers (34). The ESR features with g-
values of 3.7, 4.3, and 9.6 have been assigned to
Fe3* in a site of near rhombic symmetry, while the
other features arise from Fe3* in a different type of
environment (Figure 10).

The sample of catechol-reduced MMT exhibits
substantial changes in the main features of the
spectra. The 2.2 and 9.6 g-value signals are
broader than those found in the untreated sample.
The 3.7 g-value signals disappeared from the
spectra, and that with a g-value of 4.3 was
narrower and less intense than in the untreated
sample. The reduction of MMT with catechol caused
a reduction in the intensities of the signals, which
can be assigned to the structural Fe3*. This result

catechol sample reacted at (a) pH 1, (b) pH 7, (¢)
pH 10.5.

is in good agreement with the Md&ssbauer data,
which revealed an incomplete reduction of the
structural Fe3*. An enhancement in the g = 2.0
signal was observed due to the formation of a
radical. This signal is similar to those reported by
other workers (35) obtained from the reaction of
some aromatic molecules with clays. The reaction
of the hydroxybenzene compounds with the MMT
involves a radical formation in the first stage,
which oxidized to a quinone at a later stage. From
the ESR results, it appears that part of these
compounds remains in the radical (semiquinone)
form on the MMT surface. These radicals are
responsible for the signal at g = 2.0.

Similar behavior in the ESR spectra was observed
for the MMT samples reduced by 4-methyl and 4-
tert-butylcatechol, which have electron-donating
ability (Figure 10). The g = 2.0 signal was greatly
enhanced in the sample reduced with 4-tert-
butylcatechol. However, there were some
remnants of the signal at g = 3.7. Reaction with
the 4-nitro and tetrabromo substituents also
showed an enhancement of the signal g = 2.0, and
the g = 2.2 signal became broader.

1173



Hassen JH, Silver J. JOTCSA. 2021; 8(4): 1167-1178.

100 200 300 400 500

RESEARCH ARTICLE

H Gauss

Figure 9: DTA curves of MMT reacted with catechol Figure 10: ESR spectra at room temperature of (a)

at (a) pH 1, (b) pH 7, (c) pH 10.5.

MMT, MMT reacted with catechol at (b) pH 1, (c) pH

7, (d) pH 10.5.
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Figure 10: ESR spectra at room temperature of MMT reacted at pH 10.5 with (a) 4-tert-butylchatechol,
(b) 4-methylcatechol.

Infra-Red Spectra (IR)

The MMT's main features in the IR region are the
Si-O stretching and OH bending. The position of
these bands are at 800, 850, 880, 917, and 1040
cm™ and are assigned to Fe3*-OH-Fe3+, Al-OH-Mg,
Fe3+-OH-Al, AI-OH-Al, and Si-O, respectively
(36,37) (Table 5). The IR spectrum also exhibits
bands due to the adsorbed compounds on the
MMT, but we will discuss only the effect of these
compounds on the prominent montmorillonite

bands. The sharpness and position of OH bending
modes of the sample reacted with different
compounds varies from one compound to another.

The Si-O stretching band at 1040 cm™ and the
Fe3+-OH-Al band at 880 cm™ disappeared in most
of the samples. The disappearance of the latter
band is noticeable in the reduced samples. This
band disappeared in MMT and nontronite samples
reduced with hydrazine and dithionite, and its
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disappearance was attributed to the protonation of
the adjacent OH group (30). The band at 800 cm!
in the catechol reduced MMT sample, which is
assigned to Fe3*-OH-Fe3* bending, is shifted to 790
cmt, This shift has also been found in some other
samples. The band at 850 cm™!, which is assigned
to Al-OH-Mg bending, is shifted to 838 cm™!. Both
bands are enhanced upon reduction with catechol.
The 880 cm™ band disappeared from the catechol
reduced sample and also from the substituted
catechol reduced samples, 4-methyl and 4-tert-
butyl catechol.

Total Surface Area Determination

The total surface area is a fundamental property of
clays. It can be determined by the retention of
ethylene glycol (EG). MMT clay can take two layers
of EG molecules between the interlayer spacing.
The resultant areas were calculated using Dyal and
Hendricks (38) value of 810 m?/g for the total
surface area of MMT. The original MMT sample
gave a value of 839 m?/g (Table 6). This value was
decreased by about 100 m?/g in the sample
reacted with the compounds at pH 10.5, which is
attributed to the presence of these compounds on
the crystal edges of MMT causes blocking of some
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layers, preventing complete swelling. No apparent
decrease in the values was found in the sample
reacted at pH 1 and 7. The possibility of the
presence of the organic compounds on the crystal
edges at pH 10.5 seems greater than at pH 1 and
7. This may be due to the formation of complexes
of these compounds and cations that are liberated

at high pH. These complexes increase the
possibility of blocking the layers.

CONCLUSIONS

Catecholic  compounds  containing  electron-

donating substituents have the ability to reduce
the structural iron of MMT at high pH. The process
depends on the pH, ring substituents and
conjugation. No reduction occurs if the catecholic
ring has electron-withdrawing substituents. The
process involves electron transfer from the
hydroxy groups on the compounds to the active
site at the iron atoms within the MMT lattice. The
reduction process can be enhanced by heating the
powdered sample up to 300 °C. The Fe?*/Fe3* ratio
increases due to the increase in the proportion of
radical formation induced by dehydration.

Table 5: Selected features of the infra-red spectra (cm) of the MMT sample reacted with the catecholic

compounds.
Sample pH Si-0 Al-OH- Fe3*-OH- Al-OH- Fe3*-OH-
Al Al Mg Fe3*
MMT - 1050 sh 917 w 880 w 850 m 800 s
MMT-catechol 10.5 - 915 sh - 838 s 790 s
MMT-4-nitrocatechol = - 915w 890 sh 848 m 800 m
MMT-tetrabromocatechol = 1015 sh 918 w 885 sh 835 m 795 s
MMT-4-methylcatechol = - 915 m - 845 m 800 m
MMT-4-tert-butylcatechol = - 913 s - 840 m 795 s
Table 6: The total surface areas of the samples.
Samples pH Total surface
area in m?/g
MMT _ 839
MMT-catechol 10.5 710
MMT-4-methylcatechol 10.5 629
MMT-4-tert-butylcatechol 10.5 634
MMT-4-nitrocatechol 10.5 641
MMT-tetrabromocatechol 10.5 622
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Abstract: This work aimed to fabricate a magnetically modified biochar (MBC) through a one-step pyrolysis of
Vitex doniana nut at 500 °C and investigate its feasibility for the removal of two pharmaceuticals, namely,
amoxicillin (AMX) and trimethoprim (TMT) from aqueous environment. The textural characteristics, chemical
composition and magnetic properties of the MBC were analyzed using Brunauer-Emmett-Teller (BET) analysis,
scanning electron microscopy (SEM), Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD)
and vibrating sample magnetometer (VSM). The results demonstrated the successful incorporation of the
magnetic particles in the biochar matrix. The specific surface area and average pore volume of the MBC were
obtained as 108.90 m?2/g and 2.98 cm?3/g, respectively. The adsorption process was observed to be strongly
pH-dependent, and equilibrium was attained within 1 h. The kinetic data favors pseudo-second-order model
(R2 > 0.999), implying that the most plausible mechanism for the adsorption was chemisorption. The
isothermal data was best fitted by the Langmuir model (R2 > 0.985), signifying that the process was mainly
monolayer adsorption on homogeneous surface. The maximum adsorption capacity achieved for AMX and TMT
was 41.87 and 55.83 mg/g at 303 K, respectively. The thermodynamic examination highlighted that the
adsorption was feasible and accompanied with absorption of heat and increase of entropy for both the
adsorbates. Furthermore, the MBC exhibited a good recycling capability such that the adsorption capacity
decreases by ~ 25% after reuse for six cycles. Besides, the theoretical results based on density functional
theory (DFT) calculations demonstrated that the TMT molecules (AE = 3.762 eV) are more reactive compared
to the AMX molecules (AE = 3.855 eV) which correlates with the experimental observations.
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INTRODUCTION

Over the last few decades, many classes of micro-
pollutants including pharmaceuticals, steroid
hormones, pesticides, endocrine disrupting
compounds, and personal care products have been
detected in various freshwater resources worldwide.
Among them, pharmaceuticals have emerged as one
of the major concerns of public health authorities
(1,2). The drug industries, hospitals, and households
are the main sources of pharmaceutical contaminants
in water systems (3). Most compounds of
pharmaceutical origins  are persistent, non-
biodegradable and often not appreciably eliminated
due to their ability to pass through the treatment
processes largely undisturbed (4). Therefore, their
residues are rampant in surface water, partially
treated water and groundwater, typically at trace
quantities from ng/L to pg/L. Long-term exposure to
pharmaceuticals may pose a deleterious risk to
humans and has been established to have significant
disruptive impacts in aquatic ecosystems (5). To date,
the treatment of pharmaceuticals has been a daunting
task due to their complex physicochemical properties.

Numerous decontamination technologies have been

employed to eliminate pharmaceutically active
compounds from aqueous medium including
coagulation, biological treatment, adsorption,
filtration, and advanced oxidation processes.
However, the efficiencies of these traditional
processes such as filtration, coagulation and
biodegradation were insufficient. In contrast,

advanced oxidation processes are also not easily
applicable in industrial scale owing to expensiveness
of energy and the generation of undesired
byproducts. In this regard, adsorption appears to be
favorite alternative due to its effectiveness, low-cost
of operation and complete elimination of the
pharmaceutical without causing any secondary
pollution (6).

The use of carbon-based materials is the most
prominent method for removal of organic
contaminants from water streams. Biochar is a
carbon-rich material produced mainly from the
carbonization of biomass feedstock in an oxygen-
depleted medium. The preparation of biochar does not
require the activation process and uses less energy
(7). Although biochar in their ordinary forms have
been employed as solid adsorbents, they suffer from
limitations such as small particle size, poor adsorption
performance, and ability of separation from bulk
solution (8). Therefore, it is imperative to modify
biochars in order to enhance their adsorption
efficiency towards pollutants. Recently, magnetic
modification has seen tremendous interest as a
remedy to overcome these shortcomings. Magnetic
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response is attained through functionalization of
biochar surface with magnetic particles such as
magnetite and maghemite (9). High adsorption
performance, easy to separate from water, reuse
potential, and natural abundance of precursors are
the main attributes which promote magnetic biochar
as a promising adsorbent for the removal of various
pollutants.

Vitex doniana (VD), also known as black plum, is one
of the most abundant trees present in tropical Africa.
The plant has emerged as a priority species because
of the multiplicity of it uses. For instance, the plant is
extensively used for food, source of timber and for
medical purposes (10). The Vitex doniana nut is the
major waste generated from processing of this plant
and most are discarded on the fields. Few studies
have reported the use of this plant’s leaves and nut as
adsorbents for the elimination of toxic metals (11,12).
Nevertheless, to the best of our knowledge, no work
has been reported so far on the preparation of biochar
from Vitex doniana nut and its application for the
removal of medicinal drugs from water.

In this regard, two pharmaceuticals, amoxicillin (AMX)
and trimethoprim (TMT) were chosen as the model
pollutants for this study. The selection of these two
antibiotics was based on the frequency of occurrence
in freshwater resources. Moreover, information on
their removal from aquatic environment is relatively
scarce. TMT is among the most prominent antibiotics
employed in veterinary and human medicine
worldwide acting as an inhibitor in the chemotherapy
treatment (13). AMX belongs to a class of drugs that
are majorly excreted in an non-metabolized form, and
some reports have highlighted that AMX might pose
an acute risk to the aquatic ecosystem (14,15).

With this background, the overall objective of this
research is to investigate the adsorption of amoxicillin
and trimethoprim molecules on the surface of
magnetically modified biochar derived from Vitex
doniana nut wastes. To achieve this objective, the
influence of experimental factors such as pH, ionic
strength, temperature, initial concentration, and
contact time on the adsorption capacity of the
adsorbent was studied. Additionally, the removal
process was assessed isothermally,
thermodynamically, and kinetically in order to gain
insight about the mechanism and spontaneity of
adsorption. Finally, density functional theory (DFT)
computations were performed to obtain qualitative
insights on the chemical reactivity of amoxicillin and
trimethoprim molecules.
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EXPERIMENT AND COMPUTATION

Chemicals and Materials

Amoxicillin and Trimethoprim were obtained from
Sigma-Aldrich (USA). Their physicochemical
properties are depicted in Table 1. Ferric chloride
(FeCl3.6H20), sodium nitrate (NaNOs) and other
chemicals used were AnalaR grade sourced from
Fisher Chemicals (USA). Vitex doniana nut was
acquired from Kano State, Nigeria. Demineralized
water was employed during the entire adsorption
tests.

Preparation of Magnetically Modified Biochar
Vitex doniana nuts were cut into small pieces,
washed, and then subsequently dried at 110 °C for 48
h. The dried nut was pulverized and sieved into
desirable particle sizes (<1 mm) and subsequently
heated in a muffle furnace from room temperature to
500 °C for 3 h. The process of pyrolysis was
performed at a heating rate of 10 °C/min and under
an oxygen-depleted condition. After pyrolysis, the
resulting biochar was collected from the furnace after
being cooled to room temperature. Then 10 g of the
obtained biochar was immersed into a mixed solution
containing 4 g of FeCl..2H>0 and 8 g FeCls.6H>0 in 50
mL of demineralized water. The obtained mixture was
homogenized by vigorous stirring for 10 h at 90 °C.
The precipitation of iron oxide particles on the biochar
was achieved by the addition of drops of 10 mL
NH4OH solution into the mixture with the aid of rapid
stirring for 30 min at 90 °C. After that, the stable
suspension was cooled to room temperature. Finally,
the produced magnetically modified biochar (MBC)
was retrieved from the mixture using external
magnet. The MBC was washed repeatedly with
demineralized water to attain pH 7.0, and then dried
in oven at 50 °C for 24 h.

Determination of Characteristics of the Magnetic
Biochar

Surface functional group characteristics of the MBC
was elucidated using FTIR spectrometer (Cary 630;
Agilent Technologies) in the 4000-650 cm™ wave
number range under a resolution of 8 cm-!, while the
crystallographic structure was analyzed using XRD
(Rigaku Ultima IV) with a Cu Ka radiation in the 26
range of 5-85°. The surface texture of the MBC was
examined by means of electron microscopy utilizing a
scanning electron microscope (JEOL-JSM6480). The
BET surface area was measured using a specific
surface area and pore size analyzer (BET, Builder,
SSA-4300). Magnetic properties of MBC was assessed
at 298 K using a vibrating sample magnetometer
(VSM, EV9) with a maximum applied magnetic field of
15 kOe. The influence of varying pHs over the surface
charge was probed via determination of the point of
zero charge, pHpz. The pHpzc is the pH value in which
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MBC surface presents a net electrical neutrality. A
pHpzc of 6.9 was obtained following a salt addition
method described in the literature (16). More
precisely, 0.2 g of MBC sample was added to 40 mL of
0.1 M NaNOs solution in a centrifuge tube. The
medium pH was adjusted to a value between 2 and
11 by addition of dilute HCI or NaOH solutions. All
solutions were stirred continuously for 24 h and the
final pH was recorded. A graph between the changes
in pH (ApH) was plotted against the initial pH and the
intersection point was taken as pHpzc.

Experimental Protocol of Pharmaceuticals’
Adsorption

A known mass of MBC (0.1 g) was mixed with 100 mL
of aqueous pharmaceutical solution of known
concentrations in series of 250 mL Erlenmeyer flasks
placed on thermostatically controlled incubator
shaker. The mixture was agitated at 150 rpm for pre-
decided residence times. 0.1 M NaOH or 0.1 M HCI
solutions were used as pH adjusters to desired value.
After the adsorption process, the spent adsorbent was
retrieved by an external magnet, and about 3 mL of
the solution was transferred to the cuvette and
analyzed by the procedure highlighted in subsequent
section. Each experiment was run at least in triplicate
and the mean values were adopted in the report.
Relative standard deviation is not reported as it is
negligible (<2%).

The effect of pH on the AMX and TMT uptake was
evaluated with initial solution pH varying from 2 to
10. The tests for effect of ionic strength were
implemented at varying NaCl concentrations (0.05 to
0.15 mol/L). The influence of contact time (kinetic
study) was assessed from 5 min up to 120 min.
Equilibrium experiments (isotherm study) were
carried out at initial concentrations ranging from 20 to
100 mg/L. The impact of temperature
(thermodynamic study) on the adsorption process
was evaluated from 303 to 333 K.

Regeneration and Reuse

The MBC was cleaned after adsorption of AMX and
TMT using demineralized water and acetone. Briefly,
0.1 g of MBC was placed into 50 mL of acetone. The
mixture was agitated in an incubator shaker
maintained at 150 rpm under room temperature (30
£ 1 °C) for 12 h. Afterward, the regenerated
adsorbent was washed with demineralized water and
dried at 90 °C. The adsorbent was used to assess the
adsorption capacities up to six cycles.

Quantification of Amoxicillin and Trimethoprim
in Aqueous Solution

The quantitative determination of AMX and TMT was
accomplished by UV-visible spectrophotometry. The
absorbance of the pharmaceutical solutions was
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recorded by UV-visible spectrophotometer (Lambda
35; Perkin Elmer) at a characteristic wavelength of
228 nm for AMX and 275 nm for TMT. Calibration
curves were established using solutions of each
pharmaceutical in demineralized water in a range of
1-10 mg/L. The calibration curves for both the
adsorbates exhibited an excellent linearity (R? >
0.99).

The adsorption performance of the MBC was assessed
through the parameter g, (mg of pharmaceuticals
adsorbed per gram of MBC), as expressed in Equation
1:

g=2"Cy (1)
m

where C, stands for initial pharmaceutical
concentration (mg/L), Cr represent the pharmaceutical
concentration at any time given (mg/L), V reflects the
volume of the experimental solution in liters, and m
denotes the weight of the MBC used in grams.

Adsorption Modelling

The kinetics of the adsorption of the pharmaceuticals
onto the MBC was assessed by conducting the time-
dependent studies. Many kinetics models, viz.,
pseudo-first-order (PFO), pseudo-second-order (PSO)
and intraparticle diffusion (IPD) models were
employed to interpret the experimental data. The
PFO, PSO and IPD models in their linear form are
represented by Eqgs. 2, 3, and 4, respectively:

log(q.—q,)=logq.—kt (2)
t/q=1/(k,q.)+t/q, (3)
q=kit"*'+C @

where ge and qt represent the adsorption capacity of
the MBC at the equilibrium state and at time of ¢,
respectively; ki (min~t), k2 (g/mg min) and kiq denote
the moduli of PFO, PSO and IPD adsorption,
respectively.

The equilibrium data were adjusted to the Langmuir
and Freundlich models. The linear expressions of

these models are illustrated by Equations 5 and 6,
respectively:

Ce/Qezll(KLqmax)+Ce/qmax (5)
Ing.=In [K]+In(1)/niInC, (6)

where Ce (mg/L) is the equilibrium concentration of
pharmaceuticals, qe (mg/g) is the amount of
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pharmaceuticals adsorbed per gram of MBC under
equilibrium, gmax (Mg/g) is the theoretical monolayer
adsorption capacity of MBC for pharmaceuticals, and
KL (L/mg) is a constant pointing the affinity in the
Langmuir adsorption process; Kr is the Freundlich
empirical constant representing the relative
adsorption capacity of the MBC, and n (dimensionless)
is a constant illustrative of the intensity of the
Freundlich adsorption.

Validity of Models

The capability of the studied kinetic models in fitting
the experimental data and the suitability of the
investigated isotherms in describing the behavior of
the adsorptive system was validated through
coefficient of determination (R?), chi square (x2) and
sum squares of errors (SSE, %). These error functions
can be represented by Eqgs. 7-9, respectively (17):

R2:1— (Z(q(e,exp)_q(e,model))2) (7)
(Z(q(e,exp)_q(e,mean))2>
XZZZ (Q(e,exp)_q(e,mode1)>2 (8)
q(e,model)
2
SSE (%)= ﬂz (9t )~ Gl o) ) (9
N

where Qe,model @and Qe,exp (Mg/g) represent the model
predicced and experimental uptake -capacity,
respectively; Qemean denotes the mean of the (eexp
values; and N is the number of data points. The best
fitting model exhibits the highest value of R2, but the
lowest value of SSE and x2.

Computational Methods

The molecular structures of the pharmaceuticals were
designed using ChemDraw Ultra 7.0 software. Then
the structures were imported for DFT calculations
using the Materials Studio 8.0 software package
(BIOVIA, Accelrys). The optimization of the full
molecular geometry of AMX and TMT was
implemented using DMol®> module at the level
B3LYP/DND. No symmetry constraints were imposed
during the geometrical optimization of the tested
molecules. The quantum chemical parameters were
estimated from energies associated with frontier
molecular orbitals [the highest occupied molecular
orbital (HOMO; En), lowest unoccupied molecular
orbital (LUMO; E.), and an energy gap (AE = Ex -
El)], electron affinity (A = -E.), and ionization
potential (I = -Eu). The global reactivity indexes
namely, chemical potential (p), chemical hardness
(), chemical softness (o) electronegativity (x) and
global electrophilicity power (o), were approximated
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in terms of Frontier orbital energies as expressed by 1 (12)
Equations 10-14, respectively (18): G_E
(EH+ EL)
—\TH FL) (10) _(I+A) (13)
2 X= D)
(EL_EH) 11 2
="t (11) o= (14)
21
Table 1: Target pharmaceuticals and their characteristics.
Pharmaceutical Molecular Structure MW pKa
(g/mol)
Amoxicillin Rzl 7 o 365.4 3.2
o] (carboxyl)
HE e i 11.7
OH (amine)
H
HO
Trimethoprim 290.3 7.1
Hzl

RESULTS AND DISCUSSION

Characterizations

SEM micrographs clearly depicting the morphological
characteristics of the native and modified biochar are
presented in Figure 1. As can be seen in Figure 1a,
the micrograph revealed the rough and
heterogeneous nature of the biochar surface. After
magnetic modification, the SEM micrograph depicts a
relatively porous flower-like structure on the surface,
demonstrating that the surface structure of MBC is
different from those of native biochar, presumably
due to the presence of Fe particles (Figure 1b). This
indicates that the modification of the biochar
enhances the porosity of the material, and thus can
facilitate the penetration and binding of the
pharmaceuticals.

The Brunauer-Emmett-Teller (BET) analysis was
performed to determine the specific surface area and
pore size of the adsorbent. The results showed that
the magnetic modification of the biochar led to an
increase in specific surface area from 96.31 m?2/g for
the native biochar to 108.90 m?/g for the MBC. This
signify that the MBC has a remarkable potential to
adsorb the target adsorbates. Meanwhile, the average

pore volume (VP), and pore diameter were found to
be 0.55 cm3/g and 1.17 nm, respectively, for biochar
and 2.98 cm3/g and 0.76 nm, respectively, for MBC.
The change in the textural properties may be ascribed
to the decoration of biochar with magnetic particles.

The XRD profile of MBC (Figure 2) revealed the
diffraction peaks at 26 = 30.7° (220), 35.6° (311),
43.5° (400), 57.3° (511) and 62.9° (440), which was
associated with the standard XRD data of y-Fe>Os and
Fes04 spinel structure (19,20). The sharp diffraction
peaks suggest that the as-synthesized iron oxides
were incorporated into the biochar matrix (21). The
difference between the two magnetic iron oxides is
not feasible by XRD since their diffraction peaks are
very similar. But, it is safe to state that y-Fe>O3 and
Fe304 are the major crystalline components present in
MBC.

The surface functional groups of MBC that might
participate in pharmaceuticals adsorption are
elucidated by FTIR analysis (Figure 3). An obvious
band centered at around 3409 cm™ was ascribed to
the O-H and —-NH: stretching vibration (22). The peak
at around 1628 cm™ was attributed to C=C stretching
vibrations of aromatic ring. The bands observed in the
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range of 1000-1200 cm™ may be assigned to
stretching vibration of C-O- (ether or alcohol) and -N-
H, signifying the presence of diverse functional groups
(23). Lastly, a weak peak at 579 cm™! can be assigned
to Fe-O bonds vibrations compatible with the
presence of y-Fe2O3 and Fes04 (20). The
aforementioned result further affirmed that iron oxide
was successfully incorporated into the biochar matrix.
Characteristics of infrared spectra of blank MBC and
adsorbate-loaded MBC are also contrasted in Figure 3.
Some slight changes in peak positions were observed
after adsorption which signify the interactions
between the pharmaceuticals and MBC’'s surface
functional groups.
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The magnetic properties of the adsorbent was
recorded at the magnetic fields of -15000<H<15000
Oe at 298K. As presented in Figure 4, the MBC
displayed appreciable saturation magnetization (Ms)
value of 7.70 emu/g. This was attributed to the
presence of iron oxides particles on the biochar
surface. The Fes304/y-Fe 03 particles loaded on the
adsorbent surface exhibit magnetic properties, which
in turn render the biochar magnetically active (24).
Moreover, the magnetization curve suggested that the
adsorbent was ferromagnetic, attesting the potential
for easy retrievability and reusability through

magnetic recovery.

Figure 1: SEM images of (a) biochar (b) MBC.
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Figure 3: FTIR spectra of the MBC before and after adsorption of AMX and TMT.
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Figure 4: Magnetic hysteresis curve of MBC.
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Study of the Effects of pH and Ionic Strength

Due to discrepancy in the values of acid dissociation
constants (pKa) of the examined pharmaceuticals, it
is anticipated that both AMX and TMT could yield
different charges under varying experimental
conditions. As can be observed in Figure 5, the
adsorption potential of AMX appreciably increases with
a decrease in the pH, and maximum uptake was
observed at pH = 3. However, TMT exhibited a
different behavior from the AMX as the decrease in pH
resulted in a lower adsorption yield and the optimum
condition was presented at pH = 8. The distinct
behavior of the adsorption of the pharmaceuticals can
be explained by considering the electrostatic
interactions between the examined adsorbates and
target adsorbent. For pH < pHpz, the surface of the
MBC is positively charged, while for pH > pHpz, the
adsorbent bears a negative charge at its surface. The
solution pH also determines the appearances of
charges in the examined pharmaceuticals, therefore,
both attractive and repulsive interactions could be
induced. The high adsorption of AMX in acidic

40
35
30
25
20

a(mg/g)

15
10

ph
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environment may be explained by considering the
ionization of the carboxyl group (pKa = 3.2). It is
obvious that the pKa value of the aliphatic carboxylic
acid functionality of AMX is close to pH 3. Therefore,
this group is not completely protonated carrying
partial negative charges that could enhance
electrostatic attraction between the AMX and MBC
(25). By contrast, TMT performs better in basic
medium, having a similar pKa (7.1) to the pHpz (6.9)
which induces greater repulsion in low pHs (26).

