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Abstract: Cholest-5-en-3-ol is an organic compound that belongs to the category of steroidal secondary
metabolites. The compound has a double bond and a hydroxyl group and is commonly found in plants that
contain oils such as coconut, nuts, and others. So far, there have been no reports of isolating the
compound cholest-5-en-3-ol from the extract of the stem bark of the ulin plant. This compound has been
found in very small amounts. A maceration method was used to obtain the extract. The isolation method
used for the isolation of the compound was chromatography, while for the elucidation of the structure of
the compound, UV-Vis spectrophotometry, Fourier transform infrared spectroscopy (FTIR), and nuclear
magnetic resonance spectroscopy (NMR) were used. The ethyl acetate extract is the most abundant with
85.5 g. The isolation results were obtained as a white needle-like solid. Based on the spectra of UV-Vis
spectrophotometry, FTIR spectra, and chemical shifts of NMR, the elucidated compound is the cholest-5-en-

3-ol.
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1. INTRODUCTION

Ulin is one of the indigenous plants of Borneo Island
used by the Uud Danum Dayak people living around
the Ambalau River. The Uud Danum Dayak tribe of-
ten uses ulin leaves to treat fevers, tonics, stomach
aches, allergies, and postnatal care (1). Ulin is a
plant that is widely used in traditional medicine. A
decoction of the bark is used by the people of Kutai
and surrounding areas to treat diabetes, toothache,
stomach ache, fever, and gynecological problems.
In addition to using the ulin plant for furniture, the
people of Jambi traditionally use ironwood as a skin
medicine (2,3). The bark leaves, and seeds of the
ulin plant can be used to treat a variety of ailments.
The bark is commonly used for toothache, jaundice,
herbal postpartum treatment, and black hair treat-
ment. The leaves and roots can be used for post-
natal care, and the seeds can be used for treating
black hair (4).

Previously, the presence of secondary metabolites
in ulin plants has been reported by LC-MS and GC-

MS analysis, including N-cis-feruloyl typamine, 3'-
O-methylviolanone, 6-hydroxy-2-[2-(4'-meth-
oxyphe-nyl)ethyl] chromone, B-asarone, and eusid-
erin A (4,5). The isolation of compounds from the
methanolic extract of the stem bark has been repor-
ted previously. As for the five isolated compounds
contained in the bark of ulin plant, namely two neo-
lignan-derived compounds of benzodioxane type,
one bicyclo (3,2,1) octanoid neolignan compound,
one aporphine alkaloid-derived compound, and one
phenanthrene alkaloid-derived compound isolated
from the methanol extract (6). The stem bark of the
ulin plant was extracted using hexane and meth-
anol, but no steroid compounds were successfully
isolated. Therefore, an attempt was made to isolate
steroid compounds from the ethyl acetate extract of
the ulin plant stem bark.

Steroidal compounds have not been previously re-
ported in ulin plants. Some steroid compounds have
potential health benefits, such as preventing cancer
(anti-carcinogenic), acting as antioxidants, and
treating conditions such as hypoglycemia, allergies,

919



https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
https://orcid.org/0009-0005-3094-6360
https://orcid.org/0000-0001-6391-0069
https://orcid.org/0000-0003-2560-812X

Yulianti H et al. JOTCSA. 2024; 11(3): 919-924

asthma, rheumatism, and inflammation. Therefore,
the isolation of steroid compounds is carried out,
especially the cholest-5-en-3-ol compound.

2. EXPERIMENTAL

RESEARCH ARTICLE

Hexane, ethyl acetate, methanol, acetone,
dichloromethane, hydrochloric acid, chloroform,
distilled water, Liebermann-Burchard reagent, silica
gel, and a sample of the stem bark of the ulin plant
collected in the village of Selat, Jambi Province,
Indonesia, and identified in the Herbarium of
Andalas University (ANDA, Number
311/K-ID/ANDA/ IX/2020).

2.1. Material
Table 1: Characteristics of ulin plant.
Characteristics Name
Kingdom Plantae
Divisi Spermatophyta
Sub Divisi Angiospermae
Kelas Dicotiledoneae
Ordo Laurales
Family Lauraceae
Genus Eusideroxylon
Species Eusideroxylon zwageri Teijsm. & Binn

2.2, Apparatus

Glassware, separating funnel, dark-colored bottles,
aluminum foil, analytical balance (KERNABJ220-
4NM), test tube rack, dropping pipette, micro
pipette, white Whatman filter paper, grinder, water
bath, centrifuge, rotary evaporator (Heidolph
Laborota 4000), TLC plate, chromatographic
column, UV-Vis Spectrophotometer (Thermo
Scientific, Genesys 20), FTIR (UATR FTIR
PerkinElmer Frontier C90704 Spectrum IR Version
10.6.1), NMR (Bruker-Avance Neo 500 MHz).

2.3. Extraction

A dried sample of up to 5 kg was taken from Selat
village, Bulian Regency, Jambi Province. It was
macerated in stages with various solvents, starting
with n-hexane, ethyl acetate, and methanol.

2.4. Identification of Steroids in Ethyl Acetate
Extract

The ethyl acetate extract is dissolved in a mixture
of chloroform and water (1:1 v/v) until a layer is
formed. The bottom layer was dripped onto the drip
plate, and Liebermann-Burchard reagent was
added.

2.5. Isolation of Steroidal Compounds

Isolation begins with thin-layer chromatography
(TLC), which is an initial screening to determine the
type of eluent to be used for isolation by column
chromatography. A small amount of ulin extract is
dissolved in the solvent used, then the sample is
spotted onto the TLC plate and placed in a vessel
saturated with the eluent. The TLC plate is left in
the vessel until the eluent reaches a predetermined
limit mark. The TLC plate is then removed from the
vessel, air dried, and then irradiated under an
ultraviolet lamp at a wavelength of 254 nm and 365
nm to make the spots on the TLC plate more
visible.

A sample of 60 g was isolated by column chromato-
graphy using the SGP system. The eluate collected
in a vial (10 mL) was examined for the color pattern
on TLC. The same color pattern was combined to
obtain several fractions. The fraction with a simple
color pattern was tested for purity and melting point
using a melting point apparatus.

2.6. Characterization of Steroidal Compounds
The compounds obtained were analyzed with UV-
Vis, FTIR, 'HNMR, *CNMR, HMQC, HMBC, and DEPT.

3. RESULTS AND DISCUSSION

3.1. Extraction

The vyield of n-hexane extract was 60 g (1.2%
yield), 85.5 g of ethyl acetate extract (1.7% vyield),
and 121.4 g of methanolic extract (3.2% vyield).

3.2. Identification of Steroids in Ethyl Acetate
Extract

Identification results using the Libermann-Burchard
reagent produced a green color on the drop plate,
indicating the presence of steroidal compounds in
the ethyl acetate extract.

3.3. Isolation of Steroidal Compound

The isolation procedure is shown in Figure 1.
Separation of 60 g of ethyl acetate extract of ulin
stem bark using gravity column chromatography
with a silica gel stationary phase with a solvent
gradient polarity (SGP) eluent system. The falling
eluate was collected in 100 mL vials. The eluates
were analyzed by TLC at 5 intervals, and those with
the same color pattern were combined. After
combining, four fractions (A-D fraction) were
obtained.
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Figure 1: Schematic of the isolation of steroidal compound.

Fraction C was purified using liquid vacuum
chromatography with a maximum of 10 grams due
to its simpler stain pattern compared to the other
fractions. The eluate was collected in a 100 mL vial
and separated into 5 subfractions (subfractions C1-

C5) using a TLC plate with the same stain pattern.
Additionally, the C1 subfraction of 0.787 grams was
subjected to column chromatography for further
purification.

Figure 2: Needle-like solid obtained.

Subfraction C1 was selected due to its simple stain
pattern compared to other subfractions, and the
fact that the eluate was collected in a 10 mL vial.
The same eluate was combined into sub-
subfractions (C1.1-C1.9). In sub-subfraction C1.2, a
white needle-like solid was observed (Figure 2),
which led to further purification of the C1.2 sub-
fraction through recrystallization.

The solids tested using TLC with an eluent of
hexane and ethyl acetate in a ratio of 8.5:1.5
showed a stain pattern that appeared as a single
bluish-green color after being sprayed with
Lieberman-Burchard reagent and heated (refer to
Figure 3) (7). The compound obtained was tested
for its melting point, which was found to be 148-
150 °C. Therefore, it can be concluded that the
compounds isolated are a group of steroid
secondary metabolites (8,9).
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Figure 3: The structure of the cholest-5-en-3-ol.

3.4. Compound Characterization

White powder, UV-Vis A 207 nm. IR (KBr) v max
3361.20, 2932.94, 2862.79, 1669.38, 1455.35,
1042,05 cm™; 'H-NMR (d6, 500 MHz, &, ppm) ou
1.828 (H-1, d, J=1.48, 2H), 1.750 (H-2, t, J = 2.15,
2H), 3.364 (H-3, d, J = 0,88), 2.181 (H-4, t, J =
2.41 and 1,48, not observed), 5.282 (H-6, d, J =
1.00), 1.918 (H-7, dd, J = 1.48 and dd, J = 1.40,
not observed), 1.953 (H-8, q, J = 1,37), 0.927 (H-
9, d, J = 0.61), 1.534 (H-11, s, J = 1.38, 2H),
1.196 (H-12, t, J = 2.46 and 1.62, not observed),
1.114 (H-14, s, J = 1.62), 1.559 (H-15,t, J = 1.62
and 0.61, not observed), 1.848 (H-16, t, J = 2.15,
2H), 1.236 (H-17, s, J = 1.62), 0.693 (H-18, s, J =
2.64), 0.939 (H-19, d, J = 3.50), 1.171 (H-20, dd,
J =1.37), 0.840 (H-21, dd, J = 3.69), 2.292 (H-22,
s, J =2.41, 2H), 1.274 (H-23, t, J = 2.46 and 1.38,
not observed), 1.188 (H-24, dd, J = 2.57, 2H)
1.953 (H-25, dd, J = 1.48), 0.810 (H-26, dd, J =
3.38), 0.694 (H-27, s, J = 2.64); “*C-NMR (d6, 500
MHz) &. 37.407 (C-1) 31.667 (C-2) 70.878 (C-3)
42.504 (C-4) 141.524 (C-5) 120.743 (C-6) 31.801
(C-7) 31.945 (C-8) 50.375 (C-9) 36.485 (C-10)
20.964 (C-11) 39.835 (C-12) 42.254 (C-13) 56.825
(C-14) 24.122 (C-15) 28.144 (C-16) 55.980 (C-17)
11.452 (C-18) 19.275 (C-19) 36.111 (C-20) 18.977
(C-21) 33.855 (C-22) 22.909 (C-23) 39.720 (C-24)
31.878 (C-25) 20.628 (C-26) 20.859 (C-27).

3.5. UV-Vis

UV-Vis spectrophotometry was performed in the
range of 190 - 500 nm. The measurements
revealed a strong absorption peak at a wavelength
of 207 nm, indicating the presence of a non-
conjugated double bond (C=C) due to the n — n*
electronic transition. This was further confirmed by
a thin layer chromatography test, where the eluted
TLC plate did not show any fluorescent stains upon
irradiation with a UV356 nm lamp (10,11).

3.6. FTIR

The FTIR spectrum of the isolated compound
displays absorption at the wavenumber 3361.20
cm, indicating the presence of hydroxyl groups (-

OH). Technical abbreviations have been explained
upon first use. This is confirmed by the absorption
wave number of 1042.05 cm™, which indicates the
presence of the C-O group. The strain between
oxygen and hydrogen is also evident. In the
absorption spectrum, wave numbers 2932.94 cm™
and 2862.79 cm™ indicate the presence of primary
and secondary aliphatic C-H groups, as evidenced
by the symmetric stretching. The bending at wave
number 1455.35 cm™ is the area for C-H alkane
groups. The absorption at wave number 1669.38
cm™ indicates the presence of an unconjugated C=C
double bond, while there is no absorption at a
wavelength of 1500 cm™. Based on the spectrum
results, it was concluded that the isolated
compounds are steroid secondary metabolites. This
is supported by the presence of hydroxy groups (-
OH) and unconjugated double bonds (10,12).

3.7. NMR

The Nuclear Magnetic Resonance (NMR) used in
analyzing the structure of the isolated results,
namely *C-NMR, aims to determine the number of
carbon atoms and their types in compounds isolated
from 'H-NMR, which aims to determine the number
of protons or hydrogen atoms and the type of
chemical environment.

The compound was analyzed using *C-NMR (100
MHz) and DEPT 135, revealing the presence of 27
carbon atoms. A carbon signal was observed at
70.878 ppm (C3) in the *C-NMR spectrum, which is
suspected to be bonded to a hydroxyl group (-OH).
This was supported by FTIR spectral data, which
showed an absorption wave number of 3361.20 cm~
!, indicating the presence of a hydroxyl functional
group (-OH). The IR spectrum shows an absorption
wavenumber of 1669.38 cm™, indicating the
presence of a double bond. This is supported by the
carbon signals at chemical shifts of 120.743 ppm
(C-6) and 141.524 ppm (C-5). The chemical shifts
at *C-NMR and 'H-NMR can be compared with
those found in the literature (Table 2) (10,13).

922



Yulianti H et al. JOTCSA. 2024; 11(3): 919-924

RESEARCH ARTICLE

Table 2: 'H-NMR (500 MHz, d6) and *C-NMR (500 MHz, d6) isolated compounds and cholest-5-en-3-ol
comparatory literature data.

13 H 13 1
Number of DEPT C NMRisolated .., \ymMp isolated _C-NMR — 'H-NMR
Carbon 135 compounds compounds (ppm) Literature Literature
(ppm) (ppm) (ppm)
C1 CH; 37.407 1.828 (2H) 37.2
C2 CH. 31.667 1.750 (2H) 31.6
C3 CH 70.878 3.364 71.8 3.524
Cc4 CH, 42.504 2.181 (not observed) 42.3 2,280
C5 C 141.524 - 140.6
C6 CH 120.743 5.282 121.4 5.349
c7 CH, 31.801 1.918 (not observed) 31.9
C8 CH 31.878 1.953 31.9
C9 CH 50.375 0.927 50.2
C10 C 36.485 - 36.5
C11 CH. 20.964 1.534 (2H) 21.1
C12 CH, 39.835 1.196 (not observed) 39.8
C13 C 42.254 - 42.3
C14 CH 56.825 1.114 56.8
C15 CH: 24.122 1.559 (not observed) 24.3
Cile CH. 28.144 1.848 (2H) 28.3
C17 CH 55.980 1.236 56.1
C18 CHs 11.404 0.693 11.9 0.677
C19 CHs 19.275 0.939 19.4 1.006
Cc20 CH 36.111 1.171 35.8
C21 CHs 18.977 0.840 18.7 0.915
c22 CH, 33.855 2.292 (2H) 36.2
Cc23 CH. 22.903 1.274 (not observed) 23.8
C24 CH. 39.720 1.188 (2H) 39.5
C25 CH 31.878 1.953 28.0
C26 CHs 20.628 0.810 22.6 0.867
C27 CHs 20.859 0.694 22.8 0.862

Based on Table 1, the isolated compound is cholest-
5-en-3-o0l, as evidenced by the chemical shifts of
13C-NMR and *H-NMR, which are similar to the shifts
of *C-NMR and *'H-NMR of the compound in the
literature.

4. CONCLUSION

The compound cholest-5-en-3-ol was isolated from
ulin plants using maceration and chromatography
methods. The ulin plant stem bark was the initial
source of this compound. After maceration, three
extracts were obtained: methanol, ethyl acetate,
and methanol. Ethyl acetate extracts were chosen
for further isolation as they had not been previously
isolated. The isolation product was a white needle-
like solid. The compounds were characterized using
UV-Vis, FTIR, 'HNMR, '*CNMR, and DEPT to
determine the number and type of protons and
carbons and the position of the compound
structure.
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Abstract: Plastic waste is increasingly piling up because it is not easily destroyed by rain, sunlight, or
microbes that live in the soil, thereby it increases environmental damage such as soil pollution. One of the
solutions to overcome the problem of using plastic is bioplastic technology. In this study, we aimed to prepare
and characterize the physicochemical of bioplastics from different vegetable waste such as green spinach
(GS), water spinach (WS), and moringa (M). The preparation of bioplastics was carried out with two variants:
the vegetable waste as the base material/PVA and coating with polyeugenol (PEU). Physicochemical analysis
of bioplastics includes surface observation by scanning electron microscopic (SEM); crystallinity by X-Ray
diffraction (XRD); identification of functional groups by Fourier transform infra-red (FTIR); thermal
characteristics analysis by thermogravimetric analysis (TGA), differential thermal analysis (DTA), and
differential scanning calorimetric (DSC); and analysis of mineral composition by atomic absorption
spectroscopy (AAS) techniques. Analysis by SEM showed that the smoothest surface was WS/PVA coating
with polyeugenol (PEU) compared with other vegetable waste. The characterization results showed that the
obtained bioplastic had good heat resistance up to 200 °C. XRD analysis showed that vegetable waste/PVA
coated with PEU increases the crystallinity and the highest crystallinity value was M/PVA coated with PEU.
The FTIR results showed the presence of C-H alkanes, C=0 carboxylic acids, OH alcohols, and C-H alkenes
and the spectra are similar between GS, WS, and M. Analysis by AAS showed that the bioplastic produced
contained some micro and macronutrients including Ca, Cu, Fe, K, Mg, Mn, Na, and Ni and only the mineral
Cu was not found in M. Thus, bioplastic from vegetable waste/PVA and coating with PEU were potentially
used as mulch and packaging material.

Keywords: Bioplastic, Vegetable waste, Polyvinyl alcohol, Polyeugenol, Characterization.
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1. INTRODUCTION

Polymers are a class of chemicals that are widely
used in everyday life and industry. Polymers that are
widely used are plastic, rubber, fibre, and nylon (1).
The use of plastic has expanded and touched almost
all areas of life. Various products and equipment are
made from this material because it is considered
more economical, not easily broken, flexible, and
lightweight. One example of a product made from
plastic that is most often used by the public is plastic
bags and equipment (2). Plastics have become an
important necessity and their usage continues to
increase. But despite these benefits, plastic is a
problem for the environment.

The use of plastic as a packaging material and other
equipment has caused environmental problems.
Plastic waste is increasingly piling up because it is not
easily destroyed by rain, sunlight, or microbes that
live in the soil, thereby it can increase environmental
damage such as soil pollution. One of the solutions
to overcome the problem of using plastic is bioplastic
technology. Bioplastics are plastics that are used like
conventional plastics but are easily degraded
naturally by microorganisms (3). Bioplastics can be
developed by utilizing natural resources. The
materials used in the manufacture of bioplastics are
polymer compounds found in plants such as starch,
cellulose, and lignin (4).
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The utilization of food waste as a source of bioplastic
feedstock is a highly sought-after result, (5) as it can
significantly improve the sustainability of our
economy following one of the circular economic
paradigms: the substitution of plastics resulting from
non-renewable sources with biodegradable
bioplastics and/or derived from renewable sources
(6). An example of conversion of biomass and food
waste into modern biodegradable plastics are starch-
based plastics, biopolymers and immerse such as
polylactic acid, or materials synthesized from
biomass such as PHA (7). Proteins have also recently
been proposed as structural and functional
biopolymers, taking advantage of their
biocompatibility and various fabrication strategies

(8).

Several researchers have studied the preparation
and characteristics of bioplastics, including research
on bioplastics from carrot, parsley, turnip, and
cauliflower vegetable waste whose characteristics
showed mechanical properties similar  to
polypropylene (PP) and starch-based bioplastics (9),
mainly preparation and characterization bioplastic
from starch. Among various synthetic polymers,
polyvinyl alcohol (PVA) is one of the best choices
because of its water solubility and biodegradability
(10). On the other hand, eugenol is the main
component of clove leaf oil which is mainly produced
in Indonesia and polyeugenol (PEU) can be
synthesised quickly, and easily, and has strong
antibacterial and antioxidant activity (11).

This study aims to prepare and characterize the
physicochemical properties of bioplastics derived
from various vegetable wastes, including green
spinach (GS), water spinach (WS), and moringa (M)
added with PVA and polyeugenol (PEU). To the best
of our knowledge, there have not been any reports
on the preparation and characterization of
physicochemical of GS, WS, and M vegetable waste
added with PVA and PEU using SEM, FTIR, XRD, TGA,
DSC, DTG, and AAS. This research database can be
useful for designing and manufacturing bioplastic
materials.

2. EXPERIMENTAL SECTION

2.1. Material and Methods

Eugenol (99.99% purity; obtained from Happy Green
Co.), vegetable waste from GS, WS, M (Obtained
from local market in Palu, Central Sulawesi), distilled
water (Obtained from Organic Laboratory, Palu, Cen-
tral Sulawesi), concentrated sulfuric acid, glacial ace-
tic acid, methanol (p.a), ethyl acetate, n-hexane, an-
hydrous sodium sulfate, and PVA (all were obtained
from Sigma-Aldrich).

2.2. Preparation of Bioplastic

2.2.1. Samples

One kilogram of WS waste is used as one of the
samples. The samples were then properly cleaned,
chopped into little pieces, and dried for two to three
days. Then, using an 80-mesh screen, mix the
leftover vegetable waste until it is smooth. The useful
vegetable waste powder is available.

RESEARCH ARTICLE

2.2.2. Synthesis of Bioplastic Films from Vegetable
Waste

The glaical CH3COOH was diluted to prepare a 1M
CH3COOH solution in water. Water vegetable powder
was dissolved in a CH3COOH solution at a concentra-
tion of 1 g of powder, and then it was vigorously
stirred to hydrolyze in 20 mL of 1 M CH3COOH solu-
tion. The vegetable dispersion was swirled on a hot-
plate at 70 °C for 6 hours to prevent temperature
changes, then printed and allowed to cure for around
48 hours at room temperature on a Petri plate. 0.5 g
of dry sample was mixed with 0.5 g of PVA in 20 mL
of distilled water then stirred at 80 °C for 2 hours
then cast in a petri dish, and then the solvent was
evaporated at room temperature until it was dry.

2.2.3. PEU Synthesis

10 g of eugenol was weighed in a 250 mL beaker.
Then 2.5 mL of H,S04-CH3COOH as a catalyst in a
ratio of 4:1 (monomer: catalyst) was added
gradually into the beaker while continuously stirring
(room temperature, £ 5 minutes) using a magnetic
stirrer. Polymer formation was indicated by the
release of thick white smoke and the presence of
polymer formed on the walls of the beaker. To
quench polymerization, 4 drops of methanol was
added onto the polymeric crude. Then the crude was
left for 24 hours at room temperature until the
polymer solidified and dried. Then 40 mL of ethyl
acetate and 40 mL of n-hexane were added to from
PEU. The mixture was then shaken until the PEU was
completely dissolved. Afterwards, it was put into a
250 mL separatory funnel, then 100 mL distilled
water, was then shaken and stored for 24 hours until
two layers were formed. The bottom and top layers
were separated and the top layer was washed for 3
times using distilled water. The top layer which is
insoluble in water, PEU was dried over 1 g anhydrous
Na;SO04 and filtered using a glass funnel. Then the
filtrate was placed in a Petri dish and stored at room
temperature for 48 hours.

2.2.4. Preparation of Vegetable Waste/PVA/PEU
Bioplastics

Mix bioplastic with PVA in a ratio of 50%:50%, where
PVA samples were weighed at 0.5 grams, and
bioplastic was weighed at 0.5 grams and the mixture
was redissolved in 20 mL of distilled water and stirred
for 1 hour at 75 °C. Then, the mixture was poured
onto a petri dish and let it sit for 24 hours at room
temperature. Afterwards, polyeugenol was dissolved
in 10 mL of ethyl acetate and sprayed onto the
mixture with the best results from the previous
treatment.

2.3. Characterization

2.3.1. Surface morphology analysis using SEM
Using a scanning electron microscope (JSM-6510LA),
the bioplastics' microstructural examination was
completed. After being submerged in liquid nitrogen,
two distinct samples, each measuring 0.5 cm?, of
each bioplastic were randomly fractured to examine
the surface of the samples. Double-sided adhesive
tape was used to secure the cryo-fractured samples
to the support after they had been mounted on
aluminium stubs. Lastly, samples were coated with
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gold palladium and monitored at a working distance
of 10 mm and an accelerating voltage of 10 kV.

2.3.2. Functional group analysis using FTIR

A Thermo Scientific Nicolet iS10 was used to do the
FTIR measurements. One light microscope with an
auto image connection and one spectrometer. The
samples of bioplastics were used for these studies.

2.3.3. X-Ray Diffraction (XRD) Analysis

The bioplastic samples were observed with Rigaku-
Nex QC X-ray diffractometer (XRD) at a static
position using a Cu Ka radiation source (A=1.5418
Ao) with operating conditions at 40 kV, 30 mA, angle
20 = 10 - 60 and scan speed 20/min.

2.3.4. Micro and Macro Mineral Analysis with AAS

The atomic absorption spectroscopy (AAS) Shimadzu
was used to do mineral analysis. The samples of
bioplastics were used for these studies and the
mineral analysis is Ca, Cu, Fe, K, Mg, Mn, Na and Ni.

2.3.5. Thermal analysis with TGA, DTA and DSC
The thermal characteristics of TGA, DTA and DSC
analyses were carried out in the Shimadzu

S Vegetable Waste

Blending with PVA

‘WS Vegetable Waste

M Vegetable Waste
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instrument. The specimen weighed between 10 and
25 milligrams, and its temperature rose by 5 degrees
Celsius every minute from 30 to 550 degrees Celsius.

3. RESULTS AND DISCUSSION

3.1. Preparation of Bioplastics from Vegetable
Waste

Bioplastics were made using an environmentally
friendly water-based method using 0.1M CH3COOH
and blending with PVA using water solvent. The
coating with PEU is carried out using the spray
method. From vegetable waste which is useless and
pollutes the environment, it was made into bioplastic
which is useful and environmentally friendly because
it can significantly increase the sustainability of our
economy following one of the circular economy
paradigms: the substitution of plastic produced from
non-renewable sources with bioplastic which can
decompose and/or come from renewable sources. All
6 samples were made consisting of 3 samples in the
form of samples with PVA added and 3 samples
coated with PEU. The scheme for making bioplastic
can be seen in Figure 1.

=

Coating with PEU

Environmentally
Friendly Functional
Bioplastics

M

Environmentally
Friendly Functional
Bioplastics

Figure 1: Preparation scheme of bioplastic from vegetable waste.

3.2. Characterization

3.2.1. Surface Morphology

To determine the surface morphology of the resulting
bioplastics, analyses were carried out using SEM
tecnhique. The results of the analyses can be
described as follows:

The surface morphology images of the bioplastic
samples were recorded with an SEM instrument with
a magnification of 3000 times as shown in Figure 2.
All samples showed a smooth surface, no pores, and

some small parts that were less smooth. Adding PVA
as a plasticizer improves compatibility, good disper-
sion, and a homogeneous mixture (12). Coating with
PEU makes the resulting bioplastic surface smoother
and more homogeneous. The less refined bioplastic
part of vegetable waste is caused by an imperfect
agglomeration process this can be seen from all the
samples in the picture above, except for the bio-
plastic sample from WS waste /PVA/PEU whose sur-
face structure is very smooth.
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Figure 2: The SEM analyses of: A. GS/PVA, B. GS/PVA/PEU, C.WS/PVA, D.WS/PVA/PEU, E. M/PVA,
F.M/PVA/PEU.

3.2.2. Bioplastic Function Group Analysis

To find out the functional groups contained in
bioplastics, analysis was done using FTIR and the
results of the analysis can be seen in Figure 3. The
FTIR spectra analysis shows that there is a similarity
between the bioplastic spectra of GS waste, WS
waste, and M waste likewise with the addition of
vegetable waste with PEU. The results of the FTIR
analyses showed that there is absorption at 2966.52
cm! so the band that appears in the range of 2850-
2970 cm! is the C-H Alkane group (13). The C-C, C-
O, and COOH (carboxylic acid) bonds can be
identified by the appearance of an energy band
between 800 and 1300 cm™ (14,15). In the results

obtained, the visible group is at 1050-1300 cm™. An
absorption of 1000-1300 cm- shows a typical area
of the C-O ether group. The presence of the C-O
ether group indicates the ability to decompose (16-
18). Absorption in the 3500 cm™! region indicates the
presence of OH groups. The OH group is hydrophilic
because water molecules can cause microorganisms
in the environment to enter the bioplastic matrix
thereby it damages the bioplastic (19,20). The band
that appears in the range of 675-995 cm! indicates
the presence of the C alkene group. Wiercigroch et
al. (2017) (20) also found that the energy band at
926 cm! is a glycosidic bond in carbohydrates.
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Figure 3: The FTIR spectra bioplastics sample: A. GS/PVA, B. GS/PVA/PEU, C. WS/PVA, D. WS/PVA/PEU,
E. M/PVA, F.M/PVA/PEU.