Since there are many types of ions in different
wastewaters, it seems imperative to investigate ionic
strength’s influence on the adsorption process. To
achieve this, sodium chloride (NaCl) salt was used for
adjusting the ionic strength of the adsorbates’
solution. As shown in Figures 6 and 7, the adsorption
capacity of MBC for both AMX and TMT decreases
slightly with increasing ionic strength of the solution.
This indicates that the salt concentration has an
insignificant influence on the adsorption of AMX and
TMT onto the MBC.

—o— AMX
——TMT

Figure 5: Effect of pH on the adsorption of AMX and TMT onto MBC (Conditions: pH = 2-10; contact time = 60
min; adsorbent weight = 0.1 g; Co = 60 mg/L, solution volume = 100 mL and temperature = 303 K).
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Figure 6: Effect of ionic strength on AMX adsorption by MBC at different initial concentration (Conditions: salt
concentration = 0.05-0.15 mol/L; pH = 3; contact time = 60 min; adsorbent weight = 0.1 g; Co = 20-60 mg/L,
solution volume = 100 mL and temperature = 303 K).
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Figure 7: Effect of ionic strength on TMT adsorption by MBC at different initial concentration (Conditions: salt
concentration = 0.05-0.15 mol/L; pH = 8; contact time = 60 min; adsorbent weight = 0.1 g; C, = 20-60 mg/L,
solution volume = 100 mL and temperature = 303 K).

Adsorption Kinetics

The impact of contact time on the adsorption process
of AMX and TMT onto MBC was presented in Figure 8.
It can be seen that the adsorption process attained a
relatively fast equilibrium at around 60 min of
residence time, suggesting that the MBC surface had
a high affinity towards the pharmaceutical molecules
in solution.

The values of kinetic parameters for the adsorption of
pharmaceuticals onto the MBC as evaluated from the
curve-fitting graphs (Figures 9 and 10) are presented
in Table 2. An excellent agreement between the
theoretical adsorption capacities computed from the
PSO kinetic model with the experimental adsorption
capacity for both the adsorbates together with higher
R? values illustrated that the kinetics of the adsorption
process is compatible with this model. The implication
of this outcome is that the adsorption rate is
influenced by the concentration of both the adsorbate

and adsorbent. According to the PSO rate constant,
AMX is the fastest adsorbing compound compared to
TMT. The PSO kinetic model hints that the rate-
controlling step was chemisorption between the
adsorbates and the adsorbent (27). A similar trend of
PSO kinetics has also been reported in the previous
studies for the adsorption of pharmaceuticals onto
different adsorbents (26,28).

The IPD model was explored to further elucidate the
mechanism of adsorption of AMX and TMT onto the
MBC. The values of the parameters linked with this
model are presented in Table 2. It was observed that
the regression of q: versus t/2 (Figure 11) is non-
linear and does not pass through the origin. This
deviation signifies that the intraparticle diffusion is not
the sole rate-controlling step. Furthermore, the plot
indicates the multi-linearity represented by two linear
segments, which indicates that the adsorption of both
the pharmaceuticals was accompanied by two steps.
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The first sharper segment depicts the instantaneous intraparticle diffusion and the attainment of
external surface adsorption while the second segment  equilibrium (27).
is ascribed to the gradual adsorption stage of
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Figure 8: Effect of contact time on the adsorption capacity of MBC towards AMX and TMT (Conditions: contact
time = 5-120 min; Co, = 60 mg/L; solution volume = 100 mL; adsorbent weight = 0.1 g; temperature = 303
K).
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Figure 9: Kinetic data of AMT and TMT adsorption onto MBC adjusted to PFO model (Conditions: contact time
= 5-120 min; C, = 60 mg/L; solution volume = 100 mL; adsorbent weight = 0.1 g; temperature = 303 K).
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Figure 10: Kinetic data of AMT and TMT adsorption onto MBC adjusted to PSO model (Conditions: contact time
= 5-120 min; C, = 60 mg/L; solution volume = 100 mL; adsorbent weight = 0.1 g; temperature = 303 K).
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Figure 11: Kinetic data of AMT and TMT adsorption onto MBC adjusted to IPD model (Conditions: contact time
= 5-120 min; C, = 60 mg/L; adsorbent weight = 0.1 g; solution volume = 100 mL; temperature = 303 K).

Adsorption Isotherm

The study of adsorption isotherms is essential to
describe how examined adsorbates interact with the
target adsorbent surface. Two commonly used
models, viz., Langmuir and Freundlich models have
been employed to interpret the isotherm data and
outcomes so generated are shown in Table 3. The
equilibrium data for both adsorbates exhibit
appreciable fit to the Langmuir model, attested by
highest R? and lowest value of SSE and x2. This
implies that the adsorption occurred in a
homogeneous surface (sites of equal energy and
accessibility) leading to the formation of a monolayer
of pharmaceuticals on the surface of the MBC that
saturates the pores and hampers the transmigration

(25). Furthermore, the value of R_ lies in the range of
0-1, intimating a high degree of favorability of the
adsorption process. The maximum adsorption
capacities of AMX and TMT calculated from the
Langmuir isotherm model are 41.87 and 55.83 mg/g,
respectively. This demonstrates the potential of MBC
for adsorption of this pharmaceuticals under the
employed conditions. On the other hand, the
Freundlich model exhibit higher values of SSE and x?
for both the adsorbates indicating its unsuitability for
inferring adsorption of pharmaceuticals onto the MBC.
It is worth mentioning that the affinity for the
Langmuir model has been observed in previous
studies dealing with AMX and TMT adsorption (26,29).
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Table 2: Relevant kinetic fitting parameters for AMX and TMT adsorption onto MBC.

Kinetic model Parameters AMX TMT
Pseudo-first-order Qe,exp (MQA/Qg) 45.10 50.10
Qe,model (MQg/g) 33.55 40.98
ki (1/min) 0.06 0.07
R? 0.964 0.967
X2 3.98 2.03
SSE (%) 4.72 3.72
Pseudo-second-order Qe,model 44.34 49.75
k2 x 1073 (g/mg min) 4.90 2.88
R? 0.999 0.999
X2 0.01 0.007
SSE (%) 0.25 0.11
Intraparticle diffusion Kid 3.03 3.02
C 19.10 24.11
R? 0.785 0.771

Table 3: Parameters of the fitting to Langmuir and Freundlich models for AMX and TMT.

Isotherm model Parameters AMX TMT

Langmuir dmax (MQg/g) 41.87 55.83
KL (L/mg) 0.21 0.23
RL 0.20 0.68
R2 0.994 0.986
X2 0.12 0.14
SSE (%) 0.97 1.04

Freundlich Kr (L/mg) 14.53 10.68
n 2.28 2.50
R? 0.969 0.979
X2 2.65 3.96
SSE (%) 17.20 18.93

Thermodynamic Behavior

In order to examine the nature of the adsorption of
pharmaceuticals onto the MBC, the thermodynamic
factors, such as the changes in enthalpy AH (J/mol),
Gibbs free energy AG (J/mol), and entropy AS (J/mol
K) associated with the adsorption process were
computed by using Eqgs. 15-17:

K, = (15)
C,
AG=—RTInK, (16)
nk,=—8H, AS (18)
RT R

where R denotes the universal gas constant (8.314
J/mol K); T represent the absolute temperature of the

system (K), and the parameter Ky is dimensionless
since the unit of R, T and AG, are J/mol K, K, and
J/mol, respectively. Furthermore, the system’s AS and
AH values were estimated from the intercept and
gradient of Van't Hoff plot (InKg versus 1/T),
respectively.

Values of AG at varying temperatures (303-333 K)
evaluated from Eqg. (16) and other thermodynamic
quantities such as AH and AS as obtained from Van't
Hoff plot (Figure 12) are presented in Table 4. This
table revealed that the thermodynamic behavior of
both AMX and TMT towards MBC is the same. The
negative AG values specify that the adsorption
phenomenon is thermodynamically feasible under the
employed laboratory conditions. The positive values of
AH and AS for both the adsorbates signify that the
process is endothermic in nature and accompanied
with the increase in the degree of randomness at the
adsorbate/adsorbent interface during adsorption (30).
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Figure 12: Van't Hoff plot for estimating the AH and AS of the adsorption system.

Table 4: The thermodynamic parameters for pharmaceuticals adsorption onto MBC.

Adsorbate  AH (J/mol) AS (J/molK) AG (J/mol)

303K 313K 323K 333K
AMX 13.32 52.42 -2519 -3123 -3786 -4042
T™MT 17.47 67.09 -2801 -3615 -4321 -4805

Regeneration and Reuse Analysis

The reusability of adsorbent material is a crucial factor
that needs to be taken into cognizance in order to
lower the treatment cost as well as mitigate the
hazard that might be occasioned by the disposal of
pollutant-laden adsorbents. Although there are
diverse regeneration strategies, we opted for the
chemical method because of its low-cost nature and
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zero adsorbent loss. Figure 13 displayed the results in
six adsorption cycles. It was apparent that the
adsorption amounts were maintained high and
relatively stable. The MBC adsorbent retained about
75% of its original adsorption capacity after six reuse
cycles. This result verified that the MBC has high
economic viability since it could be recycled and
reused efficiently.
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Figure 13: Reuse experiments results.
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Density Functional Theory (DFT) Studies

Frontier molecular orbitals (FMOs) analysis

The frontier molecular orbitals are essential
descriptors for diagnosing the most reactive site in n-
electron systems (31). The values of the computed
quantum chemical parameters such as the En, E., AE,
A, and I are displayed in Table 5 and the plots
generated from the computations are displayed in
Figure 14. The value of HOMO energy (Ex) depicts the
ability of electron to be donated. When the value of En
is high, it signifies the ease of donating electron to the
vacant orbital of the receptor molecule. When the
value of LUMO energy (EL) is small, this implies that a
molecule has a slight resistance to accept electrons.
The energy gap (AE) is directly linked to the
molecular chemical stability. The pharmaceutical AMX
exhibited highest energy band gap (AE = 3.855 eV)
which illustrates its less reactivity and higher stability.
The TMT presented the lowest energy gap (AE =

RESEARCH ARTICLE

3.762 eV) signifying its high reactivity and lowest
stability. The determination of parameters like
electron affinity and ionization potential is crucial as
they are linked to the orbital energies of the LUMO
and HOMO, respectively. The higher the value of A,
the more the molecule will be a better electron
acceptor. The lower the value of I, the more the
molecule will be a better electron donor (32).

From Figure 14, it is obvious that the spread of
isodensities of LUMOs and HOMOs is different in both
the pharmaceuticals. As we can see, for AMX
molecule, the HOMO is dispersed over the phenyl ring
including its attached oxygen atom and a small part of
the side chain attached to the ring. However, the
LUMO shows no distribution over the phenyl ring. For
TMT, the HOMO density was not spread over the
benzene rings while the LUMO was distributed
throughout the molecule ring excluding the terminal
oxygen atoms attached to the benzene ring.

Table 5: Molecular orbital energies and other properties of studied compounds.

Compounds Ex (eV) EL (eV) AE (eV) I (eV) A (eV)

AMX -5.372 -1.517 3.855 5.372 1.517

T™MT -4.620 -0.858 3.762 4.620 0.858
Global reactivity descriptors system becomes saturated by electrons addition. The
The values of the important global reactivity results indicate that TMT has the lowest w value
parameters of the pharmaceuticals under (0.997 eV) and is nucleophilic in nature, whereas AMX

investigation are presented in Table 6. These
descriptors are imperative to gain insights about the
reactivity and stability of studied molecules. From
Table 6, it is obvious that among the two
pharmaceuticals, AMX is the chemically hardest
having the highest value of n (3.855 eV), whereas
TMT has the highest value of o (0.266 eV) and
therefore chemically softer and more reactive. The
chemical potential (u) value gives a clue about the
charge transfer within any compound in its lowest
energy state. It is clear that AMX has the highest
chemical potential value (-3.445 eV). w is a
thermodynamic parameter that plays a vital role in
explaining the reactivity of a chemical system. It
quantifies the energy changes when a chemical

has the highest value i.e., of 1.539 eV and is
electrophilic in nature (32). x describes the capability
of a molecule to draw electrons towards itself in a
covalent bond. Thus, AMX possesses higher
electronegativity value (3.445 eV) than TMT (2.739
eV); hence it is the best electron acceptor.

According to the results obtained from DFT-based
descriptors, TMT molecules are chemically softer
(easiness to adsorb) and more reactive in comparison
with molecules of AMX. These findings affirm the
experimental observations related to the high
adsorption capacity of MBC for TMT in comparison
with AMX.

Table 6: Global reactivity indices of studied pharmaceuticals.

Property AMX T™MT

H (eV) -3.445 -2.739
n (eVv) 3.855 3.762
o (evl) 0.259 0.266
X (eV) 3.445 2.739
® (eV) 1.539 0.997

1192



Yunusa U et al. JOTCSA. 2021; 8(4): 1179-1196.

AMX

Optimized geometry

HOMO map

LUMO map

RESEARCH ARTICLE

T™T

Figure 14: Structural and electronic properties of AMX and TMT.

CONCLUSION

Magnetic biochar derived from Vitex doniana nut was
fabricated and successfully applied for the effective
adsorption of pharmaceuticals from aqueous media.
The adsorption behavior of AMX and TMT on MBC
adsorbent was investigated. The amount of TMT
adsorbed on MBC was higher than that of AMX.
Compared to ionic strength, the influence of pH on the
adsorption of the adsorbates was significant. The

adsorption kinetics was compatible with the pseudo-
second-order model. The adsorption isotherms of AMX
and TMT on the magnetic biochar were consistent
with the Langmuir model. Thermodynamic
investigation showed that the adsorption process was
endothermic and spontaneous under studied
conditions. The TMT molecules are chemically softer
and more reactive in comparison with molecules of
AMX. The experimental results of AMX and TMT
adsorption onto surface of MBC are in conformity with
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the DFT investigation of molecular reactivity of the
examined pharmaceuticals. The results showed that
the MBC would be a promising material for
environmental protection.
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Abstract: In this survey, some methods of extraction of thorium such as selective extraction of thorium
using phosphorodiamidate, selective cloud point extraction of thorium, extraction of thorium from
sulfuric acid baking and leaching of monazite, extraction of thorium from chloride solution using Schiff
base were discussed. The decomposition of monazite was manifested by sulfuric acid baking and
leaching at an elated temperature. The recovery of thorium (Th) from various sources of rare earth and
some selective extraction of thorium by using phosphorodiamidate as an extractant was also reported.
Using a special synthesized surface-active ionic liquid extractant (SAIL), the cloud point extraction of
thorium was analyzed. A synthesized Schiff base was applied for the extraction of thorium in the
strategic solvent extraction method. Thorium, using a-amino phosphate extractant from bastnaesite,
recovery by using Cyanex 572 and N1923, recovery of Th from industrial residues and recovery of Th
from radioactive waste by using IREPO and monazite leached solution were discussed. In this study, the
recovery of thorium from the industrial residue as well as from radioactive residue was also discussed.
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INTRODUCTION

The history of human development is often told by
the various form of energy. At first, it was muscle,
and later when humans learned to control fire, it
was heat energy. Eventually using coal and oil, the
world was industrialized. With a growing
population, the consumption of energy has been
increased. This growing energy demand is met
when a human entered into this atomic era. The
energy harvested from the splitting of a nucleus
has made humans the most advanced species on
earth. When the demand for nuclear energy
increased, the demand for nuclear fuel like thorium
(Th) and uranium (U) is also increased. Even
though thorium is not fissile, it is referred to
nuclear energy since it is three to four times more

abundant on the surface of the earth than uranium
and it also provides the most promising options for
nuclear power generation in terms of fuel efficiency
and economy (1). Lots of researches had been
conducted to find a source of energy that would
substitute the place of earth’s energy resources
that has been depleting rapidly day-by-day. The
very promising and environment-friendly approach
for meeting the ever-growing energy demand is
nuclear energy with the least amount of nuclear
waste. One of the greenest energy productions is
the thorium reactor (2, 3). The possibility of
thorium being the nuclear fuel, has given more
importance to the production of thorium worldwide
and Thorium is a naturally occurring radioactive
material (4, 5).
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Figure 1: Production of uranium from Thorium (1).

Normally thorium isotopes exist as thorium-232
(232Th) and its half-cycle is around 14 billion years.
232Th is a fertile material that doesn’t undergo
fission reaction by itself. But a fissile material, i.e.,
uranium, is produced from its two-beta decay
reaction of thorium with a neutron (Figure 1). Out
of all nuclear fuels, thorium(IV) oxide (ThO2) has
more advantages compared to uranium because of
its lower thermal expansion than uranium(VI)
oxide (UOz) and despite having a similar isometric
structure, it is relatively inert (3, 4). The high
thermal conductivity of ThO> makes it better fuel
for nuclear reactors and the thorium fuel is
considered an efficient fuel because of its lower
hazard nuclear reaction accidents as well as its
lower nuclear by-products. In the reactor, there
will be no need for fuel reprocessing. The
increasing awareness of fuel resources is changing
its attitude towards the use of thorium as a fuel
resource (5-7). The role of thorium in futuristic
green energy production, gives rise to the demand
for thorium extraction. There are various methods

(S/N)=—10 %Z

Where the signal to noise (S/N) ratio is used to
determine the best experimental conditions, yi is
the experimental value and n is the number of
tests in the experiment. In recent years, the
extraction and recovery of thorium ions and their
separations from various geological rare earth
minerals have gained vital significance due to their
wide applications in industries. The different
extraction processes of thorium in a single review
paper were not found in literatures and thus we
have attempted to analyze the processes herewith.

for production of Thorium like extraction of thorium
by using phosphorodiamidate as extractant,
selective cloud point extraction of Th, selective
extraction of Th by sulfuric acid baking and
leaching of monazite, extraction of Th using a
Schiff base etc. (8-12). The extraction behaviors of
U(VI) and Th(IV) were investigated by Tan et al.
(13) using di(1-methyl-heptyl) methyl
phosphonate (DMHMP) as an extractant and
kerosene as a diluent. Some novel extractants
were synthesized for the separation of thorium and
rare earth (RE) by Dong et al. (14). Among the
synthesized neutral organophosphorus extractants,
n-octyl phosphate diphenyl (ODP) revealed
excellent extraction efficiencies and selectivities for
Th(IV).The extraction mechanisms of uranium and
thorium were studied by Nasab (12). Taguchi’s
method (12) was used to determine the optimum
conditions for the separation of uranium and
thorium using neutral extractants. In solvent
extraction method, this method has been proposed
as powerful method of experimental design (12)

1
(—2) W
Yi

METHODS OF EXTRACTION

Selective Extractions from Rare Earth by
Using Phosphorodiamidate as an Extractant
In this method of extraction, an extractant named
phosphorodiamidate was synthesized. To separate
thorium from rare earth, the medium for the
extraction chosen was nitrate medium. The
molecular structure for this extractant is given in
Figure 2.
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—~ )\ i
HH—F—HNH

Figure 2: Molecular structure of phosphorodiami-
date ligand, designated as L (8).

The molecular formula for this extractant is 2-
Ethylhexyl-N, N’-di(2-ethylhexyl) phosphorodi-
amidate. The above extractant was added with a
required concentration in n-heptane. The standard
solution with concentrated nitric acid was prepared
by dissolving corresponding oxides. The prepared
solution was diluted with distilled water. The
experiment was carried out in a temperature-
controlled shaker bath at 298 K. For higher
efficiency, nitrate medium with acidity ranging
from 0.01 mol/L to 7 mol/L was taken in the
extraction process. The extraction of thorium in a
different acidic medium generally decreases by the
increase in hydration energy of their ions and
decrease in hydrophobicity of the extracted
complex. The maximum loading capacity of Th in
this method was about 48.56 g Th per liter of
working solution with 0.69 mol/L of
phosphorodiamidate at a 2.1 mol/L concentrated

Formation of
micelles

=>

Complexation of
metal ion

o:. —=> oo

©
® e
e’

©  Metal ion

O Complexing agent
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nitrate medium. The extraction of Th(IV) and U(VI)
from dilute nitric acid solution by several neutral
phosphorus-based extractants has been studied as
a function of temperature in the range of 0-50 °C
by Kalina et al. (15). The order of extraction
capacity of Th from the different medium: H>SO04 <
HCl< HNOs (16-18). (16-18). In case of phosphoric
acid, when the concentration is increased from 1
mol/ L to 6.5 mol/L, the thorium stripping becomes
40 % to 70 %. When the concentration of the
extractant (L) is increased, the extraction
efficiency of thorium has been found more than
REs. To reach higher extraction efficiency, the
thorium extraction was studied with the acid
concentration ranging from 0.01 mol/L to 7 mol/L
in different acid medium (8, 16). The stripping of
thorium by nitric acid confirmed that the loaded
thorium can not be stripped even at high nitric acid
concentration. There are maximum value for the
stripping efficiency at about 1.5 mol/L for H>SO4
and 2.4 mol/L for HCI (8, 16). (8, 16). The higher
acid concentration is more helpful for separation of
REs. In this method, thorium is extracted in ionic
form, Th(IV). The extraction is spontaneous and
exothermic.

Cloud Point Extraction (CPE)

It is an eco-friendly method of extraction (9, 19-
26). This method of extraction is considered noble
because it is inexpensive, fast, selective, precise,
and accurate. The procedure is considered green
extraction as this method consumes a minimum
amount of toxic organic solvents. Figure 3 shows
how the cloud point extraction of metal can be
done.

Phase separation Removal of

k3
.
L.

aqueous phase

> [=>

Figure 3: Cloud point extraction method (19).

In the experiment, a known amount of thorium
was mixed with an Arsenazo III solution of 0.001
mol/L concentration in a 10 mL centrifuge tube.
Then in the Th-Arsenazo III complex, the
solutions: 1.0 mL of Triton X-100, 0.5 mL of KI
(0.01 mol/L), and 2.5 mL of newly synthesized
tetra-cationic surface-active ionic liquid (SAIL)

based on tetraazonia-tricyclodecane derivative
(0.001 mol/L) were added respectively with an
adjusted pH of 5.0. After taking the solution with
deionized water to the mark, it was left in a
thermostatic bath (353.15 K) for 30 min to an
induced separation. Since the surfactant is denser
than water, the solution gets separated into two
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phases and the surfactant-rich phase settled
through the aqueous phase. Then the tube was
cooled down in an ice bath and centrifuged at 6000
rpm for 10 min. Then the aqueous phase was
decanted leaving the surfactant-rich phase at the
bottom of the tube. The surfactant-rich phase is
then diluted with methanol to decrease the
viscosity. After that, the extracted sample is
moved to the quartz cell for a spectrophotometric
determination as shown in Figure 4.

As per the work of Z F Akl and M. A. Hegazy (26),
the highest extraction efficiency was achieved at

e
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pH 5.0 with 2.5 x 10-3 mol/L SAIL and 1.0% (v/v)
Triton X - 100. At the optimized conditions, the
developed method exhibited a linear working range
from 10 to 100 ng/mL with a detection limit of
0.77 ng/mL. 0.77 ng/mL. The temperature also
plays a vital role. For efficient extraction, the
optimum temperature is 80°C. When the sample is
spiked with preconcentrated Th(IV) by a factor 20,
then the extraction percentage of thorium
increases more than 98%. This work reported the
development of a green, sensitive, selective, and
inexpensive method for extraction Th(IV).

Decantation Methanol

A4 v v

Surfactant.rich
phase

Figure 4: Spectrophotometric determination after cloud point extraction of Th (25).

Selective Extraction of Th by Sulfuric Acid
Baking and Leaching of Monazite

Monazite is one of the major sources of thorium
and many rare earth elements (REE). In sulfuric
acid baking, the rare earth elements were
converted into sulfates and those sulfates get
dissolved in water leaching process. Monazite was
either processed by sulfuric acid baking or alkaline
digestion (10). In this process of extraction, at first
monazite-sulfuric acid mixture was digested in the
stirred reactor at 200 °C to 246 °C. Then the
baking was carried out at various temperatures
between 200 °C and 800 °C (27). After the baking,
the heated sample was removed from the heated
furnace and cooled. The cooled sample was ground
to a fine powder before it was leached at 40:1
liquid to solid ratio at 20 °C to 29 °C in 0.9 M
sulfuric acid for two hours. Then the separation of
solid and liquid was done by vacuum filtration. The
monazite bearing different concentrates have
different bake temperatures. Individual rare earth
is not easy to separate from each other because of
their similar chemical and physical properties.
Before the advancement in industrial solvent
extraction, ion exchange techniques were
prominent. In environmental and high-tech
applications, rare earths are non-replaceable and
indispensable because of their unique electro-
chemical, luminescent and magnetic properties. To
satisfy the diverse application of rare earth, it is
mined, screened, and leached for separating it into
proper feed materials (28). (28). In this method,
one of the influencing factor is precipitation pH. It

is ranging from 2.5 to 5.5 for thorium. But now-a-
days solvent extraction is accepted as the most
appropriate technique for separating rare earth
commercially (29, 30). In this method of
extraction, the behaviors of rare earth play a vital
role. The separation of uranium and thorium in
pure products can be achieved by this method
using sulfuric acid liquor and one of the important
variables to be considered in the process is the
dosage of acid and dilution (31-33). In sulfuric acid
baking of rare earth, uranium and thorium get
converted into soluble sulfate (34). In the HCI
leaching system, the issue of acid consumption is
more pronounced. For mineral decomposition in
industry, sulfuric acid baking is one of the major
processes. This process is responsible for 81% of
the world’s rare-earth production. There are
numerous techniques to investigate the extraction
of rare earth metals, but only a few of them are
found to be effective and successful. Sulfuric acid
baking and leaching are one of them (27, 35-37).
The flow chart of sulfuric acid decomposition of
monazite is displayed in Figure 5. Various
conditions for the baking of minerals, e.g.
monazite, have been presented by numerous
researchers (27,35-57). This extraction method is
exothermic process. The baking of monazite with
sulfuric acid gives an enthalpy of - 171 kJ/ mol. J.
Demol et al. (27) found that the sulfation reaction
of monazite with acid resulting in more than 90%
solubilization of rare earth elements phosphate and
thorium. Their result shows the virtual complete
dissolution of rare earth, phosphate, and thorium
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during leaching after 250 °C bake. A thorium
phosphate type precipitate was formed during
leaching after baking at 300 °C and it leads to
sharp decrease in extraction of phosphate and

Mixing with concentrated H2S04

OfFf - gases

Rare earth concentrate / Ore

REVIEW ARTICLE

thorium. This method requires high temperature
and excessive acids for digestion which involves a
number of risk factors while handling the steps.