3.2.3. X-Ray Diffraction (XRD) Data Analysis

The XRD spectra showed two combinations of
bioplastics (vegetable waste/PVA) and (vegetable
waste/PVA/PEU) (Figure 4). The diffractogram
pattern of each sample has different intensities at
each angle and has peaks marked by sharp curves.
These peaks are known as crystal regions (21). From
the diffractogram image, it can be shown that
bioplastic from vegetable waste/PVA and the addition

of PEU is a material that is amorphous and
crystalline. The crystallinity value of bioplastics from
vegetable waste/PVA increased with the addition of
PEU (Table 1). Based on the results of previous
research (22) using XRD, PEU shows peaks which are
crystalline areas, so it is concluded that PEU has a
crystalline form so that the addition of PEU increases
the crystallinity of the bioplastic samples.

M

—— GS/PVA

—— WS/PVA

—— M/PVA

—— GS/PVA/PEU

= WS/PVA/PEU
—— M/PVA/PEU

—

e e —

I ' I * T
10 20 30

Theta (o)

T L T
40 50 60

Figure 4: The XRD spectra of GS, WS and M vegetable waste/PVA and coating with PEU.
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Table 1: The crystallinity of bioplastic from vegetable waste/PVA and coating with PEU.

Bioplastics Crystallinity (%)
GS/PVA 36.2
GS/PVA/PEU 42.7
WS/PVA 39.0
WS/PVA/PEU 41.7
M/PVA 40.8
M/PVA/PEU 42.9

3.2.4. Micro and Macro Mineral Analysis with
AAS

Furthermore, an analysis of the mineral composition
of the selected materials was carried out using AAS
to see the bioplastic potential of vegetable waste for
application in fertilization. Table 2 shows that the
bioplastic material developed from vegetable
waste/PVA has the amount of micro and
macronutrients needed for plant growth which can be

used as a natural fertilizer. In this way, bioplastic can
be used as film mulch which will reduce the use of
inorganic fertilizers which are associated with
environmental pollution and provide opportunities for
the development of more sustainable agricultural
systems. Vegetable waste is naturally rich in organic
and mineral materials so the application of bioplastic
from GS, WS, and M vegetable waste as mulch is
very promising.

Table 2: The mineral compositions (mg per kg).

Mineral Amount (mg per kg)

Bioplastics  —— Cu  Fe K Mg Mn Na Ni
GS/PVA 10600.00 5.81 202.17 2.71 4442.53  23.64  4093.69  324.62
WS/PVA 7095.36  0.09 105.33 1.51 1975.06 65.67 6933.99  50.07
M/PVA 12000.00 0 76.40  4478.64 2392.23 33.82 4879.16  118.33

3.2.5. Analysis of Bioplastics with TGA, DTA and
DSC

Thermal analysis includes calorimetric differential
thermal analysis (TG/DTA). TGA analysis was aimed
at analyzing the loss of mass and weight due to
thermal degradation. At the same time, DTA analysis
aims to analyze the melting point of polymers or
materials involved in endothermic exothermic
processes (23). The temperature is adjustable from
31.22 to 552.35 °C. The heat of decomposition is
shown in Figure 5. The results show that thermal
decomposition occurs at temperatures below 155.46
°C due to the loss of light substances such as water.
GS/PVA/PEU samples reduced weight by 84.68% at
552.26 °C. A 50% weight loss occurs at the
temperature of 359.97 °C. The WS/PVA/PEU sample
lost 92.60% at 548.97 °C and 50% weight loss at
325.79 °C. In addition, the M/PVA/PEU sample had a
change of 86.20% at the temperature of 552.13 °C.
GS/PVA/PEU samples were more heat stable than
WS/PVA/PEU samples and M/PVA/PEU samples were
more heat stable than WS/PVA/PEU samples. The
breakdown of polysaccharides and the evaporation of
light compounds and water occurs at this stage.
Thermal properties were also analyzed by DTA (24).
The results for all samples are shown in Figure 5. At
this point, all samples behave on most of the same
curves, with four peaks for the exothermic signal.
The first endothermic peak refers to the glass
transition temperature (Tg). The second endothermic
peak also refers to the melting point (Tm). Samples
of GS/PVA/PEU Tg 129.83 °C. The GS/PVA/PEU
sample had the highest glass transition temperature

of 129.83 °C. All samples had Tg between 125.73 °C
and 129.83 °C. The highest Tm was obtained at
196.64 °C for the M/PVA/PEU sample. These results
were comparable to those that were obtained from
XRD in which the GS/PVA/PEU samples had more
crystallinity than WS/PVA/PEU samples and
M/PVA/PEU samples had more crystallinity than
WS/PVA/PEU samples.

4. CONCLUSION

Biopolymers from vegetable waste/PVA were
successfully prepared by casting from a solution and
coating with PEU wusing the spray method.
Characterization using SEM shows that the resulting
bioplastic has a smooth surface and no pores. The
results of FTIR analysis show the presence of C-H
Alkane groups, C-C, C-O, and C-O-H bonds
(carboxylic acids) and OH. Samples analyzed by XRD
showed that the bioplastic produced was
semicrystalline. Contains macro and micro minerals
and has good heat stability. Based on the
characterization results, this bioplastic has the
potential to be applied as mulch and food packaging.
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Figure 5: TGA, DTA and DSC analysis result curves for bioplastic samples from vegetable waste: A. GS
(top), B. WS (middle), C. M (bottom) added with PVA and PEU.
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Abstract: Coumarins are a class of naturally occurring compounds found in various plants, fungi, and
microorganisms, each with a unique chemical profile. These compounds exhibit a broad range of bioactivities,
including antithrombotic, anti-inflammatory, antioxidant, antimicrobial, antiviral, anticancer, and
neuroprotective properties. The effective extraction of coumarins, facilitated by methods such as maceration
and microwave-assisted extraction, is integral to unlocking their potential across various applications.
Nevertheless, safety and toxicology considerations assume paramount importance, particularly in
pharmaceuticals, cosmetics, and food additives. While moderate dietary consumption of coumarin-rich foods
is generally safe, excessive intake, whether through foods or supplements, raises concerns linked to
hepatotoxicity and photosensitivity. Notably, specific coumarin derivatives, including the widely used
anticoagulant warfarin, necessitate precise dosing and vigilant monitoring to mitigate the risk of bleeding
complications. In conclusion, the versatile biological activities of coumarins underscore their significance; yet,
their safety and toxicity profiles are contingent on multiple factors, encompassing compound type, dosage,
and individual susceptibility. This review provides a holistic understanding of coumarins, encompassing their
natural origins, biosynthesis, bioactivity spectrum, extraction techniques, and insights into safety, and
toxicology.
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1. INTRODUCTION

Coumarins, a class of natural compounds
characterized by their benzopyrone structure, have
been the subject of significant scientific interest and
research due to their widespread occurrence in
nature and diverse biological activities (1). These
compounds, originally identified in tonka beans
(Dipteryx odorata) and later found in various plants,
fungi, and microorganisms, have demonstrated a
wide range of pharmacological properties, making

them intriguing candidates for applications in
pharmaceuticals, food additives, cosmetics, and
beyond (2).

The intriguing chemical structure of coumarins

consists of a benzene ring fused to an a-pyrone
(benzopyrone) ring, creating a scaffold with distinct
electronic and steric properties. This structural

arrangement confers upon coumarins a remarkable
ability to interact with a myriad of biological targets,
resulting in their diverse bioactivity spectrum (3).
The presence of coumarins in edible plants and their
established usage in traditional medicine practices
have long hinted at their potential health benefits

(4).

Natural sources of coumarins are abundant and
encompass a wide array of botanical species. Plants
such as cinnamon, sweet woodruff, and sweet clover
are renowned for their coumarin content. Coumarins
are distributed across various plant parts, including
flowers, seeds, and leaves, with distinct classes such
as pyranocoumarins and furanocoumarins contri-
buting to their molecular diversity (5). Fruit and
flowers often exhibit higher coumarin concentrations
compared to other plant parts, rendering them
noteworthy sources for isolation and analysis (6).

933


https://doi.org/10.18596/jotcsa.1419322
mailto:fatima.almousa1998@gmail.com
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org
https://orcid.org/0000-0001-6645-5487
https://orcid.org/0000-0003-4087-4944

Elmusa F and ElImusa M. JOTCSA. 2024; 11(3): 933-944

Beyond plants, coumarins have also been identified
in  microorganisms, further expanding their
biogeographical distribution. Fungi, in particular,
have vyielded coumarin derivatives from species
isolated in diverse ecological niches (7). These
coumarins, typically encountered as secondary
metabolites in plants and microorganisms, serve
essential functions in protecting against various
environmental threats, including herbivores and
pathogens (8).

The pharmacological importance of coumarins is
undeniable. These compounds have demonstrated a
myriad of bioactivities, including antithrombotic,
anti-inflammatory, antioxidant, antimicrobial, anti-
viral, anticancer, and neuroprotective effects (1).
Such a versatile pharmacological profile has spurred
extensive research into their potential therapeutic
applications. Coumarins have found utility in the
treatment of various medical conditions, with some
derivatives serving as anticoagulants to prevent
blood clot formation (9). Additionally, their
antioxidant properties make them attractive
candidates for the development of novel therapies
aimed at mitigating oxidative stress-related diseases
(10).

In the context of food and cosmetics, coumarins have
been explored as natural additives and functional
ingredients. Their fragrance and flavor-enhancing
properties have led to their incorporation into
perfumes, and food products (11). Furthermore,
coumarins have shown potential in the cosmetic
industry due to their skin-lightening and antioxidant
effects (12).

While coumarins offer remarkable promise, they are
not without their challenges and risks. Excessive
consumption of coumarin-rich foods or dietary
supplements has raised concerns regarding potential
adverse effects, including hepatotoxicity and
photosensitivity (13). The delicate balance between
their beneficial bioactivities and potential health risks
underscores the need for a comprehensive
understanding of coumarins' safety and toxicology
profiles.

This mini-review endeavors to provide an overview
of coumarins, encompassing their natural sources,
biosynthesis, bioactivities, extraction methods, and
safety considerations. We aim to shed light on the
multifaceted world of coumarins, offering insights
into their potential applications, while emphasizing
the importance of responsible use and vigilant
monitoring to harness their benefits effectively.

2. NATURAL SOURCES OF COUMARINS

Coumarin is present in numerous vegetables, fruits,
spices, and herbs, as illustrated in Figure 1. Within
plants, coumarins are distributed across various
plant parts, including flowers, seeds, and leaves (5).
They exhibit varying concentrations and molecular
diversities, with distinct classes such as
pyranocoumarins  (linear and angular) and
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furanocoumarins (linear and angular) (5). Generally,
fruit and flowers contain higher coumarin
concentrations compared to roots, stem bark, leaves,
and seeds (6). Table 1 offers an overview of
coumarin and its derivative classes, their isolation
from various plant sources, as well as pertinent
details such as the source parts and isolation
methods, along with the number and types of
coumarins identified.

In addition to plants, coumarin and its derivatives
have been discovered in microorganisms. In a 2015
study, J. Wang et al. reported the isolation of a novel
coumarin derivative from two fungal species found
along the shores of the South China Sea, which they
subsequently co-fermented (14). Similarly, Uma-
shankar et al. published a study in the same year
where they extracted three coumarin compounds
from Alternaria mushrooms isolated from the leaves
of Crotalaria pallida (15). In a 2020 investigation, a
new coumarin derivative was identified, along with

pyron-derived compounds, in the Aspergillus
versicolor fungal strain isolated from Coridius
chinensis (16). These coumarins, typically

encountered as secondary metabolites in plants and
microorganisms, serve a critical function in defending
against various threats (6).

3. BIOSYNTHESIS OF COUMARINS

Plants synthesize many phenolic compounds (37).
These synthesized compounds are classified into four
distinct groups according to their carbon scaffolds: 1)
phenolic acids (C6-C1), 2) hydroxycinnamic acids
(HCs, C6-C3), 3) stilbenes (C6-C2-C6), and 4)
flavonoids (C6-C3-C6). The hydroxycinnamic acids
class includes p-coumaric acid, caffeic acid, and
ferulic acid (38). Phenolic compounds, including p-
coumaric acid, caffeic acid, and ferulic acid, are
synthesized in plants from phenylalanine or tyrosine
through the activity of phenylalanine ammonia lyase
(PAL) or tyrosine ammonia lyase (TAL) enzymes. The
biosynthesis of coumarins, as depicted in Figure 2,
involves the conversion of phenylalanine and
tyrosine using PAL or TAL, followed by enzymatic
reactions catalysed by 4-cinnamic acid: coenzyme A
ligase (4CL) and feruloyl CoA 6’-hydroxylase (F6'H)
(also known as 2-oxoglutarate-dependent dioxyge-
nase, 20GD, or p-coumaryol CoA 2’-hydroxylase,
C2’'H) enzymes (37,38). Following deamination by
PAL, the initial enzyme in the phenylpropanoid
pathway, cinnamic acid is produced and subsequ-
ently hydroxylated by cinnamate 4-hydroxylase
(C4H) to yield p-coumaric (4-coumaric) acid (39,40).
p-Coumaric acid serves as a precursor for coumarin
derivatives, including umbelliferone, catalysed by
4CL and F6’H enzymes, and esculetin, which is
produced with the participation of coumarate-3-
hydroxylase (C3H), 4CL, and F6’H enzymes (38,39).
p-Coumaroyl-CoA can be converted to esculetin
through a series of enzymatic reactions, starting with
hydroxycinnamoyl transferase (HCT) and followed by
C3H and HCT enzymes, respectively (41-44). Caffeic
acid, derived from the hydroxylation of p-coumaric
acid by the C3H enzyme (45), can further undergo
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O-methylation via caffeic acid O-methyl transferase
(COMT) to produce ferulic acid (38). Ferulic acid is
subsequently transformed into scopoletin, one of the
coumarin derivatives, through the actions of 4CL and
F6'H enzymes (46). The formation of feruloyl-CoA,

=

- Coumarins

(0]

Pyranocoumarin
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an intermediate in the conversion of ferulic acid to
scopoletin, can also occur from caffeoyl-CoA via
caffeoyl-CoA O-methyltransferase (CCoAOMT) (47).

Simple coumarin

o o_ O
Oy

Furanocoumarin

Figure 1: The structure and natural sources of various coumarin classes.

While the conversion of phenylalanine-derived
coumaric acid to coumarin has been reported to
occur through a single-step ortho-hydroxylation
process, except for the para- hydroxylation, this
biosynthetic step remains relatively underexplored
(48). An alternative pathway for coumarin
biosynthesis begins with the conversion of
phenylalanine-derived coumaric acid into trans-2-
cinnamate by the enzyme cinnamate 2-hydroxylase
(C2H) and proceeds  through subsequent
transformations catalyzed by 2-coumarate O-f-
glucosyltransferase (2GT) and B-glucosidase (GBA)
(49).

Despite plants' capacity to synthesize various
flavonoid compounds, including coumarins, their
natural extraction is often insufficient for applications
such as drug development. Traditional tissue culture

and chemical synthesis methods prove impractical
for large-scale  coumarin production  (37).
Consequently, researchers have turned to
microorganisms as an alternative for biosynthesizing
phenolic compounds, including coumarins (40,50).
These studies involve the transfer of structural genes
isolated from plants, fungi, and bacteria into
microorganisms like Escherichia  coli  and
Saccharomyces cerevisiae, resulting in recombinant
microbial strains capable of producing phenolic
compounds (37). In 2015, Yang et al. achieved the
synthesis of coumarin derivatives using E. coli. They
cloned and transferred Os4CL and IbF6’H2 genes
from Oryza sativa and Ipomoea batatas into E. coli.
This genetic modification enabled the E. coli to
produce three coumarin derivatives—umbelliferone,
esculetin, and scopoletin—when cultured in media
supplemented with hydroxycinnamic acids such as p-
coumaric acid, caffeic acid, and ferulic acid (38).
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Table 1: Classes and Isolation of Plant-Derived Coumarins.
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Sources ;z:trg: Isolation Method Solvent Temperature Time Coumarins Number and Type Ref.
Ailanthus altis- . .
sima (Mill.) Swin-  AITned root - 70% EtOH-H,0 70 °C 3h 14 compounds (17)
gle arks (Simple coumarins)
Air-dried 23 compounds
Angelica dahurica roots Reflux 95% EtOH-H,0 - 3h (10 furanocoumarins + 3 furanocou- (18)
marin dimers)
. Ultrasound-Assisted o _ 12 compounds
11 species of Leaves Extraction + Centrif- 70% EtOH-H20 RT and 4°C 30 min (8 simple coumarins + 4 furanocou- (19)
Bamboo . and MeOH .
ugation marins)
24 compounds
0, [¢]
Bombax ceiba Dried flowers - MeOH and 70% 35 °C and RT (20 5+20h (4 simple coumarins + 13 flavones + (20)
MeOH °C) 2 . .
3 glycosides + 4 phenolic acids)
Calophyllum Air-dried _ ) 3 compounds
brasiliense leaves Hexane RT (Simple coumarins) (21)
Calophyllum in- Air-dried _ 95% EtOH-H,O ) ) 6 compound_s (22)
ophyllum leaves (Pyranocoumarins)
6 compounds
5 species of Citrus Peels Percolation MeOH RT 5 days (2 simple coumarins + 4 furanocou- (23)
marins)
27 compounds
6 species of Citrus Dried peels Centrifugation 80% MeOH-H,0 RT ~1.5h (6 simple coumarins + 21 furanocou- (24)
marins)
17 compounds
Citrus grandis (L.) Dried fruits Reflux 70% EtOH-H;0 - 1.5h (10 simple coumarins + 7 furanocou- (25)
marins)
Clausena exca- Air-dried Reflux 95% EtOH-H,O ) ) 9 compounds (26)
vate roots (pyranocoumarins)
Cuphea ignea Fresh whole Hot EtOH/H20 ; 1 compound
(Lythraceae) plant Reflux (3:1) 8h (Simple coumarins) (27)
Ferula sin- Seeds Reflux 95% EtOH-H.,0 _ 2h 11 compounds (28)
kiangensis (Simple coumarins)
Ferulago subvelu- 6 compounds
Milled roots Percolation Ethyl acetate RT 48 h (2 simple coumarins + 4 furanocou- (29)

tina

marins)
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7 compounds

Matricaria chamo- Leaves - EtOH - - (5 simple coumarin + 2 cinnamic acid (30)

milla (L.) derivatives)
Soxhlet, Ultrasound-
Melilotus offici- Air-dried Assisted Extraction, 95% and 50% ) 8 h 3 compounds (31)
nalis (L.) flowering tops  Microwave-Assisted EtOH-HO (1 Simple coumarin + 2 phenolic acid)
Extraction
Melittis melisso-  Air-dried and _ 80% MeOH RT 30 min 1 compound (32)
phyllum L. fresh leaves (o-coumaric acid glucoside)
Murraya panicu- Ig\r/-edsn;:d _ 95% and 50% ) ) 19 compounds (33)
late (L.) Jack EtOH-H,0 (Simple coumarins)
stems
Paxillus involutus Dried fr_u|t|ng - Ethyl acetate 4°C ~ 4 days 4 compounds_ (34)
bodies (1 furanocoumarins)
Petrol and CHCIs 5 compounds
Trifolium repens Flowers Soxhlet + MeOH and 70% RT 8+8h (2 simple coumarins + 3 biscouma- (35)
MeOH rins)
Zanthoxylum Freeze dried _ 80% MeOH ) ) 9 compounds (36)
schinifolium leaves (Simple coumarins)
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Figure 2: Biosynthesis Pathway of Coumarins.
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4. BIOACTIVITY OF COUMARINS

Coumarins, a class of naturally occurring compounds
found in various plants, fungi, and microorganisms,
have garnered significant attention due to their
diverse and promising biological activities (51).
These compounds exhibit a wide range of
pharmacological properties, making them subjects of
extensive research for potential therapeutic
applications (2). Below, we delve into some of the
notable bioactivities associated with coumarins:

Antithrombotic Activity: One of the well-
documented bioactivities of coumarins is their
antithrombotic (anticoagulant and antiplatelet)
activity (52). The prototypical coumarin derivative,
warfarin, has long been used as an oral anticoagulant
to prevent blood clot formation. It functions by
inhibiting vitamin K epoxide reductase, a key enzyme
in the coagulation cascade (53). This property has
led to the development of various coumarin-based
anticoagulant drugs.

Anti-Inflammatory Properties: Several coumarin
compounds have demonstrated anti-inflammatory
activity, which can be attributed to their ability to
inhibit pro-inflammatory enzymes and cytokines
(54). Coumarin derivatives, such as scopoletin and
herniarin, have shown potential in attenuating
inflammatory responses, making them of interest in
conditions characterized by excessive inflammation
(10,55).

Antioxidant Effects: Many coumarins exhibit
potent antioxidant properties, which can help protect
cells and tissues from oxidative damage caused by
reactive oxygen species (ROS) (56). These
antioxidants scavenge free radicals and reduce
oxidative stress, potentially contributing to the
prevention of various chronic diseases (57).

Antimicrobial Activity: Coumarins have displayed
antimicrobial activity against a wide range of
microorganisms, including bacteria (58), fungi (59),
and parasites (60). Some coumarin derivatives have
been investigated for their antibacterial and
antifungal properties, suggesting their potential as
natural antimicrobial agents.

Antiviral Activity: Several studies have
investigated the effects of coumarin derivatives on
various viruses, highlighting their promising role in
combating viral infections. Some coumarin
derivatives have exhibited the ability to inhibit the
replication of certain viruses. This inhibition can
occur through different mechanisms, including
interference with viral RNA or DNA synthesis,
disruption of viral protein function, or inhibition of
viral entry into host cells. Coumarins have shown
efficacy against a range of viruses, including but not
limited to hepatitis virus, Influenza Virus, and HIV
(61).

research has
potential of certain

Anticancer Potential: Emerging
highlighted the anticancer
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coumarins. These compounds have shown cytotoxic
effects on cancer cells and may inhibit tumor growth

by various mechanisms, including apoptosis
induction and cell cycle arrest (62).

Neuroprotective Effects: Coumarins, such as
esculetin and osthole, have exhibited
neuroprotective properties by modulating
neuroinflammatory responses and protecting

neurons from oxidative stress (63). These findings
raise the possibility of coumarin-based treatments
for neurodegenerative disorders (64).

In addition to the mentioned bioactivities, coumarins
have also been investigated for their potential in
managing various conditions such as diabetes and
cardiovascular diseases (65,66). Their versatile
pharmacological profile continues to drive research
into their therapeutic applications (2). It is important
to note that the bioactivity of coumarins can vary
widely depending on their chemical structure,
concentration, and the biological context. Further
research is necessary to elucidate the specific
mechanisms of action and clinical potential of
different coumarin derivatives.

5. EXTRACTION METHODS

The efficient extraction of coumarins from natural
sources is a critical step in harnessing their potential
for various applications, including pharmaceuticals,
food additives, and cosmetics (5). The choice of
extraction method plays a pivotal role in determining
the yield and purity of the extracted coumarins.
Below, we explore several extraction techniques
commonly employed to isolate coumarins from their
natural matrices:

Reflux Method: The reflux method involves heating
a mixture of the coumarin-rich source material and
solvent in a round-bottomed flask fitted with a
condenser. The solvent vaporizes and condenses,
creating a continuous cycle. This refluxing process
facilitates the extraction of coumarins as the solvent
repeatedly comes into contact with the source
material. After refluxing for a specified time, the
extract is collected (67).

Soxhlet Extraction: Soxhlet extraction is a
continuous extraction technique that involves solvent
reflux. The raw material is placed in a porous
thimble, which is inserted into a Soxhlet extractor.
Solvent is continuously boiled, evaporating and
condensing in a reflux system. The condensed
solvent drips back onto the material, ensuring
prolonged contact and efficient extraction. Soxhlet
extraction is suitable for coumarins in samples with
relatively low coumarin content (68).

Hydrodistillation Method: Hydrodistillation is a
method used primarily for extracting essential oils,
including those containing coumarins. In this
method, steam is passed through the source
material, vaporizing compounds. The steam and
extracted compounds are condensed and collected

939



Elmusa F and Elmusa M. JOTCSA. 2024; 11(3): 933-944

separately, with the essential oil enriched in
coumarins obtained as the distillate (69).

Maceration: Maceration is a simple and widely used
extraction technique, particularly suitable for
extracting coumarins from dried plant material. In
this method, the coumarin-rich source is soaked or
immersed in a solvent at room temperature for an
extended period (at least 3 days). During
maceration, the solvent gradually absorbs the
coumarins from the plant material. The resulting
extract is then filtered to remove solid particles, and
the solvent is evaporated to obtain the coumarin-rich
extract. Maceration is a relatively gentle method and
is especially useful for heat-sensitive compounds
(68).

Infusion Method: The infusion method involves
soaking the coumarin-rich source material in a
suitable solvent, typically at room temperature or
slightly elevated temperatures. The solvent gradually
absorbs the coumarins over time. After the desired
extraction period, the mixture is filtered, and the
solvent is evaporated to obtain the coumarin-rich
infusion (68). This method is similar to the
maceration method but differs in the duration and
temperature of the solvent.

Percolation Method: Percolation represents a
continuous extraction technique that involves the
passage of a solvent through a densely packed bed
of coumarin-rich material. This method employs
specialized equipment known as a percolator,
typically a narrow, cone-shaped glass vessel open at
both ends. To initiate the process, finely powdered
plant material is moistened with the chosen
extraction solvent. Subsequently, an additional
quantity of solvent is introduced, and the mixture is
allowed to rest. Following this, the content is
transferred into the percolator and allowed to stand
for 24 hours. This process results in the gradual
dissolution of coumarins. Finally, the outlet of the
percolator is opened, and the liquid contained therein
is allowed to drip slowly. The resulting extract is then
separated through filtration (68,70). This method is
often used for both small and large-scale extraction
processes and allows for precise control of solvent
flow rates and extraction times (71).

Supercritical Fluid Extraction (SFE): Supercritical
fluid extraction is an advanced method that uses
supercritical fluids, such as carbon dioxide (CO3), to
extract coumarins. Under specific temperature and
pressure conditions, CO, becomes a supercritical
fluid with unique solvation properties (72). It can
selectively dissolve coumarins from the raw material,
and upon depressurization, the coumarins
precipitate, leaving behind a concentrated extract.
SFE is considered environmentally friendly and offers
precise control over extraction parameters (73).

Microwave-Assisted Extraction (MAE):
Microwave-assisted extraction is a rapid and efficient
method for coumarin extraction. In MAE, the sample
is exposed to microwave radiation in the presence of
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a suitable solvent. The microwave energy accelerates
the extraction process by promoting the release of
coumarins from the plant matrix. This method is
known for its shorter extraction times and improved
efficiency (68).

Ultrasonic-Assisted Extraction (UAE):
Ultrasonic-assisted  extraction employs high-
frequency ultrasound waves to enhance the

extraction process. The cavitation generated by
ultrasound disrupts cell walls and facilitates the
release of coumarins into the solvent (70). UAE is
known for its shorter extraction times, reduced
solvent consumption, and improved extraction
efficiency (74).

In a comparative study conducted by Molnar et al., it
was found that the maceration method was at least
five times more efficient than the Soxhlet,
hydrodistillation, and supercritical CO2 extraction
methods and provided the highest umbelliferone and
herniarin extraction (75). In a study by Chanfrau et
al., reflux and Ultrasonic-Assisted Extraction
methods were compared. As a result of the study, it
was found that reflux provides a higher coumarin
yield, and the use of low-frequency ultrasound in the
extraction method provides a higher coumarin yield
than high-frequency ultrasound (74).

As a result, the choice of extraction method should
consider factors such as the nature of the source
material, the desired coumarin compounds, and the
specific requirements for purity and Vvyield.
Researchers often optimize extraction conditions,
including solvent type, temperature, and extraction
time, to maximize the recovery of coumarins while
minimizing undesirable co-extracts. Ultimately, the
selected method should align with the intended
application of the extracted coumarins.

6. SAFETY AND TOXICOLOGY

The safety profile of coumarins has garnered
significant interest, given their widespread presence
in nature and their versatile applications in
pharmaceuticals, food additives, and cosmetics (2).
While coumarins offer diverse bioactivities, their
consumption and exposure demand careful
consideration to mitigate potential health risks.

Coumarins are naturally occurring compounds found
in various edible plants like cinnamon, tonka beans,
and certain fruits. In these natural forms, coumarins
are generally deemed safe when consumed in typical
dietary quantities (76). However, excessive
consumption of coumarin-rich foods or dietary
supplements can raise concerns regarding
cumulative exposure (5). While natural coumarins
may offer potential health benefits, excessive intake
can lead to adverse effects:

Hepatotoxicity: Some coumarins, including
coumarin itself, have been linked to hepatotoxicity
(liver toxicity) when consumed in excessive
amounts. Regulatory authorities in some countries
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have established tolerable daily intake (TDI) levels
for coumarin, prompting efforts to limit its presence
in certain foods (77).

Photosensitivity: Specific coumarins, such as
bergapten found in certain citrus fruits, can induce
photosensitivity when applied topically or ingested in
large quantities. This can result in skin reactions
upon exposure to sunlight, including sunburn and
blistering (78). Similarly, psoralen can trigger
photosensitization reactions when the skin
encounters ultraviolet (UV) light, leading to skin
irritation, rashes, and an elevated risk of sunburn
(79).

Anticoagulant Risk: Certain coumarin derivatives,
like warfarin, serve as anticoagulant medications to
prevent blood clotting. While effective for their
intended purposes, these medications require
vigilant monitoring and precise dosing due to their
narrow therapeutic window. Overdosing can result in
bleeding complications, underscoring the importance
of medical supervision (80).