~98% H2504

Bake/ digestion (200 - 800°C)

Baked solids (RE2 (S04)3

Water leach

Residue

m

Filtration/ thickening

Rare earth sulfate solution

Figure 5: Sulfuric acid treatment of a rare earth mineral concentrate (37).

Extraction of Thorium (IV) from Chloride
Solution using Schiff Base

In this strategic method of solvent extraction for
thorium selective group extractants such as neutral
phosphate (12), amines (12, 58), oximes (59),
phosphoric acid (60, 61) and, Schiff base (11, 62,
63) were employed. In this process of extraction,

NH,

OH H3C\
C=0

+ /

H,C

\

/C=O
H,C

2-Aminophenol Acetyl acetone

initially, a synthesized Schiff base (AcPh) was
applied for the extraction of thorium from standard
solution (1000 mg/L of Th IV) which was prepared
by dissolving 2.535 g of thorium nitrate in acidified
distilled with 10 mL of concentrated HCI. The
preparation of the Schiff base is shown in Figure 6.

H,C

AN

=0

OH

(E)-4-(2-hydroxy phenyl imino) pentane-2-one

Figure 6: Preparation of the Schiff base (AcPh) (11).

After adding AcPh, then the sample mixture was
dissolved in a mixture of diethyl ether and
chloroform at the ratio of 2:3. After that sodium
malonate was added to the sample containing
Th(IV) in chloride form. A dilute solution of
HCI/NaOH was added to obtain the desired pH.
Then the sample was equilibrated by shaking it for
about 7 minutes in a glass with an appropriate

volume of the organic phase. After equilibration,
Th in ionic form was separated from its aqueous
phase (63, 64). The pH value (= 6.5) and
concentration of Schiff base are influencing factors
for extraction. When the concentration of Schiff
base is increased from 0.001 M to 0.002 M, the
extraction efficiency of Th(IV) increases from 44%
to 96.2% provided the organic phase to aqueous
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phase is to be 1:3. M. F. Cheria et al. (11)
reported that the maximum extraction efficiency of
thorium was obtained at 0.02 M AcPh/chloroform
and diethyl ether mixture, 3:1 aqueous to the
organic ratio for 5 min contact time at room
temperature. The extraction process using Schiff
base in chloride medium gives an increased
sensitivity of analysis of thorium ions in rock
samples. Using this method thorium can be
extracted about 330 mg/kg approximately. When
phophorodiamidate extractant used for the
extraction, the extraction capacity was found to be
48.55 g per liter of the sample solution. sample
solution. The efficiency of stripping decreases
gradually with the increase in temperature above
room temperature. For efficient extraction the
room temperature is considered optimum. This
extractant is considered noble as it makes
selective extraction of Th from rare earth possible.

RECOVERY OF THORIUM USING DIFFERENT
TECHNIQUES, EXTRACTANTS, AND FROM
RADIOACTIVE WASTE

Recovery of Thorium(IV) by a-amino
phosphate Extractant in Sulfate Medium and
from Leach Solution with Cextrant 230

In this process of recovery, a-aminophosphate
extractant and Cextrant 230 were used to recovery
Th(IV) in sulfate medium and by using leach
solution respectively. Here the use of the amine
group in phosphate increases the extraction of
Th(IV). Bastnasite leaching can be used, in which
purities of Th were increased by 98%. Due to the
increasing global demand of energy, the recovery

REVIEW ARTICLE

of Th, and U from various sources have drawn
great attention at present time (64, 65).
Bastnasite ((RE)(COs3) F), monazite((RE(POa4),
xenotime (YPO4), and RE-bearing clay have been
used as rare earth minerals (65,66). Recently,
aminophosphate compounds have drawn the
attraction of researchers, and have been
extensively used as extractants, herbicides,
anticancer agents, etc. It also shows marvelous
extractive properties (67-71). Here metals were
analyzed using an inductively coupled plasma
optical emission spectrometer (72, 73). To
determine the pH of an aqueous solution, PHS-3C
digital meter was used. The molecular structure of
Cextrant 230 is shown in Figure 7.

LT

HN

Figure 7: Molecular structure of Cextrant 230
(73).

Cextrant 230 is the most important extractant for
the recovery of radioactive elements Th and U
from an aqueous solution. It contains aluminium
and iron in a sulfate medium. The extraction
process of Th and U with cextrant 230 s
exothermic (72-74). The flow chart of separating
cerium (IV) and thorium (IV) from bastnaesite
leaching is shown in Figure 8.

Cextrant230

Feed H,SO,

Stripping agent H,SO, H,O

Ce extraction stage | Scrubbing stage (1) | Stripping stage | Scrubbing stage(ll) | Regeneration

Raffinate Ce product  For leaching bastnasite
Cextrant230
H,SO, HCI H,0

Th extraction stage | Scrubbing stage | Stripping stage | Regeneration

For single rare earth separation

Th product

Figure 8: Flow chart of separating cerium(IV) and thorium(IV) from bastnaesite leaching (74).
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Figure 9: Th separation with N1923 and REE enrichment with Cyanex®572 (75).

Th separation with N1923 and REE enrichment
with Cyanex®572 is shown in Figure 9. N1923 and
Cyanex®572 can be used for the recovery of
thorium using HCIl leachate (75). In the method of
formulating a high concentration rare earth (RE)
feed for individual RE separation, hydrochloric acid
is used to dissolve the RE concentrate to reduce
the leaching of impurities, about 5% of REEs
remains in the dissolved residues (76, 77).

Recovery of Th from Industrial Residues and
Monazite Leach Solution

The main chemical used for this process was
sulfuric acid digestion followed by water leaching.
The lanthanides group as well as the scandium and
yttrium group come under a rare-earth group, as
the chemical structure of Th and U are similar to
REE. They are found in the residues generated in
REE processing. In monazite minerals, Th is found
in high quantity as compared to U (78, 79). Here
the acid digestion is performed with concentrated
sulfuric acid and then adds directly to the solid.
Sulfuric acid digestion followed by water leaching
was found to be the best method to solubilize the
metal (80). To recover thorium from monazite,
solvent extraction, i.e. liquid-liquid extraction
process (80, 81). It is one of the strategic methods
and utmost reliable technique to reach out on
target metal recovery with enrichment factor.
Korean monazite is managed using
hydrometallurgical techniques such as water
leaching, sulfation, double salt precipitation by
using Na>S04 and acidic leaching by HCI (81, 82).

The flowchart for synthesis of thorium-rich residue
associated with minor quantities of rare earth
elements is shown in Figure 10.

Recovery of Th from Radioactive Waste

There is also removal of thorium using IREPO from
radioactive waste (83). In this method, the
recovery of Th by using IREOPR was analyzed. In
this process, the convenient and effective chemical
treatment of IREORR was to dissolve them with a
mineral acid before recovering the valuable
elements. A process for separating Th and REEs
from IREORR leachate using POAA has been
designed and illustrated. Here the chemical
composition of residues was first analyzed and
then the leaching factors such as acid type and
acid concentration were noted down. A cost-
effective process for recovering thorium and rare
earths from radioactive residues is shown in Figure
11.

EXTRACTION AND SEPARATION RESULT
WITH THE OPTIMAL CONDITIONAL ANALYSIS

The extraction process follows different steps with
response to various diluents, concentration of
extractants, pH value, temperature, contact time,
acids (HNOs, HCI, H2SO04) etc. In this study, we
have higlighted some important works of different
researchers on exraction and separation of thorium
from other metals. The parameters studied in the
above said processes are calculated by using the
following relations (65, 73, 83).
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Figure 10: Flowchart for the synthesis of thorium-rich residue associated with minor quantities of rare
earth elements (REE) (36).
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Radioactive Residues
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Figure 11: A cost-effective process for recovering thorium and rare earths from radioactive residues.
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Where (M)a and (M)o represent the metal
concentrations in the aqueous and organic phases
at equilibrium, respectively. (M),, i and (M)o, i
denotes the initial metal ions concentration in the

aquous phase and Iloaded organic phase
respectively.
. . . CM(O)

Extractionefficiency = X 100% (6)
CM(o)>< M (a)
CyaXV

Recovery efficiency=—24" ") _+100% (7)
Cum(a),iX V()i
CuaXVi,

Stripping efficiency = Ma” 19 100% (8)
Cum(0),XV (o)

Where Cm(0), Cm(a) are the concentration metal ions
in the organic and aqueous phases respectively;
Vo) and V(s are the volume of organic and
aqueous phases, respectively; Vi), i is the initial
volume of aqueous phase; Cwmwo), i and Cmea), i are
the initial concentration of a metal in organic phase
and aqueous phases, respectively.

Y. Lu et al.(74) reported the separation factors
between Ce(IV) and Th(IV) at different acidity
concentration and their work has shown a recovery
of thorium 98% by using a -aminophosphate in
acid concentration of H,SO4. X. Yang et al. (73)
found the separation factors between Th(IV) and
other metal ions (RE, Fe and Al) at different acidity
concentrations. The values of separation factor are
higher than 160 at 1.0 mol/L of H* ion. So,
Cextrant 230 can be used as a good extractant for
the removal of thorium from a mixed solution of
REs and other metals (Fe, Al etc.). The extraction
capacity of 5% (v/v) cextrant 230 for Th(IV) was
found 4.08 g/L. Again, J. Su et al. (74) reported a
fractional extraction experiment for separating
thorium and enriching of rare earth elements. They
found the yield of Th is higher than 99.9% and the
concentration of rare earth elements was 183.89
g/L. Chung et al. (36) reported that 2.5 mol/L
acidic conditions was suitable for their work. HCI
and H>SO4 were tested for recovery of the thorium
and HCI showed better results than H>SO4. Higher
molar HCI (5 mol/L, 250 °C) appears to be suitable
for thorium. As reported by S M Ghag and S D
Pawar (84), the separation of Th(IV) and U(VI)
from multicomponent mixtures with cyanex®-923
in toluene with specific concentrations with acid,
Th(IV) was found to be 99.3% in a 20 ug sample.
U (VI) and Th(IV) were extracted in the acid
concentration range 5 x 10°to 1 x 10* M and 5 x
10° to 5 x 107 M respectively.. J C Amaral et al.
(78) proposed a process to recover Thorium,
Uranium and REs from an industrial residue. Under
the optimized condition, the metal dissolution of
81% (using H,S0.) for thorium was obtained. S M
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Ibrahim et al. (85), HDEHDGA provides useful
selectivity for Th(IV) over light Ln(III) ions, giving
new processes for actinides-lanthanides
extraction/separation and REs production in the
industry. . Sulfuric acid digestion followed by water
action was found to be the simplest technique to
solubilize the metals.

CONCLUSIONS

The different methods of extraction of thorium
such as selective extraction of thorium using
phosphorodiamidate, selective cloud point
extraction of thorium, extraction of thorium from
sulfuric acid baking and leaching of monazite,
extraction of thorium from chloride solution using
Schiff base were discussed. Out of all the discussed
methods of extraction, cloud point extraction is
considered the best of all as it is more precise,
accurate, and cheap as compared with other
methods. The method is environmentally friendly
as it gives very few toxic by-products. HCI and
H>SOs were taken for recovery of the metallic
element and the former one is showing better
results over latter one. Later on, high molar HCI (5
mol/L) seems to be appropriate for metallic
element recovery. The primary aims of all these
methods of extractions and recoveries of thorium
are for getting an efficient amount of thorium and
procedure to get high efficiency of thorium.
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Abstract: Bee venom from honey bees (Apis Mellifera L.) is known to have many pharmacological and
biological properties. Melittin, a peptide consisting of 26 amino acids, is known as the main component of
bee venom. The study aims to develop a rapid capillary electrophoresis method for separating and
quantifying melittin in honeybee venom. Since melittin is a basic peptide, it will adhere to the capillary wall
during separation. Two different methods were developed in this study for the capillary electrophoretic
separation of melittin. As a first approach, a low pH buffer system was used. For the second approach, the
capillary column was coated with a positively charged polymer (PEI). With both methods developed, the
migration of melittin in the capillary was achieved by preventing wall adsorption. Melittin migrated in 6 min
when the low-pH buffer system was applied, whereas its migration time is longer than 10 min in the PEI-
coated capillary column. Thus, a low-pH buffer system was preferred for the analysis of the actual bee-
venom sample. 100 mmol L phosphoric acid/sodium dihydrogen phosphate system at pH 1.55 was
chosen as separation buffer. As a conclusion, a fast and reliable method was developed for the
determination of melittin in honeybee venom. The method was applied to an Anatolian bee venom sample
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sample.
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been used as an alternative medicine since ancient
times (8). The application could be either indirectly
by extracting bee venom with an electrical stimulus
or directly via bee stings (7).

INTRODUCTION

Honey bees (Apis mellifera L.) are one of the most
important insects that associated with a number of
anthropogenic activities (1). The most well-known

examples are honey production, pollen, resins, wax,
royal jelly, and bee venom which is also known as
apitoxin (2). Extensive studies have been conducted
on the substances produced by bees due to their
numerous therapeutic applications (3-6).

Bee venom (BV) is one of the most important ones
among the substances produced by bees (7). It is
synthesized by the glands located in the abdomen of
female worker bees (7). The medicinal application of
bee venom, also known as bee venom therapy, has

BV is a colorless liquid whose pH changes between
4.5-5.5. It consists of 88% water, while the
remaining 12% contains peptides (such as melittin,
adolapin, apamin, mast cell degranulating peptide),
enzymes (such as phospholipase A2 and
hyaluronidase), @ amino acids, and volatile
compounds. The biological activities, including anti-
cancer, anti-bacterial, anti-viral, anti-HIV, and anti-
inflammation of these components, have been
reported (9, 10). Moreover, there are many studies
on BV components that have potential treating
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effects on central nervous system diseases such as
Alzheimer's disease (AD), Parkinson's disease (PD),
and amyotrophic lateral sclerosis (ALS) (11).

One of the main components of bee venom is
melittin. It is a toxic, water-soluble, and small
peptide consisting of 26 amino acid residues (12).

The chemical structure of melittin was given in
Figure 1. Various pharmacological, toxicological, and
biological properties such as antifungal,
antibacterial, and antiviral activities of melittin have
been reported (13, 14). The inhibitory effect of
melittin on the proliferation of different cancer cells
and gastrointestinal cells (15).

Figure 1: Structure of melittin.

During the last two decades, some investigations
have been carried out in order to separate, identify,
and quantify the major bee venom constituents. The
majority of these studies are on liquid
chromatography (16-21). A capillary electrophoresis
technique was also applied to find the amounts of
peptides, including melittin in bee venom samples
(22). Among these studies, we could find only one
study on Anatolian bee venom (21) by HPLC.

Many methods in order to characterize bee venom
have been described. These either determine
individual components or measure the biological
effects of bee venom and its bioactive components.

It is known that the honeybee venom has a complex
nature. Thus its content and the amount of the
ingredients may depend on many factors such as
the bee strain, the collection year and season, and
the sample collection area. Only one CE method has
been reported so far for the analysis of melittin
(22). The highest melittin amount was determined
in Polish bee venom samples with 70.1% in the
literature (20). The samples from Iran (66.4%) (16)
and Romania (64.2%) (18) followed the Polish bee
venom (20). Whereas the lowest melittin amount
found was in another Polish sample with 9.16%
(19). The published results obtained from these
studies were given in Table 1.

Table 1: The content of melittin in bee venom samples.

Area of Sample Collection Melittin (g 100 g1) Method Ref.
Iran 21.9-66.4 HPLC-PDA (16)
China 33.9-46.2 UPLC-QgTOF-MS (17)
Romania 27.7-64.2 HPLC-PDA (18)
Poland 9.16-19.3 LC-DAD (19)
Poland 61.1-70.1 HPLC-DAD (20)
Anatolia 36.9-46.8 HPLC-UV (21)
Georgia and Poland 25.4-60.3 CE-DAD (22)

Anatolia has a great beekeeping potential due to its
very rich flora and suitable ecology. Determination
of the active compounds in apicultural products is

critical for diagnosing the quality of the products. In
this study, a capillary electrophoretic technique has
been developed for melittin. The developed
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technique has been applied for the determination of
melittin in Anatolian honey bee venom.

EXPERIMENTAL SECTION

Chemicals

Standard melittin  was from  Sigma-Aldrich
(Steinheim, Germany). Polyethyleneimine (PEI),
orthophosphoric acid, acetic acid, hydrochloric acid,
and sodium hydroxide were purchased from Merck
(Darmstadt, Germany). All solutions were prepared
with water purified by an Elga Purelab Option-7-15
model system (Elga, UK).

Dried bee venom sample were obtained from Dlizce
University, Beekeeping Research Development and
Application Centre (DAGEM).

Preparation of Standard Solution and Bee
Venom Samples

Standard solution of melittin was prepared at 1.0
mmol L level using distilled water and stored at
deep freeze wuntil the analysis. The calibration
solutions were prepared by diluting the stock
standard melittin solution (23). The calibration
ranges were between 70-350 pg mL? for low pH
buffer system and 35-350 pg mL! for PEI-coated
capillary column system.

One mg of crude bee venom sample was weighed.
The extraction of melittin from bee venom was
performed by deionized water. The mixture was
vortexed for 5 min at 2500 rpm and sonicated for
30 min. The supernatant was filtered through a
microfilter.

Instrumentation and Conditions of Analysis

A capillary electrophoresis/UV-DAD detector system
(Agilent 1600, Waldbronn, Germany) was utilized
for melittin analysis. The Agilent ChemStation
software was used for the data processing. The
separations were performed in a bare fused silica
capillary and PEI coated fused silica capillary
column. Both columns were 50 pm i.d. (Polymicro
Technology, Phoenix, AZ, USA). The length of the
capillary column was 65 cm in total and the
effective length was 57 cm. In the bare fused silica
column, the separation was performed at 25 kV. In
the PEI-coated column, the separation was
performed at -25 kV. The temperature was set at 25
°C, and injections were made at 50 mbar for 6 s in
both approaches.

Before first use, the capillary was conditioned by
rinsing with 1 mol L' NaOH for 30 min followed by
deionized water for 10 min. At the beginning of each
working day, the capillary was flushed with 1 mol L

NaOH for 15 min, deionized water for 10 min, and
working buffer for 10 min, respectively. Between
runs, the capillary was flushed for 2 min with 1 mol
L'! NaOH, 2 min with deionized water, 5 min with
buffer, respectively. For PEI coated column studies,
the capillary was flushed by running buffer for 15
min at the beginning of every working day and
running buffer for 2 min between runs.

In this study, we focused on two different
approaches in order to prevent capillary wall’s
adsorption. The first approach is based on the low
pH buffer system to suppress the negative wall
charge significantly (24). The second approach is to
coat the capillary inner wall with a suitable
positively charged polymer such as PEI (25). Thus,
the capillary inner wall is positively charged. In this
case, injection is performed from the cathodic side.

Dynamic Coating Process for Capillary Column

The capillary coating process was performed as
described in the literature (22). The fused silica
capillary was flushed with 1 mol L NaOH solution
for 30 min and then deionized water for 15 min.
Then the capillary was flushed with 10% (v/v) PEI
solution in water at 1000 mbar for 10 min. The
solution of PEI was left in the capillary for one hour.
After 1 h, the PEI polymer solution was pressed out
of the capillary with air at 1000 mbar. Finally, the
capillary was rinsed with water for 15 min and
running buffer for 15 min.

RESULTS AND DISCUSSION

In the capillary electrophoretic separation of basic
peptides such as melittin, the major difficulty is the
possibility of capillary wall’s adsorption. Efficiency of
separation is decreased due to the capillary wall’s
adsorption. It occurs due to the electrostatic
attraction which becomes between positively
charged species and negatively charged silanol
groups of the capillary wall.

Figure 2 was given for the comparison of the
electropherograms of melittin which was performed
at low pH (Figure 2A) and in PEI-coated silica
column (Figure 2B). In the separation and
identification of melittin which is performed at low
pH, 100 mmol L' orthophosphoric acid/sodium
dihydrogen phosphate buffer system at pH 1.55 was
chosen as the separation buffer (Fig. 2A). Whereas
50 mmol Lt acetic acid/acetate buffer solution (pH
5.50) was performed in PEI-coated silica capillary
column (Fig. 2B). The optimal concentrations of
both buffer systems were found according to the
peak symmetry and peak height of melittin.
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Figure 2: Electropherogram of 175 ug mL! standard melittin solution. Conditions of analysis: (A): Bare
fused silica column, Buffer: 100 mmol L orthophosphoric acid at pH 1.55; Voltage: 25 kV; (B): PEI-coated
silica column, Buffer: 50 mmol L acetic acid pH 5.50; Voltage: -25 kV (Temperature: 25 °C; Injection: 50

mbar, 6 s; Detection: UV-DAD detector, A: 200 nm)

Validation studies were performed for both two
approaches, and the data was given in Table 2.
Calibration curves were constructed by plotting
corrected peak areas versus analyte concentrations.
The precision of the method was tested by intra-
and inter-day precisions. For the intra-day precision
of the methods, standard melittin was injected five
times in one day, and for the inter-day precision, it
was injected 15 times in three days. The LOD and
the LOQ values were calculated as three times and
ten times of the average noise taken from three
different baseline areas, respectively.

The RSD% values of both methods are below the
values accepted for CE analysis. The LOD value

appears slightly lower in the PEI coated column than
the uncoated column in the separation. However,
considering the amount of melittin in bee venom,
this difference does not become significant. Both
methods seem suitable for analyzing melittin in bee
venom. On the other hand, melittin's arrival time in
low pH buffer in uncoated capillaries is significantly
shorter than the time to arrival in capillaries coated
with PEI (see Figure 2). Considering the time for
coating procedure and the long arrival time of
melittin peak for the separation in PEI coated
capillary, it was decided that the uncoated capillary-
low pH method is more advantageous in applying to
actual bee venom samples.

Table 2: Method validation data for melittin.

Analytical Parameter Low-pH buffer PEI-coated capillary
Intra-day precision (n=5)
Corrected peak area (RSD, %) 2.54 1.25
Migration time (RSD, %) 3.12 2.13
Inter-day precision (n=15)
Corrected peak area (RSD, %) 3.42 2.57
Migration time (RSD, %) 4.84 3.16
Linearity
Linear range (umol L) 70-350 35-350
Regression equation y=0.0004x-0.0158 y=0.0004x-0.0052
Correlation coefficient 0.983 0.996
LOD, pymol L? 19.3 10.0
LOQ, pmol L 64.9 33.3

Due to the advantage of a short analysis period, the
method using low pH buffer was preferred for
analyzing actual bee venom sample. The
preparation of the sample solution was given above.
The sample was analyzed in triplicate, and the

standard deviation was calculated. One
representative electropherogram of the bee venom
sample is given in Figure 3. Melittin concentration of
the bee venom sample was found as 24.5 £ 3.4 g
100 g
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Figure 3: Bee venom sample extract. Analytic conditions: Bare fused silica column (50 um x 57 cm),
Buffer: 100 mM orthophosphoric acid at pH 1.55; Voltage: 25 kV; Temperature: 25 °C; Injection: 50 mbar,
6 s; Detection: UV-DAD detector, A: 200 nm.

The amount of melittin detected in bee venom in
this study is consistent with the values reported in
different countries in the literature (16, 18-19, 22).
There is only one CE method reported for melittin
analysis (22). However, in this literature study, the
separation of melittin could be achieved in more
than 20 minutes (22). Our method is much more
rapid than the reported CE study for melittin.
Moreover, melittin of an Anatolian honey bee venom
was firstly highlighted using a CE method.

CONCLUSION

In this study, separation and quantification of
melittin in an Anatolian honey bee venom sample
was determined by capillary electrophoresis. In
order to eliminate the capillary wall adsorption of
positively charged melittin, two different
methodologies were examined. Based on the rapid
analysis, low-pH buffer system was selected for the
analysis of the actual sample. By applying this
methodology, melittin of Anatolian honey bee
venom was highlighted. The method is presented as
a fast and reliable method for screening and
quantifying honeybee venom's melittin.
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Abstract: While studying several pyridazine compounds, the author discovered imidazo[1,2-b]pyridazine
(IMP), which is a very versatile compound class. It has been an inhibitor for many enzymes and also it is
used as a brominating reagent in organic syntheses. Owing to its high biological activity, researchers have
always considered including this molecule in their final structures. This humble attempt just aims to
introduce this very powerful molecule to the readers, primarily of chemical origin, and should not be
considered as a full treatise of, especially, the medicinal chemistry of the molecule. This work discusses the
inhibitory effects, organic chemistry, applications in material chemistry, and theoretical studies of IMP and
related molecules. The readers are hereby encouraged to work with medicinal chemists with the newly
prepared molecules including this and similar molecules, in the struggle with many diseases like cancer,
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INTRODUCTION radioligands for tropomyosin receptor kinase family
(18). The review article also sheds light on the
synthetic works, such as arene C-H functionalization

(19), addition of osmium carbynes to conjugated

This review article discusses the importance of
imidazo[1,2-b]pyridazine (IMP) nucleus, which was

first synthesized in 1967 by Stanovnik (1). IMP systems (20), C-H silylation of IMP (21),
(compound 1, see Figure 1 below) has a structure  photoelectrochemical C-H alkylation (22),
and numbering scheme depicted in Figure 1. IMP is  photoinduced oxidative activation (23), ceric
reported to be an inhibitor including, but not limited ammonium nitrate (CAN) oxidation (24), also

to, for the following enzymes: Break point cluster-
Abelson (BCL-ABL) kinase (2), vascular endothelial

bromination agents originating from IMP (25). IMP
is an n-type unit and was used in the red

growth factor (VEGF) Receptor 2 kinase (3), tumor
necrosis factor alpha (4), Bruton’s tyrosine kinase
(BTK) (5), ATP-competitive mTOR (mammalian
target of rapamycin) (6), PDE 10A (7), activin
receptor-like kinase 2 (8), Pim kinase (9), death-
associated protein kinase (DAPK) (10), glycogen
synthase kinase-3 (11), fibroblast growth factor
receptor 1 (FGFR1) (12), dengue fever (13),
tyrosine kinase 2 (2), and calcium-dependent
protein kinase 1 (14). It has also been reported as
an ingredient of anticancer drugs (15), antiparasitic
(16), and antiproliferative agents (17), and used as

phosphorescent organic light-emitting devices (26).
Photochromic IMP-based iodoargentate hybrid
materials were also reported (27). There are a
handful of theoretical studies conducted with IMP
and its derivatives (28). These all will be discussed
adequately in the article.

The imidazo[1,2-b]pyridazine (IMP) (compound 1)
has a structure and numbering scheme depicted in
Figure 1.
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Figure 1: The IMP nucleus, along with its
numbering scheme.

INHIBITORY PROPERTIES OF IMP ON MANY
ENZYMES

Inhibition of Bcr-Abl Kinase of Substituted
Imidazopyridazine Scaffold as a Trusted
Structure

Liu and colleagues reported, in a review article, that
BCR gene and the C-ABL protooncogene are fused
to create the BCR-ABL (break point cluster-
Abelson) gene, which is considered to be the main
cause of chronic myelogenous leukemia (CML)
production. To treat CML, selective BCR-ABL kinase
inhibitors are employed, but there is a problem,
namely, a gatekeeper mutant called as T315I
disrupts the interaction between the enzyme and
the inhibitor. Some molecules prepared are in the
preclinical stage, where many others are employed
in the clinical research. Ponatinib is an IMP-
containing drug used in these researches (see
Figure 2, compound 2) (2). Another review article
states that Ponatinib is approved as an auxilary
treatment molecule for chronic myelogenous
leukemia (CML) and Philadelphia chromosome-
positive acute lymphoblastic leukemia (ALL). The
drug, ponatinib, is a multikinase inhibitor and is
active against BCR-AbIT315I, BCR-AbI, FIt3, FGFR1,
Kit, RET, Src, and VEGFR2 and BCR-Abl is the prime
target for treating CML and ALL (29). Pyrazole-
containing IMP-phenylbenzamide derivatives were
reported to possess BCR-ABL kinase inhibition.
Combinational strategies of scaffold hopping and
conformational constraint were employed. The new
compounds were screened for BCR-ABL1 kinase

. F
N _ F, - - | ""F
)L,%—_—A —‘:rx
N = NHA
lEl-___j'N —r

(2)
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inhibitory activity, and most of them showed good
inhibitory activity against BCR-ABL1 kinase (30)
(See Scheme 2). Ponatinib was reported to be five
to seven fold more potent at inhibiting ABL than the
mutant, referred to as the ABLT315I, although there
are only minimal variations in the binding modes.
There are five hydrogen bonds in the binding of
ponatinib to ABL and ABLT315I. The conformation is
called as “"DFG-out”. The IMP moiety produces van
der Waals interactions with the both lobes of the
kinase binding site. The ethynyl link is very
important to bind to native and mutant ABL kinase.
It forms favorable interactions in the binding. The
rigid nature of ethynyl group enables the adoption
of correct orientation and correct conformation in
the binding site, and important entropic advantage
is gained. When binding to the mutant site, the
inhibitor conformation is somewhat perturbed and
favorable interactions are allowed and steric clash is
alleviated. This adjustment is accounted for the loss
of potency with the mutant site (31). Ponatinib was
also reported to possess an alkyne linker between
the IMP and diarylamide (a 2,3-diarylethyne motif)
and a slim alkyne moiety was found to be crucial to
activity by avoiding steric hindrance (32). Ponatinib
(see Figure 2) is used as an antileukemic agent, and
is also considered for other anticancer therapies. It
is toxic and researchers look for other derivatives of
it for improved kinase selectivity as Ponatinib itself
is not considered for MNK1 or 2 inhibition, but
recent derivatives in which a nitrogen is introduced
into the molecule report that the new compounds
are potent inhibitors of MNKs (see Figure 3, (33)).
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Figure 2: The chemical structure of Ponatinib.
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Figure 3: Pyrazole-containing IMP-phenylbenzamide derivatives (3) as inspired from ponatinib (2) Color
coding: Blue = head; red = linker; green = middle; violet = tail.

VEGF Receptor 2 Kinase Inhibitor

Miyamoto and colleagues reported the design,
synthesis, and biological evaluation of 2-acylamino-
6-phenoxy-IMP  derivatives. Hybridization and

optimization vyielded the discovery of N-[5-({2-
[(cyclopropylcarbonyl)amino]IMP-6-yl}oxy)-2-
methylphenyl]-1,3-dimethyl-1H-pyrazole-5-
carboxamide (TAK-593) as a highly potent VEGF
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receptor 2 kinase inhibitor. TAK-593 applied a platelet-derived growth factor receptor kinases as
strong suppression to the proliferation of VEGF- well as VEGF receptor kinases (34) (see Figure 5,
stimulated human umbilical vein endothelial cells. Scheme 1, Scheme 2, Figure 6).

Kinase selectivity profiling showed an inhibition of

H|
0 F. F M
-, H '|IL [
HH_~ « F @ — ”” ~
P &
= -‘/ - "'-l__ / "-—-:,-J?--_\'.
P = M —
] / Me N 'Y
| ~N \
! A |
|'2: t'd']

Figure 4: Modifications were made to Ponatinib and some new compounds emerged with better

performance.
Ol P42,

(11)
Figure 5: Chemical structure of a hybrid compound developed.

MH+

Nl’Nx ! ' NH U il
> - —= Ry
HaM = : MH )\j/ NH-(U

RE = COOEL-> H

(12) (13) (14

G

N
NH /J
Scheme 1: Synthesis of compound (16). Reaction conditions: i) ethyl (chloroacetyl)carbamate, Na;HPO4,

DMA; ii) Ba(OH)2, NMP/H>0; iii) R1COCI, DMA; iv) 3-aminophenol, K2CO3, DMF; v) 3-fluorobenzoyl chloride,
DMA.
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Scheme 2: Nitrogen scan of ponatinib.
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Scheme 3: Modification of an easily found starting compound to obtain a highly potent derivative. Reaction
conditions: i) aminophenols, K2COs, DMF or 5-amino-2-methylphenol, NaH, DMF; ii) 1,3-dimethyl-1H-
pyrazole-5-carboxyl chloride, DMA or 1,3-dimethyl-1H-pyrazole-5-carboxyl chloride, triethylamine, THF, or
1,3-dimethyl-1H-pyrazole-5-carboxyl chloride, NMP.

Inhibitors of TNF-a Production 8]

Tumor necrosis factor-alpha (TNF-a) is an important D,_J{ NH 1
’ ) ) ) =]

pro-inflammatory cytokine responsible for a diverse NH }""

range of inflammatory  diseases including ‘\J‘f-\f‘-l"r‘{w~ 0

rheumatoid arthritis. In their manuscript, Pandit et N=

al. summarized the medicinal chemistry efforts on

the design, synthesis and TNF-a evaluation of a

series of 3, 6-disubstituted imidazo[1,2-b]pyridazine (12)

(4) (see Figure 7, Figure 8, Scheme 4, Scheme 5). Figure 6: A series of compounds containing the IMP
nucleus, having VEGFR2 binding ability. R! =
cyclopropyl, tert-butyl, pyridin-4-yl, 1,2-oxazol-5-yl,
3-methyl-1,2-oxazol-5-yl, 1-methyl-1,2,3-triazol-5-
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yl,  2,3-dimethylpyrazol-5-yl, 3,5-dimethyl-1,2- methylpyrazol-5-yl, 1-methyl-3-
oxazol-4-yl, 1,3-dimethylpyrazol-5-yl, 1-phenyl-3- trifluoromethylpyrazol-5-yl.

I
N
P\ o f\ﬁw
| f}l = _N Vs
=N NH—, | = NH "N
NH ;‘]\ FA O

D’ HN

Cl

F F
Jak1, Jak2,
IKkp inhibitor Jak3 inhibitor Jak2 inhibitor
(21) (22 (23}

Figure 7: Some example molecules and their inhibitory activities.

Ar

(24)
Figure 8: Designed modifications on IMP scaffold. R is alkyl or aryl.

N N Z =N
N m I /Ef\fx i H /
|m’” oSN — o N —= 07w
Br

Cl - R Br
(25) (26) (27) (28)
v
or
- o
0 N’N\g
|:'{ Ar
(29)

Scheme 4: Synthetic procedure for some inhibitors, starting from a pyridazine derivative. Reagents and
conditions: i) Chloroacetaldehyde dimethyl acetal, sodium acetate, concentrated HCI, 60% aqueous ethanol,
reflux, overnight. ii) NBS, CHCIs3, 25-30 °C, 15 min. iii) cyclopentylmethanol or cyclohexanol, NaH, THF, 0
°C to room temp, overnight. iv) ArB(OH)2 / ArB(pin), Pd(PPh3)2Cl2, K2CO3, DMF-H20, microwave, 140 °C,

0.5-1 h.
Y/ N/
c SN 0" SN-

(30) {31)
Scheme 5: Part of the synthetic scheme, starting from chloro-IMP. Reaction conditions: Cul, Cs,COs DMF,
140 °C. MW, 40-120 min.

BTK Inhibitors for Autoimmune Diseases core was changed with an IMP moiety and it was

As potential inhibitors for BTK, two imidazopyrazine reported that the replacement led to a better
derivatives were synthesized. The imidazopyrazine outcome (5) (see Figure 9) .
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”bﬁ“m

(32)

Figure 9: Heterocyclic replacement of the imidazo[1,2-a]pyrazine core with IMP.

Pyridazine Nucleus as an Active Ingredient of
Anticancer Drugs

To have a more active and less toxic anticancer
drug at hand is a mostly wanted asset. There are
numerous pyridazine-containing anticancer drugs on
the market, and the review by Zhang-Xu He and
their colleagues shed light on their properties. It is
reported that TAK-593 (compound 33) is in the first
phase, targeted on VEGF and PDGF and clinically
used on solid tumors (15) (See Figure 10).

\ 0
N o
NG T NH 0NN/ ~NH

(33)
Figure 10: Chemical structure of TAK 593.
mTOR Inhibition by IMP Derivatives

ATP-competitive mTOR (mammalian target of
rapamycin) inhibitors have been studied as potential

E]

ke o

(34)

antitumor agents. A new class of IMP analogues
were reported as potential mTOR inhibitors, in which
structural modifications were focused on positions 3,
6, 8 of IMP skeleton. The promising compound 34
(see Figure 12) had a strong antitumor activity
toward A549 cells, and bind to mTOR kinases.
Guided by the principle of scaffold hopping, Chen
and co-authors developed a novel class of IMP
derivatives simplified as 35 as potent IRAK4
(interleukin-1  receptor associated kinase 4)
inhibitors (see Figure 12). Above results confirmed
that pyridazine-based 35 could be a potent IRAK4
inhibitor and worthy of further exploration for the
treatment of mutant MYD88 DLBCL (15). A series of
IMP derivatives were prepared as competitive
inhibitors of ATP mTOR. Compound 34 and its
isomer 35 in which the pyridine nitrogen is placed
at the 4 position below were reviewed among other
compounds (6). A promising compound, 36, is
considered to be a potent compound. Scaffold
hopping of 37 to 38 produces a good substance

E]
ity o 0

(35)

Figure 11: Regions of activity for an IMP molecule under design. For substitution of IMP at position 8
(magenta), (S)-3-methylmorpholine > morpholine > 8-oxa-3-azabicyclo[3.2.1]octane. For the hydrogen at
position 3 (green), H > Me > Et. The ureudo group provides improved activity. As for the olive-colored area

on the right, pyridyl is greater than phenyl. Also, the pyridine nitrogen’s position was tested.
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Figure 12: A promising compound 36 (left). Scaffold hopping of compound 37 in the middle, which is an
IRAK inhibitor, produces the compound 38 on the right (R1 is methyl, cyano, difluoromethyl, carbamoyl and
Rz is methyl, ethyl, isopropyl, 4-piperidyl, and 4-THP).

Anticancer Activity

Shen and coworkers studied about indolizine
derivatives, and reported the successful anticancer
activity of some of them. Some compounds
contained IMP nucleus, the structures are given in
Scheme 6 and Scheme 7 (35). An Indian research
group prepared 1,2,4-thiazole-substituted IMP
molecules for a possible anticancer activity. The
cancer types investigated were breast (MCF-7, MDA
MB-231), lung (A549), and prostate (DU-145) with
MTT assay. Five of the compounds prepared were
found to be potent against the cancer types,
especially one of them was found to possess the
most promising anticancer activity (Scheme 8) (36).

_>\_Df"f TPCD. NEt;, DI‘-."IF

Tewari and coworkers have filed a patent in which
IMP was present in a structure called Cefozopran

(46, see Figure 13) (37).
M
.r'".-' -
o N m
= N
I

(39) i1 (40}
Scheme 6: Alkylation of IMP from the nitrogen at
position 5.

Cf

(41) (42) (43)

MH,

Ay

i
M= 0 ]
H..
/

890°C,5t010h

(44)

(45)
Scheme 7: Synthesis of indolizine derivatives from the cationic IMP starting material. TPCD is
tetrakis(pyridine)cobalt(II) dichromate, an oxidizing material.

(46)

Figure 13: Chemical structure of Cefozopran.
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Scheme 8: Functionalization of the IMP starting compound, 47. Reaction conditions: i) Pd(PPh3s)s4, Cs>COs3,
DMA, 80 °C, 21 h. ii) HMTA, AcOH, Hz0, reflux, 12 h. iii) NH>OH.HCI, DMSO, 90 °C, 2 h. iv) NaSH,
MgCl..6H>0, DMF, 40 °C, 90 min. v) Substituted cyanobenzenes, AICls, n-BuOAc, 70 °C, 5 h. The final
compound has the following substitutents at the benzene ring: H, 3,4,5-trimethoxy, 3,5-dimethoxy, 4-
methoxy, 4-chloro, 4-bromo, 4-nitro, 3,5-dinitro, 4-methyl, and 4-(dimethylamino).

PDE 10A Inhibition

A review article by Jankowska et al. in 2019
provides deep information about PDE10A and what
has recently been done about the design of selective
PDE10A inhibitors. Schizophrenia, Huntington’s, and
Parkinson’s diseases are central nervous system-
related disorders and treatment of them with
PDE10A inhibitors are discussed (38).

0
i >( i J—NH
HZN#\N& —_— jf — g
N 7 N
hY

(54) (55)

Inhibition of Aurora B Kinases

Juillet and colleagues tried to vary the flexibility of
the molecules and first replaced the acetylene linker
with an alkene moiety. The preparation of the
alkene series is depicted in Scheme 9 (39).

J
Br v h (57)
Br—¢«
NIIIIII
(58)

Scheme 9: Formation of the IMP nucleus, among other compounds, and addition of a dibromopyrrole to the

side. Reagents and conditions:
%, 40 °C.
dibromopyrrole.

Activin Receptor-Like Kinase 2
Inhibition

Classic FOP (fibrodysplasia ossificans progressiva) is
caused by the R206H mutation in ALK2/ACVR1.
There are many activin receptor-like kinase 2
(ALK2) inhibitors which are effective in animal
models of this disease, however most of the ALK2

(R206H)

i) (Boc)2.0, DMAP, DCM. ii) pinacolborane, Cp2ZrHCI 25 mol%, EtsN, 25 mol
iii) R-I, Pd(PPh3)s, 5 mol %, K>COs (2 M), dioxane,80 °C.

iv) 4 N HCI, then trichloroacetyl

(R206H) inhibitors did not have an adequate oral
bioavailability to be efficient. In the study, there
were 12 ALK2 (R206H) inhibitors selected for the
best performance, in which an IMP derivative was
found to work efficiently (see Figure 14) (8).
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Figure 14: Two ALK2 (R206H) inhibitors based on
IMP skeleton.

|

PIM Kinase Inhibitors

IMP was considered as a new PIM-1/2 inhibitor.
Preliminary SAR studies at C3 and C6 positions of
the heterocycle yielded three inhibitors. Further SAR
studies of IMP were reported in the Supergen patent
and the structure of SGI-1776 was disclosed (see
Figure 15). SGI-1776 was the first clinically
evaluated PIM inhibitor in patients with relapsed
and/or refractory leukemias. It was unfortunate that
the clinical assessment of this molecule was
terminated, since its affinity to inhibit the ether-a-
go-go-related gene (hERG) channel resulted in
cardiac toxicity. Nevertheless, efforts are continuing
with identification of potent and selective PIM -1
inhibitor TP-3654 without hERG or cytochrome P450
inhibition. In current, TP-3654 is under clinical
assessment in patients having advanced solid
tumors (See Figure 15) (9). Shannan and co-

Substitutions at & and 8 are not tolerated.

e
f’\ﬁm — NH SN
R‘j_‘ Sy _,N "K
NH N _N
Ry

(61)
(62)

HO
N 7/ A~ N
. s~ N/
O
P

SGI-1776

REVIEW ARTICLE

workers reported about SGI-1776, which has
previously been investigated in patients. SGI-1776
is reported to inhibit all three PIM kinases. When
this pan-PIM kinase inhibitor was treated with AML
xenografts, concentration-dependent tumor
regressions were previously shown; therefore, they
investigated the different preclinical models of
melanoma of this drug. AlamarBlue assay, when
combined with adherent melanoma cultures, let the
researchers observe that SGI 1776 possessed
inhibitory effects similar to SM200, melanoma cell
lines were mostly inhibited, but not normal
fibroblasts. At 10 upM concentration, SGI-1776
increased cell death significantly in the melanoma
cell lines when compared to normal fibroblasts. They
used propidium iodide staining (40). Moloney
leukemia virus (PIM) kinases are serine/threonine
kinases and they are present in many important
cancer cell signaling pathways. The research group
evaluated PIM expression in low- and high-grade
urothelial carcinoma cases and assessed the role of
PIM in the progression of disease and their potential
to serve as molecular therapeutic targets. A total of
137 cases were investigated. All three PIM family
members were highly expressed in non-invasive and
invasive urothelial carcinoma cases. A bladder
cancer case was subjected to a in vivo xenograft
study and it was found that PIM kinase inhibition led
to a reduction in tumor growth; therefore PIM
kinase inhibitors may be active players in human
urothelial carcinomas (41).

Figure 15: Development of SGI-1776 and TP-3654.

F
F
F
F TP-3654
(63)
Death-Associated Protein Kinase (DAPK)

Inhibitors

Many compounds have been reported as DAPK
inhibitors, including aminopyridazine and IMP (See
Figure 16) (10).
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Figure 16: As DAPK1 inhibitors, three IMP derivatives were prepared. Molecule 64 shows that red color is
the hydrophobic pocket-binding core, and blue color depicts the hinge-binding core.

Glycogen Synthase Kinase-3 Inhibition

IMP substitution at the R2 position in 43 gave the
lowest IC50 values for the series of other
compounds (see Figure 17) (11).

0
NH

an O

(‘N
LUNC N,/ 7N
T N

Ny

(67)
Figure 17: An IMP-containing molecule, having
advantageous properties.

F F 18
H
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S =N
(68) (69)

Radioligands for Tropomyosin Receptor Kinase
Family

Tropomyosin receptor kinases family (TrkA, TrkB,
and TrkC) represent adult life and aging, and when
they downregulate, diseases like Alzheimer’'s
emerge. In addition, overexpressed or abnormally
expressed TrkA/B/C proteins point to neurogenic or
non-neurogenic human cancers and they are under
intensive clinical research. Small molecule kinase
catalytic domain binding inhibitors were selected for
11C and 18F positron electron tomography (PET, see
Figure 18, Figure 19) (18).

(70} (71}
Figure 18: Chemical structures of precilinical IMP-based Trk-targeted PET radioligands.
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Figure 19: Chemical structures of clinical IMP-based Trk-targeted PET radioligands.

Using IMP’s FGFR1 Activity in Another Class of
Heterocyclic Compound

A research group in China wanted to synthesize a
new class of pyrrolo[2,3-b]pyrazine, and to use the
n-n stacking interaction of an IMP derivative with
residue Phe489 of the protein, they decided to
preserve this interaction and, they also simplified
the synthetic procedure. They used the IMP skeleton
to see the Fibroblast Growth Factor Receptor 1
(FGFR1) enzymatic activity. IMP was sulfonated and
chlorinated to make it ready to couple to the
pyrazine structure (see Figure 20) (12).

N~
o N
N., =
of g/ N
=g
T0
M
)
/4
Cl N7

(74)
Figure 20: An IMP-based compound tested for
FGFR1 activity.

Inhibitors for Dengue Fever
Dengue virus (DENV) is an arboviral human
pathogen transmitted through mosquito bite that

AN
HN F——F
9!
\‘N-\.-"‘
Hwi’ N7 TNH “:‘N
z 0

(73)

infects, annually, an estimated circa 400 million
humans (about 5 percent of the global population).
No therapeutic agents have currently been
developed for prevention or treatment of the
infections owing to this pathogen. IMP is an inhibitor
of AAK1 and GAK pathways that inhibit DENV
replication (13).

Inhibitors for Tyrosine Kinase 2

An IMP derivative underwent modifications to yield a
molecule, which showed good functional potency
and its kinase selectivity was excellent, yet its
metabolic stability was poor, pharmacokinetic
properties (in mouse) were modest, and
phosphodiesterase 4 (PDE4) activity was in a
medium state (42). As a member of the Janus (JAK)
family of non-receptor tyrosine kinases, TYK2
mediates the signaling of pro-inflammatory
cytokines including IL-12, IL-23 and type 1
interferon (IFN), and therefore represents an
attractive potential target for treating the various
immuno-inflammatory diseases in which these
cytokines have been shown to play a role. IMP was
identified as a promising hit compound. Iterative
modification was exercised for each of the
substituents of the IMP scaffold, and the cellular
potency was improved, selectivity was maintained
over the JH1 domain (see Figure 21, Scheme 10,
Scheme 11) (43).

HO

HN F
N~
W,
NN N F
Hq MH 0.
(76)

Figure 21: Previously reported TYK2 JH2 ligands.
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Scheme 10: Synthesis of TYK2 JH2 ligands with two different paths. Reaction conditions: i) R!-NH-PNB,
NEts, 1,4-dioxane, 90 °C, ii) H2NR, Pd.dbas, Xantphos, Cs>COs3, DMA, 100 °C, iii) a-HCl, dioxane, RT, b-
NaOH, MeOH, H20, iv) HATU; H2NR3, DMF, N-methylmorpholine, RT, v) LiOH, MeOH, THF, H20, RT, vi)
NH2R3, BOP, iPrNEt, DMF, vii) a-H2NR>, Pd>dbas, Xantphos, Cs,COs, DMA, 125 °C, b-HCI (4 M, in dioxane),

DCM, RT.
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Scheme 11: The synthesis for allowing late stage examination of the C8 group, utilizing a thiol group to
block this position.

Protein Kinase 1 of

Calcium-Dependent
Toxoplasma gondii
For toxoplasmosis, the currently available tools are
drugs that are non-specific to the parasite and
cause serious side effects. There is an urgent need

of development of anti-Toxoplasma compounds that
have higher efficiency and that are more specific to
it. IMP derivatives were designed to inhibit the
Toxoplasma gondii’s calcium-dependent protein
kinase 1 (TgCDPK1) and they were effective against
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tachzoite growth in vitro. The authors stress that
IMP salts are strongly efficient, in vivo, on acute
taxoplasmosis and that a mouse congenital
taxoplasmosis model should be set up for further
testing (14).

Steraoyl-CoA Desaturase (SCD)
A number of patents about small molecule inhibitors
of SCD-1 have been published. As an example,
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L
H;]-Jh J«' =M u,]:|
“ I
O

(89)

REVIEW ARTICLE

many patents describe related piperazine-based
inhibitors of SCD-1 (like Figure 22, 90). As an
interesting note, the diazine-amide portion of
compound 89 (Figure 22) can be mimicked by IMP
in compound 90. Presently, work in this field is
known to be at the pre-clinical stage (see Figure 22)
(44).
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Figure 22: A small molecule SCD inhibitor (89) and its IMP derivative (90).

Antimicrobial and Antimalarial Activity

A series of l-oxacephem analog compounds were
prepared and their antibacterial properties against
five Gram-positive and Gram-negative bacterial
strains were evaluated in vitro. Ceftazidine was
selected as the control. Some compounds contained
IMP nucleus, and their structures are given below
(see Figure 23) (45).

/‘%ﬂ
Ry
S NHf‘/{} ~
1
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0" = N R
e
HO™ S0
(91)

Figure 23: 1-Oxacephem derivative, having an IMP
skeleton on side. R: is difluoromethyl, 2-
chlorophenyl, or 2,5-dichlorophenyl.

Antiparasitic Activity
Despite being a small molecule, 3-nitro-6-
oxopropyl-IMP was considered for clinical trials (16).

Antiproliferative Agents

Sruthi and co-workers devised a synthetic method
in which they obtained the IMP-2-one derivatives
with a simple synthetic method. Then, they studied
the in silico and in vitro activity against human
cancer cell lines A375 and Colo-205, using MTT
assay. Two of the synthesized compounds showed
high antiproliferative activity and some of the other
compounds displayed significant activity. All tested
compounds were reported to be druggable and were
free from toxicity and teratogenecity (see Scheme
12) (17).
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Scheme 12: Synthesis of benzamido-substituted IMP-2-one derivatives. R is benzene, chlorophenyl,
bromophenyl, 4-hydroxyphenyl, 3-hydroxyphenyl, 4-methylphenyl, 4-methoxyphenyl, 4-aminophenyl, 1-
naphthyl, 1H-pyrrol-2-yl, pyridin-2-yl, furan-2-yl, 1H-benzimidazol-3-yl, and 5-bromo-1H-benzimidazol-3-

REVIEWS ABOUT SIMILAR MOLECULES

The synthesis and properties of organic compounds
with anticonvulsant properties have been reviewed
by Ozbek and Giirdere (46). The same authors
published in Phosphorus, Sulfur and Silicon and
Related Elements in 2021 about 2-aminothiazole
derivatives for their anticancer properties. They
state in their article that medicinal chemists and
drug discovery researchers widely prefer 2-
aminothiazole moiety to adjust pharmacokinetic and
pharmacodynamic properties of different molecules
(47).

SYNTHETIC WORKS

The Historical Synthesis of IMP Derivatives
Branko Stanovnik and his colleagues reported the
first instance of IMP chemistry in Tetrahedron in
1967. A year later, the same group published, in
Tetrahedron again, about further synthetic
modifications of the IMP nucleus (see Scheme 13,
Scheme 14, Scheme 15, Scheme 16) (1,48). Many
research groups still rely on these historical
documents about the synthesis of IMP derivatives.
Austrian and Yugoslavian groups joined forces about
synthesizing new pyridazine-containing heterocycles
and a series of IMP derivatives were also prepared
(see Scheme 17, Scheme 18, Figure 24) (49).
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Scheme 13: Formation of 6-chloro-IMP from 3-amino-6-chloropyridazine, and synthesis of 6-
phenylsulfanyl-IMP and 6-hydrazinyl-IMP molecules. The latter can be reacted to give Schiff’'s bases or
cyclized to give another heterocycle.
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Scheme 14: Reactions of hydrazino-substituted IMP skeleton; thiosemicarbazide, dithiocarbamate, and by
ring closure, thio-substituted heterocycle can be obtained.
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Scheme 15: Functional group conversions and cyclizations O(f.I :]I\::I'P nucleus.
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Scheme 16: Reactions of the hydrazide derivative. Formation of triazido, amino, and tetrazolo-IMP

derivatives are depicted.
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Scheme 17: Starting from 6-chloro-IMP (a), dehalogenation was effected (122, R = H). Also, the molecule is easily brominated (123,
125; X = Br). The chloro group could be substituted for hydrazine (125).
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Figure 24: Synthesized IMP derivatives.
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Scheme 18: Attack of methyl ester of carboxy radical to form 7,8-bis(carboxymethyl ester)-substituted
IMP derivative.