In conclusion, coumarins encompass a wide range of
biological activities, but their safety and toxicity
profile hinge on various factors, including the specific
coumarin compound, dosage, and individual
susceptibility. While natural dietary intake is
generally safe, vigilance is essential when dealing
with coumarin derivatives used in pharmaceuticals
and high-concentration cosmetic products.
Regulatory guidelines and risk management
strategies are vital to ensure the safe utilization of
coumarins across various applications.

7. CONCLUSION

Coumarins, with their intriguing benzopyrone
structure, have long captivated the attention of
researchers and enthusiasts alike due to their
widespread presence in nature and versatile
pharmacological properties. The plethora of
biological activities exhibited by coumarins, including
antithrombotic, anti-inflammatory, antioxidant,
antimicrobial, antiviral, anticancer, and
neuroprotective effects, highlights their vast
potential in both pharmaceutical and nutraceutical
applications. Moreover, the employment of efficient
extraction methods, such as maceration, microwave-
assisted extraction, and supercritical fluid extraction,
enables the retrieval of these compounds for further
investigation and industrial exploitation. However, it
is crucial to acknowledge the potential health risks
associated with excessive consumption of coumarin-
rich substances, including hepatotoxicity,
photosensitivity, and anticoagulant effects.
Therefore, careful consideration must be given to the
safe usage of coumarins, involving thorough risk
assessments, stringent quality control measures,
and adherence to established regulations. Despite
these caveats, the study of coumarins continues to
captivate scientists, offering a wealth of
opportunities for groundbreaking discoveries and
innovations in medicine, food science, and related
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disciplines. By responsibly harnessing the power of
coumarins, we may unlock novel therapeutic
pathways and create new possibilities for improving
human health and well-being.
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Abstract: In this study, the effects of methanol, ethanol, isopropanol, and Diethylene glycol monomethyl
ether (di-EGME) added to jet fuel in certain proportions on the properties of jet fuel such as density, viscosity,
freezing point, and ignition point was examined. By adding 2%, 5%, 7%, and 10% of each additive to JP-8
fuel, the required mixture was obtained and tested in the relevant devices. As a result of the experiments, it
was determined that the density value of JP-8 fuel was 797 kg/m?3 and this value did not vary greatly in the
mixed ethanol, ethanol, and isopropanol, but with the addition of di-EGME, it increased significantly and
reached 814.5 kg/m3. It was observed that the viscosity value did not vary greatly with the addition of
methanol and ethanol but increased to 1.298 mm/s? with the addition of 10% isopropanol and to 1.98 mm/s?
with the addition of di-EGM. The ignition point value of JP-8 fuel, which is 46 °C, was measured to be 40 °C
with the addition of 10% methanol, 43.4 °C with the addition of 10% ethanol, 42.9 °C with the addition of
10% isopropanol, and 55.4 °C with the addition of di-EGM. The freezing point value of JP-8 fuel, which is -

56.7 °C, was measured as -61.7 °C with the addition of 10% methanol,

-62.1 °C with the addition of 10%

of ethanol, -57.6 °C with the addition of 10% isopropanol and -54.6 °C with the addition of di-EGM.
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1. INTRODUCTION

Energy, which is at the center of sustainable
development, is used to transform economies and
societies, encourage industrialization, and raise
living standards, as well as to meet basic human
needs such as nutrition, heating, cooling, and
lighting. Energy access can be defined as access to
clean and modern energy at reliable and affordable
costs. Accessible and clean energy, which is a part of
sustainable development, is very important for
people's livelihoods and the economic growth of
countries, but it is a goal that is not easy to reach.
Access to energy directly affects people, cities, and
countries on issues such as economic growth, food
production, health, clean water, security, education,
and employment (1). Today, countries struggle with
seemingly contradictory agendas such as the
security of energy supply, economic access to
energy, and decarbonization of the energy sector. In
energy policies, where energy supply security and
price stability are at the forefront, decarbonization,

and sustainability criteria have come to the fore in
recent years due to the climate crisis, whose
negative effects are being felt more and more. On
the other hand, energy transformation, the main
elements of which are renewable energy, energy
efficiency, and the electrification of energy-intensive
end-user sectors, has started to play a critical role in
energy supply security and economic access to
energy, as well as providing decarbonization with the
opportunities offered by technological developments
and digitalization (2).

As the world economy grows, the desire for fast
delivery of products for the trading countries has
made it important to use the existing energy
resources effectively and then obtain cheap and
clean energy resources. One of the most important
factors determining the transportation cost in the
aviation sector, where the majority of cargo transfers
are made, especially passenger transportation by air,
is the fuel used in these vehicles. Today, aircraft,
using petroleum-derived fuels, harm the increase in
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pollutant emissions in the atmosphere. To eliminate
these negativities in high-way vehicles, studies have
been carried out for the use of alternative fuels for
many years; therefore, the countries encourage the
use of biofuels to protect the environment and
reduce their dependence on oil. Similarly,
determining this potential in the aviation industry
and examining the usability of alternative fuels have
led to this need. In studies conducted for this
purpose, the necessity of using biofuels in the
aviation industry and the characteristics of
alternative fuel types that can be used were
examined. As a result, it has been evaluated that
alternative fuels that can be used in internal
combustion engines and gas turbines may have
similar properties, thanks to the fuel systems and
original designs of the aircraft to be produced in the
future, and this will contribute to economic
development and environmental protection by
creating a fuel union in high-way and air transport
(3). In aviation, some planes can fly on biofuel, which
is an alternative to fossil fuels, but these planes are
experimental planes that seat only 2 people and do
not serve commercial purposes. Fuels developed for
commercial aircraft cannot be used alone. These
fuels can be used by mixing them with jet fuels at a
rate of 5-20%, but the production of biofuels is
expensive compared to jet fuels because biofuel
production technologies have not been developed
enough for this job (4). Soon, we may see
commercial aircraft flying in the skies on 100%
biofuel. As part of global efforts to avoid the worst
effects of climate change, the aviation industry needs
to make massive reductions in carbon emissions by
2050. Although the industry will need to pursue
multiple strategies, large-scale production and use of
biomass-derived aviation fuels (known as bio-jet
fuels) will play a critical role in decarbonizing the
industry (5).

According to The New York Times issue of July 29,
2015, UPS has agreed to purchase 46 million gallons
(about 174 million liters) of biodiesel for ground
vehicles over the next three years. This corresponds
to 12% of the petroleum-based fuel that the vehicles
in the fleet consumed by 2017. It is not new for
companies whose fuel costs take an important place
in their expenses to try alternative fuels to reduce
this, create an alternative to the endless petroleum-
based fuels, and minimize the damage they cause to
the environment. They have used alternatives such
as natural gas, electricity, and biofuels before, and
they are still using them in increasing amounts (6).

Yamik et al. (2013) (7) investigated the effects of JP-
8 aviation fuel and diesel blends on exhaust
emissions in a single-cylinder diesel engine. In the
study, it was stated that towards the end of the
1980s, NATO countries determined JP-8 fuel as a
common military fuel, thus ensuring standardization
in the fuel used; It was emphasized that 99.8% of
JP-8 fuel consists of kerosene so that the freezing
point is below -40 °C. In the study; JP-8 was mixed
at 5%, 10%, 25%, and 50% and experiments were
conducted. As a result, it was observed that engine
torque decreased, specific fuel consumption
increased (may be due to low density and low cetane
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number), NOx value decreased and CO value
increased as JP-8 addition to diesel fuel increased

(8).

In their study on the use of alternative fuels in
aviation, Yilmaz and Atmanl (2016) (7) stated that
biofuels have the greatest potential as an alternative
to aviation fuels. They stated that biofuels mean less
environmental pollution and economic gain
compared to fossil-based fuels. In the study, which
draws attention to the fact that the International
Airline Transport Association (IATA) and the
International Civil Aviation Organization (ICAO)
support the use of alternative fuels in aviation, they
mentioned the necessity of determining important
properties such as flash point, octane number and
freezing point of the fuel to be used in commercial
flights for flight safety. They also emphasized that
the alternative fuel to be produced should provide
positive results in terms of the raw material from
which it will be obtained, the production process, the
storage of the fuel, the compliance of its properties
with standards, and its transportation. They stated
that the biggest obstacle to the use of alcohol as an
alternative fuel is the low calorific value and rapid
evaporation feature, but in light of technological
developments, the chemical properties of alcohols
can be changed in the desired direction. As a result,
they pointed out that the establishment of new
industries for the production of alternative fuels is
costly and laborious due to the aviation sector, but
they stated that the alternative fuels obtained in the
current way can be developed and made compatible
with the aviation sector (7).

In an experimental study of the effects of JP-8
Aviation Fuel, Sunflower Oil Metyhl Ester, and Diesel
Fuel Blends On Combustion and Engine Performance,
experimentally investigated the effects of JP-8,
sunflower oil methyl ester, and diesel fuel blends
(B25, B50, B75, B100, ]J100, Diesel) on combustion
and engine performance. However, cylinder pressure
close to diesel was obtained with B100 and J100
fuels. It was observed that as the biodiesel ratio
increased, the KA10 value increased and the
combustion tme decreased. The maximum
combustion time was determined as 99 and 97.92
°KA with diesel and ]100 fuels, respectively. The
maximum pressure increase rate was determined as
6.13 bar/°KA with J100 fuel. Compared to the other
test fuels, it was observed that the values of
indicated average effective pressure and in-cylinder
temperature decreased with diesel. As a result, they
stated that JP-8 and biodiesel fuel blends can be used
in diesel engines without any modification (9).

1.1. Advantages of Biofuel

e It reduces dependence on petroleum products by
creating an alternative to these products.

e It reduces the import expenses of oil-deprived
countries and makes a positive contribution to their
foreign trade balance.

e It significantly reduces greenhouse gas emissions,
carbon monoxide, and particulates.

¢ Additionally, biofuel significantly increases vehicle
performance.
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e The lubricating effect of biodiesel extends the life
of the vehicle engine.

e Raw material producers, from which biodiesel is
produced, have a positive impact on the
development of rural areas.

e It increases the income of the local people by
opening new job areas.

e The development of the biofuel sector will increase
economic development by creating new sub-sectors.
e Biofuel is a renewable energy, so biodiesel and
ethanol do not leave any harmful waste to the
environment after burning.

e It is easier to store biofuel than other alternative
fuels because the existing infrastructure is suitable
for it.

e Biofuel will also play a positive role in climate
change policies. This is especially important for
developing countries (10-16).

1.2. Use of Biofuel in Aviation

The greenhouse gas (GHG) emissions from aviation
have been growing steadily in recent decades and
this trend is set to continue (17). This is primarily
due to the rise in international tourism, where air
travel represents the mainstay of tourist demand for
transportation between the source and host regions
(18). Being the major driver of air travel, tourism
makes a substantial economic contribution to the
global and national economies. Geographically,
‘traditional’ or ‘established’ destinations in Western
Europe and North America are forecast to retain their
strategic importance in terms of tourist demand.
Concurrently, the rapid acceleration of tourist flows
is envisaged in so-called ‘emerging’ destinations,
such as those in East-Central Europe and Asia. Given
that tourism growth correlates with air travel, these
‘new’ tourist markets are likely to contribute
significantly to the continued rise of GHG emissions
due to aviation (19). Aviation biofuel is technically
viable and nearing the commercial stage. In the last
ten vyears, biofuels have moved from relative
obscurity to a point where certain types of fuel have
become fully certified for commercial use in up to
50% blends with standard jet fuel and commercial
partnerships between airlines and biofuel producers
are being established. The need to develop
commercially viable alternatives to traditional fossil-
based liquid fuels for commercial aircraft is
intensifying. The rising price of crude oil, potential
new carbon emissions legislation, the negative
environmental externality effects resulting from
fossil-fuel consumption (including, but not limited to,
atmospheric pollution and anthropogenic climate
change), and growing global demand for air travel
have collectively motivated research into sustainable
fuel alternatives (20). Aviation is the transport type
that is showing significant, steady, and quite rapid
growth in the EU. The international aviation segment
accounts for 12.8% of the energy consumed,
whereas domestic aviation uses only 1.54% of the
energy (21). Air transport is the most growing
transportation sector, and it is expected to increase
steadily by the year 2030. International Air Transport
Association approximates that the industry will have
grown by over 5% annually by the year 2030. It is
also estimated that the demand for aviation fuels is
to grow at 2 to 3% every year. Various studies have
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proved that the aviation fuel used in the past has
several negative effects on the environment and with
the increasing usage, the situation is said to be
affected the most, which has led to various research
to establish other sources of energy that will have
little effect on the environment. Researchers have
settled on biofuels since they contain more energy,
are cheaper, leave a less negative impact on the
environment, and have less damage on the engine
(22). Combustion of fossil fuels and human activities
disturb the environment by the emission of
greenhouse gases like nitrous oxide, carbon dioxide,
methane, etc. The requirement of oils for transport
is growing day by day and it is expected to increase
by 1.3% per year up to 2030 (2). There is no unique
solution available for these complications so
alternative ways such as modification in vehicle
designs, development in public transport, and
replacement of conventional fuels with alternative
advanced fuels and fuel technologies are to be found.
It is expected that by 2030, the carbon emission from
the transport sector and the energy requirement will
have increased up to 80%. Air transport has played
a significant role in the everyday life of the modern
world. The influence of air travel increased worldwide
social contact, especially in improving business and
marketing (23).

With the use of biofuel in the aviation industry, an
alternative to petroleum-based fuels will be created.
The 2% contribution of the airline transportation
sector to global carbon dioxide emissions will be
reduced to lower levels. In addition, its use and
dissemination will be faster and easier than in other
transportation sectors (3). The aviation industry
continues its efforts to produce the most high-
performance fuel at the lowest cost and with the
lowest environmental impact (24). Food and water,
which are the sources of human life, cannot be used
for aviation biofuel. Features required for the raw
material required to produce aviation biofuel are as
follows: It should grow quickly, should not use the
areas used for food production, should not be used
as food, should not require large amounts of
pesticides, fertilizers, or irrigation, should provide a
socioeconomic contribution to the people of the
region where it is grown, and lastly, should provide
the same or more energy than petroleum-derived
fuels, while providing less or even zero carbon
footprints (25). Biofuel testing is a must to determine
whether that biofuel is suitable for use in aviation. As
in every part of the aviation industry, there are very
strict standards and safety rules when it comes to
biofuel testing. This means that before the use of
biofuels, dozens of research and tests were carried
out both on the ground and in the air. As a result of
these long and tiring studies and tests, it is put into
use if the suitability of that biofuel is assured. Safety
is the most fundamental criterion in aviation. In an
environment, where even conventional petroleum-
based fuels are put to the test, the testing criteria for
biofuels are even more stringent. After the tests in
the laboratory environment, the performance of the
aircraft from its movement on the ground to its take-
off speed is tested in ground tests. In the meantime,
the time between the fuel being taken into the engine
and its combustion is measured, and the combustion
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performance inside the engine, and its reactions to
acceleration and deceleration are also measured.
After the laboratory and ground tests are completed,
the flight performance of the fuel is tested. Many
airlines dedicate their planes to testing. Thus, they
can provide information on fuel quality, ensure that
it is certified for use in the aviation industry,
demonstrate that biofuel is safe to use in real flight,
and encourage biofuel research and development.
During flight, the pilot tests fuel performance both in
normal operation and in extreme conditions. After
completing the flight checks, the next stage is the
certification stage. Certification of the fuel for
commercial use is the responsibility of the authorized
approval bodies of the relevant countries. The
aviation industry works in cooperation with
authorized test and approval organizations (26). As
the production technology and thus production of
sustainable biofuel increases, it will be economically
viable and will reach a level that can cope with
petroleum-based fuels. Production of biofuel raw
materials, especially in developing countries, will
contribute to the economic development of both the
region and the country (27). Due to the zero carbon
emission of biofuel, governments' tax reductions and
incentives will increase its production and use. In
many countries, research is focused on many
different sources (bacteria and solid waste materials)
for cheaper and improved biofuels. However, some
infrastructure investments are needed to develop
and expand the use of biofuel. Such as sufficient raw
material production and the need for a refinery to
convert this raw material stock into biofuel (28). The
aviation industry around the world consumes 1.5-1.7
billion barrels of conventional Jet Al fuel. Analysts
state that it would be possible to say that biofuel
production would be economically meaningful if even
1% of this amount was switched to biofuel (15).

2. MATERIALS AND METHOD

2.1. Fuel and Additives Used

The JP-8 fuel we used in the study was obtained from
Petrol Ofisi company by obtaining the necessary
permissions. The additives used in the study were
purchased from various commercial companies.
Before the experimental studies, fuel and additive
mixtures were prepared and made ready to be used
in the test equipment. All of the test studies were
carried out in Batman University Technical Sciences
Vocational School, Department of Chemistry and
Chemical Processing Technologies Fuel Analysis
Laboratories.

2.1.1. Jet fuel

JP-8, widely used in the aviation industry and known
as jet fuel, was accepted as military fuel by NATO
countries in the 1980s. When its chemical structure
is examined, this fuel, which consists of 99.8%
kerosene, is a fuel obtained by distilling petroleum
between 150-270 °C, which is frequently used in
industry (29). One of the most important features of
this fuel is that its freezing point is below -40 °C.
Today, the most commonly used aviation fuels are
JET A1, JP-8, JP-4. While others are mostly used in

RESEARCH ARTICLE

civil aviation, JP-8 is used in military aviation because
it provides the standard and prevents high
expenditures (30). Kerosene, which constitutes a
large portion of 99.8% of JP-8 fuel, generally
contains the following hydrocarbons in its structure,
with some differences depending on the production
process: Aromatics (20%), kinds of paraffin and iso-
paraffins (60%), cyclo-paraffins (20%).

Kerosene is a colorless, oily, rapidly flammable, and
pungent liquid produced by distilling petroleum (10-
25% of the total volume). It is a mixture of 10
different types of simple hydrocarbons obtained from
different sources. The carbon chain mixture obtained
as a result of fractional distillation generally contains
between 6 and 16 carbon atoms per molecule. It is
less volatile than gasoline and boils at temperatures
between 150 and 275 °C. It is generally burned in
lamps, heaters, and stoves, and is also used as fuel
or as a fuel component in diesel and tractor engines.
It is also used as a solvent in jet engines, rockets,
and greases or as an herbicide (insecticide).
Kerosene is sometimes used as an additive in diesel
fuels to prevent gelation and waxing that may occur
in low-temperature operations. Paraffin in the
structure of gasoline, diesel, and kerosene obtained
from petroleum cannot be used in aircraft because it
reduces fluidity at low temperatures. In addition to
its high flammability, kerosene is widely used as fuel
in jet engines because it maintains its fluidity at low
temperatures (31). Kerosene is released by the fine
distillation of petroleum between 150-270 °C. The
freezing point of kerosene, which has a flash point of
40 °C, is between -47 °C and -49 °C. The most
commonly used fuel types containing kerosene in jet
fuels are; JET-A, JET-A1, JET-B, JP-4, JP-5, and JP-8
(28) According to an oil report by EMRA, 4.786
million tons of jet fuel was produced in Turkey in
2018. The most commonly used fuel types containing
kerosene in jet fuels are JET-A, JET-A1, JET-B, JP-4,
JP-5, and JP-8 (32).

JP-8 is a kerosene-based jet fuel developed by the
United States in 1990. This fuel replaced JP-4 fuel by
the US Air Force in the fall of 1996, as it is a lower
flammable, less harmful fuel, safer, and has better
combat survivability. The US Navy also uses JP-5 fuel
of a similar formulation. This fuel was first used in
NATO bases in 1978. Its NATO code is F-34. The flash
point of JP-8 is 38 °C, which is higher and safer than
the -18 °C flash point of JP-4. JP-5 has an even
higher flash point (>60 °C) but is also costly. In
addition to fueling aircraft, JP-8 (or JP-5) is used as
a fuel for heaters, furnaces, and gas tanks, as a
substitute for diesel gasoline in the engines of almost
all tactical ground vehicles by the US military forces,
and as a coolant in electric generators and in some
aircraft components. The use of a single type of fuel
greatly simplifies logistics (8). Figure 1 was also
developed by ALS for the quantitative analysis of
non-volatile hydrocarbons in the C10-C40 range
after non-polar solvent (hexane) extraction. The
extract is analyzed by a gas chromatograph (GC)
with a flame ionization detector (FID).
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C16-C22 4
C22-C30
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Figure 1': JP-8 Gasoline carbon range analysis by Chromatographic Method GC/FID (33).

Table 1 shows the chemical and physical properties
and test methods of JP-8. In addition to this
information, we examined the basic chemical and
physical properties of JP-8 fuel in the laboratory
environment before using it in experiments. JP-8 is a
kerosene-type aviation fuel containing a military fuel
additive package: Static Dissipative Additive (SDA),
Lubricity Improver Additive (LIA) (formerly referred
to as anti-corrosion/lubricity enhancer additive), and

Fuel System Anti-Icing (FSII-3) and Antioxidant (AO)
and Metal Deactivator Additive (MDA). F-34 is used
by land-based military gas turbine-powered ground
vehicles and equipment in all NATO countries. It is
also known as F-34, JP-8, or AVTUR/FSII (32).
Tablel. and Table 2. "References and technical
approval processes of fuels defined according to
ASTM" and "Compositional Data for JP-8" are given
respectively.

Table 1: Chemical and Physical properties and test methods of JP-8 (34).

Specifications Unit Min Max ASTM or IP Test Method
Color D156 or D6045
Total number of acids (mg KOH/qg) 0.015 D3242
aromatics v/v 25.0 D1319
Sulfur w/w% 0.30 D129, D1266, D2622, D3120
Sulfur, mercaptan w/w% 0.002 D3227
Flash point °C 38 D56, D93, D3828
Density (at 15 °C) kg/L 0.775 0.840 D1298, D4052
API (at 60 °F) 37.0 51.0 D1298, D4052
Freezing point °C -47 D2386 , D5972, D7153
Viscosity (at -20 °C) mm?2/s 8.0 D445 or D7042
Net heat of combustion MJ/kg 42.8 D3338, D4529
Hydrogen content w/w% 13.4 D3343, D3701, D5291
Smoke point mm 25.0 D1322
Corrosion
Copper strip corrosion, No. 1 D130
2 hours at 100 °C (212 °F)
THERMAL STABILITY
Thermal stability D3241
(2.5 hours at 260 °C) 10
Change in pressure drop, mm Hg 25
Tube rating: One of the following
requirements must be met:
(1) Annex A1 VTR or
(2) Annex A3 ETR or Annex A2 ITR, <3
mean deposit thickness, nm, over
2.5 mm? area
ADDITIVES
Fuel system anti-icing, volume 0.07 0.10 D5006
percentage
Fuel electrical conductivity, pS/m 12 D2624

! Note: Metot is Method, Fraksiyon is Fraction, Oran is Ratio in the figure.
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CONTAMINANTS

Current gum, mg/100 mL 13
Water reaction interface degree
Microseparometer Degree 14

7 D381 or IP 540
1b D1094
D3948 or D7224

Table 2: Compositional Data for JP-8 (35).

Compound Weight (%)
Alkenes
Tridecene 0.73
Alkyl aromatic
m-Xylene 0.060
o-Xylene 0.060
1,2,3-Trimethylbenzene 0.27
1,2,3,4-Tetramethylbenzene 1.1
1,3-Dimethyl-5-ethylbenzene 0.62
1-Methyl-2-isopropylbenzene 0.56
1,2,4-Triethylbenzene 0.99
1,3,5-Triethylbenzene 0.60
n-Heptylbenzene 0.25
n-Octylbenzene 0.61
1-Ethylpropylbenzene 0.99
Branched paraffin
3-Methyloctane 0.040
2,4,6-Trimethylheptane 0.070
2-Methyldecane 0.41
2,6-Dimethyldecane 0.66
2-Methylundecane 1.2
2,6-Dimethylundecane 2.1
Naphthenes
1,1,3- Trimethylcyclohexane 0.060
1,3,5-Trimethylcyclohexane 0.060
1-Methyl-4-ethylcyclohexane 0.10
Propylcyclohexane 0.14
n-Butylcyclohexane 0.74
Hexylxyxlohexane 0.93
Phenylcyclohexane 0.87
heptylcyclohexane 1.0
Diaromatics excluding
naphthalenes
Biphenyl 0.63
n-Paraffins
n-Heptane 0.030
n-Octane 0.090
n-Nonane 0.31
n-Decane 1.3
n-Undecane 4.1
n-Dodecane 4.7
n-Tridecane 4.4
n-Tetradecane 3.0
n-Pentadecane 1.6
n-Hexadecane 0.45
n-Heptadecane 0.080
n-Octadecane 0.020
Napthalenes
Napthalene 1.1
1-Methylnapthalene 1.8
2-Methylnapthalene 1.5
1-Ethylnaphthalene 0.33
2,3-Dimethylnaphthalene 0.36
2,6-Dimethylnaphthalene 1.3

2.1.2. Methanol

The use of alcohol as an alternative to fuel has a long
history. However, the cost of production processes
has hindered their widespread adoption. Increasing
oil prices have allowed alcohol to become widespread
in recent years. Methyl alcohol was used as an active
ingredient in this research due to its potential to be
used in many fuel studies and to ensure its continuity
in our country (36). Technical properties of methanol
are given in Table 3.

Table 3: Technical Properties of Methanol.

Specifications Explanations

Chemical Name Methanol
Chemical Formula CH30H
Appearance Clear Liquid
Molar Mass 32.04 g/mol
Melting point -97.6 °C
Cas Number 67-56-1
Density 792 kg/m?3

2.1.3. Ethanol

Thanks to the high octane number of alcohols, allows
them to be used even at high compression ratios
(37). Ethyl alcohol, due to its structure, has the
feature of increasing engine performance while
reducing emissions when used as fuel. In this study,
we wanted to see what effect ethyl alcohol could
have on jet fuel. Technical properties of ethanol are
given in Table 4.

Table 4: Technical Properties of Ethanol.

Specifications Explanations

Chemical Name Ethanol
Chemical Formula C,HsOH
Appearance Colorless Liquid
Molar Mass 46.07 g/mol
Melting Point -114.1 °C

Cas Number 64-17-1
Density 789 kg/m3

2.1.4. Isopropanol

This type of alcohol, known by names such as
isopropyl alcohol, and IPA, is similar to ethyl alcohol
in terms of its structure and is used more as a solvent
in industry. We used this type of alcohol as an
additive substance in our study because it can be
dissolved well with fuels in any ratio and has a strong
oxidizing effect. The technical characteristics of
isopropanol are given in Table 5.
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Table 5: Isopropanol Technical Characteristics.

Specifications Explanations

Chemical Name Isopropanol
Chemical Formula CsHsO
Appearance Colorless Liquid
Molar Mass 60.1 g/mol
Boiling Point 82.5 °C

Cas Number 67-63-0
Density 786 kg/m?3

2.1.5. Anti-Icing (diethylene glycol monomethyl
ether (di-EGME)

In the chemical and dyeing industries, nitrocellulose
is used as a solvent for resins and solvents. Purified
di-EGME (>99%) is also used as a solvent in
cosmetic and dermatological preparations. Di-EGME
increases percutaneous absorption through the skin
in some pharmaceutical products and it is used in
pharmaceutical products in Turkey. Di-EGME is used
in shampoos (rinse) at a concentration of up to 5%
and conditioners (leave-in) at a concentration of up
to 2%, in toiletries, skincare, hair care, or sun care
products. It should not be used in products for oral
hygiene.

Being a colorless liquid, its use as a solvent for dyes,
nitrocellulose, decoctions, and resins stands out
among the applications of di-EGME. It is a component
of twisting, and conditioning yarns and wood dyes in
textile printing products, textile soaps, lacquers,
penetration enhancers in cosmetics, drying lacquers,
enamels, and brake fluids. Mineral oil soap is used as
a neutral solvent in mineral oil-sulfated oil mixtures
(by giving fine dispersions in water) and for
determining the saponification values of oils. Di-
EGME is a very polar, slow-evaporating, water-
miscible, odorless solvent. It is an active solvent for
cellulose acetate, nitrocellulose, epoxy resins, and
many other coating materials. Although diethylene
glycol methanomethyl ether is a flammable liquid, it
is stable under the recommended conditions. Storage
containers made of carbon steel, stainless steel, or
phenolic-lined steel are recommended for storage
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and preservation. It should also be avoided from
contact with strong acids, strong bases, and strong
oxidizers. Diethylene glycol monomethyl ether
should not be distilled until it is completely dry
because it can form unstable peroxides. Diethylene
glycol monomethyl ether can be oxidized at high
temperatures. Thermal decomposition products may
include, yet are not limited to: aldehydes, ketones,
and organic acids. The pouring of glycol ethers,
including di-EGME, on hot fibrous insulation can lead
to a decrease in self-ignition temperatures and
possibly spontaneous combustion since it is a
flammable liquid and stable under the recommended
conditions. The technical characteristics of dietary
glycol monomethyl ether are given in Table 6.

Table 6: Technical Characteristics of Diethylene
Glycol Monomethyl Ether.

Specifications Explanations
Diethylene Glycol
Monomethyl Ether

CsH1203

Chemical Name

Chemical Formula

Appearance Colorless Liquid
Molar Mass 120.148 g/mol
Boiling Point 194 °C

Cas Number 111-77-3
Density 1020 kg/m?3
Freezing Point -69 °C

2.2. The Effects of Additives Used in the Study
on Fuel Properties

In this study, additives such as methanol, ethanol,
isopropanol, and anti-icing were added to jet fuel (JP-
8) in the proportions of 2%, 5%, 7%, and 10% and
the fuel properties such as density, viscosity, flash
point and freezing point of the obtained mixtures
were examined. In Table 7, the cumulative results of
all experiments with additives added to JP-8 fuel are
given. In addition to the results of the pure states of
the fuel and additives, the results of the effects of
each of the additives added to the jet fuel in the
specified proportions on the fuel properties are also
seen in the table.

Table 7: Fuel properties of JP-8 and additives used in the study.

Fuels / Density Ki_nema!tic Fla_sh Free_zing
(%) Properties 15°C Viscosity Point Point
(kg/m3®) 40 °C(mm?/s) (°C) (6]
Jet fuel (JP-8) 797.0 1.198 46.0 -56.7
Methanol 793.0 0.597 12.0 -97.8
Pure Ethanol 795.0 1.102 13.0 -114.1
isopropanol 789.0 1.768 11.7 -89.0
Anti-Icing 1020 3.680 96.0 -69.0
Methanol 796.8 1.156 45.3 -56.9
2% Ethanol 796.9 1.160 45.5 -58.6
isopropanol 796.1 1.201 45.0 -56.2
Anti-Icing 799.8 1.410 47.4 -56.3
Methanol 796.5 1.144 43.9 -57.9
5% Ethanol 796.7 1.140 44.6 -59.2
isopropanol 795.6 1.255 44.4 -56.8
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Anti-Icing 803.4 1.530 50.1 -55.8
Methanol 796.1 1.126 42.0 -59.8
2% Ethanol 796.5 1.138 44.0 -60.8
isopropanol 795.0 1.270 43.7 -57.0
Anti-Icing 808.6 1.750 53.3 -55.1
Methanol 795.5 1.109 40.0 -61.7
10% Ethanol 796.2 1.130 43.4 -62.1
isopropanol 794.4 1.298 42.9 -57.6
Anti-Icing 814.5 1.980 55.4 -54.6

2.2.1. Density Change

Density is an important quality parameter for
gasoline, diesel jet fuel, and all other fuels. It is used
to define the product and determine other
characteristics. A high density also means that for
international product trade, it means the transport of
more energy in a low volume. Density (also known
as specific gravity) is an indicator of the amount of
weight that falls per unit volume of fuel. Density is a
basic parameter for all fuels. As the density
increases, the amount of energy per unit volume also
increases. Since the energy contained by each
hydrocarbon in the fuel is different, the types and
quantities of components in the jet fuel mixture are
very important. Since the density of a fuel is a
manifestation of the chemical structure of its
composition, it also has the property of being an
indicator of its energy value. In general, when
looking at fuels with a low density, it is seen that their
gravimetric energy content is high, and those with a
high density have an excess of volumetric energy

content. Fuels with high volumetric energy, that is,
excess density, are preferred in aircraft. Because the
volumetric energy per unit volume is greater, the
aircraft can travel longer distances with a tank of
fuel. As shown in Figure 6, the density of pure JP-8
is higher than pure methanol, ethanol, and
isopropanol; and since the mentioned alcohols are
added to JP-8 in the specified proportions, it appears
that there is a partial, if not a lot, decrease in the
density of the resulting fuel mixture. However, since
the density of the anti-icing additive used in the
study is much higher than JP-8, it has been found
that there is a relative increase in the density of the
fuel mixtures obtained when JP-8 is added in the
specified proportions. This means that if the fuel is
injected into the engine at a constant rate, the
energy supplied to the engine increases with
intensity and thus the engine performance will
increase. On the other hand, it can be said that as
the density decreases, volumetric fuel consumption
will increase due to the above-mentioned reasons.
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Figure 6: Changes in the density of additives used in pure form and the specified proportions.

2.2.1. Viscosity Change

Viscosity is the resistance of a liquid or gaseous fluid
to flow. In other words, it is called the resistance that
a liquid or gaseous fluid exhibits to the displacement
of a part relative to a part next to it. Viscosity,
translated into our language as fluidity, can also be
considered as the deceleration force between
molecules since the part forced into motion for a fluid
will also drag its adjacent parts with it. Such a force
prevents the formation of velocity differences in the
fluid. For fluids to be transmitted from one place to
another by pipelines or to be used as a lubricating
material, viscosity is one of the most important
factors in determining the forces that resist the flow.
In addition, viscosity is used in the regulation of
liquid flow in processes such as” spray casting,

spraying, and surface coating". As a result of
increasing temperature, the viscosity of liquids
decreases, while the viscosity of gases increases
rapidly. Therefore, when liquids are heated, liquids
flow more easily, but gases are more difficult. Along
with this, as the fuel viscosity decreases, it will cause
a significant power loss, as there will not be enough
fuel supply in the engine as a result of leaks. The high
viscosity of the fuel may cause the injection pump
not to provide enough fuel to fill the fuel chamber.
Failure to provide enough fuel will again cause a loss
of power in the engine. Jet fuel should be able to flow
easily from the fuel tank located on the wings of the
aircraft to the engines through the aircraft fuel
system. As the temperature drops as the altitude
increases, the fuel in the aircraft's tanks cools down,
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in the same way that the fuel in the tanks on the
ground faces the risk of freezing during the winter
seasons. Under all conditions, jet fuel should
maintain its fluidity, it must not freeze, that is, not
become viscous. Because the viscosity and freezing
points of kerosene-type jet fuels are higher than
those of wide-cut jet fuels, they are less suitable for
cold climatic conditions. One of the physical
properties of jet fuel is the freezing point and
viscosity, which are important criteria for its fluidity.
Jet fuel is injected into the combustion section of the
turbine engine through nozzles. The system sprays
the fuel droplets into a fine spray, allowing them to
mix with air, while also triggering their immediate
evaporation. The size and shape of the droplets in
question are related to the viscosity of the fuel. If the
viscosity of the fuel is higher than the required value,
the engine is forced while taking off. This causes the
pressure to drop in the fuel system lines and the fuel
pump to operate with excess power to maintain a
constant fuel flow rate. For these reasons, the
viscosity is limited to the maximum values in the
specifications (38). Too high viscosity prevents the
jet fuel from being atomized sufficiently. Aircraft
engine fuel systems, fuel lines, valves, and pumps
are of minimum size and weight and are designed to
operate with liquid fuels within a specific viscosity
range. Since the viscosity of jet fuels depends largely
on temperature, the viscosity of the fuel at the
minimum operating temperature should be known.
In addition, the effect of viscosity on fuel atomization
is important. The performance of pressurized
sprayers and air-assisted sprayers largely depends
on the fuel viscosity. The subsequent evaporation of
the fuel and mixing of the fuel with air to form a
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performance of the fuel nozzle. Engine
manufacturers specify a maximum fuel viscosity of
12 centistokes for reliable engine start-up
performance, which will limit engine start-up to
temperatures of -20 to-30 °C when using JP-5, JP-8,
Jet A, or Jet A-1 kerosene fuels. Kinematic viscosity
is determined by measuring the time it takes for a
fixed volume of fuel to flow through a calibrated
capillary tube at a predetermined temperature. The
viscosity is calculated from the flow time and the
capillary tube diameter and length. In the 1940s and
1950s, the standard viscosity test temperature was
-40 °C, but in recent vyears, international
standardization agencies have decided on a -4 °C
test temperature. The standard viscosity test method
is ASTM D 445, Transparent and Ovaaue Kinematic
Viscosity (39). Figure 7 shows the kinematic viscosity
(1.198 mm?2/s) of JP-8 used in the study is higher
compared to methanol and ethanol used as additives
(0.597 and 1.102 mm?2/s, respectively). Therefore, it
has been observed that when these alcohols are
added to JP-8 in the specified proportions, the
viscosities of the fuel mixtures obtained also
decrease relatively. This is a fact that fuel can easily
flow into the engine due to the low viscosity of the
fuel as the aircraft rises higher. The viscosities of the
isopropanol and anti-icing additives we used in the
study (1,768 and 3,680 mm?2/h, respectively) are
higher than JP-8, and it is observed that the values
of the mixtures obtained as a result of measurements
partially increase when they are added to the fuel at
the rates indicated in our experimental studies. It is
expected that this situation can be tolerated and that
the addition of these additives to the fuel at the
specified rates will not create a problem on flights.
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Figure 7: Changes in the kinematic viscosity of additives used in the pure state and the specified
proportions.

2.2.1. Flashpoint Exchange

A flash point is the lowest temperature at which a
sample of a flammable substance causes its vapor to
ignite under certain conditions, according to ASTM.
The flash point is one of the most important criteria
for determining the hazard of flammable liquids. It
can also be called the lowest temperature value that
a flammable liquid can produce enough vapor to
create a one-second flame. The flash point is often
confused with the spontaneous ignition temperature.

The flash point is the lowest temperature at which
the fuel vapor will continue to burn even after the
ignition source has been removed from the
environment. The flame point is higher than the flash
point, because at the flash point, steam may not be
released quickly enough to keep the combustion
going. The flash point is not directly related to the
ignition source temperature; however, the ignition
source temperature is higher than the flash point.
Among the flammable fuels, the flash point is a
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distinctive feature. The flash point is also an
important parameter for defining the fire hazards of
fuels. Fuels with a flash point of less than 37.8 ° C
are defined as flammable, while fuels with a flash
point above this temperature are also «called
flammable fuels. In gas turbines and jet engines,
fuels with a higher flash point and at low cost are
preferred. It is safer to transport and process such
fuels. The flash point of a liquid is defined as the
lowest temperature at which it produces enough
vapor to create a “vapor/air” mixture that can ignite
(pilot ignition). The vapor pressure of the liquid at
this temperature ensures a vapor concentration
equal to the lower flammability limit. If ignition is
attempted when the liquid reaches the flash point, a
flare flame will form, but the flame will not continue.
The cloud will burn and the fire will go out on its own
because the energy released as a result of
combustion is transferred to the remaining fuel and
is not enough to produce enough steam in the
remaining fuel. Since the flash point is the lowest
temperature at which there is a risk of fire with a
certain liquid, it is an important concept in fire
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investigation and fire protection. It is very important
in many cases to detect the presence of certain
liquids during the investigation process and to know
the flash points (40). The flash point is very
important for fuels with a low carbon content. The
JP-8's flash point (36 °C) is quite high and safe
compared to the JP-4's flash point (-18 °C). As can
be seen in Figure 8, the flash points of methanol (12
°(C), ethanol (13 °C), and isopropanol (11.7 °C) are
much lower than JP-8. Although the values indicated
in the study are not very high when these alcohols
are added to JP-8, it is observed that the flash points
of the mixtures partially decrease. However, it is
thought that this amount of decrease will not pose
any problems in the transportation and processing of
fuel. Since the flash point (96 °C) of the anti-icing
additive we used in the study is much higher than JP-
8, the flash points of the mixtures were measured as
47.4 °C, 50.1 °C, 53.3 °C and 55.4 °C, respectively
when 2, 5, 7 and 10% were added to the fuel (JP-8).
According to these obtained values, it is seen that
the transportation and use of fuel mixtures have
reached a more reliable point.
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Figure 8: Changes in the flash point of additives used in pure form and the specified proportions

2.2.1. Freezing Point Change

The freezing point in jet fuels is defined as the
temperature at which the last wax crystals contained
in the test sample, which are cooled until wax
crystals are formed, also melt when heated. In this
case, the freezing point is a higher temperature than
the solidification point of the fuel. One of the most
important features of a fuel system is the
performance of pumping the fuel contained in the
tanks into the engine. The ability of the pump-to-
pump fuel also depends on the fluidity of the fuel and
the design of the system. When conducting tests
related to fuels, the freezing point of the fuel is taken
as the criterion for pumping at a low temperature.
Jet fuels can be pumped even at temperatures 4°C-
15 oC lower than the freezing point. It is the ability
of the fuel to be used in cold weather. Fuel molecules
that cool down to a certain temperature crystallize,
and freeze when the temperature drops further.
Crystallized fuel blocks the fuel system, preventing
the flow of fuel. For these eight reasons, the freezing
point of fuels should be between 5 and -10 °C lower

than the outside air temperature of the region. The
freezing point is very important for the transfer of
fuel from the tank to the engine while the engine is
cold and during the first movement (41). Although
there is no direct relationship between the freezing
point and the viscosity, the freezing point increases
or decreases with the viscosity. The high freezing
point causes initial movement difficulties if the
heating of the fuel is excluded. During the operation
of the engines at temperatures near the freezing
point, the fuel filters become clogged. Therefore, the
required freezing point depends on the lowest
operating temperature of the machine (42). As can
be seen in Figure 9, the freezing points of the
alcohols and anti-icing we used in the study are much
lower than JP-8. Therefore, it has been found that
when these additives are added to JP-8 at the
specified rates (2, 5, 7, and 10%), the freezing points
of the new fuels obtained gradually decrease. It is
also believed that problems such as fuel freezing
cannot occur by increasing the altitude of aircraft in
this situation.
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Figure 9: Changes in the freezing point of additives used in the pure state and the specified proportions.

3. DISCUSSION

1. Like many countries in the world, our country is a
country with very low reserves in terms of fossil
fuels. This situation leads to the export of domestic
capital along with its dependence on foreign energy.

2. With its growing population, Turkey has become
an important center in Europe, Central Asia, and the
Middle East in the industry and defense industry,
especially in the energy field.

3. In recent years, our country has reached a very
important point in the production and use of
renewable energy sources. According to the data for
the last quarter of 2021, 55% of the total energy
production was produced from domestic and
renewable energy sources.

4. The importance of biofuels among renewable
energy sources is quite high. In this sense, the
importance of fuels such as bioethanol, biomethanol,
biodiesel, bioisopropanol, biogas, and hydrogen is
increasing day by day.

5. Ethanol, methanol, and isopropanol, which are
used as additives in this study, can be used as fuel
alone, or they can also be used by adding them to
some fuels to improve certain properties.

6. The densities of the alcohols (ethanol, methanol,
isopropanol) used in the study are lower than JP-8
fuel. When 2%, 5%, 7%, and 10% of these alcohols
were added to JP-8 fuel, the densities of the mixtures
formed decreased slightly compared to the density of
JP-8 fuel. The decrease in the density of the fuel with
the addition of these alcohols will also lead to a
decrease in energy values. However, it is thought
that this small amount of energy decrease that will
occur will be at a tolerable level. In addition, apart
from the above-mentioned alcohols, the density of
the anti-icing agent added to the fuel is much higher
compared to JP-8 fuel and pulls the density of the
mixture up with an increase in the additional ratio. In
this case, it is expected that the energy value of the
fuel mixture will increase.

7. In particular, the viscosities of the fuels used in
aircraft are of great importance. Since the viscosity
of the methanol used in the study (0.597 mm?2/s) is
low compared to the viscosity of JP-8 fuel, it was also
found that the viscosity of the mixture decreases as
the proportion of methanol mixed into the fuel
increases. In this way, it will be possible for the fuel
to flow more easily from the tank to the engine. Since
the viscosity value of ethanol is 1.10 and it is very
close to our main fuel JP-8 fuel, it has been found
that there is no significant change in the viscosity
value of the mixture when mixed at 2%, 5%, or 7%
and 10% rates. However, since the viscosity values
of isopropanol and anti-icing additives (1.768 and
3.680) are very high compared to JP-8 fuel, it has
been observed that there is a significant increase in
the viscosity of the new blend fuels formed when
added to the main fuel at the specified rates in the
study. However, it is thought that these increases are
at a level that will not pose a problem caused by
viscosity during flight.

8. One of the important features of jet fuels is the
flash point. Since the flash point values of the
alcohols used in the study (12, 13, 11, 7) were much
lower than JP-8, fuel, the flash point values of the
fuel mixtures obtained when the specified amounts
were added to the main fuel decreased relatively.
However, it is thought that these reduced amounts
will not carry a risk in the transportation and
processing of fuel. The flash point (96 °C) value of
the anti-icing used as an additive is quite high
compared to JP-8. It is observed that the flash point
values of fuel mixtures formed when added to the
main fuel at the rates indicated in the study also
gradually increase. With the increase in the flash
point value, the transportation and use of fuel
mixtures have become even more reliable.

9. One of the most important features sought in jet
fuels is the freezing point of the fuel. The freezing
point of JP-8 used in the study is -56.7 °C and is
higher than all of the additives used. In this case, it
has been observed that the freezing point values of
fuel mixtures gradually decrease with additives
added to the fuel at the rates of 2%, 5%, 7%, and
10%. Aircraft cruising at very high altitudes are
exposed to low temperatures. These Iow
temperatures bring with them the risk of freezing of
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fuels. As mentioned above, it is believed that these
risks will be reduced thanks to the freezing point,
which is significantly reduced by additives added to
jet fuel in various proportions.
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Abstract: Amides of cottonseed oil and diethanolamine were synthesized in 1:1, 1:2 and 1:3 mole ratios
and the structures of the substances were confirmed using infrared spectroscopy. Physicochemical
properties were also studied. Conservative liquids were developed by adding 3, 5 and 10% of the obtained
amides into T-30 oil. Corrosion tests involved immersing metal plates in conservative liquids within a
hydrochamber, seawater, and 0.001% H,SO, solution. The studies revealed that synthetic amides can be
used to develop conservative liquids of high protective efficiency. The best results were obtained by 10%
solutions. It was determined that metal plates immersed in a 10% solution of amide in a mole ratio of 1:2
were protected from corrosion during 205 days in "'-4" hydrochamber, 165 days in seawater, and 160 days
in a 0.001% H,SO, solution. Taking into account that the optimum composition created as a result of
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1. INTRODUCTION

Atmospheric corrosion, being one of the most
common types of corrosion, has led to significant
attention being focused on the development of
protection tools and methods. The occurrence of
atmospheric corrosion on steel surfaces causes
great losses of material resources (1-3).

Atmospheric corrosion affects all metal structures
operating outdoors (about 50% of the total existing
metal stock), namely: overhead pipelines, capacity
equipment, metal parts of buildings, piers, bridges,
transport facilities. During operation, the surfaces of
devices are inevitably exposed to moisture and
pollution, and it's the main reason for the
occurrence and increase of corrosion processes (4,
5).

Atmospheric corrosion can be classified into
categories such as dry corrosion, damp corrosion,
and wet corrosion according to surface humidity.
Humid and wet flow refers to electrochemical
mechanisms, but dry flow refers to chemical
mechanisms (6, 7).

The main type of corrosion: is atmospheric corrosion
(the cause of oxidation is the contact of the metal
object with oxygen and water vapor in the air). Rust
develops faster when there are pollutants in the air
in the form of chemically active substances. Liquid
corrosion (occurs on metal equipment in a water
environment). If we are talking about seawater,
oxidation on it is significantly accelerated due to the
high salt content of the liquid. Soil corrosion (metal
equipment located on the ground is affected by this
type). Chemical reactions begin and continue under
the influence of chemical elements that make up
the soil, groundwater, various types of seepage.
Corrosion in metal products can manifest itself in
different ways (8, 9).

- a continuous rusty layer or its separate parts are
formed;

- small areas of rust penetrating the part are
formed;

- deep cracks are formed;

- one of the alloy components is oxidized;

- deep penetration occurs throughout the volume;

- several symptoms appear at the same time;
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The reasons can be of two types (10): Chemically,
i.e., the metal dissolves as a result of chemical
reactions with active substances. Electrochemical is
related to the generation of an electric current when
in contact with electroly solutions, under its
influence electron exchange occurs in metals. This
causes damage to the crystal structure and the
formation of rust (11).

There are several main ways to protect metal
equipment from corrosion (27):

- metal alloy;

- protective coatings (metal, non-metal);

- electrochemical protection;

- changes in the properties of the corrosive medium;
- rational product structure;

This is one of the really effective ways to increase
the rust resistance of metals. Chromium, nickel,
molybdenum, etc. is added to the alloy or metal
during the alloying process alloying elements such
as. This is one of the really effective ways to
increase the rust resistance of metals. They lead to
passivation of the metal, that is, the corrosion
protection of the metal or alloy increases due to the
stopping of the anode process (12).

Additional layers are artificially formed on the
surface of the metal product to protect it from
corrosion. Such coatings can be metallic or non-
metallic. However, regardless of their composition,
they are subject to the same requirements: good
adhesion properties, durability, the ability to
maintain their properties in an aggressive
environment (13). Protection of metal equipment
with metal coatings differs from other methods in its
unequivocal effect. Non-metallic protective coatings
are divided into inorganic and organic. Inorganic
coatings, metal oxides, chromium, phosphorus
compounds, etc. are used to protect metal
equipment from corrosion with non-metallic
coatings (28). Organic coatings include paint
coatings, resins, plastics, polymer coatings and
rubbers (14). Atmospheric corrosion has taken a
large place in the destruction of metal equipment,
and much attention is paid to the development of
protective means and methods. The essence of the
protection of metals from atmospheric corrosion

inhibitors consists of chemical and physical
interaction with moisture, oxygen and other
corrosive substances, as a result of which

substances neutral in terms of corrosion are formed
and passivation of metal surfaces,
hydrophobization, or both occur together (15). At
the beginning of the 20th century, it was
determined that some gas-containing chemical
compounds have the ability to precipitate on the
surface of metals and protect them from the
harmful effects of the environment. These

3. RESULTS AND DISCUSSION

3.1. The course of The Reaction
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compounds are called volatile corrosion inhibitors or
VCI - volatile corrosion inhibitors (16). Among the
foreign samples, VIBATAN Metal Antiox 01792 can
be distinguished. It is a universal concentrate of
volatile corrosion inhibitors for ferrous and non-
ferrous metals. Another volatile corrosion inhibitor
with a high concentration of VIBATAN Metal Antiox
01801 can also be attributed here (17, 18). Its field
of application is the creation of a protective coating
against corrosion in the military industry and large
machinery. The most domestically produced JIMAK
include derivatives and salts of aliphatic, aromatic,
cyclic and heterocyclic amines (19, 20). These are

mainly nitrites, nitrates, borates, phosphates,
benzoate, nitrobenzoates. These are mainly nitrites,
nitrates, borates, phosphates, benzoates,

nitrobenzoates (21). In this regard, the issue of

protection against atmospheric corrosion and
reduction of losses during transportation and
storage is very relevant. The application of

inhibitors is one of the known methods of corrosion
protection, as well as one of the most effective
methods among the various methods of preventing
the disintegration of a metal surface. The inhibitors
synthesized by us are considered to be low-
component, ecologically harmless and
biodegradable, and especially "Green" inhibitors.

2. MATERIAL AND METHOD

2.1. Materials

Cottonseed oil is obtained by cold pressing cotton
seeds, after removing the fiber from them. This
method makes it possible to preserve
microelements and nutrients characteristic of
natural cotton in the oil. Cotton seeds collected in
the Republic of Azerbaijan. DEA (purity > 98.5%
Merck®, Germany). Indicators of cotton seed:
Approximate seed weight: about 1 gram,
Approximate seed size: 1 cm,

Seed germination percentage: 90%,

Beginning of fruiting/flowering: in the year of
planting,

Estimated yield: usually 10-20 flowers per plant

2.2. Synthesis

Amides of cottonseed oil and diethanolamine (DEA)
in different mole ratios were synthesized. The
reactions were carried out in a three-necked flask
equipped with a stirrer, a heater and a
thermometer. The reaction begins by weighing the
required amount of cottonseed oil and filling into
the flask, and is followed by turning on the heater
and stirrer. As the temperature reaches 60-70°C,
the required amount of DEA is weighed and added
to the flask. It is followed by raising the temperature
to 140°C and stirring at this temperature for 4 hours
and cooling after the end of the reaction.
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3.2. Instrumental Characterization

The structure was Studied by infrared spectroscopy
method (IR spectroscopy) ALPHA IR-Fourier
spectrophotometer of German BRUKER company.
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Figure 1: IR spectrum of the amide obtained in 1:1 mole ratio.

So, 250 g of cottonseed oil were taken for the
purpose of obtaining amide in a 1:1 mole ratio. After
the temperature reached 60-70°C, 30 g of DEA were
added and the temperature was raised to 140°C.
After stirring for 4 hours, the IR spectrum of the
substance was plotted and determined (Figure 1).

The following absorption bands were observed in

the spectrum:

721 cm? - mathematical vibration of C-H bond of
CH, group;

1625 cm™ - valence vibration of C-N bond of -CO-N-
group (tertiary amide);

1739 cm™ - C=0 bond of the ester;

1051, 1239 cm™ - C-N bond C-NH group;

1115, 1167 cm™ - C-O-C bond of the ester;

1377, 1463, 2852, 2922 cm™ - valence vibration of
C-H bond of CH5 and CH, groups;

3008 cm™ - C-H bond of cottonseed oil C=C group.

3399 cm® - N-H bond of DEA and O-H bond of C-OH
group coincide.

IR spectrum of the sample reveals that the reaction
didn't run to completion. Absorption bands are
observed at 1739, 1115, 1167 cm™ characteristic for
cottonseed oil and the ester. Observation of the
absorption band of tertiary amide at 1625 cm®
confirms obtaining the tertiary amide. In the region
of 3365 cm?, an absorption band characteristic for
0O-H bond of C-OH group also appears and coincides
with the absorption band corresponding to N-H
bond.

For the purpose of obtaining the amide of
cottonseed oil with DEA in a 1:2 mole ratio, 250 g of
cottonseed oil were taken and filled into a flask,
heated to 60-70°C, and at this temperature, 60g of
DEA were weighed and added to it and stirred at
this temperature for 4 hours. After the completion of
the reaction, IR spectrum was plotted (Figure 2) and
determined.
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Figure 2: IR spectrum of the amide obtained in 1:2 mole ratio.

The following absorption bands were observed in

the spectrum:

721 cm?® - mathematical vibration of C-H bond of
CH, group;

859, 915 cm™ - deformation vibration of C-H bond
of HC=C-group;

1048 cm™ - valence vibration of C-N bond;
1170 cm™ - C-O-C bond of the ester;
1739 cm® - C=0 bond of the ester;

1620 cm® - valence vibration of C-Nbond of -CO-N-
group (tertiary amide);

1365, 1464, 2852, 2922 cm? - deformation and
valence vibrations of C-H bond of CH; and CH;

groups;

3008 cm? - valence vibration of C-H bond of
HC=CH-group;

3356 cm™ - valence vibration of O-H bond of COH
group.

The reaction didn’t run to complete even at 1:2
mole ratio. Absorption bands characteristic for the
tertiary amide obtained at 1621 cm™ proves the
intensity of the absorption bands in comparison to
1:1 mole ratio. Absorption band intensity of C=0
group of the ester characteristic for cottonseed oil
at 1739 cm*was also decreased.

=
S
-

In order to obtain the amide of cottonseed oil and
DEA in 1:3 mole ratio, 250 g of cottonseed oil were
taken and filled into a flask, heated to 60-70°C, then
90 g of DEA were added to it, mixed at 140°C for 4
hours. IR of the obtained substance was determined
by plotting the spectrum (Figure 3).

The following absorption bands were observed in

the spectrum:

720 cm - mathematical vibration of C-H bond of
CH; group;

858, 915 cm® - deformation vibration of C-H bond
of CH=C-group;

1047 cm?® - valence vibration of C-N bond;

1185, 1209, 1257 cm? - C-O-C bond (a small
amount) of the ester;

1364, 1421, 1464, 2852, 2922 cm™® - deformation
and valence vibrations of C-H bond of CHs; and
CH, groups;

1617 cm™ - valence vibration of C-N bond of -CO-N-
group (tertiary amide);

1739 cm?* - C=0 bond of the ester (a small
amount)

3008 cm™ - valence vibration of C-H bond of HC=C
group;

3358 cm® - valence vibration of O-H bond of COH

_.group.
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Figure 3: IR spectrum of the amide obtained in 1:3 mole ratio.

In the case of taking the initial substances in a 1:3
mole ratio, a small amount of cottonseed oil

remained in the product obtained by the reaction.
Intensity of the absorption band characteristic of
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cottonseed oil (1739 cm™) was very low. This ratio
provides high intensity of the absorption band (1617
cm?) of C-N bond of the tertiary amide. The analysis
of the spectra proved that the amide yield was
higher by taking of the initial substances in this
ratio. A small amount of unreacted cottonseed oil
remained in the system. Physicochemical
parameters of the synthesized amides were
determined. The results are given in Table 1.

3,5, 7, and 10% of synthesized amides were added
to T-30 oil and physicochemical properties of the
solutions were determined. The results are set into
Tab. 2. Protective ability of the developed
conservative liquids was determined by the direct
tests in different structural chambers. The tests
were carried out as in the first section. Purified and
dried metal plates were tested in a thermohumidity

RESEARCH ARTICLE

chamber in a 0.001% H,SO, solution in seawater.
The obtained results are given in Table 2. As is
evident from the table, the highest results were
shown by the composition obtained by adding 1:2
mole ratio of 10% amide of cottonseed oil and DEA
to T-30 oil. A metal plate immersed into a
conservative liquid developed by this way was
protected from corrosion for 205 days in “I'-4”
hydrochamber, 165 days in seawater, and 160 days
in a 0.001% sulfuric acid solution.

Also, the hydrochamber "I'-4" test results of the
10% solutions obtained are given in the form of a
diagram (Fig. 4).