Multistep Synthesis of IMP Derivatives
Methicillin- resistant Staphylococcus aureus (MRSA)
required a modification in the related molecule, to
be 2-(5-amino-1,2,4-thiadiazol-3-yl)-2(2)-
hydroxyimino acetyl group at the C-7 position and a
3- or 6-substituted IMP-ium or 5-substituted
imidazo[1,2-a]pyridinium group at the C-3' position.
Among the novel derivatives, 3-(6-amino-IMP-ium-
1-yl)methyl-7B-[2-(5-amino-1,2,4-thiadiazol-3-yl)-
2(Z)-hydroxyiminoacetamido]-3-cephem-4-
carboxylate showed an excellent balance of activity

against MRSA and Gram-negative bacteria (see
Scheme 19, Scheme 21, Scheme 20, Scheme 22)
(50). Possible antitumor efficacy for various human
cancers led to the synthesis of compounds as
inhibitors for c-mesenchymal epithelial transition
factor (c-Met) and vascular endothelial growth
factor receptor 2 (VEGFR2) kinases. Para-
substituted inhibitors were prepared, by using
known inhibitors  with  co-crystal structural
information from c-Met and VEGFR2 in the complex
structure (see Figure 25) (51).

HoN

s

N

|
N,

(137)

5
HoN— S+
2“‘-ﬁ #N o HaM r::\‘ « 2HCI N
+ N Y n-Bu;N, Me,CO + H,0 MOMO = ]
4 i\ N
cl 0 —
0 o

X
=
(@]
N
=
=
|
-

Scheme 19: Reaction of a protected thiadiazole and an IMP molecule.
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Scheme 20: Starting from 6-chloro-IMP, 3-amino-IMP was obtained and many other substances were

prepared from the latter.
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Scheme 21: Several reactions of the IMP skeleton with amines and phthalimides.
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Scheme 22: Formation of IMP heterocyclic system and synthesis of two different compounds (157 and
158) from the carboxy-terminated IMP molecule.
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= X D
N_ .0 NH NH% @ 1
IO = T e
>— N i

0

(159) {160}
Figure 25: Design of a new compound (160) which has dual c-Met and VEGFR?2 inhibition properties.

Arene C-H Functionalization which a C-H functionalization was effected with a
One equivalent of arene and two equivalents of combination of photochemistry and electrochemistry
substituted pyrazole were reacted to obtain the (see Scheme 23) (52).

pyrazole-substituted IMP compound in 49% yield, in
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Scheme 23: Using photoelectrochemical conditions led to a C-H functionalization of IMP and pyrrole. Reaction conditions: Arene, 1
equivalent, pyrrole, 2 equivalent; [Mes-Acr*], 5 mol%, TEMPO, (20 mol%), EtaNBF4 (0,1 equivalent), dichloroethane, blue LED, 2 mA, 16

h.

In another study, new and functionalized
heteroarenes were prepared via dehydrogenative
cross-coupling. One of the studied compounds

(166) (167)

contained IMP skeleton and
alkylated (see Scheme 24) (53).

it was successfully

(168)

Scheme 24: Photoelectrochemistry of the IMP-cyclohexane system yields the 8-cyclohexyl-IMP molecule.
Reaction conditions: 0.3 equivalent EtsNCI, 6 equivalents of HCI, acetonitrile, 392 nm, 10 W LED, 2 mA. RVC
anode, Pt cathode, 0.3 mmol heteroarene, 1 mL of cyclohexane, 6 mL of acetonitrile, 34-42 °C internal
temperature.

Huang and co-workers reported another instance of
C-H activation, in which (trifluoromethoxy)IMP
derivative was successfully synthesized from a
bromobenzene derivative, the heterocycle, and a
catalytic amount of palladium acetate. The
trifluoromethoxy substituent was changed to m-
trifluoromethoxyphenyl, and it was successful, too.
The research group tried another starting compound
having difluoromethoxyphenyl group, and the IMP-

containing new heterocycle was also obtained
nicely. 5-bromo-2,2-difluorobenzo[d][1,3]dioxole
led to a substituted IMP in 86% yield. Lastly, they
reacted 1-bromo-4-(1,1,2,2-
tetrafluoroethoxy)benzene with IMP and obtained,
with 87% vyield, the substituted compound (see
Scheme 25, Scheme 26, Scheme 27, Scheme 28)
(54).
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Scheme 25: Three C-H functionalization examples for IMP; reaction conditions, IMP, 1.5 equivalents;
Pd(OAc)2, 1 mol%; KOAc, 2 equivalents; DMA, 150 °C, 16 hours.

N/N— Pd(OAc), 1 mol% N=
+ / . > N
Br [/ KOAc, 2 equiv. F o) ’ /
0 DMA, 150°C,16h )~ N
F

Y

(174) (1) (175)

Scheme 26: 3-(2-difluoromethyl)phenyl-containing IMP molecule, IMP was used in 1.5 equivalents to the
bromo compound.

. O N= Pd(OAc),, 1 mol% F O
F><O:<)\Br [ >:> KOAc, 2 equiv.
DMA, 150 °C, 16 h

(176) (177)
Scheme 27: Another C-H functionalization example for IMP.
F N= N\/ \
F Br N ) Pd(OAc),, 1 mol% F N—

F&O/Q/ + E/ KOAG, 2 cquiv. F/S(F mN

F C, 2 equiv.
N DMA, 150 °C, 16 h F o
(178) (1) (179)

Scheme 28: The preparation scheme for tetrafluoroethoxyphenyl-containing IMP molecule. IMP was taken
1.5 equivalents with respect to the bromo compound.

Mao et al. published another of their publications catalyst, they used 0.5-0.1 mol% of phosphine-free
about C-H activation of IMP with Pd/C in green Pd(OAc).. They also successfully reacted
solvents (see Scheme 29) (55). Bouzayani and co- imidazopyridazines introduced at phenanthrene C9-
workers investigated the reactivity of positions C9 position (see Scheme 30) (56).

and C10 of 9- or 10-bromophenanthrenes and for
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Scheme 29: Addition of a bromobenzene derivative or pyridine to IMP to yield 3-substituted IMP; R groups
are 4-cyano, 4-nitro, 4-chloro, 4-methoxy, and 2-cyano.

Pd(OAc),, 0.5 mol% N

Br
N
F G

(186) (1)

DMA, KOAc,
150 °C, 16 hours

(187)

Scheme 30: 1.3 equivalents of IMP was used to obtain the phenanthrene-substituted molecule in good
yield.

In another publication, green solvents associated to
Pd/C were investigated in the C-H arylation in which
metal residues cause contamination in the
environment. The research team found that only 1
mol% of Pd/C allows, very efficiently, for the the
direct arylations of most heteroaromatic
compounds. With this catalyst and potassium
acetate as the base, the direct arylation of many

effected, using aryl bromides as coupling partners,
in a high regioselectively and in moderate to very
high yields. Electron-deficient and electron-rich aryl
bromides were tolerated; what is more, for the most
reactive heteroarenes, Pd/C catalyst tolerated green
solvents such as diethyl carbonate, 3-methylbutan-
1-ol and pentan-1-ol, provided a low impact to the
environment (see Scheme 31, Scheme 32, Scheme

compounds, including IMP derivatives, were 33) (57).
% N SN Pd(OAc),, 0.05 mol% =
\/) + | X, -N
SN & KOAc, DEC, 150 °C N
16 hours
(1) (180) (181)

Scheme 31: IMP is coupled to haloarenes in diethylcarbonate with Pd(OAc). X=Br, R = 4-OMe; X = Br, R =
4-NO2; X = Br, R = 4-COMe; X = Cl, R = 4-CN(*); X = Cl, R = 4-CF3(*); X = Cl, R = 4-CO2Me(*); X = CI, R
= 3-CN(*). For X and R pairs, asterisk indicates that Pd(OAc), was taken in 0.1 mol%.
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Pd(OAc),, 0.05 mol%

REVIEW ARTICLE

(YN + |\ R
\N/N\/) Br =

(1) (182)

KOAc, pentan-1-ol,
150 °C, 16 hours

Scheme 32: Several examples concerning the C-H activation of IMP, having 3-substituted phenyl group. R
is 4-cyano, 4-nitro, 4-formyl, 4-acetyl, 4-fluoro, 4-methoxy, 3-carboxymethyl, and 2-cyano.

N
N
TS & [Dr  10%PdC, 1mol% [ 3/
X /N\/) = > N
N Br KOAcC, S
3-methylbutan-1-ol, z R
) (184) 150 °C, 16 hours (185)

Scheme 33: Instead of palladium(II) acetate, 10% Pd/C was used in 1 mol% proportion. R is 4-cyano (in
DEC, a reduced yield was observed), 4-nitro (in DEC, a reduced yield was observed), 4-chloro, 4-methoxy,
and 2-cyano.

According to computational predictions, many
bridging-nitrogen polyaromatic compounds, such as
IMP derivatives, should be susceptible to oxidation
by the photocatalyst. This hypothesis was verified in
experimental manner, and in most cases, only a
single regioisomer was obtained. Whatever the
substituents are, derivatives of IMP vyielded 3-
substituted functionalization products. When two
halogen substituents are present in the IMP

derivative, and although it is more electron-
deficient, this IMP derivative was obtained with a
dramatic loss of reaction yield and it is important to
stress that substitution still occurred at the 3-
position. For IMP derivatives and imidazo[1,2-
alpyrimidines, there is an enamine character in the
ring. Similarly to N-methylpyrazoles, these nitrogen-
bridged heterocycles react at the electrophilic
carbon of the iminium radical (see Scheme 34) (19).

2.0 equiv, pyrazole
5 mol% catalyst

=N 20 mol% TEMPO =N
R—/Y\/) ) . R /Y/
K\N/N 455 nm LEDs, K\N/N
DCE, 24 h \
air, 50 °C =N

(192)

(193) U

Scheme 34: Addition of pyrazole nucleus to IMP at position 3. When no substituent is present, the reaction
yield is 70%. When a Cl is bound to position 6, the yield is 50%. Finally, when 2-phenyl- and 6-chloro- are
present, the yield is 73%.

Chikhi and co-workers reported on the Pd-catalyzed
direct arylation of IMP. Phosphine-free Pd(OAc), was
found to be a very efficient catalyst in the the direct
arylation of IMP at C3 position, with employing a
very low catalyst loading. The reaction requires only
0.1-0.05 mol% catalyst loading, works with a wide
range of aryl bromides, and yields very high TOF

and TON numbers. Some electron-deficient aryl
chlorides were also observed to work well as
substrates. Green, safe, and renewable solvents like
pentan-1-ol were used in the synthesis of 31
examples, and the efficiency did not go down (see
Scheme 35, Scheme 36, Scheme 37, Scheme 38,
Scheme 39) (58).
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N 2N Pd(0Ac),, x mol% N
+
\N’N\/) Br KOACc (2 equiv.) N” 7
Solvent
(1) (194) 150°C, 16 h (195)

Y
7 N\
o

W\
N

Scheme 35: Optimization of the catalyst in preparing 3-(4-cyanophenyl)IMP. The solvents with highest
yields based on the product were DMA, pentan-1-ol, and CPME. Catalyst percentage was 0.05 mol% in the
mentioned green solvents and in the subsequent experiments, this percentage was used.

AN X Pd(OAc),, 0.05 mol% AN
/ + | ——R 2 > Yy
N B~ KOAG, 2 equiv. SN
H Solvent, 150 °C
16 hours 7 \_R
1) (196) (197) \—

Scheme 36: C-H functionalization of IMP with several bromobenzenes. R is 4-OMe, 4-NO,, 4-CHO, 4-COMe,
4-COOEt, 4-Cl, 4-F, 4-Me, 4-NH>, 3-COOMe, 3-COMe, 3-Br, 3-NH3, 3,5-bis(CF3), 2-CN, 2-CHO, 2-CF3, 1-
naphthyl (instead of benzene), 1-pyrenyl (instead of benzene), 3-quinolinyl (instead of benzene), 3-pyridyl
(instead of benzene), and 5-pyrimidinyl (instead of benzene). Some reactions were conducted in
diethylcarbonate, pentan-1-ol, or CPME instead of DMA.

@4N + /@ = Pd(OAc),, 0.1 mol% _ AN

N \/X Cl = KOAG, 2 equiv. s N/
H

) 74

N
N DMA, 150 °C
(

(198) 16 hours (199)

Scheme 37: Using chlorobenzene derivatives instead of bromobenzenes: Reaction conditions and products.
IMP was taken in 1.1 equivalents. R is 4-CN, 4-NO>, 4-CF3, 4-COOMe, 3-CN, 3-NOz, 2-NO2, and 4-NO-2-

1

CN.

NN + | N Pd(OAc),, 0.1 mol% NN

—1 R >
Y, /
Cl \N/N\X Br = KOACc (2 equiv.) cl \N/N
H pentan-1-ol, 150 °C )
\

(200) (201) 16 hours 202) ¢ 5 R

—

Scheme 38: 6-Chloro-IMP was treated with bromobenzene derivatives to afford a series of 3-(substituted
phenyl) IMP compounds. R is 4-NOz, 4-CHO, 4-Br, 2-COOMe, 1-naphthyl, 3-quinolinyl, and 3-pyridyl.
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Scheme 39: Bromination of 3-(4-fluorophenyl)substituted IMP and further substitutions at 2 position.

A wide spectrum of biological and therapeutic
properties is known for imidazo[1,2-b]pyridazine
derivatives, but there is only one method in the
literature for the synthesis of a 3-arylimidazo-IMP
derivative via palladium-catalyzed regioselective

arylation of IMP. Treatment of IMP with 4-
bromotoluene in 1,4-dioxane at 100 °C, where
Cs2C0O3 was used as a base along with a catalytic
amount of Pd(PPhs)s gives 3-(4-tolyl)IMP in 92%
yield (see Scheme 40) (59).

Za )\ Br Pd(PPh,),, 5.2 mol% /N ]
SRS - (5
N~ Cs,CO,, 2.0 equiv. —N
1.3 equiv. dioxane, 100 °C
16 hours
(1) (210) (211)

Scheme 40: Another C-H functionalization with phosphine-containing palladium complex.

Addition of Alkynes or Osmium Carbynes to
Functionalized d-n Conjugated Systems

Chen and co-workers reported a reaction of metal
carbynes and alkynes vyielding acyclic addition
products. These reactions are newly discovered and
are highly efficient, regio- and stereospecific, along

with a nice tolerance of functional groups, and even
are stable under air and at room temperature. The
authors reported that the synthesized materials
could find use in functional materials (see Scheme
41) (20).

(213)

/N

o O

\N,N\< =N
A

(212)
Scheme 41: Osmium carbyne reacting with an alkyne-containing IMP derivative.
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Site-Selective C-H Silylation of Azines

For the site-selective sp? C—H silylation of azines,
Gu et al. have devised a base-mediated synthetic
method. Authors report that the conditions are mild,
the protocol is simple, and for a diverse set of
azines, the site selectivity is excellent. With classical
silylations, orthogonal reactivity was discussed (60).

REVIEW ARTICLE

Another group has reported about visible light-
promoted photocatalytic C-H silylation. This method
enables the direct coupling of trialkylhydrosilanes
with electron-deficient and electron-rich
heteroarenes and also with cyano-bearing arenes.
The yields are moderate to high and regioselectivity
is good (see Scheme 42, Scheme 43) (21).

N
\_/ U
N © -3 / DME, RT N
74 = -/BI + _ ) 74 =
+ Si \ gl —
N T oo NS SN2
N K N
1) (215) (216) (217)
Scheme 42: Silylation of IMP.

, 23W CFL photocatalyst (1mol%)  \/ _si” N
=N i, Na,S,0, (2 equiv.), open flask ! N ]
m + Si H 228 o %\(\i) + / N
N \74\ DMSO/DCE (1:1), 30 °C, 24 h SN Y —n

[Ir(ppy),(dtbbpy)]PF, was used

(1) (218)

(219) (220)

Scheme 43: C-Si bond formation of IMP and dimethyl-tert-butylsilane and C8 product is twice as much as
the C7 product.

Photoelectrochemical C-H Alkylation of
Heteroarenes with Organotrifluoroborates

Electrocatalysis and photoredox catalysis are joined
to provide an approach which does not use chemical

oxidants and organotrifluoroborates were used for

=z /N K+ F—
X+ <

(1 (221)

n—w—

obtaining and using alkyl radicals. Using primary,
secondary and tertiary alkyltrifluoroborates, a
variety of heteroarenes were functionalized and the
regioselectivity and chemoselectivity were found to
be excellent (see Scheme 44) (22).

photoelectrochemistry

(223)

(2220 ~

Scheme 44: Photoelectrochemistry of IMP with cyclohexyltrifluoroborate potassium salt to give 8-
cyclohexyl-IMP.

Photoinduced Oxidative Activation of Electron-
Rich Arenes

Hu and coworkers published a photo-induced the
dehydrogenative cross-coupling between electron-
rich arenes and styrene derivatives using a dual
catalytic system, in which an acridinium

photosensitizer and a cobaloxime proton-reducing
catalyst were used. Hz evolution was evidenced with
this catalytic system, using the Csp2?-Csp? bond
formation. Various substituted aryl alkenes can be
afforded with good to excellent yields and high B-
regioselectivity (see Scheme 45) (23).
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DCE, blue LEDs, 24 hours
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(222)
Scheme 45: Functionalization of IMP with diphenylethenyl moiety.

Use of Sonogashira Coupling for an Easier

Intermediate to Ponatinib

Handa and coworkers devised an easier path in
which an iron-palladium nanoparticle was used to

G

(YN
> \N/N / O + H2

O

(226)

\\N——O\

VN/O
O—N\\

10 mol%
(225)

(227)

the intermediate of Ponatinib (see Scheme 46), also
referred to as “intermediate 37" (61).

+ =S — 5
/O Br /O \
(228) (229) O (230 N s/:\
)
iv
O O O
0 N\~ 0 N 0 N\ N=
PN N>:>
)
(230) (231) (233)
N— I N=
N i N
N N
(1) (232)

Scheme 46: An easier path to Ponatinib intermediate 37. Reaction conditions: i) 3-bromo-4-methylbenzoic
acid methyl ester, 1.0 equiv.; (triethylsilyl)acetylene, 1.5 equiv.; Fe/ppm Pd NPs (contains 500 ppm Pd);
EtsN, 3.0 equiv.; 0.5 M in 2 wt% TPGS-750 M/H>20, 50 °C, argon, 14 hours. ii) 3-(triethylsilylacetylene)-4-
methylbenzoic acid methyl ester, 1.0 equiv.; K2COs, 20 mol%, 0.5 M in 1:1 MeOH/THF, 45 °C, 5 hours. iii)
IMP, 1.0 equiv., N-iodosuccinimide, 1.2 equiv., 0.53 M in DMF; 80 °C, argon, overnight. iv) 3-iodo-IMP, 1.0

equiv.; 3-(triethylsilylacetylene)-4-methylbenzoic acid methyl ester, 1.2 equiv.;

Fe/ppm Pd NPs (contains

1000 ppm Pd), EtsN, 3.0 equiv.; 0.5 M in 2 wt% TPGS-750-M/H;0, 50 °C, argon, 43 hours.

Oxidation with CAN of Aryl and Heteroaryl
Hydazines and Hydrazides

Aryl and heteroaryl hydrazines and hydrazides were
oxidized with ceric ammonium nitrate (CAN) and
dehydrazinated products were observed. The
reaction was dependent upon the substrate and
hydrocarbons and alkoxy compounds were obtained
(24).

IMP Derivatives as Brominating Agents

Dr. Branko Stanovnik is and has been a pioneer in
the IMP chemistry. He and his colleagues devised
three brominating agents from 3-bromo-6-chloro-2-
methyl-IMP-bromine, 3-bromo-IMP-bromine, and 3-
bromo-6-chloro-IMP-bromine. These were prepared
by starting from IMP or 6-chloro-IMP by applying
bromine in acetic acid. Using 3-bromo-6-chloro-2-
methyl-IMP-bromine, they described a method
about how to brominate a-ergocryptine and similar
ergot alkaloids, to obtain the corresponding 2-
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bromo derivatives in pure form, with reaction yields
up to 81%. When comparing this brominating agent
with the others already known in the literature, this
new brominating agent was found to be
advantageous. Alkenes, ketones, 3-oxoalkanoic acid
esters, monocylic N-heterocycles, and polycyclic N-
heterocycles were successfully brominated with 3-
bromo-IMP-bromine and 3-bromo-6-chloro-IMP-
bromine. 1,2-Trans-dibromocyclohexane was
synthesized from cyclohexene. Alkynyl ketones and

=N

Cl

(234) (235)

REVIEW ARTICLE

3-oxoalkanoic acid esters were obtained as a-bromo
derivatives. At position 5, 2-aminopyridine and 2-
aminopyrimidine were successfully brominated. It is
however different when these two compounds were
reacted with the IMP derivative, bromination
occurred at position 3. At room temperature, or on
gentle heating, the brominations with these
reagents were completed smoothly (see Scheme 47,
Scheme 48) (25,62).

N =N N
Br,/AcOH - Br,/AcOH ~
) — //[:At]I’// 2 . y
\N/N\)_ Cl N Cl \N/N

Br-HBr

(236) Brypr-Br,

Scheme 47: Stanovnik and his colleagues performed this bromination and obtained a powerful brominating
agent. 6-Cl may be 6-H, and 2-CHs may be 2-H.

Br
=N
@ T /E\Nr / — O/
CI N I'Br

(237) (236)

Br-HBr «Br,

(238)

Scheme 48: Application of the IMP-brominating agent with cyclohexene to obtain the 1,2-dibromo
compound.

IMP-CONTAINING MOLECULES IN MATERIAL
SCIENCE

Red Phosphorescent Organic Light-Emitting
Devices

IMP was, for the first time, considered as a host
material in OLEDs. The heterocycle possesses an
excellent ability of electron-transportation, and an
extreme thermal stability. As the p-type unit,
carbazole was chosen, while IMP was the n-type
unit. The most promising compounds were 6-
substituted and 6,8-substituted in terms of the best
electroluminescent performance (see Figure 26)
(26).

Photochromic Imidazopyridazinium
Iodoargentate Hybrid Materials
Three iodoargentate hybrids with the respective

closed formulas [MIPDz]2[Ag214], [AIPDz][Ag2I3],
and [MIPDz]:[Agsl;], in  which MIPDz* is
methylimidazopyridazinium, and AIPDz* is

acetonylimidazopyridazinium. They showed good
photochromism and hierarchically responsive
mechanism where they were optically inert and then
they underwent photolysis of iodoargentates, and as
secondary electron donor, Ag particles play a role in
the photoinduced intermolecular electron transfer
(see Scheme 49) (27).
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IP68Cz IP368Cz
(241) (242)

Figure 26: Carbazole-containing IMP skeletons. 3, 6, and 8 refer to the positions on the IMP skeleton on which carbazole units are

bound.
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Scheme 49: Under solvothermal conditions, the three iodoargentate hybrid compounds were synthesized
and used for tunable and improved photochromism.

1245



Akkurt B. JOTCSA. 2021; 8(4): 1217-1250.
THEORETICAL-EXPERIMENTAL STUDIES

Some heterocycles could be tested for their reported
C-H radical functionalization sites with the
condensed Fukui function. This method is able to
also predict the innate C-H sites on multi-nitrogen-
containing arenes. The calculated results were
validated with experiments (28). In a work by
Tagore and co-workers, the unsubstituted IMP
molecule was studied, both theoretically and
experimentally. Experimental spectral methods
included FT-IR, FT-Raman, 'H-NMR, 3C-NMR, and
UV-Vis and comparisons with the theoretically
obtained spectra yielded a high correlation with
each other (63). Coulombic ion-pairing complex of
the modeled compounds, as acetate ion
accompanies them, was calculated in terms of the
ionic interaction energy. According to the results,
stability is one of the significant factors about the
inhibitory potency of fibrinogen-receptor binding
(64). Twenty-two azoloazine compounds were
selected for carbon-13 nuclear magnetic resonance
data. A stepwise linear multiple regression with
nitrogen substituents in the 5- and 6-membered
ring system. Pyrrolo[1,2-a]pyridine was decided to
be the reference for chemical shift correlation. The
researchers found that a highly correlated set of
chemical parametes are present (65). The magnetic
circular dichroism (MCD) B terms of the two L
transitions in 14 azaindolizines in neutral and
protonated forms have been measured by a
collaboration between an American group and a
Yugoslavian research group. Interpretation was
based on the perimeter model and consideration of
the effect of the —CH => —N= and —CH => —
NH*= replacements on the orbital energy double
difference - AHOMO-ALUMO. The INDO/S
calculations seemed to fit well to the first-order
perturbation theory and these calculations along
with PPP calculations were successfully used to
predict the B terms in the MCD spectra with a good
agreement (66). >N NMR chemical shift data for 14
azolopyridines were obtained as well as the results
of INDO/S-SOS calculations of nitrogen shieldings.
The 3N data and their assignments are shown to be
reliable for the indolizine’s nitrogen as based on
relative line widths. The pyridine nitrogens are more
reliably assigned from the '°N spectra when
complimented with INDo/S-SOS calculations for
individual molecules (67). A joint work between two
Yugoslavian groups yielded the orbital correlation
diagram for IMP molecule and its substituted
derivatives (68).