Test results of 10% solutions in the hydrochamber
"I'-4" are given in the following diagram (Fig. 4).

Table 1: Physicochemical properties of the resulting amides.

Samples
Properties Device Method Cottonseed Cottonseed Cottonseed
oil+DEA oil+DEA oil+DEA
(1:1 mole ratio) (1:2 mole ratio) (1:3 mole ratio)
Kinematic . I
viscosity, Stasb\'/’;,lger A 'mr%‘(’:ass'g'r'i'rﬁy of 636.32 1350.4
mm?/sec, 20°C 9
Density, g/cm? DMA ASTM Impossibility of
20°C 4500M D5002 measuring 0.9660 0.9792
Refractive index, | Abbemat Device
20°C 500 method 1.4778 1.4810 1.4821
lodine number, . GOST
gY/100 g Methodics 2070-82 51.11 47.84 54.75
Acid number, . GOST
mgKOH/g Methodics 11362 1.13 1.86 3.50
. s Stanhope ASTMD
Freezing point, °C seta 97 +3 0 +2

Table 2: Test results of the conservative liquids developed on the basis of the synthesized amides.

Composition of conservative liquids “r-4” 0.001%

T-30 oil, % Amides, % hydrochamber Seawater H2504
1 97 Cott.oil+DEA 1:1,3 126 120 125
2 95 Cott.oil +DEA 1:1,5 152 140 147
3 93 Cott.oil +DEA 1:1,7 164 158 150
4 90 Cott.oil +DEA 1:1,10 185 160 157
5 97 Cott.oil +DEA 1:2,3 162 124 126
6 95 Cott.oil +DEA 1:2,5 136 132 130
7 97 Cott.oil +DEA 1:2,7 162 146 154
8 90 Cott.oil +DEA 1:2,10 205 165 160
9 97 Cott.oil +DEA 1:3,3 164 136 142
(1) 95 Cott.oil +DEA 1:3,5 165 148 146
! 97 Cott.oil +DEA 1:3,7 175 156 149
% 90 Cott.oil +DEA 1:3,10 184 165 154
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Figure 4: Test results diagram of the obtained amidines.
As is evident from the diagram, the solution of cottonseed oil and DEA shows the best results in 1:2 mole
ratio.

If we look at the research works carried out in our
country and abroad, tests were carried out in the "I'-
4" hydrochamber by adding nitro compounds
synthesized in the presence of nitric acid to T-30
turbine oil based on CizH,4, CisHzs and CigH32-CisHae
a-olefins. A nitro compound synthesized on the
basis of CisH2s a-olefin was observed for 108 days of
corrosion protection (22). For the first time,
amidoamines synthesized by reacting
diethylenetriamine (DETA), triethylenetetraamine
(TETA) and polyethylene polyamines (PEPA) with
technical or distilled petroleum acids (PA) in
different molar ratios are added to T-30 turbine oils
at different concentrations (3, 5, 7 and 10%)
preservation fluids were prepared and tested in
different harsh environments. Preservation fluid
with a 2:1 molar ratio of PA to PEPA showed a
preservation effect for 41 days (23). K-17, Mifol KM,
HI-203P and Mayacor can be preserved in a
hydrochamber for 70 days to 100 days, the
protective effects of which have been observed
(24).

In other works, compositions of obtaining nitrated
oil with Mg, Co, and Ni salts of natural petroleum
acids were prepared and their properties as
conservation liquid were studied. The obtained
results show that the corrosion protection of the
Steel-3 metal plate in the "T-4” hydrochamber is
weak, either alone or in the presence of
compositions with Co, Ni and Mg salts of petroleum
acid. While nitrous oil protected the steel-3 metal
plate from corrosion for 55 days, the protection
index with petroleum acid salts was between 45-62
days (25). In other works, compositions of obtaining
nitrated oil with Mg, Co, and Ni salts of natural
petroleum acids were prepared and their properties
as conservation liquid were studied. The obtained
results show that the corrosion protection of the
Steel-3 metal plate in the "T-4” hydrochamber is
weak, either alone or in the presence of
compositions with Co, Ni and Mg salts of petroleum
acid. While nitrous oil protected the steel-3 metal
plate from corrosion for 55 days, the protection
index with petroleum acid salts was between 45-62
days (26).

4. CONCLUSIONS

1. The structures of the synthesized substances
were confirmed using IR spectroscopy method, and
physicochemical properties were determined. 3, 5, 7
and 10% solutions of cottonseed oil were prepared
in T-30 oil and studied as conservative liquids. The
best result was shown by a 10% solution in 1:2 mole
ratio. It was determined that metal plates immersed
in a 10% solution exhibited corrosion protection
efficiency lasting 205 days in a hydrochamber, 165
days in seawater, and 160 days in a 0.001% H,SO,
solution.

2. As a result, it can be noted that, unlike other
researche, our test results showed a relatively high
protection effect and, besides being and
economically efficient, ecologically safe, it has a
simple structure in the manufacturing technology.
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Abstract: The exfoliation of LDH materials is highly favorable for the formation of single-layer layered
double hydroxides (LDH) nanosheets due to their unique chemical, thermal, optics, and biological
properties. The green method for the exfoliation of layered double hydroxides (LDH) offers several
advantages compared to conventional methods because it is considered safe, cost-effective, and eco-
friendly. This report focuses on the exfoliation of layered double hydroxides (LDH) using sugar molecules
as a green exfoliating agent without having to first pre-intercalate the layered material. The exfoliation of
LDH is confirmed by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), transmission
electron microscopy (TEM), thermogravimetric (TGA), differential scanning calorimetry (DSC), and
Brunauer-Emmett-Teller (BET) analyses. We also examined the crystalline phase of LDH in different
stages of liquid exfoliation; suspension, semi-dry suspension, and dried solid samples using XRD. XRD
data shows one broad peak for all the LDH exfoliated samples at 26 = 23.9°,22.4°, and 22.3°
respectively, which correspond to the characteristic (006) basal reflection of LDH single layers. These
single peaks indicate the formation of LDH nanosheets. The higher intensity peak at the region 1000-1020
cm? for LDH exfoliated samples indicates the successful exfoliation of sugar molecules in the interlayer of
LDH. In BET, the wide hysteresis loop for the exfoliated LDHs proved the successful exfoliation of sugar
molecules into LDH layers. TEM images show ultrathin sheets of LDH and spherical-like particles. This
work shows that LDH nanosheets can be obtained by using green biomolecules through simple synthetic
methods.
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1. INTRODUCTION

Layered double hydroxide (LDH) is a two-
dimensional (2D) layered material that belongs to
the hydrotalcite-like (HT) compound group. LDH is
represented by the formula [M1 2t M3
(OH) 7" [Axn]™*mH,0, where MZ#* and M3 are
divalent and trivalent cations and An- are inorganic
or organic anions (1). The exchangeable interlayer
anions, A" in the layered structure render the
compounds such a unique material for intercalation
chemistry (2). When these layers are exfoliated,
nanosheets of LDH can be obtained, which are
typically in the nanometer range (3). Over the past
few decades, research into the exfoliation
chemistry of LDH has seen a sharp increase (3).

The exfoliation of LDH is the process of breaking
apart the LDH multilayers into single layers
consisting of nanosheets (4, 5). The LDH
nanosheets display uniqgue mechanical, optical, and
biological properties compared to their bulky
counterparts. Interestingly, liquid-phase exfoliation
is one of the promising routes for exfoliating
layered materials (3). This top-down approach has
several advantages since they are easy to operate,
versatile, and easily scalable (3). Several reports
have dealt with the exfoliation of LDH in different
solvents. However, using organic solvents as
exfoliating solvents can be harmful as it is likely to
harm the health of humans, animals, and plants
(6). Adachi-Pagano et al.(2000) reported the
exfoliation of ZnAI-LDH in organic solvent using
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dodecyl sulfate (DDS) and butanol (7). Hibino and
Jones et al.(2001) employed glycinate-containing
MgAI-LDH in formamide at room temperature (5).
Jobbagy and Regazzoni et al.(2004) studied the
exfoliation of Mg-Al-DDS in toluene and CCl, (8).
Previously researchers used organic solvents which
are more toxic therefore, it is essential to use less
toxic and more sustainable solvents to minimize
the impact on the environment and human health.
In this work, we demonstrate the green synthesis
of LDH nanosheets using sugar molecules to
exfoliate LDH without having to first pre-intercalate
the layered material in dimethyl sulphoxide
(DMSO). DMSO is a highly potential solvent for
exfoliation due to its higher dielectric constant and
low toxicity profile. DMSO is also miscible with
water and most organic liquids (9). Sugar
molecules are readily available, renewable, and
non-toxic carbohydrates (10). It contains a large
number of hydroxyl groups which may greatly
facilitate the exfoliation of layered materials (11).
When sugar molecules are intercalated between
LDH layers, the functional groups of the sugars
may influence the hydrogen bonds between the
hydroxyl groups of intercalated molecules and the
hydroxyl groups of basal layers of LDH. This may
further lead to breaking the layers apart (11). It
has been previously reported that sugar crystals
are used to exfoliate boron nitride lamellae in
water due to covalent interactions (12). Chen and
co-workers investigated the interactions of natural
sugars with inorganic layered nanomaterials, using
natural sugar as a green exfoliating agent to
exfoliate transition-metal dichalcogenides (TMDs)
(11). Furthermore, the reports on structural studies
have been reported by Joensen et al. on XRD study
on single-layer and restacked MoS, (13). The
structural studies of a single layer of MoS, in
aqueous suspension show that a single layer differs
from a bulk single crystal. When single-layer MoS,
suspension dries up, a new phase is obtained,
whereas in dry restacked MoS,, bulk Mo-Mo
distance starts to reappear. Sasaki et al. reported a
stable colloidal suspension of an exfoliated titanate
and the ensuing reassembling process (14). The
layered protonic titanate was successfully
exfoliated into single-layer nanosheets and the
delaminated nanosheets were restacked upon
drying; this reassembling process revealed the
macromolecule aspects for the obtained individual
nanosheets. XRD data showed that the amorphous
halo changed into well well-order crystalline
pattern upon drying. However, to our best
knowledge, only limited studies have been
reported on the structural information of the
layered material in different sample phases using
the X-ray diffraction (XRD) technique. This study
demonstrates for the first time the crystalline
phase of LDH in different stages of liquid
exfoliation; suspension, semi-dry suspension, and
dried solid samples.

2. EXPERIMENTAL SECTION

2.1. Reagents

RESEARCH ARTICLE

Magnesium nitrate hexahydrate [Mg(NOs),.6H,0]
and aluminium nitrate nanohydrate [AI(NO3);.9H,0]
were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH) and dimethyl sulfoxide (DMSO)
were purchased from Merck. Sucrose, glucose, and
lactose were purchased from R&M Chemicals Sdn.
Bhd., Malaysia. All chemicals were used as
received without purification.

2.2. Preparation of Mg-Al LDH

30 mmol magnesium nitrate hexahydrate
[Mg(NOs)2.6H,0] and 15 mmol aluminium nitrate
nanohydrate [AI(NO3)3.9H,0] were weighed
separately in an analytical weighing balance. 50 ml
of a solution containing 30 mmol magnesium
nitrate hexahydrate and 15 mmol aluminum nitrate
nanohydrate (Mg: Al = 2:1) were put together in a
beaker.

2.3. Synthesis and exfoliation of Mg-Al LDH
Mg-Al LDH was prepared by following an
established method (Co-precipitation) (15). The
prepared Mg-Al LDH solution was added dropwise
to 30 ml of distilled water mixed with 70 ml DMSO
solution containing 1g of sucrose under stirring
conditions. Throughout the mixing of the metal salt
solutions, the pH of the reaction mixture was kept
at 9 using 1 M of NaOH solution. The reaction was
carried out under the nitrogen gas purge. The
slurry product obtained was centrifuged for 3
minutes at 3500 rpm in 3 cycles. The resulting
product was kept in a freezer dryer for 24 hours
and the samples were mashed into a powder form
for further characterization. The same procedure
was repeated for 1g glucose and 1g lactose.

2.4. Characterizations

X-ray diffraction patterns of synthesized samples
were recorded on a Bruker-D8 diffractometer using
Cu-Ka radiation. The Fourier transform infrared
spectra were recorded on an FTIR spectrometer
(Perkin  Elmer, System 2000) while the
morphologies of LDH samples were analyzed using
transmission electron microscopy (FElI Tecnai G2
F20). Thermal analysis of samples was recorded
using the Perkin Elmer SDTA 6000
Thermogravimetric analyzer and differential
scanning calorimetry measurements were obtained
using the Perkin Elmer DSC instrument. The
surface area was measured using a Brunauer
Emmett-Teller instrument (Micromeritic ASAP
2020). A graph of the cumulative particle size
distribution of exfoliated LDH was plotted to
determine the median diameter of the particle.

3. RESULTS AND DISCUSSION

3.1. XRD

Figure 1 shows the typical X-ray diffraction (XRD)
patterns of the synthesized LDH and its exfoliated
diffraction patterns. Figure 1la shows the first basal
reflection for pristine LDH at 206 = 10.3°
corresponding to the basal spacing of dos = 8.6 A.
(16). The d-spacing of pristine LDH calculated from
the (003) peak was 8.6 A, which well matched with
that of previously reported NOs intercalated LDH
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(17). Other basal reflections are observed at 26 =
20.2° corresponding to the basal spacing of dgs =
4.4 A and 26 = 29.6° corresponding to the basal
spacing of doss = 3.0 A (16). Figure 1b shows the
XRD pattern for LDH exfoliated with sucrose. The
diffraction pattern exhibits a sharp peak at 26 =
20.8°, corresponding to the basal spacing of des =
4.3 A (17). The basal spacing of doos is observed in
Figure 1c (LDH exfoliated with glucose) and Figure
1d (LDH exfoliated with lactose). These basal
spacings of does in all the exfoliated samples may
indicate the formation of single-layer LDH
nanosheets (18). For comparison, Figure 1le
exhibits the stacked spectrum of LDH pristine and
each LDH exfoliated with sucrose, glucose, and
lactose, where the Iatter patterns indicate the

RESEARCH ARTICLE

shows the XRD patterns for suspension samples
(a)-(c). In all samples, single sharp peaks are
observed at 20 = 23.9°,22.4°, and 22.3°
respectively, which correspond to the
characteristic (006) basal reflection of LDH single
layers (18). Figure 1g shows the XRD patterns for
semi-dry samples (a)-(c). Similarly, sharp peaks
are observed at 26 = 20.4°, 21.4°, and 20.1° at the
basal reflection (006) indicating the formation of
single-layer LDH. The 26 values for the semi-dry
samples differ from the suspension samples due to
the different hydration states and drying
techniques (14). A broad peak is observed for
suspension samples, maybe due to water
molecules, whereas for semi-dry samples, the
shape of the water peak is narrower (14).

formation of single-layer nanosheets. Figure 1f
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Figure 1: XRD pattern of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose
d) LDH exfoliated with lactose.
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1000
i) Co-precipitation
006 ii) Reconstruction
800 - 20 =23.9° iii) Hydrothermal
006 d-spacing= 3.7 A
286=224°
3 600} d-spacing= 4.0 A
>
£ 400 +
200 +
0 i : d-spacing= 4.0 A ; ] i
0 10 20 30 40 50 60

26 / degree

Figure 1f: X-ray diffraction pattern of suspension samples i) LDH exfoliated
with sucrose (co-precipitation) ii) LDH exfoliated with sucrose
(Reconstruction) iii) LDH exfoliated with sucrose (hydrothermal).
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Figure 1g: X-ray diffraction pattern of semi-dry samples i) LDH exfoliated with sucrose (co-precipitation)
ii) LDH exfoliated with sucrose
(Reconstruction) iii) LDH exfoliated with sucrose (hydrothermal).
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3.2. TGA

Figure 2 shows a thermogravimetric analysis of LDH pristine and LDH exfoliated with sucrose, glucose,
and lactose. Figure 2a exhibits four decomposition stages of mass loss for the LDH pristine sample. The
first mass loss of 10.9% at 210 °C was due to the loss of physically absorbed water (19). The second mass
loss of 8.1% at 365 °C was due to water loss in the LDH interlayer regions. The third mass loss of 9.9% at
521 °C was attributed to the decompositions of carbonate and the hydroxyl layers in between the LDH
layers. The final mass loss of 16.1% at 690°C is due to the decomposition of the organic compound (19). A
similar pattern is observed in LDH exfoliated with sucrose (Figure 2b). Three thermal steps occurred at
42.6, 247, and 404 °C, registering the corresponding mass losses of 34.0, 24.7, and 5.3% respectively.
The first mass loss is attributed to the loss of surface and interlayer water, whereas the second step might
be due to the dehydroxylation of brucite sheets. The final step can be assigned to the decomposition of
nitrate ions (20). Similarly, Figure 2c shows three thermal steps of mass losses which occurred at 39.6,
250.6, and 336.1 °C, registering the corresponding mass losses of 53.1, 10.3, and 9.8% respectively. The
first mass loss is due to the loss of surface and interlayer water, while the second step is attributed to the
dehydroxylation of the brucite sheets. The final mass loss is due to the decomposition of organic
compounds or the rest residues of LDH (21). The mass loss pattern is also observed in Figure 2d. The first
mass loss of 45.5% at 103.5 °C was due to the removal of weekly adsorbed water, followed by the second
one at 268 °C (correspondingly 15.6%); this is ascribed to dehydroxylation of the LDH lattices. The third
mass loss of 3.1% at 460 °C is due to the decomposition of nitrate ions (20). Figure 2e shows the stacked
spectrum of the TGA/DTG graph of LDH pristine, LDH exfoliated with sucrose, glucose, and lactose for
comparison. The first mass loss percentage for LDH pristine is less compared to exfoliated samples. This
might be due to more water loss during the exfoliation process. In conclusion, the TGA data have
significantly enhanced the thermal stability of exfoliated LDH compared to LDH pristine.
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Figure 2e: Stack spectrum of TGA/DTG graph of i) LDH pristine ii) LDH
exfoliated with sucrose iii) LDH exfoliated with glucose iv) LDH exfoliated with lactose.

3.3. DSC

Figure 3 shows differential scanning calorimetry (DSC) of LDH pristine and exfoliated LDH with sucrose,
glucose, and lactose. Figure 3a exhibits three peaks at temperatures 276, 308, and 341 °C. These peaks
are due to the endothermic reaction caused by the melting process (22). The sharp endothermic peak at
308 °C might be due to an initial LDH de-hydroxylation of the metal hydroxide layers (23). Figure 3b
shows two peaks at 113 and 380 °C. These peaks are due to the endothermic reaction caused by the loss
of adsorbed surface water (22). Figure 3c exhibits two peaks at 137 and 316 °C. The peak at 137 °C was
due to an endothermic reaction caused by melting, while the peak at 316 °C was due to an exothermic
reaction caused by crystallization (22). In contrast, Figure 3d exhibits one sharp peak at 139 °C due to an
endothermic reaction caused by melting. Figure 3e compares the stacked spectrum of DSC spectra of
LDH pristine and exfoliated LDH with sucrose, glucose, and lactose. Exfoliated LDH samples show lower
endothermic temperatures compared to LDH pristine. This might be due to more surface and interlayer
water loss during the formation of LDH nanosheets. The DSC data have significantly enhanced the
thermal stability of exfoliated LDH compared to LDH pristine.
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Figure 3: DSC graph
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of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose d)
LDH exfoliated with lactose.
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Figure 3e: Stack DSC graph of i) LDH pristine ii) LDH exfoliated with
sucrose iii) LDH exfoliated with glucose iv) LDH exfoliated with lactose.

3.4. FTIR

Figures 4a, 4b, 4c, and 4d depict the FTIR spectra
spectrum of LDH pristine and LDH exfoliated with
glucose, lactose, and sucrose. Figures 4a, 4b, 4c,
and 4d show absorption peaks in region 3400 cm™.
These peaks were due to the O-H stretching of
water molecules and hydroxyl groups in the
lamellar structure (24). Figures 4a, 4b, 4c, and 4d
also show absorption peaks at 1349, 1344, 1338,
and 1390 cm™, respectively which are attributed to
the vibration of carbonate species. The bands in
the region of 900-1000 cm™ were ascribed to the
stretching of AI-O and Mg-O bonds (25). The band
that occurred around 1600 cm™ was attributed to
O-H of interlayer water molecules, while the
absorption band of nitrate ions was observed at
1390 cm™. The absorption peaks at the region
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1000-1020 cm™ in LDH pristine and exfoliated
samples were due to C-H stretching (12). However,
the intensity peak at the region 1000-1020 cm™ for
LDH exfoliated with sugar molecules is higher
compared to LDH pristine due to the C-H stretching
in sugar molecules which indicates the successful
exfoliation of sugar molecules in the interlayer of
LDH. All the bands that appeared in LDH pristine
also appeared in exfoliated LDHs. This may
indicate that LDH was successfully exfoliated into
single-layer structures. Figure 4e demonstrates the
stacked spectrum of LDH pristine and exfoliated
LDH, where it shows the important bands of LDH.
The bands present in LDH pristine in the region of
3400, 1600, and 1300 cm™ are also present in
exfoliated LDHs.
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Figure 4: FTIR spectra of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose c)
LDH exfoliated with lactose.
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Figure 4e: Stacked FTIR spectra of i) LDH pristine ii) Exfoliated LDH with
sucrose iii) Exfoliated LDH with glucose iv) Exfoliated LDH with lactose

3.5. Stack FTIR of suspension exfoliated LDH with sucrose by co-precipitation, hydrothermal,
and reconstruction.

Figure 4f depicts the FTIR spectrum of suspension LDH exfoliated with sucrose. Three different
preparation methods were employed for the suspension samples below, namely co-precipitation,
reconstruction, and hydrothermal. All the suspension samples show absorption peaks in the region of
3400 cm™. These peaks were due to the O-H stretching of water molecules and hydroxyl groups in the
lamellar structure (24). Besides, absorption peaks in the region of 1600 cm™ are assigned to the
stretching of the O-H of interlayer water molecules. The bands in the 900-1000 cm™ region were ascribed
to the stretching of Al-O and Mg-O bonds (24).
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Figure 4f: Stacked FTIR spectra of suspension samples i) LDH exfoliated
with sucrose (co-precipitation) ii) LDH exfoliated with sucrose
(reconstruction) iii) LDH exfoliated with sucrose (hydrothermal).

3.6. Stack FTIR of semi-dry exfoliated LDH
with sucrose by co-precipitation,
hydrothermal, and reconstruction

Figure 4g shows FTIR spectroscopy analysis of
semi-dry exfoliated LDH with sucrose. Different
methods have been used for the semi-dry samples
below such as co-precipitation, reconstruction, and
hydrothermal. All the suspension samples show
absorption peaks in the region 3400 cm™. These
peaks are due to the O-H stretching of water

molecules and hydroxyl groups in the lamellar
structure (25). Besides, absorption peaks at the
region 1600 cm™ due to O-H of interlayer water
molecules. The bands in the 900-1000 cm™ region
are ascribed to the stretching of Al-O and Mg-O
bonds (24). Absorption peaks at the region 1300
cm? due to the vibration of nitrate ions. FTIR
makes it easy to determine the functional groups
and possible interactions between intercalated
anions and inorganic lamellae.
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Figure 4g: Stacked FTIR spectra of semi-dry samples i) LDH exfoliated with
sucrose (co-precipitation) ii) LDH exfoliated with sucrose (reconstruction)
iii) LDH exfoliated with sucrose (hydrothermal).

3.7. BET

Figure 5 shows the nitrogen adsorption-desorption
isotherms of LDH pristine and LDH exfoliated with
sucrose, glucose, and lactose. Figure 5a shows the
LDH pristine, where it displays type IV sorption
isotherms with a H3 hysteresis loop. This loop
belongs to mesoporous materials, composed of
plate-like substances with agglomerating slit-
shaped pores (26). Figures 5b, 5c¢, and 5d show
LDH exfoliated with sucrose, glucose, and lactose.

They display H2-type loops where the distributions
of pore size radius are wide (27). Compared to LDH
pristine, LDH exfoliated with sucrose, glucose, and
lactose shows a broad adsorption branch. This is
due to the increase in basal spacing during the
exchange of sugar molecules into the interlayer
LDH (27). The adsorption and desorption curves of
sucrose do not overlap in low relative pressure,
indicating that sucrose molecules form strong
chemical bonds with the adsorption sites, resulting
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in a slow desorption rate and

incomplete
desorption (29). The wide hysteresis loop for the

RESEARCH ARTICLE

exfoliated LDHs proved the successful exfoliation
of sugar molecules into LDH layers.
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Figure 5: BET graph of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose d)
LDH exfoliated with lactose.

3.8. TEM

The formation of the LDH nanosheet was observed
using transmission electron microscopy (TEM).
Figure 6a reveals that LDH exfoliated with sucrose
(co-precipitation suspension) has dark,
agglomerated spherical-like particles (30). LDH
nanosheets can be observed in Figure 6b (co-
precipitation semi-dry) and in Figure 6c (co-
precipitation fully dried) with a thickness of 4.35
nm and 3.98 nm respectively (31). Figure 6d shows
agglomerated dark particles for LDH exfoliated
with sucrose (reconstruction suspension). Both

a)))

976

Figure 6e (reconstruction semi-dry) and 6f
(reconstruction fully dried) show spherical-like
particles. TEM image of exfoliated LDH nanosheets
can be observed with a thickness of 2.68 nm in
Figure 6g (hydrothermal suspension). LDH
exfoliated with sucrose (hydrothermal semi-dry)
reveals a dark spherical-like particle with a
diameter of 8.15 nm in Figure 6h while LDH
exfoliated with sucrose (hydrothermal fully dried)
reveals a spherical-like particle with a diameter of
3.01 nm in Figure 6i.
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|)

Figure 6: TEM images of exfoliated LDH with sucrose a) Co-precipitation suspension b) Co-precipitation
semi-dried c) Co-precipitation fully dried d) Reconstruction suspension
e) Reconstruction semi-dried f) Reconstruction fully dried g) Hydrothermal suspension
h) Hydrothermal semi-dried i) Hydrothermal fully dried.
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4. CONCLUSION

The exfoliation of LDH has emerged as a highly
promising and rapidly advancing research area,
primarily due to its extensive applications and
potential in the field of material sciences. Sugar
molecules have demonstrated their potential as an
effective exfoliating agent for the exfoliation of
layered double hydroxides (LDH) without the need
for pre-intercalation of the layered material. The
exfoliation of LDH has been successfully confirmed
through a comprehensive analysis using various
techniques including X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM),
thermogravimetric analysis (TGA), differential
scanning calorimetry analysis (DSC), and Brunauer-
Emmett-Teller (BET) analysis. These techniques
collectively provide strong evidence for the
exfoliation of LDH. The presence of a singular peak
in the X-ray diffraction (XRD) analysis indicates
that the exfoliation process effectively produced
individual layers of LDH nanosheets. Besides, a
study is conducted on the crystalline state of
layered double hydroxide (LDH) at various phases
during the process of liquid exfoliation. This
investigation encompassed the stages of
suspension, semi-dry suspension, and dried solid
samples. The X-ray diffraction (XRD) study
indicates the presence of a distinct and prominent
peak, suggesting the successful development of
single-layer nanosheets. Fourier transform Infrared
(FTIR) analysis also provides evidence of the
effective exfoliation of multilayer materials. All the
bands observed in LDH pristine samples were
likewise observed in exfoliated LDHs and the
intensity of the peaks for the exfoliated LDH is
higher compared to pristine LDH. In addition, the
thermal stability of LDH exfoliated samples is
greatly enhanced through the utilization of TGA
and DSC analysis. The mass loss percentage of
exfoliated double hydroxide (LDH) is greater than
pristine LDH. The broad hysteresis loops seen in
the BET analysis of exfoliated LDHs provide
evidence of the successful incorporation of sugar
molecules into the LDH layers. The application of
transmission electron microscopy (TEM) yielded
significant findings about the formation of LDH
nanosheets and pseudohexagonal particles in
exfoliated LDHs. In summary, there is a pressing
need for the development of environmentally
friendly techniques for the exfoliation of layered
double hydroxides (LDHSs).
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Abstract: The novel microwave-assisted green synthesis of silver nanoparticles (AgNPs) from stress-
induced germinated seeds of Vigna radiata (VR) is explored in this research. AgNPs were successfully
synthesized using abiotic stress-induced germinated seeds of VR, induced by salinity, drought, and heavy
metals such as sodium chloride (NaCl), polyethylene glycol (PEG), and a chromium solution, respectively.
The characterization of the synthesized AgNPs was performed using various techniques, including UV-visible
spectrophotometer, dynamic light scattering (DLS), zeta potential, XRD, FT-IR, and FE-SEM. The
concentration of AgNPs synthesized from Vr-NaCl, Vr-Cr, Vr-PEG, and Vr-DW followed the order Ag/Vr-DW >
Ag/Vr-NaCl > Ag/Vr-PEG > Ag/Vr-Cr. Notably, the synthesized AgNPs exhibited significant antibacterial
activity against Staphylococcus aureus bacteria. A comparative analysis of the antibacterial efficacy of
AgNPs synthesized using different stress-induced VR seed extracts revealed that AgNPs from PEG stress-
induced germinated seeds of VR displayed excellent antibacterial activity. These findings underscore the
potential of stress-induced germinated seeds of VR as a promising resource for producing AgNPs with
exceptional antibacterial properties, thereby opening avenues for the development of innovative
antimicrobial agents.
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1. INTRODUCTION

Silver nanoparticles (AgNPs) have gained significant
attention in recent years due to their unique
physical and chemical properties, including
excellent antibacterial activity against a broad
range of microorganisms (1,2). The antibacterial
properties of AgNPs have been widely utilized in
various fields, including medicine, food packaging,
water treatment, and cosmetics (3). The use of
AgNPs in these fields has been facilitated by their
small size, high surface area-to-volume ratio, and
ability to penetrate bacterial cell walls and
membranes, leading to the disruption of cell
functions and eventual cell death (4,5).