CONCLUSION

IMP and its derivatives attract a great deal of
attention owing to their biological activities. Enzyme
inhibition and some biological activity (antitumoral
activity, etc) could be grasped in the first look.
Being recognized as a heteroarene, there are also
works about IMP and its derivatives, theoretical
aspects this versatile molecule. The presence of

REVIEW ARTICLE

many enzyme inhibition reports may attract the
attention of researchers and a collaboration with
medicinal chemists will undoubtedly lead to new and
powerful molecules to be used in many diseases,
including Alzheimer’s, cancer, and a lot more.
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Abstract: Recently, utilization of biological adsorbents plays an important role in the removal of toxic dyes
such as Eriochrome Black T (EBT) azo-dye as they are considered as being produced from natural
renewable source, easy availability, low cost, and being environmentally friendly. In this study,
vermicompost (VC) was utilized to remove Eriochrome Black T (EBT) azo-dye from aqueous solution along
ultrasonic ultrasonic-assisted adsorption. The parameters such as pH, adsorbent amount, operating time,
and initial EBT concentration were investigated. The highest adsorption capacity was obtained as 50.64
(mg-EBT g'-VC) at the pH of value of 2 after 2 minutes of ultrasonic adsorption. Pseudo first order kinetic
model fitted very well with the experimental data (R?=0.9824). The determination coefficient of Temkin
isotherm model (R2=0.8659) revealed that suggested model was compatible to experimental results. The
results suggested that ultrasonic assisted adsorption of EBT onto VC could be cost- and time-efficient.
Besides, the Scanning Electron Microscopy (SEM) analysis of adsorbent identified the surface structure
morphology of VC. Moreover, functional groups of VC were detected after and before the ultrasonic-
assisted adsorption by using Fourier Transform Infrared Spectroscopy (FTIR). Thus, interaction mechanism
between VC and EBT were determined.
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INTRODUCTION

Treating wastewater for reusing is vital for a
sustainable future as fresh water resources are
depleting due to rapid growth of population,
pollution of water bodies, and drought due to global
warming. Especially the textile industry produces a
vast amount of wastewater as around 150 L of fresh
water per kg of textile product is necessary and
hence, great amount of wastewater containing
many hazardous and toxic substances such as dye
effluents is discharged during the process (1). Dyes
in textile industry are synthetic organic materials
with complex structure and they are non-
biodegradable (2). In addition, dyes containing -
N=N- azo group (azo dyes) are considered toxic
and carcinogenic and may create serious effects on
organisms in the water bodies and human health

(3). There is a great variety in treatment of dye
effluents in wastewater such as extraction via
solvent, separation via membrane, advanced
oxidation process, photodegradation, and adsorption
(4-6). All these treatment processes have several
advantages and disadvantages, while adsorption is a
widely used technique due to its easy applicability,
feasibility, and low cost.

The main drawback of adsorption process is the long
residence times, however, application of ultrasound
overcomes this situation and shortens the time
required to reach equilibrium (7). In addition, its
simplicity, low cost, satisfactory energy efficiency,
and being environmentally friendly promotes its
utilization (8). Ultrasound creates acoustic cavitation
and the formed bubbles start to collide and create
high temperature and pressure zones locally. Also,
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the shock waves promote the microscopic
turbulence within the interfacial films surrounding
the adsorbent’s surface and increase the mass
transfer, yielding a rapid adsorption and shorter
residence time. During the collapse of the bubbles,
micro-jets of solvent are formed perpendicular to
the adsorbents surface and due their high speed,
corrosion and erosion of the surface occurs (7,9,10).
As a result, without requiring a chemical additive
and with a suitable adsorbent, ultrasound
adsorption can be proper to remove dye effluents
from the wastewater.

There are many studies in the literature showing
that by using active carbon as adsorbent, many
type of dye effluents can be cleaned (11,12). The
recent efforts to enhance the ultrasound adsorption
is to utilize a low cost, stable adsorbent as active
carbon is too expensive for the process.
Vermicompost as soil amendment has unique
properties such as high surface area with high
porosity, high density of negative charges, low cost
and functional groups within its structure. These
properties make vermicompost a good adsorbent
especially during the adsorption of metals, dye
effluents and organic pollutants (13-16). However,
there is not any report showing its applicability for
dye adsorption from the wastewater in ultrasound
media. In this work, Eriochrome Black T (EBT) as an
azo-dye sample was subjected to adsorption via
vermicompost in ultrasound media. The influences
of pH, adsorbent amount, operating time and initial
EBT concentration on the adsorption capacity were
examined. In addition, kinetic models (the first and
second order pseudo and intraparticular models)
and isotherm models (Langmuir, Freundlich, and
Temkin) were utilized to determine their
applicability with the experimental data.

MATERIALS AND METHODS

Materials

All chemicals were purchased from Sigma Aldrich.
Bidistilled water was used in the all ultrasonic-
assisted adsorption experiments. VC was purchased
from a local producer from izmir, Turkey and it was
produced from various city markets’ waste and
MSW. Initially, vermicompost was dried and sieved
to yield a particle size of 0.125<Dp<0.600 [mm] for
homogenization of the sample. Vermicompost had
31.05% ash content. The details of ash content
determination method were given in our previous
work (5).

Ultrasonic-Assisted Adsorption
The batch experimental set-up consisted of an
ultrasonic homogenizer (Sonoplus HD 2200.2),
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operating at 200 W (nominal output) with a 13 mm
titanium probe. 50 mL of conical centrifuge tubes
were filled with 30 mL of EBT solutions comprising
of different pHs. In ultrasonic-assisted adsorption
experiments, 0.1 g of vermicompost was fed into a
falcon tube. The amplitude of ultrasonic
homogenizer was adjusted as 70%. After the
ultrasonic adsorption process completed within the
designated time, the solution in the tube was
syringed and centrifuged at 5000 rpm for 1 minute.
By using a UV-Vis spectrophotometer (Perkin Elmer,
Lambda 365) at A max (508 nm) for pH 2 the first
and the final concentrations of EBT were
determined. Adsorption capacity and removal
percentage of EBT were calculated according to the
Equations 1 and 2, respectively.

q :(Co—Ce)*V (1)
¢ W

(C,—C.)

0

R%= X100 (2)

Co and Ce represent the initial and equilibrium
concentration of the solution (mgL?), and W
denotes the weight of VC (g).

Characterization of Vermicompost

The functionality, structural morphology and
crystallinity tests of raw vermicompost were

performed via Spectrum Two Fourier Transform
Infrared (FTIR) Spectrometer , Scanning electron
microscope  with Energy  Dispersive  X-Ray
spectroscopy (SEM-EDX) and X-Ray Diffraction
(XRD) for characterization. Moreover, point of zero
charged of VC was determined in our previously
published paper (5).

Batch Kinetic Study

The kinetic study of ultrasonic-assisted adsorption
was carried out using several kinetic models in order
to define the ultrasonic-assisted adsorption rate and
mechanism. The applied kinetic models used in this
study were pseudo-first order (17), the pseudo-
second-order (18), and intraparticular (19) as
shown in Table 1. The best suitable model was
determined by the determination of coefficient (R?)
of the kinetic models.

Isotherm Models

Four different initial concentrations of EBT were
used for determination of three isotherm models.
These models with their equations are summarized
in Table 2. All isotherm experiments conducted with
pH 2 of EBT solutions with a sonication time of 2
minutes. The obtained models served to explain the
relations between the adsorbate and adsorbent.
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Table 1: Applied kinetic models for EBT adsorption onto vermicompost.

Model

Equation

Pseudo First Order

Pseudo Second Order

Intraparticular

In{q,—q,)=In q.—k;t

t 1 t
— 2+_
q kzqe d.
q=Kt*+C

gt=Adsorption capacity at any time (mg g). ki=pseudo-first order rate constant (min-!); k.=second-order
pseudo rate constant (g mg'min), K=intraparticular kinetic model constant (mg g'min?>) and C= vy

intercept.

Table 2: Applied Isotherm Models with their equations and units.

Models Equations

Units Ref.

C, 1 C
— =

qe _qmax KL

e

qmax

Langmuir

ge: adsorbed amount (mgg?)
Ce: adsorbed equilibrium
(mgLt)

KL: Langmuir constant related
to sorption energy (Lmg)
gmax: maximum adsorption
capacity (mgg™) related to

monolayer coverage

(20)

Freundlich Ing,=In K.+

e

1
nln C

Ce: adsorbed equilibrium
(mgLt)
Kr: Freundlich constant
(mgg*)(Lmg)"
1/n: intensity of adsorption

(21)

q,=Blna,+BInC,

Temkin _RT

B
b,

(22)
Ce: adsorbed equilibrium
(mgLt)
at: equilibrium bond constant
B,bt: Temkin constants

RESULTS AND DISCUSSION

Effect of pH of EBT Solutions on Adsorption
Capacity

Around 200 mgL! of initial concentrations of EBT
with different pHs (2-12) were prepared in order to
predict the impact of pHs of adsorbate solution on
the adsorption capacity. The ultrasonic-assisted
adsorption experiments were performed with 70%
amplitude during one minute. Figure 1 represents
the effect of pH on the adsorption capacity. The
highest adsorption capacity was obtained as 50.64
(mg-EBT g1-VC) at the pH of value of 2. The
minimum adsorption capacity (4.22 mg-EBT g-*-VC)
was observed at pH 12. After determining the best
pH of solution as pH 2, all ultrasonic-assisted

adsorption experiments were carried out at a pH
value of 2.

The positive charge of VC was found as 8.51 in our
previously published paper (5). The surface charge
of VC has positive at pH< 8.51. The electrostatic
attraction was occurred between the protonation of
VC and the negatively charged EBT. While the pH
increasing, VC has negatively charged and the
repulsion dominated the VC and EBT interaction.
Khan et al. (23) and Akhouairi et al. (24) mentioned
similar findings in their studies. Moreover, Sriram et
al. reported that UV-Vis spectrum of EBT solution
was affected by pH (25). Between the pH 6 and 10,
dark blue color was gained and therefore, the
wavelength of EBT's was shifted to 614 nm (25).
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Figure 1: The effect of pH on the adsorption of EBT onto VC.

Effect of the Adsorbent Amount on the
Adsorption Capacity

85 mgL?! of EBT solution was prepared at optimal
pH (2) for batch adsorption. Four levels of
adsorbent doses (0.1-1 g) on adsorption capacity
were evaluated. Figure 2 represents the various

25

adsorbent doses versus adsorption uptake of EBT
onto vermicompost. The value of 23.19 mg g ! for
EBT uptake on vermicompost found as the
maximum adsorption capacity in the adsorbent dose
range studied (Figure 2). Therefore, 0.1g of
vermicompost was used for the further evaluation.

log q, (mg g”)

40 08 06 04

log VC Dose (g)

02 00

0,0

)

0,2 0,4

)

0,6 0,8 1,0

VC dose (g)
Figure 2: The effect of the amount of VC on the adsorption uptake of EBT onto VC.

Increasing adsorption dose leads to the logarithmic
decrease on adsorption uptake of EBT onto
adsorbent. Similar trend was observed by Bayomie
et al. who investigated the methylene blue removal
using fava bean peels utilizing ultrasonic-assisted
method (26). They attributed the result to
aggregation of adsorbent due to high amount of
adsorbent and vyielding a decrease in the surface
area due to the overlapping of the functional vacant
sites.

Effect of Operation Time

In order to investigate the effect of ultrasonication
time on adsorption capacity of vermicompost,
ultrasonic assisted adsorption carried out by using
0.1 g of VC and 130 mg L of initial EBT solution
concentration at pH 2. Figure 3 represents that
optimum ultrasound duration was found to be 120
seconds. The obtained maximum adsorption
capacity of EBT onto VC was determined as 31.83
mg-EBT/g! adsorbent. In addition, it can be said
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that 83.3% of maximum adsorption capacity was
reached within 60 sec. Isotherm studies were
performed with a ultrasonication time of 120 sec
according to the determined optimal conditions. A
rapid adsorption was appeared owing to the

RESEARCH ARTICLE

phenomena. These findings have similar trends with
the results of Roosta et al. (27) who studied
malachite green removal by using ultrasound effect.
It can be interpreted that a highly fast adsorption
occurred owing to the dispersion of adsorption by

ultrasonic-assisted adsorption via cavitation the ultrasonic cavitation.
35
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Figure 3: The effect of ultrasonic duration on the adsorption uptake of EBT onto VC.

Effect of initial EBT concentration

To assess the impact of numerous initial
concentrations of EBT (122-494 mg L) on
adsorption uptake of EBT onto VC was applied. The
increase of the sorption uptake onto VC was from
31 to 139 mg g!, when initial concentration of EBT
were varied from 122 mgL™! to 494 mgL* (Figure 4).
An increase of the EBT concentration could be

resulted in the increase of driving force
concentration and this leaded to a situation that
mass transport occurred very fast from the solute to
the surface of VC (11). Besides, it is well known that
sonication helps to the improvement of mass
transfer. Accordingly, the micro-jets occurred owing
to the ultrasound and hence, the increase of the
mass transfer was observed (27).
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Figure 4: The effect of EBT’s initial concentration on the adsorption uptake of EBT onto VC.

Kinetic Study of EBT Sorption onto VC

Table 3 presents the relevant values of sorption rate
constants and determination coefficients of the
applied kinetic models. The highest R? value was

found to be 0.9824 for pseudo-first order. This value
indicated that a good correlation occurred between
the model and the results of the experimental
findings. Furthermore, R? value of 0.9580 was
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obtained for intraparticle-diffusion model. According
to Figure 5, there are two linear regions on the plot
of intraparticular model. While the first line shows
EBT dye ions transport to VC’s external surface, the

RESEARCH ARTICLE

second line implies that the intraparticle diffusion
was occurred through the macropores (28). All of
the graphs of kinetic models are represented in
Figures 5 a-c.

Table 3: Applied kinetic models’ parameters for EBT adsorption onto VC at 298 K.

Models Parameters Value
Pseudo-first order Qe 36.02
ki 0.03
R? 0.9824
Pseudo-second de 36.90
order k2 0.0011
R2 0.8304
Intraparticular Kd 3.11
Diffusion C -0.759
R? 0.9580
16 35
u =
- = |ntraparticle Diffusion .
29
1.2
. 20
t‘i" 1,0
o &
o8 i 10 -
0,6 5
0,4 0 n
n
02 -5
0 20 40 60 80 100 0 2 4 > 8 19 12
Time (min) £ (min®9)
(a) (b)
3,8 n
36
34
32 m  Pseudo-second order
T30 "
28
2,6
2.4 =
2,2 u
20 40 60 80 100 120
Time (min)
(c)

Figure 5: Modelling kinetics of EBT adsorption onto the VC a) pseudo-first-order b) pseudo- second-order,
c) intraparticle diffusion.

Modelling Isotherms of EBT Sorption onto VC

The independent variables of isotherm models are
shown in Table 4. The determination coefficients of
both Langmuir and Temkin isotherm models were
0.87 and 0.8659, respectively. However, the

determination coefficient of Freundlich isotherm was
obtained as 0.6941. The Freundlich isotherm
indicates that a monolayer adsorption onto VC
occurred. There was no lateral interactions between
the VC and adsorbed EBT dye ions (29).
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Furthermore, Temkin isotherm model’s parameters
suggest that the ultrasonic-assisted EBT adsorption
onto VC was exothermic since Bt value was
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determined as a positive value and the interaction

between

the

physisorption (30).

adsorbent

and

Table 4: Applied isotherm models’ parameters for EBT adsorption onto VC at 298 K.

Models Parameters Value
e, ¢ (calculated) 36.02

. gm (mMax) -36.64

Langmuir KL -0.029
R? 0.87

Qe 36.90

. ka2 0.0097

Freundlich R2 0.6941

n 0.3493

Kt 5.4735

Temkin Bt 219.84

R? 0.8659

Characterization of VC

adsorbate

was

675K

600K

\ 529k
Fip W‘i‘f

Pt 4508

n 37K

Fe Kol [Fe Kp)

500 £.00 7.00 8.00 a.00

a)

b)

Figure 6: a) SEM image of raw VC at a scale of 1 ym, (b) EDS of raw VC.

Vermicompost has gained attention to be used as an
adsorbent for disposal of organic and inorganic
contaminants in the water and studies showed that
due to functional groups existing naturally, made
vermicompost an effective adsorbent (31). The
flakes and fragments were shown in the micrograph
of raw vermicompost (Figure 6a). This phenomenon
may be explained owing to the organic and
inorganic content of the vermicompost’s structure.
In fact, enzyme and numerous bacteria stick to the
substrate until they get to the earthworm’s gut
(32,33). Hence, the degree of degradation of them
was reflected by the image of SEM. EDX spectrum
(Figure 6b) reveals that various metals exist in its
structure.

The FTIR spectrum of raw vermicompost is shown in
Figure 7. The very broad peak between the
wavenumbers of 3700 and 3000 cm™ represents the
hydroxyl (-OH) functional group in carboxylic acids
as well as alcohols and phenols. In addition, the
broad peak also overlaps the C-H peak observed
around 2900 cm!, which is typical for carboxylic
acids (13). Vermicompost consists of organic and
inorganic fractions and humic substances which are

of carboxylic acid nature, are comprising the
majority of the organic constituents (34). The sharp
peak at 1630 cm™ indicates the existence of amides
as it might belong to stretching -C=0O bands (31).
While the small peak at 1490 cm™! can be attributed
to C=C, the peak at 1420 cm<! shows the COs3?
groups (14). Stretching O-C bands are observed at
1030 cm! which might represent carboxylic acids

2).

After the adsorption of EBT, the broad peak
representing -OH almost flattened suggesting that
hydroxyl groups on the surface of vermicompost
involved in the adsorption. In addition, the
magnitude of the peaks at 1630, 1420 and 1030
cm™ lowered indicating that EBT dye molecules
attached to the functional groups of -C=0 and O-C
on the surface of vermicompost (35).

XRD pattern of vermicompost was shown in Figure
8. The peaks at 21.70 and 26.64 were attributed to
quartz (SiO2). The other low intensity peak
appeared at 27.91 owing to the existence of sylvite
(36). The sharp two peaks emerged at 54.86 and
69.24 corresponding to kotoite (37).
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Figure 7: FTIR spectrum of raw VC and VC-adsorbed EBT.
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Figure 8: X-ray diffraction (XRD) pattern of raw VC.

Comparison of Different Adsorbents for the
Removal of EBT

Table 5 displays the summary of literature for
adsorbents for EBT removal. The adsorbents were
prepared in many steps including microwave,
impregnation, pyrolysis methods which are time-
consuming and bring economic burden to the

adsorption process. Thus, it can be said that VC as
adsorbent is cost-effective. Besides, ultrasonication-
adsorption process gave better results in a short
time containing less solvent. As a result, these
advantages make ultrasonic assisted adsorption of
EBT onto VC as a promising method.
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Table 5: Comparison of adsorbents for EBT adsorption.

Adsorbents Maximum Ref.
adsorption
capacity (mg g!)
Alnjon_d Shell with Microwave 29.41 (38)
radiation 18.18
Almond Shell with cold 6 0.6
Almond Shell (untreated) )
Peanut shell 40.81 (39)
Hydrophobic cross-linked 15.9 (40)
polyzwitterionic acid
MoNiO4 6.66 (41)
Alginate/basil seed mucilage | 2.80 (42)
biocomposite
Alrhaji Steel slag 25.88-34.82 (43)
Arabian Steel slag 34.93 - 39.69
HCl activated Nteje Clay 24.04 (44)
Bare ZznO 32.56 (45)
CTAB@ZnO 56.82
BMTF@ZnO 78.34
Raw Montmorillonite 99.0 (46)
Raw VC 50.64 This
study

CONCLUSION

The current study indicated that VC could be an
economical sorbent for EBT elimination from
aqueous media. The ultrasonic-assisted adsorption
as one of the novel enhanced adsorption methods
was preferred since the removal of EBT from
aqueous media was high, owing to the microjet
effects. Various independent factors were selected
such as pH, VC dose, initial concentration of EBT.
The adsorption efficiency was highly affected with
the changing pH value. The vital pH of this process
was determined as 2. The determination coefficient
of Temkin isotherm model (R?=0.8659) revealed
that suggested model was compatible to
experimental results. The applied kinetic data
revealed that the pseudo-first order kinetic model is
well-fitted to ultrasonic-assisted data with high
coefficient of determination (R%2=0.9824).
Furthermore, ultrasonic-assisted adsorption was so
rapid that this technique could reduce the time
required hence, providing better results compared
to batch adsorption. Besides, EDX analysis revealed
that VC has numerous organic and inorganic
materials, thus flakes and segments were observed.
Moreover, FTIR analyses explained well the
adsorption behavior between the VC and EBT. XRD
analysis enlighten the crystallographic structure of
VC.
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Abstract: Fluorinated copolymers with perfluoroalkyl side chains have widespread use in applications
requiring superior technology due to their unique surfacial properties. Kinetic analysis of copolymerization of
fluorinated acrylates with conventional acrylates is necessary to synthesize such copolymers efficiently.
However, kinetic investigation of such reactions are limited in the literature due to the experimental
difficulties. In this study, the kinetics of copolymerization of methyl methacrylate with 2-perfluoroocty! ethyl
methacrylate in toluene medium using AIBN initiator was investigated using quantum chemistry postulates as
an alternative to experimental methods. Reaction rate constants (kp) for propagation were determined using
transition state theory. A terminal effect models were used to examine four different addition reactions
involving monomeric and dimeric radicals and monomers for both self- and cross-propagation. Reactant and
product conformations were optimized with a DFT method using PBEO function. The Evans-Polanyi relationship
was used to calculate the rate of self- and cross-propagation of monomers. The results showed that the
reactivity ratio of 2-perfluorooctyl ethyl methacrylate was found to be higher than that of methyl
methacrylate. In addition, it was observed that the reaction conditions caused the random polymer structure
due to the different rate constants in self and cross propagation.
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INTRODUCTION However, adaptation of homopolymers of FMA to

many systems is limited due to the many drawbacks

Fluorinated polymers have widespread applications in
both scientific studies and industry due to their unique
surface properties such as oil/water repellency
originated from low polarizability and high
electronegativity of the fluorine atoms (1-6). Design
of superhydrophobic (7, 8) superoleophobic (9, 10) or
superamphiphobic (11-13) surfaces using
fluoropolymers is a common and practical way.
Perfluorinated (meth)acrylates (FMA) are an
important member of fluoropolymers because of their
extremely low surface free energy properties (14-17).

such as being expensive, having poor mechanical
properties and solubility difficulties in organic solvents
(3, 13, 18). Copolymerization of FMA with methyl
methacrylate (MMA) is an efficient solution to
overcome these problems, and FMA-MMA copolymer
couples have been experimentally synthesized by free
radical polymerization using thermal initiators many
times in the literature under different reaction
conditions (15, 18-28). Organic solvents such as butyl
acetate (19, 20, 23), methyl ethyl ketone (MEK) (7,
21), cyclohexanone (24), toluene (29, 30) and
solvent mixtures such as 1,1,2-
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trichlorotrifluoroethane (R-113)/a,a,0-trifluorotoluene
(TFT) (15, 18), toluene/MEK (25) were previously
used in solution copolymerizations to synthesize
fluorinated acrylate copolymers. Apart from
conventional organic solvents, supercritical CO2 has
been used in many studies as an alternative medium
for the free radical polymerization of fluoro monomers
(26-28). Although these studies were successful in
understanding the reaction conditions to obtain such
polymers, and to find out the bulk and surface
properties of the synthesized polymer, additional
studies are needed for a detailed kinetic examination.

The kinetics of free radical copolymerization are
critical for controlling the polymerization process and
the last product (31). In a copolymerization where
two different monomers are bonded to each other
covalently, there are four divergent possible
combinations of monomers and radical ends, and
there is no experimental method that can directly
measure the individual rate constant (kp) values for
different combinations of monomers and radicals
(32). In addition, the determination of the overall kp
is also difficult by experimental methods due to the
reactivity differences between secondary and tertiary
carbon radicals (33, 34). Whereas, quantum
computational approaches which does not require
experimental investigations provides convenience to
determine many reaction parameters and molecular
structure properties such as the rate constant (kp),
activation energy (Ea), Gibbs free energy difference,
AG, transition state geometries, and molecular
architecture.

In this study, we investigated the kinetic of
copolymerization of 2-perfluorooctyl ethyl
methacrylate (FOEMA) with MMA by quantum
computational approaches. Copolymers of FOEMA
with MMA were synthesized computationally using
different monomer feed compositions by a free radical
process in toluene medium. AIBN was used as a
thermal initiator. The main aim of this study is to find
out the propagation rate in the intermediate steps
and find the step determining the reaction rate, which
provide us to estimate the sequence of the
polymerization. In addition, the reactivity ratios were
determined for the copolymerization of MMA with
FOEMA to evaluate feed/bulk composition balance. A
computational methodology was used to study such
acrylate polymerization reactions, which is adaptable
to other fluorinated or non-fluorinated acrylate
polymerization systems.

COMPUTATIONAL METHODOLOGY

Four addition reactions of monomeric and dimeric
radicals to monomers in all possible different
combinations were studied for MMA and FOEMA as
shown in Tables 1 and 2. For all reactions, kp, were
calculated individually. The AG for these reactions was
calculated at 350 K and 1 atm pressure to acquire the

RESEARCH ARTICLE

reaction rates of free radical polymerizations using the
Evans-Polanyi equation (32) as shown in Equation

(1),

kp:kB_I:efAiG"/RT (1)
hc

where kg denotes Boltzmann’s constant (1.3806 x 10°
23 J/K); h is Planck’s constant (6.6261 x 1073% 1/
mol.K); c¢° standard state concentration (mol/L),
which can be taken as 1, and AG®° is the free energy
difference between the activated complex and the re-
actants (with inclusion of zero point vibration ener-
gies). G energy is associated with a chemical reaction
which can be used to do a work.

The preliminary study was performed to identify the
best functional and basis set compatible with the
experimental study. In the preliminary study, the
optimization and frequency calculations were carried
out with M062X/6-31G(d,p), B3LYP/6-31G(d,p),
PBE/6-31G(d,p) and PBEOQ/def2-TZVP functional and
basis sets. The best results were acquired with
PBEO/def2-TZVP method and we continued our
computations with this method. The results of other
method were presented in the supporting information
file (Table S3). All electronic energy calculations and
vibrational frequencies were calculated using Orca 4.2
(35, 36). All the reactants and product conformations
were optimized using DFT method and PBEO function
with def2-TZVP basis set (37) at 350 K and 1 atm
pressure. However, the conventional optimization
method employed is based on the gradient in energy
and can only locate local minima, and thus the
optimized geometry is sensitive to the input structure.
Therefore, different conformations were explored
using a systematic rotor search method which is
present in Avogadro software. The conformations
having the lowest energy were used as the input.

Transition state (TS) structures were screened using
the relaxed scan method in Orca 4.2 software. The
geometry owning the lowest energy in TS mode was
used as the optimized TS geometry. Transition states
were confirmed to have one imaginary frequency,
which corresponded to the motion along the reaction
coordinate, and an intrinsic reaction coordinate (IRC)
(32) was performed to verify that the correct
reactants and product were obtained. The conductor-
like polarizable continuum model (CPCM) was used to
calculate the solution effect (36).

It is critical to have a quantum chemical calculation
method/basis set which is accurate yet
computationally affordable due to the size of the
polymer structures which were studied in this work.
In many studies, it was reported that the activation
energies and kp values obtained using the PBEO
function with the basis set of def2-TZVP was a good
enough agreement with experimental data (38).
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The TS geometries of the fluorinated acrylate
molecules are presented in Figure 1.