For the production of AgNPs, a number of
techniques have been devised, including chemical,
physical, and biological methods (6,7). Chemical

methods are widely used due to their simplicity and
reproducibility (8). However, they frequently include
the usage of hazardous substances, which can be
harmful to both the environment and human health.
Physical methods, such as laser ablation, have also
been used for the synthesis of AgNPs. However,

they are often expensive, time-consuming, and
require specialized equipment (9). Biological
methods, including plant extracts and

microorganisms, have emerged as a green and
sustainable approach for synthesizing AgNPs,
avoiding the use of toxic chemicals and reducing
the environmental impact of AgNP synthesis (10-
12). Among various green synthesis strategies,
microwave-assisted synthesis offers a rapid and
efficient method for producing AgNPs with precise
control over their size and morphology (11,12). The
use of microwave irradiation allows for a faster
reaction rate and reduced synthesis time compared
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to conventional methods, enabling high throughput
production of AgNPs (15,16). Microwave-assisted
synthesis also promotes uniform heating and
improved particle size distribution, leading to
enhanced stability and performance of AgNPs in
various applications such as catalysis, sensing, and
biomedical fields (17,18).

Using plant extracts to synthesize AgNPs has
several advantages, including low cost, easy
availability, and a wide range of phytochemicals
that can act as reducing agents, capping agents,
and stabilizers (19-22). Among various plant
species, Vigna radiata (VR), also known as mung
bean or green gram, has been widely used to
synthesize AgNPs (23,24). Several studies have
reported the synthesis of AgNPs using VR extracts,
including stem, leaf, and seed extracts (23-26).
Some studies showed the effect of AgNPs on the
seed germination stages of VR (27,28). The
phytochemicals present in VR are flavonoids,
saponins, tannins, phytic acid, carotenoids, starch,
proteins, fibre, and minerals (29). However, the use
of stress-induced germinated seeds of VR for
synthesizing AgNPs has not been explored in depth.

Stress-induced germination can occur through the
activation of abiotic stress response pathways in the
seeds, leading to changes in gene expression and
metabolic activity (30-32). For example, exposure to
high salinity levels can activate signalling pathways
that regulate the release of seed dormancy and
promote germination (33). Under stress conditions,
the seeds release certain chemicals and hormones
that initiate the growth of the embryonic axis and
the shoot (34,35). Stress-induced germination
process can enhance the synthesis of secondary
metabolites, including phenolic compounds and
flavonoids, which can act as reducing agents and
stabilize the synthesized AgNPs (32). Therefore,
stress-induced seed germination of VR can be a
potential approach for enhancing the synthesis of
AgNPs with improved antibacterial activity.

In this study, we aimed to explore the antibacterial
efficacy of AgNPs synthesized from stress-induced
germinated seeds of VR. The seeds were
germinated in various extract media, including NaCl,
PEG, distilled water, and chromium solution. The
seed extract prepared from germinated seeds in
distilled water was taken as the control. The AgNPs
were synthesized using a green approach of
microwave irradiation, which is a simple and
efficient method for synthesizing AgNPs. The size,
shape, and distribution of the AgNPs can be
determined using various techniques such as field
emission scanning electron microscopy (FE-SEM),

UV-visible  spectrophotometer, dynamic light
scattering (DLS), zeta potential, and Fourier
transform infrared spectroscopy (FT-IR). The
antibacterial activity of the prepared AgNPs was
evaluated against Staphylococcus aureus (S.

aureus). A comparative analysis of the antibacterial
efficacy of AgNPs synthesized using different seed
extracts was also performed.

The environmental significance of the present work
lies in the utilization of stress-induced germinated
seeds of VR for the synthesis of AgNPs through a
green approach (36). This approach offers the
following environmental benefits: (a) Sustainable
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resource utilization: VR seeds are commonly
available and easily cultivated. By utilizing
germinated seeds under stressful conditions, the
research taps into a readily accessible and
renewable resource. This reduces the reliance on
scarce or non-renewable materials for AgNPs
synthesis, making it more sustainable (9). (b) Eco-
friendly synthesis: The green approach of
microwave irradiation and the use of plant extracts
as the reaction medium reduce the dependence on
hazardous chemicals and solvents typically
employed in conventional nanoparticle synthesis
methods. This eco-friendly process minimizes the
generation of toxic by-products and waste,
contributing to the reduction of environmental
pollution (37). (c) Reduced energy consumption:
microwave irradiation is a rapid and energy-efficient
method for AgNPs synthesis. Compared to
traditional heating methods, it requires less time
and energy to complete the reaction (38). This
energy-saving aspect aligns with efforts to reduce
the carbon footprint associated with scientific
research and industrial processes. (d) Potential
alternative to conventional antimicrobial agents:
The synthesized AgNPs demonstrated significant
antibacterial activity against Staphylococcus aureus
bacteria (39). If further developed and optimized,
these AgNPs derived from VR seeds could offer an
environmentally friendly alternative to conventional
antimicrobial agents. This could potentially
contribute to reducing the widespread use of
chemical-based antibiotics and antimicrobials,
which can have negative impacts on ecosystems
and promote the development of antibiotic-resistant
bacteria.

The results of this study can provide insights into
the potential use of stress-induced germinated
seeds of VR as a novel and eco-friendly approach for
synthesizing AgNPs with enhanced antibacterial
activity. The utilization of stress-induced germinated
seeds of VR for AgNP synthesis presents an
environmentally significant approach that aligns
with the principles of sustainability, eco-friendliness,
and reduced energy consumption. By exploring
greener alternatives, this research contributes to
the development of environmentally benign
strategies  for  nanoparticle synthesis and
antimicrobial applications, which can have positive
implications for both human health and the
environment.

2. EXPERIMENTAL

2.1. Materials

VR seeds were obtained from the local market in
Kottayam, India. Analytical grade chemicals such as
AgNO;, NaCl, PEG 6000, and K;Cr,0; were
purchased from Merck, India. All the solutions were
prepared in double distilled water.

2.2. Stress-induced Seed Germination of VR

Stress-induced germination of VR refers to the
process of inducing germination in the seeds of this
plant species under stress conditions such as high
salt, drought, temperature fluctuations, or exposure
to chemicals. Here we opted for exposure to
chemicals such as salt, heavy metal ion solution,
and PEG, keeping distilled water as control. For the
culturing of VR under different stress conditions,
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initially wash the VR seeds thoroughly with distilled
water and dry them. Then place 50 seeds in four
petri dishes and add 50 mL of stress-inducing 0.5
ppm solutions of NaCl, PEG, and chromate solution
to three separate petri dishes and 50 mL of distilled
water to the fourth petri dish. Wet a filter paper with
distilled water and place it on top of the seeds in
each petri dish. Close the petri dishes and incubate
them in a dark place at room temperature for 48
hours. After 48 hours, carefully remove the filter
paper using forceps and examine the germination
rate of the seeds in each petri dish. Record the
number of germinated seeds in each dish.

2.3. Extraction Procedure

Collect the stress-induced germinated seeds of VR
in NaCl, PEG, distilled water, and chromium solution.
Wash the seeds thoroughly with distilled water to
remove any residual salt or chemicals. Dry the
seeds separately in an oven at 50 °C. Place 6 g of
dried seeds in RB flask with 50 mL of distilled water
and reflux it for 30 minutes at 80 °C. The resultant
extract in each case was filtered through Whatman
41 filter paper. The extracts obtained from NaCl,
PEG, chromium solution, and distilled water are
designated as Vr-NaCl, Vr-PEG, Vr-Cr, and Vr-DW,
respectively.

2.4. Synthesis of Silver Nanoparticles

To reduce Ag (l) ions to Ag (0), the four extracts
obtained from VR were used. To achieve this, 10 mL
of the extract was mixed with 90 mL of a 1 mM
aqueous silver nitrate solution, and the resulting
mixture was exposed to microwave irradiation for 4
minutes in a domestic microwave oven [Sharp
R219T (W)] operating at 800 W power and 2450
MHz frequency. The formation of AgNPs was
monitored at 30-second intervals using a UV-vis.
spectrophotometer. The AgNPs obtained from Vr-
NaCl, Vr-PEG, Vr-Cr, and Vr-DW were designated as

\\_VStress-induced VR
\_ germination

N
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Ag/Vr-NaCl, Ag/Vr-PEG, Ag/Vr-Cr, and Ag/Vr-DW,

respectively.

2.5. Characterization of Silver Nanoparticles
The surface plasmon resonance of synthesized
AgNPs has been analyzed by UV-vis
spectrophotometer. The AgNPs colloid was diluted
with distilled water and loaded in a quartz cuvette.
The UV-vis spectral range was set between 200-600
nm. The study was performed with the Shimadzu
UV-2450 Spectrophotometer. FT-IR spectra of
synthesized AgNPs were analyzed using the Perkin
Elmer-400 spectrometer with ATR attachment. VR
extracts and nanoparticles synthesized from
different extracts of VR were scanned, and the
scans were collected with resolution and 500-3500
cm™ wavenumber.

FE-SEM is used to determine the particle size
distribution and average size of particles in
nanometer scale of the synthesized nanoparticles.
For FE-SEM analysis, MAIA3 XMH FE-SEM was used.
The hydrodynamic size of synthesized nanoparticles
was measured with a dynamic light scattering
detector (DLS). The surface charge and stability
were also examined. The overall experimental
procedure is depicted in Scheme 1.

2.6. Antibacterial Study

Antibacterial activity was determined using the
standard agar well diffusion method against the
human pathogenic bacteria Staphylococcus aureus
(40-42). The cultures were swabbed on nutrient
agar plate,s and wells were prepared on each plate
using sterile Cork borer. 100 pL of samples were
loaded into respective wells, and six replications
were maintained for each sample using the
respective VR extracts as control (C). The plates
were incubated at 37 °C for 48 hours. After
incubation, the zone of inhibition around the well
was measured.

Extraction Antibacterial
(V-DW, V- « Ag/Vr-DW studies
{’}13_2} YF*NHU, . Ag/Vr-Cr (S. aureus)
« Ag/Vr-NaCl
« Ag/VrPEG

N

Scheme 1: Schematic representation of the synthesis and analysis.

3. RESULTS AND DISCUSSION

3.1. Germination Percentage

The germination percentage of VR under different
chemical stress was recorded at 48 hours after
incubating it in the respective solutions of NaCl,
PEG, chromium solution, and distilled water. The
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percentage of germination was determined using
the equation (33) given below.

Number of germinated seed

Germination %=

Number of seeds kept for germina

x 100

The percentages of germination of VR in NaCl, PEG,
chromium solution, and distilled water are found to
be 96%, 100%, 90%, and 98%, respectively. Stress-
induced germination in VR is a complex process
involving multiple physiological, biochemical, and
molecular changes such as water uptake, enzyme
activation, respiration, oxidative stress, hormone
levels, and gene expression. These changes enable
the seed to cope with adverse conditions and
promote germination.

Seed germination of VR can be affected by the
presence of sodium chloride, chromium solution,
and polyethylene glycol in the growth medium. The
effects of VR seed germination in the presence of
these solutions depend on the concentration of
chemicals used and the duration of exposure
(31,32). High concentrations and prolonged
exposure can have detrimental effects on seed
germination and seedling growth, while moderate
stress can stimulate the synthesis of protective
compounds and improve stress tolerance (31,43).
NaCl is known to cause osmotic stress in plants,
which can lead to various physiological and
biochemical changes such as delayed germination,
reduced growth, accumulation of proline, increased
antioxidant activity, and changes in gene
expression (30,34,43,44). PEG (polyethylene glycol)
is a water-soluble polymer that is often used to
induce osmotic stress in plants during germination
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studies. When seeds of VR are germinated in the
presence of PEG solution, it can affect their growth
and development in various ways, such as delayed
germination, reduced seedling growth, increased
accumulation of osmoprotectants, and changes in
gene expression (45). Chromium is a heavy metal
that can have toxic effects on plant growth and
development, such as inhibition of seed
germination, reduction in seedling growth, chlorosis
and leaf necrosis, accumulation of chromium in
plant tissues, and activation of defense mechanism
(46-48). Even if we are applying different kinds of
stress, the plant has various adaptive mechanisms
that help it to cope with the stress and continue to
grow and develop under adverse conditions (30).
Some of the secondary metabolites that have been
identified in VR are flavonoids, alkaloids, tannins,
saponins, and phenolic acids (49-50).

3.2. Synthesis of Silver Nanoparticles

AgNPs were produced through the application of
microwave radiation to a mixture comprising 90 mL
of a 1 mM silver nitrate aqueous solution and 10 mL
of germinated VR extracts. During the process of
microwave irradiation, the colourless reaction
mixture gradually transformed into a yellowish-
brown hue. Over time, the colour continued to
evolve towards a consistent yellowish-brown shade,
even with prolonged microwave irradiation,
suggesting the successful formation of AgNPs. This
colour change can be attributed to the presence of
a metal surface containing free electrons in the
conduction band, as well as positively charged
nuclei, which collectively contribute to the observed
coloration of the reaction mixture. The images of
extracts and the respective AgNPs are depicted in
Figure 1.

EJ e B
|

3 = - o

Vr-NaCl Ag/Vr-NaCl Vr-PEG

Figure 1: Images of VR-extracts and the respective AgNPs.

3.3. Characterization of silver nanoparticles
3.3.1. UV-visible spectrophotometer analysis

UV-vis. spectroscopy is a common analytical
technique used to determine the optical properties
of nanoparticles, including the size, shape, and
concentration of the particles. The technique
involves measuring the absorption of light by the
nanoparticles at specific wavelengths in the UV-vis.
range. Here, the four different AgNPs samples,
Ag/Vr-DW, Ag/Vr-PEG, Ag/Vr-NaCl, and Ag/Vr-Cr,
with 4 minute microwave irradiation were analyzed
using UV-vis spectroscopy, and the obtained
absorption peaks are depicted in Figure 2.

The absorption peak suggests that all four samples
showed characteristic absorption peaks of AgNPs.

AgNPs exhibit a phenomenon called localized
surface plasmon resonance (LSPR), which occurs
due to the collective oscillation of conduction
electrons in response to incident light (13,14,25).
This results in a characteristic absorption peak in
the UV-vis. spectrum. The position of this peak
depends on the size, shape, and composition of the
nanoparticles. Generally, spherical AgNPs exhibit a
plasmon peak around 400-450 nm (visible range)
(51,52). The intensity of the plasmon resonance
peak is related to the concentration or density of
AgNPs in the sample. Higher intensities indicate a
greater number or higher concentration of
nanoparticles. The intensity of the peak varied
among the samples, with the highest peak observed
in Ag/Vr-DW and the lowest peak observed in Ag/Vr-
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Cr. The change in peak intensity implies the varying
concentration of AgNPs formation. The shape of the
peak can also provide information about the size
distribution and uniformity of the nanoparticles.
Here, a narrow, symmetric peak suggests a
monodisperse population of nanoparticles
(40,43,54). In addition to the plasmon resonance
peak, AgNPs may exhibit additional absorption
bands in the UV or visible region. These bands can
arise from other electronic transitions or higher
order plasmon modes.
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The phytochemicals present in VR are responsible
for the reduction process and stabilization of AgNPs
(23,55). The stress-induced germination affected
the formation of AgNPs compared to the control,
Ag/Vr-DW. Chemical stress such as salinity, heavy
metals, and PEG delayed the germination of seeds
and, hence, the production of primary metabolites.
Stress-induced process promote the synthesis of
secondary metabolites in plants that could help the
formation of AgNPs (30).

2.0
—Ag/Vr-DW
—Ag/Vr-Cr
1.5+ Ag/Vr-NaCl
— Ag/Vr-PEG
Q
Q
5
8 1.0+
[
o
5
0.5
0.0 , | T
200 300 400 500 600 700 800
Wavelength (nm)

Figure 2: UV-vis. absorption spectrum of Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-NaCl and Ag/Vr-PEG.

3.3.2. FT-IR analysis

The method of using FT-IR (Fourier transform
infrared) spectroscopy to pinpoint the functional
groups present in a given sample. The vibrations of
various functional groups in the sample are
represented by the peaks seen in the spectrum. FT-
IR spectra of Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-NaCl, and
Ag/Vr-PEG and their respective extracts show four
characteristic vibrational peaks at 3311lcm?,
2074cm™, 1635 cm™, and 576cm™ (Figure 3). The
peaks observed at 3311lcm? and 1635cm?
attributed to the stretching vibrations of O-H and N-
H functional groups, respectively (56). The peak
observed at 2074cm? is likely due to the presence
of a C=N triple bond, which is indicative of a nitrile
functional group. The vibrational peak at 576cm™
indicates N-H bending vibrations (57). The extracts
of VR contain various biomolecules such as
carbohydrates, proteins, lipids, nucleic acids, and
secondary metabolites. These peaks suggest that
there may be some organic molecules present in
the sample that are interacting with the AgNPs. The
presence of the same peaks in both the extract and
AgNPs samples indicates that the nanoparticles are
likely coated or capped with the same organic
molecules that are present in the extract. These

organic molecules may act as stabilizing agents for
the nanoparticles, preventing them from
agglomerating or undergoing further chemical
reactions. This suggests that the extract may be a
potential source of natural capping agents for the
synthesis of AgNPs.

3.3.3. FE-SEM analysis

FE-SEM analysis is a type of electron microscopy
that uses a focused beam of electrons to generate
high-resolution images of the surface of a sample.
The FE-SEM images of Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-
NaCl, and Ag/Vr-PEG are depicted in Figure 4. All the
FE-SEM images of the synthesized nanoparticles
show a spherical shape. The spherical shape of the
nanoparticles is a significant characteristic of AgNPs
synthesized using plant extracts (58,59). The
uniformity in shape suggests that the synthesis
process is well controlled and reproducible (53). The
average size of the nanoparticles can also be
determined from the FE-SEM images by measuring
the diameter of the spheres using Image) software.
The mean areas of the AgNPs in Ag/Vr-DW, Ag/Vr-Cr,
Ag/Vr-NaCl, and Ag/Vr-PEG are 6.7nm, 5.5nm,
924nm and 4.7nm, respectively.
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Figure 3: FT-IR spectra of (A) Ag/Vr-DW, (B) Ag/Vr-Cr, (C) Ag/Vr-NaCl and (D) Ag/Vr-PEG.
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Figure 4: FE-SEM images of Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-NaCl and Ag/Vr-PEG.
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3.3.4. Dynamic light scattering and zeta potential
analysis

Dynamic light scattering (DLS) and zeta potential
analysis are commonly used techniques to
characterize the size distribution and surface charge
of nanoparticles (60). Here, the DLS and zeta
potential analyses were performed on four different
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types of AgNPs synthesized from stress-induced
germinated seeds of VR, with different chemical
stresses applied: Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-NacCl,
and Ag/Vr-PEG. The obtained data are depicted in
Table 1 and the respective graphs are plotted in

Figure 5.
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The hydrodynamic particle size distribution of Ag/Vr-
DW, Ag/Vr-Cr, Ag/Vr-NaCl, and Ag/Vr-PEG obtained
from DLS analysis are 6.7nm, 5.5nm, 925nm, and
4.7nm, respectively. To minimize background
scattering, the nanoparticle samples were diluted
appropriately before conducting the analysis. The
hydrodynamic size measurement of AgNPs takes
into account the hydration layer present on the
surface, resulting in a larger size compared to the
size determined from FE-SEM images (61). The
hydrodynamic size of AgNPs may be influenced by
the presence of phytochemicals present in the VR
extract.

Figure 5: DLS and Zeta potential graphs of Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-NaCl and Ag/Vr-PEG.

The zeta potential value is a measure of the surface
charge of the nanoparticles. A positive zeta
potential value indicates that the surface of the
nanoparticles is positively charged, whereas a
negative value indicates a negative surface charge
(62). In accordance with the results of the analysis,
the zeta potential values for Ag/Vr-DW, Ag/Vr-Cr,
Ag/Vr-NaCl, and Ag/Vr-PEG were 0.8, -0.5, 0.2, and -
1.8, respectively. These values suggest that the
surface of Ag/Vr-DW and Ag/Vr-NaCl nanoparticles is
positively charged, whereas the surface of Ag/Vr-Cr
and Ag/Vr-PEG nanoparticles is negatively charged.
The zeta potential value is an essential factor that
influences the stability of nanoparticles in

987



Abraham T et al. JOTCSA. 2024; 11(3): 981-994

suspension (40). When the surface of nanoparticles
is charged, they repel each other, which prevents
them from agglomerating or settling. A high
absolute value indicates that the nanoparticles are
highly stable.

Table 1: Mean size and zeta potential values of

AgNPs.
Nanoparticles Mean Zeta Potential
Size (nm) (mV)
Ag/Vr-DW 6.7 0.8
Ag/Vr-Cr 5.5 -0.5
Ag/Vr-NaCl 925 0.2
Ag/Vr-PEG 4.7 -1.8

3.4. Antibacterial Studies
The antibacterial activity of the synthesized AgNPs
against Staphylococcus aureus indicates their
potential application as antimicrobial

agents.
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Several studies have reported the synthesis of
AgNPs using Vigna radiata as a plant material and
evaluated their antibacterial activity against
different bacterial strains (23,24,63). The present
study has tested four different types of AgNPs
synthesized from stress-induced germinated seeds
of VR, Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-NaCl, and Ag/Vr-
PEG using the respective extracts as controls (C).
The obtained results are depicted in Figures 6 and
7. According to the results, Ag/Vr-PEG exhibited the
highest antibacterial activity against S. aureus,
followed by Ag/Vr-NaCl, Ag/Vr-Cr, and Ag/Vr-DW,
respectively. This trend is somewhat in the reverse
order of the AgNPs concentration in the synthesized
nanoparticles. The Ag/Vr-PEG exhibited higher
antibacterial activity, likely due to the efficient
reduction and stabilization  facilitated by
polyethylene glycol during synthesis. Moreover, the
stress-induced germination process under PEG
stress conditions may have led to the accumulation
of bioactive compounds in the VR extract,

enhancing the reduction efficiency of silver ions and
promoting stronger interactions between AgNPs and
bacterial cells.

Figure 6: Antibacterial activity of Ag/Vr-DW, Ag/Vr-Cr, Ag/Vr-NaCl and Ag/Vr-PEG towards Staphylococcus
aureus.
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Figure 7: Zone of inhibition exhibited by different AgNPs.

The difference in antibacterial activity among the
four types of synthesized nanoparticles could be
due to variations in the size, morphology, or surface
chemistry of the nanoparticles (64-66). For instance,
the zeta potential analysis suggests that the surface
charges of the nanoparticles differ, which can
impact their interactions with bacterial cells. In
addition, the chemical stresses applied during
synthesis can also affect the antibacterial activity of
the synthesized nanoparticles. For example, the
presence of chromium ions may reduce the
antibacterial activity of Ag/Vr-Cr nanoparticles, as
chromium ions can interact with the silver ions and
reduce their effectiveness.

It is also worth noting that the higher concentration

of AgNPs in Ag/Vr-DW nanoparticles does not
necessarily correlate with higher antibacterial
activity. The antibacterial activity of the

nanoparticles is influenced by a range of factors,
including the concentration of silver ions, the size
and morphology of the nanoparticles, and their
surface chemistry (67,68).

The diverse phytochemical compositions of the
extracts can also influence the reduction kinetics
and stabilization of AgNPs during synthesis, leading
to variations in size, shape, and surface properties
(69). Factors such as pH, ionic strength, and the
presence of biomolecules within the extracts may
also impact AgNP characteristics and their
interactions with bacterial cells (11). Moreover, the
inherent antimicrobial properties of specific plant
extracts could synergistically enhance the
antibacterial efficacy of the synthesized AgNPs. This
comparative analysis highlighted the importance of
understanding extract-mediated effects on AgNP
properties to optimize their antimicrobial activity for
various applications. Figure 8 depicts a potential
mechanism for the formation of AgNPs and their
antibacterial activity.

To enhance the antibacterial efficacy of synthesized
AgNPs, optimization strategies encompass
controlled synthesis parameters such as reaction
time and precursor concentration to tailor

nanoparticle size and surface characteristics (70).
Surface functionalization techniques involving
capping agents and ligands can enhance
interactions with bacterial cells, while combination
therapy with other antibacterial agents can exploit
synergistic effects (71). Moreover, pH and ionic
strength optimization, surface engineering for
specificity, and biocompatibility enhancement are
crucial considerations to improve AgNP efficacy and
safety (67). Validation through rigorous in vitro and
in vivo testing further ensures the efficacy and
applicability of optimized AgNPs in various
biomedical and environmental contexts.

4. CONCLUSION

The abiotic stress induced germinated VR seed
through the microwave assisted method is a novel
approach for the green synthesis of AgNPs. The
abiotic stress was induced using sodium chloride,
polyethylene glycol, distilled water, and chromium
solution. The synthesized AgNPs were characterized
using several techniques, including UV-vis, DLS,
Zeta Potential, FT-IR, and FE-SEM. The AgNPs
concentration synthesized from Vr-NaCl, Vr-Cr, Vr-
PEG, and Vr-DW is of the order Ag/Vr-DW> Ag/Vr-
NaCl> Ag/Vr-PEG> Ag/Vr-Cr. The study revealed
that the prepared AgNPs exhibited a significant
antibacterial activity against Staphylococcus aureus
bacteria. Additionally, a comparative analysis of the
antibacterial efficacy of AgNPs showed Ag/Vr-PEG>
Ag/Vr-NaCl> Ag/Vr-Cr> Ag/Vr-DW. This research
highlights  the potential of  stress-induced
germinated seeds of VR as a sustainable and eco-
friendly source for synthesizing AgNPs with
excellent antibacterial properties. The findings
contribute to the development of new antimicrobial
agents that can be utilized in various applications,
such as healthcare and biomedical fields, where
combating bacterial infections is of utmost
importance. Further investigations and
optimizations can be followed to explore the full
potential and applications of AgNPs derived from
stress-induced germinated seeds of VR in
antimicrobial research and development.
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Abstract: This study focuses on hydrogen production through a water-splitting photocatalytic reaction
using solar energy and an additional semiconductor material C/N/CeQO,/a-Fe,O; as a photocatalyst. The
semiconductor material C/N/CeO./a-Fe,0s; underwent thorough characterization via FTIR, FESEM-EDX, XRD,

N, adsorption-desorption,

and UV-Vis-DRS analysis.

Subsequently, photocatalytic activity tests were

conducted to measure hydrogen production levels for varying weight percentages of C/N/CeO./a-Fe;0s,
including 0%, 10%, and 15 mass% of the C/N component. Results showed that the material with 0%
variation produced 2.21 pmol/gram of hydrogen gas (1 hour) and 17.58 pymol/gram (after 3 hours), while the
10% variation yielded 4.52 pumol/gram (1 hour) and 19.08 umol/gram (after 3 hours). These findings suggest
that the C/N/CeO,/a-Fe,O; material containing 10% C/N may offer the most optimal performance as a

photocatalyst for hydrogen production.
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1. INTRODUCTION

According to British  Petroleum's  statistical
evaluation of the world energy in 2021, in 2020,
83%, 12.6%, and 6.3% of the world's energy
consumption came from fossil fuels, nuclear energy,
and renewable energy sources (mostly solar, wind,
and water). Increased demand has led to increased
use of fossil energy sources, which has led to the
depletion of fossil energy reserves (1). Therefore,
every country in the world must immediately initiate
a significant energy transition to address future
environmental and economic challenges (2).

Hydrogen is considered one of the primary
candidates to meet future energy needs (3-5).
Hydrogen is classified into three types: gray, green,
and blue. Gray hydrogen, the most prevalent type
currently, is derived from natural gas with high CO,
emissions. Green hydrogen is produced from water
using renewable energy sources, emitting no CO..
Blue hydrogen is akin to gray hydrogen but
incorporates CO, capture and storage (6). Green
hydrogen as an alternative fuel for the shipping
industry (7). One of the challenges in utilizing
hydrogen (H:) as future energy is to produce it from

clean sources (8). Hydrogen production is divided
into conventional and renewable technologies, with
conventional methods relying on fossil fuel
processing like steam reforming, partial oxidation,
and auto-thermal reforming, while renewable
technologies focus on sources such as water or
biomass (9).

Water splitting is a promising method for producing
hydrogen from a clean source (10). This method
offers both environmental and economic benefits
over water electrolysis, utilizing solar energy to
produce hydrogen with high conversion efficiency
through a clean energy approach, thus avoiding
greenhouse gas emissions (11). The process of
water splitting involves harnessing one of the most
abundant, clean, and limitless resources available.
When the energy used to separate water is derived
from renewable or low-carbon sources, the resulting
hydrogen is known as green hydrogen (12).