Figure 1: Transition state geometries of a) R-MMA b) R-FOEMA c) R-MMA-MMA d) R-FOEMA-FOEMA e) R-
MMA-FOEMA f) R-FOEMA-MMA (PBEO/ def2-TZVP, 1 atm, 350 K, toluene medium (CPCM)).

The geometry of the transition states, which shows
the minimum energy for the reaction formation, gives
the significant information about combinations of
fluorine atoms. The difference between the energies
of the transition and the initial states determine the
experimental activation energy for the reaction (39).
The geometry of TS has the highest energy along the
reaction coordinate and more free energy in
comparison to the substrate or product; thus, it is the
least stable state. Reactants, products and an
estimation of the transition states are required to
locate the transition state structures. Chemical
structures of reactants and representative reaction of
MMA, FOEMA and AIBN are given in Figure 2. The

addition of the radical center to the unsaturated C=C
bond of the monomer is shown in Figure 3. The
distance between the addition monomer and radical in
the transition state was varied in the range of 2.20-
2.33. These distances indicate that they have the
partial bond at their maximum length. Because the
lifetime of the transition state is too short and rapidly
relaxes to the product, it is too difficult to determine
the kp values experimentally. Transition states are
specified as saddle points on the potential energy
surface, possessing one imaginary frequency. Once
possible transition state locations were acquired, they
were confirmed using intrinsic reaction coordinate
(IRC) (40).
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Figure 2. Representative reaction of methyl methacrylate (MMA), 2-perfluorooctyl ethyl methacrylate
(FOEMA) and 2,2'-azobisisobutyronitrile (AIBN).

Radicalic atom

Figure 3. The geometric structure of MMA monomer (PBEO/ def2-TZVP, 1 atm, 350 K, toluene medium
(CPCM)).

Table 1. Relative Gibbs free energy of monomers, radicals, and transition states (TS) of molecules (PBEO/
def2-TZVP, 1 atm, 350 K, toluene medium (CPCM)).

Gibbs Free Energy (kcal/mol)

RA* (Radical) + A (Monomer) 0
RB* (Radical) + B (Monomer) 0
RA* (Radical) + B (Monomer) 0
RB* (Radical) + A (Monomer) 0
RA -- A (TS) 16.5
RB -- B (TS) 16.5
RA -- B (TS) 16.3
RB -- A (TS) 16.8

Table 2. Frequency factors (A), Activation energies (Ez) and rate constants for the MMA-FOEMA
polymerizations (PBEQ/ def2-TZVP, 1 atm, 350 K, toluene medium (CPCM)).
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Polymerizations Logio (A) Ea (kcal/mol) kp (s)
RA* + A > RAA* 3.32 1.20 3.688x102
RA* + B —> RAB* 3.23 0.90 4.681x10?
RB* + B — RBB" * * 3.877x10%*
RB* + A —> RBA® 2.57 0.28 2.497x10?
Ea: Activation Energy. A: The frequency or pre-exponential factor. k,: Rate constant. “R” stands for 2,2'-

azobisisobutyronitrile, “A” denotes methyl methacrylate (MMA), and “B” denotes perfluorooctyl ethyl methacrylate
(FOEMA). *The Gibbs free energy of TS in this reaction was computed as -4980.71 hartree. But the k, value in Table 2
was calculated according to the number of 4980.73 (Table S4). We searched many conformations to find the global
minima, but we could not reach the global minimum conformation. The computations took too much cpu time and large
memory because the structure of the molecule was too large. Because the other k, values were compatible with the
experimental studies, we decided to report by estimating the Gibbs free energy of TS of RB- -B°.

Table 1 shows the Relative Gibbs free energy (G) of
the reactants and TS molecules. The k, constants and
kinetic parameters (A, Ea) of the polymerizations in
Table 2 were computed using the data in supporting
information Table S4. Reaction rate constants (kp) for
propagation were computed using equation (1) (41).
The calculations were carried out in toluene and gas
phase. In the gas phase, the k, constants were too
low (kp = ~10739-10%), so it can be said that the
polymerization reaction was not possible in the gas
phase. The results in the gas phase were presented in
supporting information Table S1 and Table S2. When
the toluene as the solution was included in the
calculations, the kp constants raised abruptly, which
means the solution effect is very high. The CPCM
model was implemented to compute the solution
effect. In this model, the solvent is represented as a
dielectric polarizable continuum and the solute is
located in a cavity of approximately the molecular
shape. The solvent reaction area is described by
polarization charges on the surface of the cavity. The
cavity is generated by the GEPOL algorithm using a
solvent-excluding or solvent-accessible surface.

The monomer reactivity ratios of ra and rs were
computed using the Equations (2) and (3).

= Kaa 2
kA—B

= Noos 3)
Kg_a

According to the calculations, ra and rs were
estimated as 0.79 and 1.55, respectively indicating
that the fluorinated acrylate monomer is much more
reactive than MMA monomer. Reactivity ratio
differences between fluorinated acrylate and MMA can
be seen in the previous experimental reports
considering reactivity ratio values or feed/bulk
composition balance (19, 20, 24-28). For example,
van de Grampel et al. reported rvma = 0.76 and rfiuoro
methacrylate=1.31 for poly(MMA-co-1,1-
dihydroperfluoroheptyl methacrylate) copolymer
system using 'H-NMR data and nonlinear least-
squares data fitting (19). The reactivity ratios can also
be used to evaluate the composition in the copolymer
product as a function of monomer feed fractions
based on Mayo-Lewis equations (42) as shown in
Equation (4) (43),

_ rifitfifs (4)
rofi+2fifor,f)

where F denotes a molar fraction of monomer in the
copolymer, f denotes molar fraction of monomers in
the feed and r denotes reactivity ratios. Using the
reactivity ratio values and  equation 4)
simultaneously, Mayo-Lewis plot of Froema VS froema
was constructed and is shown in Figure 4. The
predicted composition curve is in good accordance
with the previous experimental reports associated
with the perfluoro acrylate — MMA copolymerization
systems, indicating that our approach is easily able to
adaptable to the real copolymerization systems.

1
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Figure 4. Mayo-Lewis plot for MMA-FOEMA copolymerization at 350 K and 1 atm. Copolymer composition data
for poly(1,1-dihydroperfluorooctyl acrylate-co-MMA) copolymerization synthesized in supercritical CO> medium
at 332.55 K () (26); for poly(1,1-dihydroperfluoroheptyl methacrylate-co-MMA) copolymerization synthesized

in butyl acetate at 353.15 K (A) (19); for

poly(1,1-dihydroperfluoroheptyl

methacrylate-co-MMA)

copolymerization synthesized in butyl acetate at 353.15 K (%) (20); poly(perfluoroalkyl ethyl methacrylate-co-
MMA) synthesized in toluene/MEK solvent mixture at 348.15 K (0) (25).

On the other hand, linear copolymers can be in
random, block, or alternative copolymer structure
depending on the arrangement of their monomers.
DSC analysis is the most practical experimental way
to say that a copolymer is random. If a copolymer
shows one glass transition peak, this polymer can be
considered as random copolymer. In general,
copolymerization of acrylates with fluorinated
acrylates by using thermal initiators gives random
copolymer structure. For example, Chang et al.
synthesized fluoroacrylate-MMA random copolymer in

MEK solvent using AIBN initiator at 70 °C (7).
Similarly, Nishino et al. synthesized 2-
perfluorooctylethyl methacrylate-MMA random

copolymer in MEK solvent using AIBN initiator at 70
°C (21). Park et al. synthesized perfluoroalkylethyl
methacrylate-MMA random copolymer in R-113/TFT
solvent mixture using AIBN initiator at 70 °C (15, 18).
Ye et al synthesized 2-perfluorooctylethyl
methacrylate-MMA random copolymer in
cyclohexanone solvent using benzoyl peroxide (BPO)
initiator at 70 °C (24). Ozbay and Erbil synthesized 2-
perfluoroalkylethyl methacrylate-MMA random
copolymers in toluene/MEK solvent mixture using
AIBN initiator at 75°C (25). All of these results
experimentally indicate that free radical
copolymerization of fluorinated acrylates with
conventional acrylates using thermal initiators caused
random  copolymer structure. However, the
computational proof of this experimental result is

another case. The rate constant of a reaction can be
used to estimate the molecular architecture of
copolymer. For example, it is expected that the
reactivity ratios (ra and rg) of all monomers should be
equal to or close to zero for an alternating copolymer.
When the kp values are examined in Table 2, it is
seen that they are quite different from each other.
Therefore, it can be said that the alternating
copolymer is not possible in these reactions. If we
make this evaluation for a block copolymer, the
reactivity ratios of both monomers should be higher
than 1. In our study, the ra value is lower than 1. This
indicates that the formation of block copolymer is not
possible in these reactions. However, in a random
copolymer, the two monomers may react in any
order. The proportion of the monomers added into the
copolymer is a result of a combination of the
properties of the monomers, the polymerization
conditions and the conversion of the polymerization.
For example, if the two monomers do not have the
same reactivity exactly, the ratio in the product will
not occur exactly 1-to-1. It results in a change in the
copolymer composition while the reaction proceeds.
At the beginning, the more reactive monomer is
added more than the less reactive one. When the kp
values are examined in Table 2, the reactivity of the
polymer chain is different. Thus, it can be deduced
that the polymer reaction proceeds randomly. This
result is compatible with the experimental studies
carried out by various researchers (20, 21-28).
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CONCLUSIONS

A computational methodology based on quantum
postulates and transition state theory has been used
to estimate the kinetic parameters of MMA and
FOEMA propagation reactions. A conventional
geometric optimization method was used to locate the
global minimum geometry of the monomers. These
monomers were added in a different order. All
reactants and products were optimized. To determine
the transition state, relaxed potential energy scans
were carried out. The bond defining the transition
state was used to estimate the Gibbs free energy in
the highest energy along the reaction coordinate. IRC
calculations were performed to verify the location of
the transition state. The kp constants were
determined at 350 K for free radical copolymerization
in toluene medium. The reactivity ratios for the free
radical copolymerization of MMA and FOEMA in
toluene medium were determined to be rwma=0.79
and rroema=1.55. It was observed that predicted
reactivity ratios and feed/bulk composition balance
are in good accordance with the previous
experimental reports, indicating that our approach is

easily able to adaptable to the \various
copolymerization systems.
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Kinetic Study of the Free Radical Copolymerization of Methyl Methacrylate with Perfluorooctyl
Ethyl Methacrylate by Quantum Computational Approach

Ramazan Katircié and Salih Ozbay’*
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Table S1. Thermodynamic parameters computed at 298 K temperature and 1 atm pressure in the gas
phase (PBEO function and def2-TZVP basis set).

AG (TS-react) (cal) k (rate) s*
R--MMA 134795.9732 9.48348773E-87
R-MMA--MMA 191331.3701 3.40388261E-128
R-2MMA---MMA 253066.1944 1.88530918E-173
R-- FOEMA 423292.0851 0.00000000E+00
R- FOEMA -- FOEMA 803668.3095 0.00000000E+00
R-2 FOEMA -- FOEMA 1159976.621 0.00000000E+00
R- FOEMA ---MMA 483062.7089 0.00000000E+00
R-MMA--- FOEMA 483461.3283 0.00000000E+00
R- FOEMA -MMA---MMA 460561.1927 0.00000000E+00
R- FOEMA -MMA--- FOEMA 767284.4602 0.00000000E+00
R-MMA- FOEMA ---MMA 558585.622 0.00000000E+00
R-MMA- FOEMA --- FOEMA 870388.8911 0.00000000E+00

Table S2. Thermodynamic parameters computed at 350 K temperature and 1 atm pressure in the gas
phase (PBEO function and def2-TZVP basis set).

AG (TS-react) (cal) k (rate) s
R--MMA 136429.3997 4.62900018E-73
R-MMA--MMA 189728.7037 2.40518257E-106
R-2MMA---MMA 250298.7436 3.60065233E-144
R-- FOEMA 423853.5596 1.49590195E-252
R- FOEMA -- FOEMA 800609.6047 0.00000000E+00
R-2 FOEMA -- FOEMA 1156812.665 0.00000000E+00
R- FOEMA ---MMA 484992.2149 9.88661068E-291
R-MMA--- FOEMA 481709.1224 1.10987083E-288
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R- FOEMA -MMA---MMA
R- FOEMA -MMA--- FOEMA
R-MMA- FOEMA ---MMA
R-MMA- FOEMA --- FOEMA

556443.4876
862918.3969
555915.6346
867352.8704

0.00000000E+00
0.00000000E+00
0.00000000E+00
0.00000000E+00

Table S3. The preliminary study results in the different function and basis set.

File name Job opt freq
aibn_opt-freq B3LYP 6-31G(d,p) opt freq | -530.683898777583 +
aibn_opt-freq_mO062x MO62X 6-31G(d,p) 0Pt | 531 769754769161 +
numfreq
aibn_opt-freq_PBE PBE 6-31G(d,p) opt freq -530.342724848908 +
r-aibn_opt-freq_b3lyp B3LYP 6-31G(d,p) opt freq | -210.605002312145 +
r-aibn_opt-freq_mo62x | M062x 6-31G(d,p)opt | 514 635585657286 +
numfreq
r-aibn_opt-freq_pbe pbe 6-31G(d,p) opt freq -210.459817022986 +
MMA_g1_opt-freq_b3lyp | B3LYP 6-31G(d,p) opt freq | -345.573917406707 +
MMA_g1_opt- M062X 6-31G(d,p) opt -345.619493292794 +
freq_mO062x numfreq
MMA_g1_opt-freq_pbe PBE 6-31G(d,p) opt freq -345.348240266100 -
MMA_g2_opt-freq_b3lyp | B3LYP 6-31G(d,p) opt freq | -345.588611162832 'lgg'zi' -
MMA_g2_opt- M062X 6-31G(d,p) opt -345.638040898266 +
freq_m062x numfreq
MMA_g2_opt-freq_pbe PBE 6-31G(d,p) opt freq -345.366536159985 -
r-MMA_g1_opt- _ _ -
freq_b3lyp B3LYP 6-31G(d,p) opt freq 556.191975070327 16.68
r-MMA_g1_opt- _ _ -
freq_b3lyp_gl B3LYP 6-31G(d,p) opt freq 556.191975062726 36.59
r-MMA_g1l_opt- _ -
freq_b3lyp._g2 B3LYP 6-31G(d,p) opt freq 556.191974040997 +
r-MMA_g1_opt- M062X 6-31G(d,p) opt -556.288521310507 +
freq_m062x numfreq
r-MMA_g1l_opt-freq_pbe PBE 6-31G(d,p) opt freq -555.833081894961 +
r-2MMA_g1l_opt- _ -
freq_b3lyp B3LYP 6-31G(d,p) opt freq 862.529154688673 +
r-2MMA_g1_opt- M062X 6-31G(d,p) opt -862.683756120450 +
freq_m062x numfreq
r-2MMA_g1_opt- PBE 6-31G(d,p) opt freq | -861.982881250647 +
freq_pbe
r-3MMA_g1l_opt- ~ _
freq_b3lyp B3LYP 6-31G(d,p) opt freq |-1168.839909183060 +
r-3MMA_g1l_opt- M062X 6-31G(d,p) opt -1169.058152291700 +
freq_mO062x numfreq
r-3MMA_g1_opt- PBE 6-31G(d,p) opt freq | -1168.109343076010 -6.27
freq_pbe
r-4MMA_g1_opt- i i
freq_b3lyp B3LYP 6-31G(d,p) opt freq |-1475.142105875250 +
r-4MMA_g1l_opt- M062X 6-31G(d,p) opt 1475.422366291610 +
freq_mO062x numfreq
r-4MMA_g1_opt- PBE 6-31G(d,p) opt freq |-1474.222309328250 +
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freq_pbe
r-5MMA_gl_opt- ) )
freq_b3lyp B3LYP 6-31G(d,p) opt freq |-1781.421693099380 +
r-5MMA_g1_opt- MO62X 6-31G(d,p) ot | ;g1 780927190650 -62.38
freq_m062x numfreq
r-5MMA_g1_opt- PBE 6-31G(d,p) opt freq |-1780.325191210910 19.71
freq_pbe
tm_gl_opt-freq_b3lyp | B3LYP 6-31G(d,p) opt freq | -2385.588424993400 -159.81
tm_g1l_opt- ) )
freq_b3lyp_g1 B3LYP 6-31G(d,p) opt freq |-2385.590759104760 15.76
tm_g1_opt-freq mo62x | 002X 6-31G(d,p)opt | 545 9913196300 -14.91
numfreq
tm_gl_opt-freq_pbe PBE 6-31G(d,p) opt freq -2384.210973070660 -151.44
r-tm_g1l_opt-freq_b3lyp | B3LYP 6-31G(d,p) opt freq |-2596.216012481470 +
r-tm_g1_opt- MO62X 6-31G(d,p) 0Pt | 5506 470088206310 +
freq_mO062x numfreq
r-tm_g1l_opt-freq_pbe PBE 6-31G(d,p) opt freq -2594.700783056990 -10.13
r-2tm_gl_opt- ) )
freq_b3lyp. duz B3LYP 6-31G(d,p) opt freq |-4981.820703723510 +
r-3tm_g1l_freq_b3lyp B3LYP 6-31G(d,p) numfreq |-7367.426722815420 +
r-3tm_g1_opt- MO62X 6-31G(d,p) 0Pt | ;368 137540547900 | Not available
freq_mO062x_devam numfreq
r-3tm_g1l_opt-freq_pbe PBE 6-31G(d,p) opt freq -7363.178413765410| Not available
r-3tm_g1_opt- PBE 6-31G(d,p) numfreq |-7363.178413561820 -56.43
freq_pbe_devam

Table S4. Gibbs Free Energy of monomers, radicals and transition states (TS) of molecules.

Gibbs Free Energy

(Eh)
RA (Radical) -555.93
RB (Radical) -2595.63
A (Monomer) -345.43
B (Monomer) -2385.13
RA -- A (TS) -901.33
RB -- B (TS) -4980.73
RA -- B (TS) -2941.03
RB -- A (TS) -2941.03
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Thiosemicarbazones: Crystallographic and Spectroscopic (UV, IR
and NMR) Studies
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Abstract: Four new cis-dioxomolybdenum(VI) complexes of the closed formula [MoO2(L)CH30H]
have been obtained by the condensation of bis(acetylacetonato)dioxomolybdenum(VI) with S-
allyl/propyl thiosemicarbazones in methanol. The compounds were identified with elemental
analysis, and molecular characterization by UV-Vis, FT-IR, 'H-NMR and !3C-NMR spectroscopies.
Also, crystal structures of 1 and 2 were resolved by X-ray diffraction analysis. The single crystal
studies indicated a distorted octahedral geometry for complexes. It was noticed that 1 crystallized
in the monoclinic P21/c space group with Z=4, while 2 crystallized in tricilinic P-1 space group with
Z=2. The O=Mo=0 angles of 105.68(8)° (for 1) and 105.96(7)° (for 2) indicated the cis-
dioxomolybdenum structure. The spectroscopic and crystallographic studies show that the
thiosemicarbazone ligands are bound to cis-M0022* moiety as ONN tridentate agent and the 6%
coordinated position of the molybdenum is located by the methanol molecule.

Keywords: Thiosemicarbazone; dioxomolybdenum(VI) complex; crystallography;

spectroscopic studies; structural analysis.
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INTRODUCTION

Thiosemicarbazones, obtained through the
condensation reaction of thiosemicarbazides
with an an aldehyde or a ketone, are one of the
main subgroups of hydrazones (1, 2). After
their activities on living systems was discovered
in 1950s, investigators have exhibited an
increased attention in thiosemicarbazones and
their metal complexes (3). Thiosemicarbazone-
metal complexes are an important group of
compounds with numerous biological activities
(4-13). Thiosemicarbazones can behave as
monodentate (14, 15), bidentate (16, 17),

tridentate (18-20), or multidentate (21, 22)
ligands. Common metal complexes of
thiosemicarbazones have tridentate ONS or
ONN functions. In both forms, the oxygen atom
of an arylidene moiety and the azomethine
nitrogen coordinate to the metal ion. Also, the
sulfur atom or the thioamide nitrogen
coordinate to metal center for ONS- or ONN-
coordinated complexes, respectively (12, 18).

Molybdenum is a special cofactor for
molybdoenzymes such as sulfite oxidase and
xanthine oxidase (23). These molybdoenzymes
have oxo-groups and the molybdenum ion has
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an oxidation state of (VI) or (IV) during the
reaction cycle (24). The solvate
dioxomolybdenum(VI) complexes of
thiosemicarbazones can behave as catalysts. It
is because the solvent molecule may be
relocated with the activated enzyme molecule.
Several chelates containing cis-Mo02%2* moiety
have been obtained for explain the structure of
molybdoenzymes and oxygen atom transfer
(OAT) reactions (25). As mentioned above,
molybdenum complexes are used as models in
many biological activity studies, primarily in
enzyme systems. In order to study in detail
how the activity changes with the structure, it
becomes important to systematically synthesize
and characterize compounds with different
groups on both the aromatic ring, the amide or
sulfur atoms and different solvents coordinated
to the sixth site of the molybdenum. In early
studies, the solvated mononuclear
dioxomolybdenum(VTI) complexes of
thiosemicarbazones containing pyridine (26),
acetonitrile (27), methanol (18), ethanol (25),

RESEARCH ARTICLE

The current study was focused on obtain and
characterize the ONN-coordinated
dioxomolybdenum(VI) complexes of
S-allyl/propylthiosemicarbazones. For this
purpose, different substitutions have been
studied on the aromatic ring, amide nitrogen,
and the sulfur atom (Figure 1). The
characterization results of ligands and
complexes were determined by elemental
analysis, UV-Vis, IR, 'H-NMR and !3C-NMR
spectroscopies.

The structures of cis-dioxo-(S-allyl-Nt-2-
hydroxy-4-methoxybenzylidene-
thiosemicarbazonato) (O,N,N")-methanol-
molybdenum(VI) (1) and cis-dioxo-(S-allyl-N*-
2-hydroxy-5-chlorobenzylidene-N4-ethyl
thiosemicarbazonato) (O,N,N")-methanol-
molybdenum(VI) (2) were also determined by
X-ray diffraction analysis. Effects of different
substitutions on structures were compared
using the crystallographic and spectroscopic
studies.

y-picoline (28), dimethylsulfoxide (29) as
solvents have been reported.
H
O
OH + MoO,(acac),
2 + CH;OH _M
HN—R o= \
1 CH=N - N
R N5 3 -2 acacH 1 CH—N )\
N S—R R Z
Ligand Complex R! R2 R3
L 1 -OCHs -H -CH>-CH=CH:
L2 2 -Cl -CH2-CHs -CH2-CH=CH>
L3 3 -OCHs3 -CHs3 -CH2-CH2-CHs3
L4 4 -OCHs -CH2-CHs -CH2-CH2-CHs
Figure 1: Formation of the complexes.
EXPERIMENTAL spectrometer was used for the measurements

Materials and Physical Measurements

Thermo-Finnigan Flash EA 1112  Series
Elementary Analyzer was used for record
elemental analyses. UV-Vis spectra of the
thiosemicarbazones and complexes were
performed in chloroform, 3x10° M, with a
Shimadzu 2600 UV-Vis spectrophotometer. The
infrared spectra of the compounds were
obtained on a Bruker Alpha II compact Fourier
Transform Infrared (FTIR) spectrometer in
range of 4000 to 400 cm™. Varian VNMRJ 600
Nuclear Magnetic Resonance (NMR)

of *H-NMR and 3C-NMR using CDCls as solvent.
The X-ray intensity data were recorded on a
Bruker APEX-II CCD imaging plate area detector
with graphite monochromatic Mo-K a radiation
(A= 0.71073 R).

Synthesis of Thiosemicarbazones

The thiosemicarbazones were obtained for the
first time with very minor modifications from
known procedures (18, 30). The synthesis
method was explained as follows by the 2-
hydroxy-4-methoxybenzylidene-S-
allylthiosemicarbazone (L) as representative
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example. 0.5 gram (5 millimoles) of
thiosemicarbazide and 0.47 milliliter (5
millimoles) of allyl bromide were mixed up in 15

milliliters of ethanol at about 75 °C. The
reaction formation was controlled by
chromatography. After two hours, the four

milliliters of alcoholic solution of 2-hydroxy-4-
methoxybenzaldehyde (0.83 gram, 5 millimol)
was added dropwise to colourless mix. An
aqueous solution of sodium bicarbonate was
added for neutralization of the hydrogen
bromide form. The vyellow-colored product
precipitated from the reaction medium was
filtered, washed first with a few drops of
ethanol, and then water. The obtained product
was recrystallized from ethanol after drying.
Other thiosemicarbazones were obtained by
using N-methylthiosemicarbazide (L3), N-
ethylthiosemicarbazide (L2, L*), bromopropane
(L3, L%) and 5-chlorosalicylaldehyde (L2) with
the same procedure. The colors, melting points
(°C), % vyields, elemental analysis, UV-Vis, IR,
!H-NMR and !3C-NMR data of the ligands are
given below:

L!: Yellow, m.p. 186.2-187.4 °C, yield 75 %.
Anal. Calc. for Ci12H1sN302S (265.33 g/mol): C,
54.32; H, 5.70; N, 15.84; S, 12.08. Found: C,
54.15; H, 5.52; N, 15.69; S, 12.23 %. UV-Vis
(nm (log €)): 240 (3.40); 295 (3.36); 305
(3.45); 338 (3.66) (Fig.S1). IR (cm™): v(OH)
3350; vas(NH2) 3414; vs(NH2) 3302; v(CH)aiiphatic
2960, 2834; v(C-0) 1160; v(C-N) 993; v(C-S)
836; v(C=N') 1627; v(C=N?) 1602 (Fig.S5). H-
NMR (ppm): 11.75, 11.59 (s, i:1/1, 1H, -OH);
8.37, 8.23 (s, i:2/1, 1H, CH=N'); 7.13 (m, 1H,
d); 6.47 (m, 2H, a, c); 5.08 (s, 2H, N*Hz); 3.79
(s, 3H, -OCHs); 3.71, 3.60 (d, 2H, S-C!H>-);
5.98 (m, 1H, -C2H=); 5.29, 5.15 (d, 2H, =C3H>)
(Fig.513). 13C-NMR (ppm): 165.35 (=CN-S);
163.40 (-CH=N), 160.76, 158.05, 135.35,
114.66, 109.46, 103.75 (aromatics); 58.20 (-
OCHs3); 36.01 (S-CH>-); 136.21 (-CH=); 120.95
(=CHy) (Fig.S21).

L2: Yellow, m.p. 101.2-102.4 ©°C, yield 62 %.
Anal. Calc. for C13H16CIN3OS (297.80 g/mol): C,
52.43; H, 5.42; N, 14.11; S, 10.77. Found: C,
52.25; H, 5.52; N, 14.26; S, 10.63 %. UV-Vis
(nm (log €)): 240 (3.83); 294 (3.80); 305
(3.89); 336 (4.10) (Fig.S2). IR (cm™): v(OH)
3407; o(NH) 3394; u(CH)aipratic 2970, 2885;
v(C-0) 1186; v(C-N) 935; v(C-S) 861; v(C=N?)
1629; v(C=N2?) 1600 (Fig.S7). 'H-NMR (ppm):
11.77, 11.41 (s, i:3/1, 1H, -OH); 8.31, 8.29 (s,
i:1/3, 1H, CH=N'); 7.17 (m, 2H, b, d); 6.90
(m, 2H, a); 5.45, 4.67 (t, i:1/2, 1H, N*H); 3.42,
3.32 (m, i:3/1, 2H, N*-CH>); 1.21 (t, 3H, -CH3);
3.76, 3.54 (d, 2H, S-C'H:-); 5.95 (m, 1H, -
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C?H=); 5.36, 5.27 (d, 2H, =C3H:) (Fig.S15).
13C-NMR (ppm): 164.26 (=CN-S); 159.87 (-
CH=N), 156.04, 132.91, 132.95, 126.24,
122.74, 121.56 (aromatics); 36.41 (S-CHz-);
136.75 (-CH=); 120.57 (=CH2); 41.26 (N-
CH»-); 17.04 (-CH3) (Fig.S23).

L3: Yellow, m.p. 185.5-186.2 °C, yield 87 %.
Anal. Calc. for Ci3H19N302S (281.37 g/mol): C,
55.49; H, 6.81; N, 14.93; S, 11.40. Found: C,
55.25: H, 6.72; N, 14.79; S, 11.23 %. UV-Vis
(nm (log €)): 240 (4.03); 294 (4.02); 305
(5.08); 337 (4.33) (Fig.S3). IR (cm™): v(OH)
3310; o(NH) 3396; 0(CH)aiphatic 2961, 2842;
0(C-0) 1163; v(C-N) 974; v(C-S) 859; v(C=N?)
1627; v(C=N2?) 1599 (Fig.S9). H-NMR (ppm):
12.12, 11.64 (s, i:3/1, 1H, -OH); 8.33, 8.31 (s,
i:2/1, 1H, CH=N1); 7.11 (m, 1H, d); 6.45 (m,
2H, a, ¢); 5.43, 4.47 (q, i:1/2, 1H, N*H); 3.78
(s, 3H, -OCH3); 2.99, 2.93 (d, i:3/1, 3H, N*-
CHs); 3.04, 2.79 (t, 2H, S-CH»-); 1.70 (m, 2H,

-C2H;); 1.01 (t, 3H, -C3Hs) (Fig.S17). 13C-NMR
(ppm): 164.65 (=CN-S); 163.29 (-CH=N),
158.96, 157.51, 134.48, 115.22, 108.92,

103.86 (aromatics); 58.04 (-OCHs); 33.26 (S-
CHz-); 25.39 (-CHz-); 16.18 (-CH3); 35.08 (N-
CHs) (Fig.S25).

L4: Yellow, m.p. 174.8-175.4 ©°C, yield 79 %.
Anal. Calc. for Ci4H21N302S (295.40 g/mol): C,
56.92; H, 7.17; N, 14.22; S, 10.85. Found: C,
56.85; H, 7.32; N, 14.16; S, 10.53 %. UV-Vis
(nm (log €)): 243 (4.16); 296 (4.23); 308
(4.25); 345 (4.27) (Fig.S4). IR (cm™): v(OH)
3457; o(NH) 32390; v(CH)aiphatic 2932, 2838;
0(C-0) 1187; v(C-N) 959; v(C-S) 854; v(C=N?)
1627; v(C=N?) 1603 (Fig.S11). *H-NMR (ppm):
12.12, 11.69 (s, i:2/1, 1H, -OH); 8.33, 8.32 (s,
i:1/2, 1H, CH=N1); 7.12 (m, 1H, d); 6.46 (m,
2H, a, ¢); 5.40, 4.25 (t, i:1/2, 1H, N*H); 3.80
(s, 3H, -OCHs); 3.45, 3.32 (m, i:2/1, 2H, N*-
CHz); 1.25, 1.21 (t, i:2/1, 3H, -CHs); 3.05,
2.81 (t, 2H, S-ClHz-); 1.72 (m, 2H, -C?H.);
1.03 (t, 3H, -C3H3) (Fig.519). 3C-NMR (ppm):
164.59 (=CN-S); 163.28 (-CH=N), 158.86,
157.39, 134.47, 115.22, 108.98, 103.94
(aromatics); 58.04 (-OCHs); 35.18 (S-CH»x-);
25.51 (-CHz-); 16.10 (-CHs); 41.12 (N-CH>-);
17.30 (-CHs) (Fig.S27).

Synthesis of Complexes

The new complexes were prepared using
literature method with small modifications (25,
26) (Figure 1). The synthesis procedure of
complexes is the same as for complex 1, which
is given as an example and has the IUPAC
name cis-dioxo-(S-allyl-N'-2-hydroxy-4-
methoxybenzylidene thiosemicarbazonato)
(N,N’,0)-methanol-molybdenum(VI). 0.26 gram
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(1  millimole) gram of N!-2-hydroxy-4-
methoxybenzylidene thiosemicarbazone was
dissolved in 3 milliliters of methanol with
heating. 0.32 gram (1 millimole) of
bis(acetylacetonato)dioxomolybdenum(VI) was
dissolved in 2 milliliters of methanol and added
dropwise to the reaction medium. The mixture
was blended at about 45 °C for one and a half
hours. The red product was filtered and washed
with a few drops of methanol. The product was
recrystallized in methanol and obtained pure for
use in characterization. The colors, melting
points (°C), % vyields, elemental analysis, UV-
Vis, IR, 'H-NMR and '3C-NMR data of the
complexes are given below:

1: Red, m.p. 215.8-216.4 °C, yield 47 %. Anal.
Calc. for Ci3Hi7MoN3OsS (423.29 g/mol): C,
36.89; H, 4.05; N, 9.93; S, 7.58. Found: C,
36.99; H, 3.91; N, 9.77; S, 7.70 %. UV-Vis (nm
(log €)): 254 (4.35); 302 (4.35); 420 (3.84)
(Fig.S1). IR (cm™): v(OH) 3376; v(NH) 3228;
0(CH)aiiphatic 2984, 2843; v(C-0) 1187; v(C-N)
1013; uv(C-S) 846; uv(C=N!') 1540; v(C=N?)
1498; vs, vas(M002) 929, 901 (Fig.S6). H-NMR
(ppm): 8.73 (s, 1H, CH=N'); 7.43 (d, 1H, d);
6.71 (dd, 1H, c¢); 6.65 (d, 1H, a); 6.90 (s, 1H,
N4H); 3.86 (s, 3H, -OCHs); 3.77 (d, 2H, S-
C!'H>-); 5.98 (m, 1H, -C?H=); 5.33, 5.20 (d, 2H,
=C3Hy); 3.48 (s, 3H, O-CH3) (Fig.514). 13C-NMR
(ppm): 171.35 (=CN-S); 168.90 (-CH=N),
165.44, 158.84, 135.42, 115.55, 114.42,
105.55 (aromatics); 58.52 (-OCHs); 37.68 (S-
CH»-); 136.84 (-CH=); 121.62 (=CH); 56.15
(OH-CH3) (Fig.S22).

2: Red, m.p. 115.7-116.4 °C, yield 35 %. Anal.
Calc. for Ci4H18CIMON304S (455.76 g/mol): C,
36.89; H, 3.98; N, 9.22; S, 7.04. Found: C,
36.72; H, 3.80; N, 9.37; S, 7.17 %. UV-Vis (nm
(log €)): 252 (4.34); 302 (4.34); 420 (3.84)
(Fig.S2). IR (cm™): v(OH) 3394; u(CH)aiphatic
2962, 2815; v(C-0) 1164; v(C-N) 1018; v(C-S)
833; 0(C=N') 1597; uv(C=N2) 1566; us,
vas(M00O2) 909, 882 (Fig.S8). H-NMR (ppm):
8.64 (s, 1H, CH=N'); 7.45 (m, 2H, b, d); 7.06
(m, 1H, a); 3.84 (m, 2H, N*-CH); 1.32 (t, 3H,
-CHs); 3.84 (m, 2H, S-C'H-); 5.98 (m, 1H, -
C2H=); 5.33, 5.20 (d, 2H, =C3Hz); 3.47 (s, 3H,
O-CHs) (Fig.S16). 13C-NMR (ppm): 175.24
(=CN-S); 161.37 (-CH=N), 156.26, 135.39,
133.88, 129.63, 123.28, 123.20 (aromatics);
37.51 (S-CHz-); 137.35 (-CH=); 121.69
(=CHz); 51.76 (N-CH»-); 17.80 (-CHs3); 57.05
(OH-CH3) (Fig.S24).

3: Red, m.p. 200.1-200.8 °C, yield 80 %. Anal.
Calc. for Ci4H21MoN30sS (439.34 g/mol): C,
38.27; H, 4.82; N, 9.56; S, 7.30. Found: C,
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38.41; H, 4.91; N, 9.73; S, 7.45 %. UV-Vis (nm
(log €)): 254 (4.32); 303 (4.33); 420 (3.78)
(Fig.S3). IR (cm™): v(OH) 3325; u(CH)aiiphatic
2961, 2869; v(C-0) 1152; v(C-N) 1022; v(C-S)
848; uv(C=N!) 1582; u(C=N?) 1539; o,
vas(M002) 930, 904 (Fig.S10). H-NMR (ppm):
8.64 (s, 1H, CH=N); 7.37 (d, 1H, d); 6.66 (dd,
1H, ¢); 6.60 (d, 1H, a); 3.85 (s, 3H, -OCH53);
3.52 (s, 3H, N*-CHs); 3.11 (t, 2H, S-ClH.-);
1.77 (m, 2H, -C2Hz); 1.04 (t, 3H, -C3Hs); 3.48
(d, 3H, O-CHs) (Fig.S18). 3C-NMR (ppm):
174.20 (=CN-S); 168.79 (-CH=N), 164.89,
157.71, 136.45, 115.48, 113.89, 105.22
(aromatics); 58.55 (-OCHs); 36.73 (S-CH2-);
25.19 (-CH»-); 16.18 (-CH3); 48.92 (N-CHs):
53.56 (OH-CHs) (Fig.S26).

4: Red, m.p. 150.4-151.2 °C, yield 56 %. Anal.
Calc. for CisH23MoN3OsS (453.36 g/mol): C,
39.74; H, 5.11; N, 9.27 S, 7.07. Found: C,
39.59; H, 5.31; N, 8.48; S, 7.24 %. UV-Vis (nm
(log €)): 252 (4.29); 303 (4.30); 422 (3.76)
(Fig.S4). IR (cm™): v(OH) 3312; u(CH)aiiphatic
2967, 2872; v(C-0) 1175; v(C-N) 1023; v(C-S)
858; uv(C=N!) 1576; u(C=N?) 1531; s,
vas(M002) 933, 907 (Fig.S512). 'H-NMR (ppm):
8.64 (s, 1H, CH=N!); 7.37 (d, 1H, d); 6.66 (dd,
1H, ¢); 6.62 (d, 1H, a); 3.85 (s, 3H, -OCHs);
3.82 (g, 2H, N*-CHz); 1.31 (t, 3H, -CH3); 3.12
(t, 2H, S-C'H>-); 1.77 (m, 2H, -C2H>); 1.04 (t,
3H, -C3Hs); 3.47 (d, 3H, O-CHs) (Fig.S20). 13C-
NMR (ppm): 173.02 (=CN-S); 168.86 (-CH=N),
164.97, 157.66, 136.40, 115.51, 113.81,
105.32 (aromatics); 58.47 (-OCH3); 36.68 (S-
CH»2-); 25.24 (-CH:-); 16.14 (-CHs3); 53.51 (N-
CH»-); 17.57 (-CH3); 56.66 (OH-CH3) (Fig.S528).

X-ray Crystallography

The suitable crystals of 1 and 2 were obtained
by slow evaporation of methanolic solutions.
Red crystals of 1 (CizHi7MoN30OsS) and 2
(C14H18CIMON304S)  having dimensions of
0.243x0.11x0.057 mm?3 and 0.156x%
0.097x0.049 mm?3 respectively were mounted
on a glass fiber. The measurements were made
on a Bruker APEX-II CCD imaging plate area
detector with graphite monochromatic Mo-K a
radiation (A= 0.71073 R). The conditions of
experimental details were summed up in Table
1. The crystal structures were solved and
refined with SHELXTL (31). Other atoms except
hydrogen were refined anisotropically. The
structures were drawn with ORTEP-III program
with 50% probability displacement ellipsoids
(32).
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RESULTS AND DISCUSSION

Some Characteristics of the Compounds

The color of thiosemicarbazones is yellow. They
can easily dissolve in common solvents like
pyridine, dimethylformamide, dimethyl
sulfoxide, and alcohols. The reaction of the
thiosemicarbazones with
bis(acetylacetonato)dioxomolybdenum(VI) in

methanol gave diamagnetic [MoO2(L)CH30H]
complexes. These dioxomolybdenum(VI)
complexes are dissolve in  chloroform,

dichloromethane, dimethyl sulfoxide and
alcohols. They are stable in the air but lose
their shine after a few months. They decompose
and turn into black amorphous substances,
when stirred for several hours at about 50-60
°C in solution.

The S-alkyl thiosemicarbazones were obtained
in higher vyields than dioxomolybdenum(VI)
complexes. The 5-chloro derivative compounds
(L2 and 2) were obtained with the lowest yield
(62 and 35 %) and melting point (101.2 and
115.7 °C) in its group. In addition, the melting
point of the complexes was higher than the
corresponding ligands except L* and 4.

Crystallographic Studies

The crystals of 1 [MoO:L!CHsOH] and 2
[MoO,L2CH30H] were obtained by slow
evaporation of methanolic solutions. To confirm
the certain structure of the
dioxomolybdenum(VI) complexes, X-ray
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crystallographic analysis have been carried out
for 1 and 2. The ORTEP diagrams with the
atoms labeled were presented in Figures 2 and
3, while the network formation and molecular
packing arrangement are given in Figures 4 and
5. The parameters of refinement and some
details of crystallographic data were summed
up in Table 1. The molybdenum centered bond
lengths and angles were given in Table 2. Also,
Table 3 shows the intermolecular H-bond
interactions. Complex 1, (0.243x0.11x0.057
mm?3) crystallized in the monoclinic P21/c space
group with Z=4, while 2 (0.156x0.097x0.049
mm?3) crystallized within triclinic crystal system
with P-1 space group (Z=2). The angular values
of O(2)-Mo(1)1-0(3) (for 1) and O(1)-Mo-0(4)
(for 2) were 105.68 and 105.97 respectively,
showing the cis- character of Mo022* (33, 34).
Considering the bonds and angles, it can be said
that the geometric parameters of complexes are
within the expected ranges when compared with
similar cis-dioxomolybdenum centered complexes
of thiosemicarbazones (18, 33). As results, the
single crystal diffraction studies of
dioxomolybdenum(VI) complexes revealed a
distorted octahedral geometry. Accordingly, the
thiosemicarbazones behaved as ONN tridentate
by binding to cis-Mo0O2?* with the oxygen atom
of aromatic moiety, the nitrogen atom of CH=N!
and the thioamide group. Methanol molecule
which reactions were carried out behaved as co-
ligand and it occupied the sixth coordination
site of molybdenum center (35).
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H13C
H13B  hy3a

H1B &

Figure 2: ORTEP view of cis-dioxo-(S-allyl-N!-2- Figure 3: ORTEP view of cis-dioxo-(S-allyl-N*-2-

hydroxy-4-methoxybenzylidene- hydroxy-5-chlorobenzylidene-N4-ethyl
thiosemicarbazonato) (O,N,N’)-methanol- thiosemicarbazonato) (O,N,N’)-methanol-
molybdenum(VI) (1) molybdenum(VI) (2)

Figure 4: The packing diagram and hydrogen bonding network of complex 1.
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Figure 5: The packing diagram and hydrogen bonding network of complex 2.

Table 1: The structure refinements and crystal data for 1 and 2.

Parameters 1 2

CCDC deposition no. 2104647 2104646
Chemical formula C13H17MoN30sS C14H18CIMON304S
Formula weight (g.mol?) 423.29 455.76
Temperature (K) 173.01 173.01
Wavelength (A) 0.71073 0.71073
Crystal system monoclinic triclinic
Space group P2i/c P-1

Unit cell parameters

a, b, c(R)

o, B, v(°)

Volume (A3)
Z
Dcalc (g.Cm'3)

Absorption correction

F(000)

Crystal size (mm3)
Diffractometer/measurement
method

Index ranges h,k,l

26 Range for data collection (°)

Reflections collected

Independent reflections

Refinement method

[Rint =
0.0311]

13.577(6), 17.124(8),
7.528(3)
90.000, 101.738(6),
90.000
1713.6(13)

4
1.641

multi-scan

856.0
0.243 x 0.111 x 0.057

-17<=h<=17,
-22<=k<=22,
-9<=|<=9
3.064 < 20 < 54.966

23095

3916

00452, Rsigma

Full-matrix least-squares

1281

8.7870(7), 10.7115(9),
10.8189(9)
100.1090(10), 105.6400(10),
108.7600(10)
889.27(13)

2

1.702

multi-scan
460.0
0.156 x 0.097 x 0.049

h<1
-13<k=1

-14 <1< 14
4.082 < 26 < 54.95

13504

4072
[Rint = 00269, Rsigma =
0.0277]
Full-matrix least-squares on F2
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Parameters 1 2

on F2
Data/restraints/parameters 3916/0/211 4072/3/230
Goodness-of-fit on F2 1.042 1.037
Final R indexes [I>=20 (I)] Ri = 0.0256, wR>= 0.0581  R; = 0.0232, wR> = 0.0521
R indices (all data) Ri =0.0342, wR>= 0.0617  R; = 0.0282, wR> = 0.0541

Table 2: The molybdenum centered bond lengths (&) and angles (°) for complex 1 and 2.

Complex Atoms Distances Atoms Angles
Mo(1)-N(1) 2.0230(19) 0O(4)-Mo(1)-N(1) 81.85(7)
Mo(1)-N(2) 2.229(2) 0(2)-Mo(1)-N(1) 93.63(8)

1 Mo(1)-0(1) 1.9373(17) 0O(3)-Mo(1)-N(1) 100.48(9)
Mo(1)-0(4)  2.3513(17) 0(2)-Mo(1)-0(4)  83.61(7)
Mo(1)-0(2) 1.7110(16) 0(3)-Mo(1)-0(4) 171.13(7)
Mo(1)-0(3) 1.6954(18) 0(2)-Mo(1)-0(3) 105.68(8)
Mo(1)-N(3) 2.0695(16) 0(2)-Mo(1)-N(3) 79.64(6)
Mo(1)-N(1) 2.2422(16) 0O(1)-Mo(1)-N(3) 95.43(6)

2 Mo(1)-0(3) 1.9476(13) 0(4)-Mo(1)-N(3) 99.84(7)
Mo(1)-0(2) 2.3515(14) 0(2)-Mo(1)-0(1) 82.92(6)
Mo(1)-0(1) 1.7076(14) 0(4)-Mo(1)-0(2) 171.09(6)
Mo(1)-0(4) 1.6948(15) 0(1)-Mo(1)-0(4) 105.96(7)
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Table 3: Intermolecular interaction parameters (A and °) of complex 1 and 2.

Complex D—H----A D—H H----A D---:A D—H:----A
N1-H1:---02 0.88 2.158 3.003(3) 160.8
1 04-H4:---N3 0.84 1.957 2.796(3) 176.7
C3-H3B::-04 0.99 2.713 3.221(3) 112.32
C12-H12.--:01 0.950 2.705 3.336(3) 124.6
2 C11-H11..--03 0.950 2.694 3.639(3) 172.8
02-H2:::-N2 0.86(2) 1.85(2) 2.707(3) 176(2)
UV-Vis Spectra frequencies as 1566-1498 cm™. These

In order to follow the formation of the complex
and to determine at which wavelengths the
electronic transitions are, the UV-Vis absorption
bands of the compounds were recorded in
chloroform solution (3x10> M) between 200
and 800 nm. In the spectra of the L!-L* the
bands recorded at 240-243 nm belong to n—n*
transitions of 4-methoxy and 5-chloro
substituted aromatic rings (33, 35). The bands
at about 295, 305 (as shoulders) and 336-345
(broad) nm can attributed as n—n* transitions
originating from the non-bonding electrons of
thioamide and imine nitrogen atoms. In the
spectra of 1-4, the absorption bands seen at
252-254 nm and 302-303 nm were related to
the transitions of n—n* and n—n*. The ligand-
metal charge transfer transitions of the 1-4
were seen in range of 420-422 nm. The
forbidden transitions were not observed in the
spectra of complexes since they have 4d°
configuration (12, 27). The UV-Vis spectra of all
compounds were given in the supplementary
file (Figure S1-S4).

IR Spectra

In the IR spectra of L-L4, the bands belonging
to v(OH) were recorded at 3457-3310 cm.
This band disappeared after complexation.
Instead, bands belonging to the hydroxy group
originating from methanol, which is coordinated
to the metal center, were also observed at
3394-3276 cm. These values are lower than
the v(OH) frequency value of non-coordinated
of methanol molecule; 3682 cm™ (36). This
indicates that the methanol is coordinated. In
the spectrum of L!, the asymmetric and
symmetric v(NH2) vibration bands were
recorded at 3414 and 3310 cm™ respectively.
The fact that this band was observed as a single
band at 3228 cm™ in the spectrum of 1
supports deprotonation of the ligand. Also, the
o(NH) vibration of other ligands (L2-L%),
recorded at 3396-3228 cm, were disappeared
by complexation. The band belonging to the
C=N2 group was recorded between 1602-1599
cmtin the spectra of thiosemicarbazones. After
complexation, these bands shifted to lower

situations support the ONN coordination formed
by the removal of a hydrogen atom from the
thioamide group. In addition, for all
molybdenum complexes (1-4), the vas and vs
bands of cis-Mo0O2?* were recorded between
933-909 and 907-882 cm™ (12, 18). The IR
spectra of all compounds were given in the
supplementary file (Figure S5-S12).

1H-NMR Spectra

In the 'H-NMR spectra of L!-L4, the expected
isomeric peaks of phenolic hydrogen,
azomethine (CH=N!), N*H and also N/S-alkyl
protons were recorded with different isomeric
ratios. The signals of phenolic hydrogen
belonging to the 2-OH aldehyde appeared as
two singlets between 12.12-11.41 ppm due to
cis-trans isomerism. The absence of this peak in
the spectra of 1-4 clearly proves the bonding of
oxygen atom of aromatic moiety to the metal
center. The syn-anti isomerism of the
azomethine group, seen between 8.37-8.29
ppm, was not observed in the spectra of
complexes (18). Besides, the shifting of these
peaks to higher field indicates the coordination
through azomethine group (35). In the
spectrum of L! the band of the N“H, was
recorded in two proton integral at 5.08 ppm.
When its corresponding complex 1 spectrum
was examined, it was observed that this peak
shifted to a lower area at 6.90 ppm, and was in
a single proton integral. In the other complexes
2-4 spectra, there were no proton signals of
N4H group. This situation supports that the
thiosemicarbazones coordinate to the
molybdenum center with amide nitrogen. When
the spectra of all complexes (1-4) were
examined, the -CHs group protons of the
methanol, coordinated as second ligand, were
observed in the range of 3.48-3.47 ppm as
singlets or doublets. The reason why the signal
of the -OH group of methanol is not seen can be
considered as the proton becoming more acidic
due to intermolecular interactions (12, 33). The
'H-NMR spectra of all compounds were given in
the supplementary file (Figures S13-520).
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13C-NMR Spectra

In the '3C-NMR spectra of L!-L%, the signal of
the =CN-S was observed in the lowest field
between 164.26-165.35 ppm (37). When the
spectra of complexes (1-4) were examined, it
was observed that this signal shifted to about
10 ppm lower area. Also, the signals showed by
azomethine nitrogen (-CH=N) for
thiosemicarbazone ligands were recorded at the
range 159.87-163.40 ppm. A slight lowfield
shift in the azomethine resonance signal
observed in complexes is due to the
coordination of nitrogen atom. In addition, the
carbon signals belonging to the N-alkyl group
(N-CHs and N-CH»z-) were also shifted to the
lower area due to the coordination of the
thioamide nitrogen to the metal center. In all
compounds except L2 and 2, the signals
belonging to the methoxy group was observed
at approximately 58 ppm (38). No significant
change was observed with the complexation in
the signals belonging to the methoxy and S-
alkyl groups. The peaks appearing at 53.56-
57.05 ppm in the complex spectra belong to the
methanol molecule coordinated as second
ligand to the dioxomolybdenum(VI) center. The
13C-NMR spectra of all compounds were given in
the supplementary file (Figures S21-S28).

CONCLUSION

In this study, four dioxomolybdenum(VI)
complexes were prepared with new
thiosemicarbazone ligands having different

substituents on the aromatic ring, the amide
nitrogen and sulfur atoms to be used as models
in future biological studies. The structural
characterizations of all compounds were carried
out by using elemental analysis, UV-Vis, IR, 'H-
NMR and 13C-NMR spectroscopies. The
formation of dioxomolybdenum(VI) complexes
was observed with the band recorded around
420 nm in the UV-Vis spectra, and the
characteristic symmetric and asymmetric
stretch bands recorded between 933-909 and
907-882 cm! belonging to the Mo0>?* group in
the IR spectra. When the 'H-NMR spectra are
examined, the disappearance of the signals
belonging to the protons of the phenolic oxygen
and thioamide nitrogen supports the
coordination from these atoms to the metal
center. In addition, when both the 'H-NMR and
13C-NMR spectra of the complexes were
examined, the peaks of the methanol molecule
were clearly observed. The crystal structure of
two complexes (1, 2) were confirmed by X-ray
diffraction method. Crystal analysis of
complexes indicated a distorted octahedral
geometry. Comparison with complexes and
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previous reported similar molecules revealed
that the bonds and angles of complexes are
within the expected ranges. The
crystallographic and spectroscopic data of the
compounds clearly demonstrated the formation
of ONN coordinated dioxomolybdenum(VI)
complexes and binding to the metal center of
the methanol molecule as second ligand.
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