The photocatalytic process of water splitting
requires a semiconductor as the primary catalyst
that uses light energy, particularly sunlight, to split
water molecules into hydrogen and oxygen.
Semiconductors as catalysts are essential in
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capturing light  energy, stimulating water
degradation, and facilitating these chemical
reactions (13). Therefore, the semiconductors are a
must to synthesize for these reactions to work.

The semiconductor commonly used
catalytic applications is titanium dioxide (TiOy)
because of its excellent optical and electronic
properties, high chemical stability, low cost, non-
toxic, and environmentally friendly (14). However,
one of the main weaknesses of TiO; is that the band
gap is relatively large, 3.2 eV, which means that
TiO; only absorbs ultraviolet (UV) light and a small
fraction of visible light (15). In addition, the rapid
recombination between electrons (e?) and holes
(hole, h*) leads to the loss of energy that can be
used to trigger the desired chemical reaction,
thereby reducing the efficiency of photocatalysis
(16).

in photo-

The a-Fe,Os; material (ferric oxide or hematite) is a
material that has the potential as a photocatalytic
semiconductor material (17). Hematite has a band
gap width of 2.1 eV, which is smaller than TiO,, the
ability to generate electron-hole pairs when
exposed to light, and chemical stability suitable for
various reaction environments (18). An Organic
Structure-Directing Agent (OSDA) in synthesizing a-
Fe,Os is an approach to align the alpha structure.
Methylene blue acts as a template molecule in the
synthesis of a-Fe,0; photocatalyst and as a target of
aromatic compounds in photocatalytic degradation.
However, a-Fe;Os; has a high recombination rate
because it has a concise hole diffusion path (around
2-4 nm) as well as a low oxidation ability, which
leads to a reduction in the amount of hydrogen
without reducing the coke rate (19). To solve the
laxity of a-Fe,0;, active materials with a large
surface area are needed. One approach is to dope
a-Fe,05; with other materials. Doping is one of the
most crucial modification strategies to adjust the
band gap of existing photocatalysts and reduce the
carrier recombination rate (20).

Cerium oxide (CeO,) is widely used in photocatalysis
because it is an electron acceptor and can facilitate
oxidation-reduction reactions (21). CeO, material
exhibits chemical stability in various environments
and energy conversion efficiency in various
photocatalytic applications. Its advantage lies in
cerium's ability to absorb oxygen, which allows it to
release oxygen in reducing conditions and store it
when it fills the oxygen space in oxidizing conditions
(22). CeO, materials are commonly combined with
other semiconductors and surface modifications to
improve performance in solar energy conversion
and photocatalytic reactions (23).

The presence of lattice oxygen, oxygen vacancies,
or defects in the crystal lattice of a material such as
CeO, can play an important role in photocatalytic
performance (24). More oxygen vacancies in the
CeO, lattice generally increase its ability to
participate in redox reactions such as Ce*"/Ce3** and
Fe**/Fe**. This increases its reactivity and
photocatalytic performance. However, care must be
taken to ensure that chemical reactions do not lead
to wundesirable side effects (25). A practical
approach to minimize the side effects caused by
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lattice oxygen is to modify the photocatalyst

material (26).

Nitrogen and carbon doping can help reduce side
effects that can occur due to the presence of
oxygen vacancies in materials such as CeO,. This
can improve the control and stability of chemical
reactions (27). Doping carbon with nitrogen has
been shown to improve photocatalytic performance
by promoting charge delocalization and surface
modification of carbon. Combining these two
dopants in CeO, makes properties more suitable for
applications such as photocatalysis (28).

In this research, the a-Fe,Os; photocatalyst material
was modified with C/N/CeO,, resulting from
modifying CeO, with N-doped carbon. The materials
C/N/CeO; and C/N/CeO/a-Fe,O; were synthesized
via the hydrothermal method. The hydrothermal
method has been chosen because this method can
be conducted in mild operating conditions and the
crystallite size and purity can be controlled (29-30)
The resulting C/N/CeO./a-Fe;O; composite was
confirmed by a series of characterizations, including
UV-Vis diffuse reflections measurement to
determine band gap energy, X-Ray diffraction for
knowing structure and crystal phase of the material,
Fourier-Transform Infra-Red spectroscopy
measurement find the functional groups of material,
Field Emission Scanning Electron Microscopy for
explain surface morphology dan atom distribution,
GC-TCD to analyze the components of complex
mixtures and detect all molecules including
hydrogen, which is then followed by a photocatalytic
effectiveness test, and N, adsorption-desorption
isotherm to find out surface area and pore
distribution. In addition to these characterizations,
photocatalytic activity tests were also carried out to
determine the evolution of the hydrogen produced.
Modifying o-Fe;Os; with C/N/CeO, is expected to
increase the photocatalytic activity, thermal and
chemical stability, and surface area of the
photocatalyst material. The large surface area of
the photocatalyst material creates active centers,
which also increases hydrogen production.
Hopefully, this research can provide alternatives
and scientific references to photocatalytic materials
that are effectively used for hydrogen production
through water splitting.

2. EXPERIMENTAL SECTION

2.1. Materials

The material used in this research was cerium(lll)
nitrate hexahydrate Ce(NOs),-6H,O (99.8% Sigma-
Aldrich), iron (lll) chloride FeCls (99%, Merck),
methylene blue (99 %, Merck), ethanol (99.9%,
Merck), N, gas (>99.99%, UHP), glycine (99%,
Sigma-Aldrich), ammonium hydroxide NH,OH (25%,

Merck), distilled water (H,O), urea CO(NHz2)2 (99%,
Merck), 500 mesh commercial activated carbon,
sodium hydroxide NaOH (99.9%, Merck) and

methanol (99.9%, Merck).

2.2. Synthesis of Nitrogen-Doped Mesoporous
Activated Carbon (C/N)

5.04 g of commercial activated carbon was
purchased and used without any purification and
was added to 250 mL of 2 M urea solution made
from CO(NH:2)2 and distilled water stirred with a
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magnetic stirrer at 35 °C for 24 hours. The samples
were then dried at 105 °C for 6 hours. After the
sample was dried, it was activated in a tube furnace
supplied with N, gas at a temperature of 450 °C for
50 minutes.

2.3. Synthesis of C/N-doped CeO, (C/N/CeO0,)
The synthesized N-doped mesoporous activated
carbon was then grouped with weight percent
variations of 10 and 15 mass%. Each was added to
10 mL of distilled water by ultrasonication for 30
minutes until a black suspension was obtained.
Afterwards, 15 mL of a 0.1 M (Ce(NOs);-6H,0) was
added to the suspension and stirred with a magnetic
stirrer for 15 minutes. Then, 2 M NaOH was added
dropwise to the mixture until the pH reached 10-12.
The mixture was stirred with a magnetic stirrer for
one hour. The sample was placed in a hydrothermal
autoclave at 180 °C for 24 hours. The hydrothermal
results were decanted, and then the precipitate was
dried in an oven at 60 °C for 12 hours.

2.4. Synthesis of a-Fe.0s;

The synthesis of the a-Fe,Os; material was carried
out by dissolving 0.41 g of glycine, 0.025 g of
methylene blue, and 5.04 g of FeCl;-6H,0 in 10 mL
of distilled water and stirring with a magnetic stirrer
for 30 min. Add 5 mL of NH4OH to the solution while
stirring again. After adding NH4OH, the solution was
placed in a hydrothermal autoclave and heated at
160 °C for 10 hours. The mixture resulting from the
hydrothermal process is left to stand at room
temperature and then decanted to separate the
filtrate and sediment. The resulting brick-red solid
was then centrifuged using distilled water and
ethanol as solvent to remove impurities. Then, the
centrifugation results were decanted again to
remove the precipitate and dried at 80 °C for six
hours. The solid was then calcined under N, gas at
450 °C for three hours.

2.5. Synthesis of C/N/Ce0O./a-Fe.0;

After obtaining the C/N/CeO, and a-Fe,O; materials,
the synthesis of C/N/CeO,/a-Fe,O; was continued
using a hydrothermal process with variations (0, 10,
and 15 mass%). A total of 0.33 grams of N/CeO,-
doped mesoporous carbon composite was dissolved
in 7.5 mL of distilled water and stirred for 30
minutes. Then, 0.65 grams of a-Fe,0s was dissolved
in 20.3 mL of distilled water and added to the
N/CeO; mixture. The mixture was stirred for 1 hour.
The obtained samples were placed in a
hydrothermal autoclave and heated at 140 °C for
five hours and then left at room temperature. The
solid obtained at the end of the synthesis is
C/N/CeO,/a-Fe,0s as the photocatalyst material with
0, 10, and 15 mass% compositions C/N. The higher
the weight percentage of C/N added, the darker the
product color obtained. The mass of products
produced includes C/N/CeO./a-Fe,Os 0 mass%,
C/N/CeO;/a-Fe,03 10 mass% and C/N/CeO,/a-Fe,0;
15 mass% in order are 0.4478; 0.4432; and 0.4452
grams.

2.6. Material Characterization

Several instruments were used to characterize
C/N/Ce0,/a-Fe,0s3 such as Fourier Transform Infrared
Spectrophotometer (FTIR, Shimadzu, v = 400-4000
cm?), Field Emission Scanning Electron Microscopy
with Energy Dispersive X-ray Spectroscopy (FESEM-
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EDX,) and X-Ray Diffraction (XRD, 26 = 20-90°)
where these three instruments are used to
determine the structure properties of the material.
Brunauer-Emmett-Teller (BET) and Barrett Joyner
Halenda (BJH) are used to obtain the surface area
and the pore size of the material, UV-Vis Diffuse
Reflectance spectrophotometer (UV-DRS, Agilent
Cary 60, A = 200-800 nm) is used to analyze the
band gap of the material.

2.7. Photocatalytic Activity Test

The photocatalytic activity test was conducted in
the Centre of Advanced Material and Energy
Sciences, Universiti Brunei Darussalam, Brunei
Darussalam. Osram Powerstar lamp was employed
as a light source. A 20 mg of catalyst was dispersed
in @ 25 mL aqueous solution containing 20% of
methanol. To provide visible light, a UV filter was
conducted during irradiation. An irradiation
chamber, Opsytec BS-02, was used to have a stable
temperature and light intensity. The temperature
inside the irradiation chamber was measured during
the photocatalytic reaction at ~40-50 °C. The light
intensity was measured using LI-COR light meter
Model LI-250A. The hydrogen production was
collected by gas syringe after 1-hour and 3-hour
irradiation. The collected gas was then analyzed via
gas chromatography, Shimadzu GC-2014, with a
thermal conductive detector (TCD).

3. RESULTS AND DISCUSSION

The FTIR spectrum of activated carbon and the
synthesis results of nitrogen-doped activated carbon
in Figure 1la show that the absorption peak at wave
number 1078 cm™ is associated with the C=0
group, and the peak at 1539 cm™ is associated with
the stretching of the C-OH single bond. After
nitrogen doping, the absorption peak shifted red to
1026 and 1537 cm™. This shows that the structure
of the mesoporous carbon changed with the
addition of nitrogen. The particular band peak still
present after N-doped carbon indicates no damage
from urea impregnation (24).

After the nitrogen-doped activated carbon material
(C/N) was obtained, the material was doped with
CeO; in variations of 0, 10, and 15 mass%. The
addition of CeO, doping to C/N Figure 1lb gives
several absorption bands which are 450 cm™, 1360
cm?, 1640 cm™ and 3470 cm™. The absorption
bands 474 and 484 cm? indicate the presence of
stretching vibrations in CeO,, the absorption at 1643
cm? indicates the presence of bending bonds (H-O-
H), and the absorptions at 3475 and 3473 cm®
indicate the presence of -OH bonds caused by water
absorption during the synthesis process. The
specified variations affect the spectra results, as
indicated by differences in peak sharpness in each
spectrum. In Figure 1lc, you can see the
characterization results of the C/N/CeO/a-Fe,O3
material for variations of 0, 10, and 15 mass%. of
the C/N weight. The absorption bands 484 and 580
cm? show the characteristic properties of a-Fe,Os;
and CeO, compounds. The absorption at 1637 cm™
indicates the presence of the C-N functional group.
Based on the characterization results, the
C/N/Ce0O./a-Fe,0s material varies in 0, 10, and 15
mass%. was successfully synthesized.
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Figure 1: (a) FTIR results of activated carbon and nitrogen-doped activated carbon and (b) FTIR results of
C/N/Ce0; 10 and 15 mass%., and FTIR results of a-Fe,0; and (c) C/N/CeO,/a-Fe;05 (0, 10 and 15 mass%).

Results of FESEM-EDX characterization of C/N, a-
Fe.0;, and C/N/Ce0O./a-Fe.Os; materials at 10 mass%
and its morphology can be observed in Figures 2a,
b, and c. The FESEM results of the C/N material
showed porous structural morphology and many
small particles around the pores caused by the

carbonization process (29). The EDX results of C/N
show the distribution of C atoms in red, O atoms in
green, and N atoms in orange. The distribution of
elements and morphology indicate that N-doped
mesoporous carbon was successfully synthesized.
The FESEM characterization results of a-Fe,Os; show
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that the material's morphology is hollow and porous
due to the addition of the structure-directing agent
methylene blue. After doping, the FESEM results
show C/N/CeO./a-Fe,0; 10 mass%. Shows that the
morphology of the initially porous material was
covered by dopant material. This is because the
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addition of C/N causes the pores to be closed by the
catalyst. EDX results of a-Fe;O; and C/N/CeO./a-
Fe,Os; materials at 10 mass%. The difference in
atom distribution lies in the blue Ce atoms and the
red C atoms in C/N/CeO,/a-Fe,0s 10 mass%.

@ (b)
Figure 2: (a) FESEM-EDX C/N (b) Fesem-EDX a-Fe,0s; and (c) FESEM-EDX C/N/CeO,/a-Fe,0s.

The sample diffractogram results were monitored at
an angle of 26 from the range (20-90) using a Cu Ka
light source (A = 1.54060 A). The results of the
diffractogram pattern of C/N/CeO/a-Fe,Os; (0, 10
and 15 mass%) shown in Figure 3 show that the
sample results have a hematite phase with a
diffraction peak of 26 = 33.2; 35.7; 40.9; 49.7; 54.3;
62.4; and 64° with Miller indices (1 04),(110),(11
3),(024),(116),(214),(300)from the JCPDS
database code (84-0311) (20). In addition, Figure 3
shows the crystalline phase diffraction peaks 26 =
47.6 and 56.5°, which correspond to the Miller index

(220), (311)from the JCPDS database code (34-
0394), indicating this, that the peak nano-large
formations were formed from the pure cubic CeO;
phase (30). The diffractogram results at diffraction
peak 26 = 28.6° showed that nitrogen-doped
mesoporous carbon in the diffractograms of
C/N/CeO,/a Fe,05 (10 mass%) and C/N/CeO,/a-Fe,03
(15 mass%), while the diffractogram of C/N/CeOQ./a-
Fe,O5 (0 mass%) does not contain a diffraction peak
at 26 = 28.6°. Based on the characterization results,
the C/N/Ce0,/a-Fe,0; material varies between 0, 10,
and 15 mass%. was successfully synthesized.
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Figure 3: Diffractogram results of C/N/CeO./a-Fe;0;3 (0, 10 and 15 mass%).

The nitrogen adsorption-desorption isotherm was
measured at -195.85 °C. The samples were
prepared under vacuum conditions (10* Torr) at a
temperature of 150 °C. The surface area is
calculated from the adsorption isotherm branch by
applying the BET equation using a single point. The
pore size distribution was estimated using the BJH
method from the desorption branch. The results of
C/N nitrogen adsorption-desorption characterization
showed a BET surface area of 203.84 m? /g with a

pore size of 4.95 nm, as shown in Figure 4a. Figure
4b shows the C/N sample has an Hs hysteresis-type
loop. These results indicate that the C/N material
has a mesoporous structure. The desorption branch
for H,; hysteresis-type pores at low P/Po 0.1
indicates that the desorption branch is not closed.
This shows that the desorption process does not
reach the same level as the adsorption process. The
pores remain partially filled after the desorption
process is complete (29).
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UV-Vis DRS tests provide information in a
wavelength spectrum versus R or reflectance (%).
The band gap energy is obtained by converting the
R% to the Kubelka-Munk factor (31). Materials
exposed to photons partially absorb, reflect, and
transmit bandgap energy. The results of the UV-Vis
DRS test show that the more C/N present in the
photocatalyst material, the less energy is required.
Based on the Kabelka-Munk relationship with

0,5+

F(R)hv)"2

energy, the photocatalyst material varies by 0 mass
%. Figure 5a, C/N has a band gap energy of 1.98 eV
and a variation of 10 mass%. Figure 5b has a band
gap energy of 1.9 eV while at a variation of 15 mass
%. Figure 5c produces a band gap energy of 1.69
eV. These results suggest that the variation ranges
from 0 to 15 mass %. With the C/N composition, the
resulting band gap energy decreases and moves
into the visible light region (32).
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Figure 5: UV-Vis DRS (a) C/N 0 mass%.,

The addition of C/N is used as an anionic dopant,
which can reinforce the weakness of CeO, as an
inhibitor of coke and recombination rates (33). The
C/N material has active centers due to the presence
of electron pairs from the N atom, which can

(c)
(b) C/N 10 mass%., (c) C/N 15 mass%.

weaken the O-O bond. This increases the
photocatalytic activity as an oxygen reduction
reaction takes place. The dipole-dipole interaction
formed by bonding carbon atoms to nitrogen shows
a higher positive charge density and stronger
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electron affinity. However, adding nitrogen-doped
carbon in an excessive ratio can limit the catalytic
activity. This is because the active N site is coated
with carbon (34). Figure 6 shows that the more C/N
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is added to the photocatalyst material, the higher
the generated reflection intensity. It can be
assumed that more light is absorbed with the higher
reflected intensity.

1,0 H

0,8 1

k/s

0,6 +

0,4+

0,2 1

0%
15%
10%

T T T
500 600

T T T
700 800

Wavelength (nm)

Figure 6: UV-Vis DRS spectra wavelength to reflectance (%) of C/N in every variation.

The photocatalytic activity test for hydrogen
production was carried out using a GC-TCD device.
The photocatalyst solid was weighed up to 50 mg
and then dispersed in 25 mL of 20% methanol
solution. The mixture was stirred for 10 minutes and

then ultrasonicated for 10 minutes. Argon gas was
then flowed through the mixture for 5 minutes. The
solution was placed in a photocatalytic reactor and
irradiated with UV light for 3 hours (Figure 7).

Figure 7: GC-TCD Device for mesure the hydrogen gas formed in this experiment.

The hydrogen gas formed is then removed with a
syringe and introduced into the GC-TCD device for
the analysis process. The results of hydrogen gas
amount obtained within 1 and 3 hours with

Volume of H,in reactionbottle =

variations in C/N/CeO./a-Fe;O; (C/N 0, 10 and 15
mass%). The equation used to measure the amount
of hydrogen in the syringe is as follows

Volume of H,in syringe X33.5 mL of headspace

It is known that the Volume of Hydrogen in
Syringe/mL comes from the peak divided by the
hydrogen calibration results.

Photocatalyst material C/N/CeO./a-Fe,O; variation 0
mass%. gives results for the amount of hydrogen
production in 1 hour of 2.21 pmol/g and after 3
hours of 17.58 umol/g (Figure 8). Photocatalyst
material C/N/CeO./a-Fe,0s variation 10 mass% gave

Eq. 1
0.5mL of extracted H, gas (Fa- 1)

optimal results with an amount of hydrogen
production in 1 hour of 4.2 umol/g and after 3 hours
of 19.08 pmol/g. Adding composition variations of
15 mass % material does not produce hydrogen
gas in visible light. This may be caused by the
surface and pore structure of C/N having covered
the active site of the catalyst and the band gap
energy is 1.69 eV, leading to the solar radiation-
based infrared light region. According to research
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data by Dao et al (2023) (35), hydrogen production
with a-Fe,O; doped and undoped NGr material
resulted in hydrogen production amounts of 1.95

20 17,58
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° 221
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pmol/mg.h and 0.39 pmol/mg.h. This indicates that
the addition of C/N/CeO, doping can increase the
photocatalytic efficiency.

12,08 N1 Hour ® 3 Hour
457
A
10% 15%
C/N(%wt)

Figure 8: Hydrogen production by variation of C/N content within 1 and 3 hours.

The consideration of an optimal
system for H, involves physical

photocatalytic
processes. The

entire chemical represented in the

following figure.

process is

Photon + catalyst = catalyst + h™ + e* + H,O - catalyst + H, + O

At VBE : 20* 2 O; t4e
At CBE : 2H "+ 2e 2> H;

Figure 10: General mechanism of hydrogen gas production.

The development of electrical semiconductor
settings has made a significant contribution to the
operational efficiency of photocatalysis processes.
Semiconductors are differentiated from conductors
based on two main bands, namely the valence band
(VB) and conduction band (CB), with an energy
difference (Eg) that differentiates the two. The
activation process ensures that electrons and holes
are only found in the valence band. To excite a
semiconductor, the incoming light energy must be
equal to or higher than the band gap energy. When
photons excite electrons from the valence band to
the conduction band, holes are formed in their
place. The mechanism of photocatalytic air
mechanization of alpha semiconductor
Fe,03/Ce0,/C/N involves certain steps. In the initial

a-Fe;03/Ce0,/C/N > a-Fe,0s/Ce0,/C/N (e +h™)
a-Fe,03/Ce0,/C/N (e'+h+) - a-Fe,;03/Ce0,/C/N

h*+ H,O > H*+ *OH

2e+2H* > H,

*OH 4+ *OH > H, 0O+ £ 0O,

Overall reaction: H,Oq) = Hag + ¥2 Oy

stage, electrons and holes are created when light
hits the semiconductor surface. The energy released
can be in the form of heat or photons when
electrons and holes recombine quickly on the
semiconductor surface. Additionally, electrons and
holes can also be involved in chemical reactions, as
illustrated in the equation below. Additionally, the
photoexcited pairs can initiate chemical reactions at
the semiconductor surface, with the holes reacting
with H,O molecules to produce the desired reaction
products. In the final stage, electrons and holes
produced from the photoexcitation process will take
part in the reaction that produces O, and H,0. This
is a simple overview of the photocatalytic air
separation process.

(1
(2
(3
(4
(5
(6

—_—— — — ~— ~—

Figure 11: Mechanism of hydrogen gas production.

4. CONCLUSION

In this research, N-doped mesoporous carbon (pore
size of 4.9260 nm and surface area 203,84 m?/qg)
was successfully synthesized as a CeO/a-Fe,03
dopant via the hydrothermal method. The effect of
doping composition variations N-doped mesoporous
carbon 0, 10, and 15 mass% in photocatalytic
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reactions for hydrogen gas production was
investigated. Photocatalytic activity efficiency test
results show that optimum C/N/CeO,/a-Fe,03
photocatalyst material with C/N variation 10 mass%
for hydrogen production in 1 hour is 4.2 umol/g and
19.08 umol/g in 3 hours. After three hours, the
hydrogen production fluctuation increased by
76.31%. In addition, the C/N mass percentage
variation to the photocatalyst material affects the
active catalytic sites and band gap energy. Based
on the above description, it can be concluded that
C/N/Ce0,/a-Fe;05 has the potential to be used and
developed as a photocatalyst for hydrogen
production through the water-splitting reaction.
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Abstract: Nanoparticles crafted through biological processes show potential for advancing medicine. Plant-
derived compounds, produced through environmentally friendly green synthesis, present distinctive and
beneficial applications in the field of nanomedicine. This study describes an easy, sustainable,
environmentally friendly, and cost-efficient method to create copper oxide nanoparticles (CuO NPs) using
whole part of Nicotiana plumbaginifolia Viv. extract. The characterization involved various techniques like
solid UV-Visible-DR analysis, Fourier transform infrared (FTIR), EDAX analysis, X-ray diffraction (XRD),
transmitted electron microscopy (TEM), and scanning electron microscopy (SEM). The copper oxide
nanoparticles (CuO NPs) were found to be quasi-spherical pattern, with sizes ranging from 12 to 14 nm, and
exhibited a crystal structure identified as monoclinic. The resulting copper oxide nanoparticles (CuO NPs)
were examined for antimicrobial and antioxidant properties. It showed suppressing bacterial growth against
tested human pathogenic bacteria, emphasizing their potential as antimicrobial agents. Results revealed
that the maximum zone of inhibition was observed when the concentrations (25, 50, and 100 uL,) of NPs is
increased against S. aureus i.e. 17 mm, 20 mm and 22 mm respectively. Whereas findings also reveal
potent antioxidant activity, with escalating CuO nanoparticle concentrations correlating to increased
percentage inhibition 50 pg/mL - 1.68%, 100 pg/mL - 10.45%, 150 ug/mL - 18.54%, 200 pg/mL - 37.83%,
and 250 ug/mL - 51.72%. The highest activity, at 51.72%, occurs at 250 pg/mL.
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1. INTRODUCTION

In contemporary times, Nano biotechnology has
evolved as a fundamental domain of modern
science, representing a novel era in material
science. Its myriad applications have garnered
global attention. This interdisciplinary field, at the
intersection of nanotechnology and biology, holds
immense promise for advancements in various
scientific disciplines. Crucial research in this field
centers on synthesizing nanoparticles with varied
shapes, sizes, chemical compositions, and
controlled dispersions for exploration (1,2).
Nanomaterials, or nanoparticles, serve as crucial
building blocks, attracting considerable attention for
their positive impact across diverse domains such
as detergents, catalysis, energy, shampoos,
polymers, soaps, cosmetics, toothpaste, food and
agriculture, medicine, soaps, antimicrobial agents,
paints, footwear, textiles, and electronics. This has

spurred research interest in nanoparticle synthesis
(3,4).

Metal oxide nanoparticles have emerged as a focal
point in scientific research, owing to their diverse

applications that captivate the attention of
investigators keen on exploring their unique
properties. Notably, copper oxide nanoparticles

have garnered particular interest among transition

metal oxides due to their efficacy in various
domains, such as antimicrobial applications,
sensors, nanofluids, energy storage systems,
antioxidant activity, anticancer agents, and

catalysis (5-11). The distinctive capability of copper

oxide nanoparticles to modulate the physical,
optical, and electronic properties of compounds
further accentuates their  significance in

contemporary research. Numerous methods have
been employed for the synthesis of copper oxide
nanoparticles, encompassing physical, biological,
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and chemical approaches  (12). However,
conventional methods often entail the use of
expensive and toxic chemicals, rendering them
unsuitable for biomedical applications (13).
Consequently, there is a growing impetus to explore
synthetic methods rooted in naturally occurring
biomaterials, presenting an alternative avenue for
obtaining copper oxide nanoparticles tailored for
biological  applications.  This  shift = towards
biocompatible synthesis methods not only aligns
with the principles of sustainability but also
underscores the importance of developing
nanoparticle formulations suitable for integration
into biomedical contexts (14,15).

The biosynthesis or green synthesis of copper oxide
nanoparticles utilizing various plant extracts, such
as Ephedra alata, Rubia cordifolia bark, Spinacia
oleracea leaf, Eichhornia Crassipes leaf,
Abelmoschus esculentus, Berberis vulgaris leaf,
Sesbania grandiflora leaf, Bombax ceiba plant,
Rumex nepalensis (16-26) etc. has been extensively
documented in scientific literature. This approach
harnesses the inherent properties of plant extracts
to facilitate the reduction and stabilization of copper
ions, ultimately yielding nanoparticles with tailored
characteristics. Notably, the utilization of plant
extracts in copper oxide nanoparticle synthesis
offers several key advantages. First and foremost,
these extracts are readily accessible, contributing to
the economic feasibility of the synthesis process.
Additionally, the use of plant extracts is generally
considered safe and non-toxic, aligning with the
principles of green chemistry (27-30). The
avoidance of harmful chemicals in the synthesis
process is pivotal, especially in the context of
biomedical applications. Nicotiana plumbaginifolia
Viv. is an erect annual plant up to 1 m tall. It
belongs to Solanaceae family, which is generally
known as night shade family, native to the west
Indies and Mexico and is usually found in waste
places near water. The antimicrobial and
antioxidant potential of plants is due to the
presence of several secondary metabolites that
have different mechanisms of action; some are
proteins and enzymes, while others are vitamins,
anthocyanins, alkaloids, flavonoids, carotenoids,
and other phenolic compounds. Solanaceae family is
the rich source of alkaloid content as the Nicotine is
reported from WNicotiana tobacum. There no work
has been reported from this plant material in the
field of green synthesis of copper oxide
nanoparticles.

Copper oxide nanoparticles, synthesized through
biogenic or green methods, have demonstrated
superior microbial toxicity related to other metal
oxides (31). This heightened antimicrobial activity
renders them particularly attractive for applications
in areas such as healthcare and biomedical
research. The specific mechanisms underlying the
enhanced microbial toxicity of copper oxide
nanoparticles warrant further investigation, opening
avenues for elucidating their potential in combating
microbial threats.

This study represents a pioneering synthesis of
copper oxide nanoparticles utilizing the WNicotiana
plumbaginifolia Viv. The methodology employed
underscores an environmentally conscious
approach, emphasizing the adoption of greener
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protocols. We introduce a clean, cost-effective, non-
toxic chemical, less time and eco-friendly technique
for the fabrication of copper oxide nanoparticles,
with Nicotiana plumbaginifolia Viv. serving as a key
component in  the synthesis process.The
synthesized nanoparticles were comprehensively
characterized through X-ray Diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR),
Energy Dispersive X-ray Spectroscopy (EDX), UV-

Visible  spectroscopy, Transmission Electron
Microscopy (TEM), and Scanning Electron
Microscopy (SEM). These biocompatible

nanoparticles demonstrated notable antimicrobial
and antioxidant activities.

2. EXPERIMENTAL SECTION (All capitals, one
space before and after the heading)

2.1. Materials and Methods
The selected botanical specimen, Nicotiana
plumbaginifolia Viv. was sourced from the
proximate Bramhapuri region in the Chandrapur
district of Maharashtra state, India. The plant
material was meticulously collected and utilized in
extract preparation. The following chemicals have
been used under study, ensuring high-grade
chemical standards for the experiments:

1. Sigma-Aldrich  supplied Cupric

trinydrate
2. 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
3. Butylated Hydroxytoluene (BHT).

nitrate

2.2. Preparation of Aqueous Extracts from
Whole Plant Material

The harvested Nicotiana plumbaginifolia Viv. plant
was meticulously cleansed with de-ionized water,
eliminating debris and extraneous material.
Subsequently, the plant material was sliced into
small fragments and air-dried under shade. The
entirety of the plant components were pulverized
into a fine powder using a mortar and pestle. A
measured quantity (20 g) of the plant powder was
introduced into a 200 mL distilled water-filled, clean,
and dry round-bottom flask. The resultant mixture
underwent boiling at 60-70 °C for a minimum of 30
minutes, followed by natural cooling to room
temperature. The solution was then meticulously
filtered using Whatman number 41 filter paper. The
resulting filtrate was refrigerated and earmarked for
subsequent utilization in the synthesis of CuO NPs.

2.3. Biogenic Synthesis of CuO NPs

The synthesis of CuO NPs followed the established
method by Sharma et al. (32). A round- bottom flask
(RBF) containing 100 mL of Nicotiana
plumbaginifolia Viv. plant extract underwent
heating at 70-80 °C using a magnetic stirrer.
Subsequently, a 30 mL aqueous solution containing
3 g of cupric nitrate trihydrate was gradually
introduced with continuous stirring. The resulting
mixture was boiled until a greenish-colored gel
formed. This gel was collected, transferred into a
ceramic crucible, and subjected to calcination in a
furnace at 400 °C for 3 hours. The culmination of
this process yielded finely dispersed black-colored
CuO NPs, which were then utilized for subsequent
characterization.

2.4. Characterizations
The nanoparticles underwent a comprehensive
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characterization employing methodologies outlined
in the literature review (33). Scanning electron
microscopy (34) was employed for size and
morphology analysis. Fourier transmission infrared
spectroscopy (35) was utilized for optical
characterization, functional group analysis, and
identification. Transmission electron microscopy
(36) enabled size analysis. Energy dispersive X-ray
elemental analysis (37) assessed chemical
composition and purity. UV-visible spectroscopy
(38) was employed to investigate nanoparticle
formation and confirm synthesis. X-ray absorption
spectrometry (39) facilitated the determination of
elemental analysis, electronic structure, and
elemental composition.The copper oxide
nanoparticles, derived from the reduction of copper
salt using an extract of plant materials, underwent
meticulous  characterization  through  diverse
analytical techniques. UV-visible diffuse reflectance
spectra were acquired using the Thermo Scientific
Evolution 300 UV-visible spectrophotometer. FT-IR

analysis within the 4000-100 cm™ range was
executed with the Thermo Nicolet iS50 FTIR
Spectrometer. Crystallographic and  structural

analyses were conducted using the Brucker AXS D8
X-ray diffraction technique with copper as the X-ray
source. For size, morphology, and composition
analysis, TEM (Jeol/JEM, 2100, at 200 kV) and SEM-
EDX (Jeol 6390la/OXFORD XMX N) were employed.
All analyses were performed by SAIF, Kochi (India).

2.5. Antimicrobial Activity

The antimicrobial efficacy of synthesized CuO
nanoparticles was examined at concentrations of
25, 50, and 100 uL against E. coli, S. aureus, P.
aeruginosa, and K. pneumonia, employing the well
diffusion method. The assessment centered on
zones of inhibition observed in Figure 9 and
summarized in Table 1. Comparative analysis with
the standard antibiotic, amikacin (30 ug), depicted
in figure 10, offered contextual insights. The
observed zones of inhibition serve as indicators of
CuO nanoparticles effectiveness in suppressing
bacterial growth, emphasizing their potential as
antimicrobial agents.

2.6. Anti-Oxidant Activity
The antioxidant efficacy of the synthesized CuO
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nanoparticles was  evaluated through the
assessment of 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
free radical scavenging activity. Varied
concentrations (20, 40, 60, 80, and 100 pg/mL) of
the prepared CuO nanoparticles from Nicotiana
plumbaginifolia Viv. were formulated by combining
3 mL of methanol and 1 mL of 4% DPPH solution
equally at room temperature. The mixture was left
undisturbed in a dark environment for 30 minutes
before measuring absorbance at 517 nm using a
visible spectrophotometer, with butylated
hydroxytoluene (BHT) serving as the standard. The
percentage of radical scavenging activity (% RSA)
was calculated using the formula:

% RSA = [(abs517 nm of control-abs517 nm of
sample) / abs517 nm of control] x 100 (Eq.1)

(% RSA- percentage radical scavenging activity, Abs
-absorbance) (Eq.2)

3. RESULTS AND DISCUSSION

Solid UV-Visible-DR analysis is a technique
employed to discern the optical absorption
properties and energy structure of nanoscale
substances. This method involves measuring the
diffuse reflectance of a solid material across the
ultraviolet and visible spectra, allowing for the
characterization of its electronic transitions and
absorption features. The analysis provides valuable
insights into the optical behavior and energy band
structure of the nanomaterial under investigation.
Figure 1 presents the solid UV-Visible spectrum of
synthesized CuO nanoparticles through WNicotiana
plumbaginifolia Viv. as manifested by the diffuse
reflectance (DR) analysis. The spectrum reveals a
broad absorption band edge scanning the range of
200 to 730 nm (40). The Kubelka-Munk (K-M)
function, utilized for analyzing diffuse reflectance
spectra (DRS) from weakly absorbing materials, is
employed to convert DRS values into absorbance
(41,42). The bandgap energy assessment involved
plotting (F(R) h¢)? against k¢ (energy in eV) for the
biosynthesized CuO nanoparticles from WNicotiana
plumbaginifolia Viv.as depicted in Figure 2. The
determined bandgap energy for the biosynthesized
CuO nanoparticles was 5.16 eV.
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Figure 1: Diffuse reflectance spectrum of CuO NPs synthesized.

CuO NPs
o
>
<
(4
i
Eg=5.16 eV
48 49 50 51 ° 52 53
hv (eV)

Figure 2: Plot of (F(R)hro)2 versus hy (eV) for CuO NPs synthesized.

Figure 3 displays the FTIR measurements of the
synthesized copper oxide nanoparticles, facilitating
the identification of potential biomolecules serving
as both reducing and capping agents in the
synthesis process.The FTIR spectrum exhibits
distinctive peaks at various wavenumbers, offering
valuable insights into the molecular composition of
the synthesized copper oxide nanoparticles. At
3432.67 cm™, the presence of O-H (hydroxyl group)
is indicated, while the peak at 1629.55 cm™
corresponds to -C=0 (carbonyl) vibrations. Notably,
peaks at 1382.71, 1141.65, and 1029.8 cm™ signify

CN group, C-O, and CH.-O bending or stretching
vibrations, respectively, shedding light on specific
molecular functionalities. The presence of C-Cl (halo
compound) is indicated by the peak at 827.31 cm™
(43-44). Furthermore, distinctive peaks at 673.03
and 518.75 cm™ are attributed to the Cu-O
vibration in the copper oxide nanoparticles (45,46).
These observations collectively unravel the intricate
molecular details of the synthesized nanoparticles,
providing a comprehensive understanding of their
composition and functional groups.
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Figure 3: FTIR spectra of CuO NPs formed.

Figure 4 depicts the X-ray diffraction (XRD) pattern
of CuO nanoparticles synthesized via WMNicotiana
plumbaginifolia Viv. The identified XRD peaks at 2-
theta values of 32.615°, 35.655°, 38.872°, 48.792°,

respectively. This pattern aligns with standard
values from JCPDS file No. 89-5895 (47), confirming
the monoclinic crystal structure of the synthesized
CuO nanoparticles (48,49). The observed peaks

53.803°, 58.609°, 61.718°, 66.394°, 68.344°, signify the high degree of crystallinity and
72.28847°, and 75.278° precisely correspond to structural consistency of the prepared
the (110), (002), (111), (202), (020), (202), (113), nanoparticles.
(311), (220), (311), and (004) hkl planes,
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Figure 4: XRD pattern of CuO NPs formed.

Scanning electron microscopy (SEM) was employed
to assess the surface morphology of CuO
nanoparticles synthesized from Nicotiana
plumbaginifolia. In Figure 5, SEM images reveal
uniform shapes with varying sizes and occasional
surface aggregation. The observed size variations

are attributed to synthesis parameters influenced
by phytochemical constituents in the plant (50).
Surface aggregations suggest localized influences of
diverse plant-derived species on nanoparticle
assembly.
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Energy dispersive X-ray analysis (EDAX) stands as
a highly valuable technique for elucidating the
chemical composition and elemental constitution of
nanomaterials. In Figure 6, the EDAX spectrum
corresponding to the CuO nanoparticles synthesized
through the utilization of Nicotiana plumbaginifolia
Viv. is presented. The spectrum prominently
exhibits distinctive signals indicative of copper and
oxygen. These discernible signals unequivocally
authenticate the existence of copper and oxygen in
the CuO nanoparticle form, as visually represented
in Figure 6.

The copper signals in the spectrum are notably
characterized by a weight percentage of 53.62%
and an atomic percentage of 28.5%. Concurrently,
the oxygen signals manifest a weight percentage of
24.46% with an atomic percentage of 51.63%. This

2pm
Figure 5: SEM figure of CuO NPs prepared.

Figure 6: EDAX spectra of CuO NPs synthesized.
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attests
the
nanoparticles. The discerned weight and atomic

analysis
makeup

to the precise
synthesized CuO

quantitative
elemental of
percentages offer quantitative insights into the
proportional contribution of each element,
underscoring the composition of the nanomaterial.

Furthermore, the EDAX spectrum reveals additional
peaks, which are attributed to photochemical
constituents inherent in the Nicotiana
plumbaginifolia Viv. plant. These supplementary
peaks underscore the presence of diverse elements
associated with the plant-derived synthesis process.
The comprehensive analysis not only validates the
synthesis of CuO nanoparticles but also provides a
nuanced understanding of the elemental
composition, thereby contributing to the in-depth
characterization of the nanomaterial.

[ Blement [Line Type] Waight % | Atemic %
Cu

K series 53.62 28.5

K series 24.46 51.63

K series 0.57
K series 9.2
K series 1.99
K series 6.89

K series 1.21
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Transmission electron microscopy (TEM) stands as
an indispensable tool for the detailed examination
of materials, facilitating the elucidation of their
morphology, size, and structural arrangement. In
figure 7, distinctive images of the synthesized CuO
nanoparticles are presented, offering valuable
insights into their physical characteristics. The
observations derived from these images reveal that
the designed CuO nanoparticles exhibit quasi-
spherical morphology, with an average size
distribution spanning from 12 to 14 nm. The
observed size variation is ascribed to surface
agglomeration phenomena, influenced by the
concentration of the plant extract employed during
the nanoparticle synthesis process. The interplay of
these parameters contributes to the nuanced size
distribution of the CuO nanoparticles, reflecting the
dynamic nature of their formation. The utilization of
Selected Area Electron Diffraction (SAED) further
substantiates the «crystalline nature of the
synthesized CuO nanoparticles derived from
Nicotiana plumbaginifolia Viv. The SAED pattern, as
depicted in figure 8, manifests a distinctive quasi-
spherical pattern, affirming the ordered atomic
arrangement within the nanoparticles. This
crystalline pattern serves as compelling evidence of
the high structural integrity and regularity of the
CuO nanoparticles at the nanoscale.

20 nm
Figure 7: TEM image of CuO NPs formed.
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Figure 8: SAED pattern image of synthesized CuO
NPs.

In figure 9, amikacin at 30 pung demonstrates
sensitivity in E. coli, yielding a 19 mm inhibition
zone. In contrast, CuO NPs exhibit no inhibition at
25 pyL and 50 pL, with a 15 mm zone observed at
100 pl. For S. aureus and P. aeruginosa, amikacin
(30 pg) elicits 25 mm and 10 mm inhibition zones,
respectively. CuO NPs produce inhibition zones of
17 mm, 20 mm, and 22 mm for S. aureus (at 25 pL,
50 pL, and 100 uL) and show no inhibition for P.
aeruginosa (25 puL, 50 uL, and 100 pL). K
pneumoniae displays sensitivity to amikacin (30
ug) with a 22 mm inhibition zone, while CuO NPs
exhibit no inhibition at all concentrations.
Remarkably, at a 100 pL concentration of CuO NPs,
robust antimicrobial activity is evident only against
E. coli and S. aureus, with S. aureus, demonstrating
significant activity even at 25 pL and 50 uL
concentrations (Table 1). In the past, many workers
have carried out the antimicrobial activities from
different plant-mediated extract-based synthesized
copper oxide nanoparticles (51-55).

Figure 9: Synthesized CuO NPs exhibit antibacterial activity comparable to standard Amikacin (AK30 pg).
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Figure 10: Antimicrobial activity of formed CuO NPs against a) E. colib) S. aureus c) P. aeruginosa
d) K. Pneumoniae.

Table 1: ZOI (Zone of inhibition) of organisms at different concentrations.

Concentrations

ZOl (mm)
Organisms

AK30
E. coli 19
K. pneumoniae 22
S. aureus 25
P. aeruginosa 10

25 uL 50 uL 100 uL
NI NI 15
NI NI NI
17 20 22
NI NI NI

Note: E. coli =Escherichia coli, S. aureus= Staphylococcus
aureus, P. aeruginosa= Pseudomonas aeruginosa, K.
pnuemoniae = Klebsiella pnuemoniae, NI= No Inhibition.
AK30= Amikacin 30 mcg.

The antioxidant efficacy of CuO nanoparticles on
1,1-Diphenyl-2-picrylhydrazyl (DPPH) is depicted in
figure 11. The findings reveal potent antioxidant
activity, with escalating CuO nanoparticle
concentrations correlating to increased percentage
inhibition: 50 pg/mL - 1.68%, 100 pg/mL - 10.45%,
150 pg/mL - 18.54%, 200 pg/mL - 37.83%, and 250
pg/mL - 51.72%. The highest activity, at 51.72%,
occurs at 250 pg/ml. This heightened antioxidative

capability is attributed to bioactive compounds,
including alkaloids, phenolic compounds, and
flavonoids, in Nicotiana plumbaginifolia. Similar
studies have also been carried out, showing
enhancement of the antioxidant properties of the
material (56-57). The synergistic interaction with
nanomaterials enhances CuO nanoparticle
antioxidant properties, showcasing potential for
addressing diverse diseases.
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Figure 11: Antioxidant activity of CuO NPs biosynthesized.

4. CONCLUSION

1012



Pawar A et al. JOTCSA. 2024; 11(3): 1005-1016

This study presents a cost-effective and benign
approach for the synthesis of copper oxide
nanoparticles (CuO NPs) utilizing the entire
Nicotiana plumbaginifolia Viv. plant. The plant's
abundance of diverse phytochemicals serves a dual
purpose by reducing metal ions and stabilizing the
resulting nanoparticles. Structural characteristics of
the CuO NPs were systematically analyzed using
spectroscopic techniques. Furthermore, the
antimicrobial and antioxidant properties of the
synthesized nanoparticles were investigated. The
band gap of the biogenically synthesized CuO NPs
was quantified at 5.16 eV, demonstrating notable
antimicrobial efficacy against pathogenic bacteria
and significant antioxidant activity.
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1. INTRODUCTION

The physiochemical properties like refractive index,
densities, and dielectric constants of pure liquids
and their mixtures are very important for accurate
design and proper development in many industrial
processes (1). Variation in these physical properties
with temperature, composition, and frequency gives
important information about molecular structure,
intermolecular interactions, hydrogen bonding,
molecular associations, charge transfer, dipole-
dipole, and dipole-induced dipole interactions (2).

Formamide is an amide derived from formic acid,
which is used as a solvent in various chemical
processes. It is used in the agrochemical and
pharmaceutical industries and as a solvent in the
polymer and resin industry. N-propanol is a primary
alcohol and a clear, colorless, transparent liquid
soluble in water. It is used as a solvent in the
manufacturing of the pharmaceutical industry and
as a chemical intermediate. The knowledge of the
physiochemical properties of the corresponding
liquids and their mixtures plays an important role in
analytical sciences and pharmaceutical processes
like synthesis, design, extraction, purification, and
the processes involved (3). Limited information is
available on the physiochemical properties of n-
propanol with formamide. Only some reports are

available on binary interaction studies of n-propanol
and formamide with other polar liquids using
different techniques and instruments. The dielectric
study of formamide-butylene glycol at various
temperatures was reported by Navarkhele et al. (4).
Kabir et al. (5) reported densities and excess molar
volumes of ethanol, methanol, and n-propanol with
pure water at various temperatures. Static
permittivity, refractive index, density, and related
properties of pyridine with 1-propanol have been
reported by Trivedi et al. (6).

In this study, authors reported refractive indices (n),
densities (p) at 293.15 K, and static dielectric
constants at 293.15, 298.15, and 303.15 K
temperatures over the entire composition range.
The related properties like excess dielectric
constant (“E), effective Kirkwood correlation factor
(g*™), atomic polarization, electronic polarization,
permittivity at a higher frequency, molar volume,
molar refraction, polarizability, solvated radii, molar
polarization, deviation in molar refractivity and the
excess properties like excess density (df), excess
refractive index (nf), excess molar polarization (Pn)®
and excess molar volume (VF) were estimated from
the experimental data using appropriate equations
to confirm molecular interaction, hydrogen bonding,
and other possible interactions between the
components of mixtures.
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2. EXPERIMENTAL SECTIONS

2.1. Chemicals

Chemicals formamide and n-propanol were obtained
from a pharmaceutical company -Aurangabad -
Maharashtra, with 99.9% purity and used without
extra purification. The final compositions were
prepared by adding formamide in n-propanol at
eleven different stages. All mixtures were ready just
before the experimental use.

2.2. Equipments

The refractive indices of the mixtures were
measured using a digital pocket refractometer PAL-
RI, made by Atago-Japan. The apparatus measures
the refractive index in the range of 1.3306 to
1.5284. The refractive indices of pure liquids and
their mixtures were measured only at 293.15 K
temperature. The accuracy in the measurement of
the refractive index given by the manufacturer is *
0.0003 at 20 °C.

A wet sensor was used to measure static dielectric
constants made by Delta-T Devices Ltd. UK that is
based on the frequency domain reflectometry
technique. Five to six readings were recorded for
the mixture, and the average value of that was
taken as a dielectric constant. The working detail of
the wet sensor was explained in our earlier
publication (7). The uncertainty in the dielectric
constant given by the manufacturer is about + 3%.
The temperature controller arrangement with a
water bath was used to sustain a constant
temperature within the correctness limit of = 1 °C.

Anton Paar oscillation U-tube densitometer (model
DMA- 35, Austria) was used to measure the
densities of the mixtures. The densitometer is
calibrated with double-distilled water and air. The
densities of pure liquids and their mixtures were
measured only at 293.15 K temperature. The
uncertainty in density given by the firm is = 0.001
g-cm™ at 20 °C.

2.3. Excess Dielectric Constants (£F)

The formation of a new structure in the binary
mixtures can be confirmed from the knowledge of
excess dielectric constants (€f). The excess
dielectric constant is calculated using the equation

(8):
EE:(Esm)_[€1.®l+€2.®2:| (1)

Where (& is the static dielectric constants of

mixtures, €,,€,,D andd, are the static dielectric

constants and mole fractions of liquid 1 (n-propanol)
and liquids 2 (formamide) respectively.

sm

2.4. Kirkwood Factor (g)

The orientation of the electric dipoles in polar
mixtures can be confirmed by the nature of
Kirkwood correlation factor (9) values. The modified
Kirkwood correlation factor, that is, effective
Kirkwood correlation factor (g*™) given by (10,11), is
estimated by the equation:
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eff _ (gsm_gmm)(2£5m+€mm)

4IIN 1112-91-@1_'_/'1;-92-@2 —
Eonl Eant2)’

9KT M, M,
(2)

where “g*™ is the effective Kirkwood correlation
factor for the binary mixtures.

u“

In above equation, N, K, T,u,*, 1,°, py.Pa My, M,

D,,D,,e,and g, represent Avogadro’s number,

Boltzmann constant, temperature, the squared
dipole moment of liquid 1-2, the density of liquid 1-
2, the molecular weight of liquid 1-2, the mole
fraction of liquid 1-2, static dielectric constant of the

mixture and dielectric constant at a higher
frequency, respectively.
2.5. Molar Refraction, Solvated Radii,

Polarizability, Molecular Polarization, Atomic
Polarization, Permittivity at Higher Frequency,
and Deviation in Molar Refraction

From experimental refractive indices, densities, and

dielectric constants data of pure liquids and
mixtures, the authors have estimated molar
refraction (Rm), atomic polarization (Pa),

polarizability (a), solvated radii (r) and molecular
polarization (Pn) by the following equations (12-16):

2
R, = 22+21 V =P,+P,=P_=P, (3)
P,=1.05n" (4)
2
n2 1 = 4 IIn"«a (5)
n+2 3
Vm:(%)nr3 (6)
e—1
b=Vl e (7)

The right-hand side of equation (3) is equal to the
summation of both atomic polarization (P.) and
electronic polarization (Pg), and that is equal to total
polarization (P;) or distortion polarization (Pp). In the

above equations “n” is the refractive index,n =——,

v

m
N is Avogadro’s number “g” static dielectric
constant andV = (M/d) is molar volume; in this, ‘M’

is molecular weight and ‘d’ is the density of the
liquids, respectively.

I

The permittivity at higher frequency &, is the

square of the refractive index, and the equation
calculated it:

£.=n’ (8)

2.6. Excess Refractive Index (nf), Excess
Density (df), Excess Molar Polarization (P,)f
Excess Molar Volume (V) and Deviation in
Molar Refraction

By using experimental values of refractive indices
and densities, the excess refractive index (nf) and
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excess density were determined by the following
equations:

E__
n =ny—

dE: dmix_

@Lrll _®2 . nz) (9)
@1.d1_®2.d2) (10)

where n,, and d, are the values of refractive
indices and densities of the mixtures and®,, @,,

n, ,n,, d;, and d, are the mole fractions, refractive

indices, and densities of the first and second liquids,
respectively.

From calculated molar polarization, the (P.)t of the
mixtures was determined by the equation:

E
P,=P,,~[P,,.®,+P,,.0,] (11)
In the above equation, Pmix and @1, ¢2, Pm1, Pm2, are

the polarization of mixtures and mole fraction,
molar polarization of liquid 1 and 2, respectively.

Excess molar volume (V)E was determined using the
following equation (17):

VE=Vm,, —|®, Vm,—®, Vm, (12)

Where V

@, @, represents mole fraction,V ; and V , are

the molar volume of the components 1 and 2,
respectively.

is the molar volume of the mixtures

mmix
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From the knowledge of refractive indices and
densities, the deviation in molar refraction was
determined by the well-known equation (18):

Rm"/Ay=Rm,, —|®,.Rm,—®, Rm, (13)

(Rm
refractivity of the mixtures®, @, represents mole

In the above equation is the molar

mix)

fraction and Rm, and Rm, are the molar refractivity
of pure liquids 1 and 2, respectively.

3. RESULTS AND DISCUSSION

3.1. Static Dielectric Constant

Table 1 lists the experimental dielectric constants of
the studied binary system. The dielectric constants
of the mixtures decrease with an increase in
temperature. The decrease in dielectric constants
with an increase in temperature is due to
orientation polarization. When the thermal motion of
the mixture is increased, there is a fall in orientation
polarization that reduces the alignment of the
permanent dipoles; therefore, there is a decrease in
dielectric constants (19). From the same Table, it is
also noticed that the dielectric constant increases
with an increase in mole fraction. This may be due
to a decrease in the size and shape of the complex
molecules after hydrogen bonding. This may
increase the number of dipoles in the binary
mixtures and increase the mobility as well as the
volume of the rotating molecules. The experimental
results are in agreement with the earlier results
given by (20,21).

Table 1: Values of static dielectric constants for binary mixture of n-propanol + formamide at various molar
fractions at different temperatures.

Mole 'Static' 'Static' _Static_
fraction of dielectric dielectric dielectric
formamide constant constant constant

T=293.15K T=298.15K T=303.15K

0.00 21.55 19.88 18.53

0.07 29.92 28.22 26.75

0.15 37.77 35.91 34.58

0.23 45.60 43.56 42.15

0.32 54.01 51.58 50.32

0.41 63.68 60.94 59.12

0.51 74.02 71.15 69.24

0.62 84.18 81.28 79.30

0.73 93.80 90.78 88.76

0.86 103.37 100.17 98.19

1.00 112.79 109.52 107.35

Figure 1 illustrates the variation in static dielectric
constantsagainst mole fraction. From Figure 1, it is
observed that the variation in{, with mole fraction is
non-linear. In polar mixtures, if the molecular
association is happening, a non-linear variation in
the dielectric constants with concentration is
expected, and the same is noticed in the Figure.
This shows that an intermolecular association is
occurring in the studied binary system (22,23).
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Figure 1: Variation in static dielectric constants (&s)
against mole fraction at different temperatures.

Table 2 gives experimental densities and refractive
indices of the binary system at 293.15 K. The
density values of the mixtures increase with an
increase in the mole fraction of formamide. When
the concentration of formamide increases, that may
create intermolecular bonds, and new bonds may
form between similar and dissimilar molecules that
may decrease the volume of the mixtures,
increasing density. Similar results have been
recorded by Farid (12).

Table 2: Values of densities and refractive indices
for a binary mixture of n-propanol + formamide at
various mole fractions at 293.15 K temperature.

Mole fraction Density Refractive

of formamide (g-cm3) index
0.00 0.8032 1.3874
0.07 0.8362 1.3933
0.15 0.8690 1.3994
0.23 0.9021 1.4056
0.32 0.9350 1.4119
0.41 0.9680 1.4181
0.51 1.0011 1.4244
0.62 1.0341 1.4307
0.73 1.0671 1.4367
0.86 1.1001 1.4431
1.00 1.1333 1.4495

From Table 2, it is also noticed that refractive
indices of the studied binary system increase with
increasing mole fraction of formamide over the
entire composition range.

3.2. Excess Dielectric Constant (£F)

The estimated (%) values are presented in Figure 2.
From Figure 2, it is observed that the excess
dielectric constants are positive over the entire
mole fraction range for the studied temperatures.
This confirms that in the mixtures, the two liquids
relate together in such a way that the effective
dipole moment increases. In addition, the number of
dipoles in the mixture may be more than the
corresponding average number in the pure liquids,
which may be due to the formation of a new
structure leading to a higher macroscopic
permittivity. Similar results are reported by Hosmani
et al. and Navarkhele et al. (24,25).

Figure 2: Variation in excess dielectric constant
against mole fraction at different temperatures.

3.3. Kirkwood Factor (g)

The orientation of electric dipoles in polar mixtures
may be confirmed by Kirkwood factor (g). If the
values of (g*™) are greater than 1(g*" >1), it shows
parallel orientation, and if (g*") is less than 1 (g*" <
1), it shows anti-parallel orientation of electrical
dipoles. The effective Kirkwood correlation factor
(g*™) of the binary system was calculated using
equation 2 and graphically illustrated in Figure 3.
Figure 3 noted that the g values are greater than 1
(g*" >1 ) over the entire mole fraction range. This is
a sign of the parallel orientation of electric dipoles in
n-propanol molecules. From Figure 3, it is also
observed that the variation in g™ with mole fraction
is non-linear at the studied temperatures,
confirming the net increase in dipole ordering due
to H-bond complexation. The results are in
agreement with the earlier results of Trived et al.
and Hosamani et al. (6,24).

5
4.5
' ] A i -a—a
25 .--.F.":: o
M
3 ::_-:ﬁ-".
T 25 'ﬂ
o 2 4 ——T=2292.15
1.5 —m—T=238.1%
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0.5
0
0 0.2 0.3 0.6 0.8 1
Mole fraction

Figure 3: Variation in effective Kirkwood correlation
factors against mole fraction at different
temperatures.

3.4. Molar Volume (V.), Molar Refractions
(Rn), Polarizability (a), Solvated Radii (r),
Molar Polarization (P.), Atomic Polarization
(Pa), Electronic Polarization (Pg) and

Permittivity at Higher Frequency ( €a )

The estimated values of the molar volume (Vn),
molar refractions (Rn), polarizability (a), solvated
radii (r), molar polarization (P.), atomic polarization
(Pa), electronic polarization (Pe), and permittivity at
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higher frequency (500) of the studied binary
mixtures are illustrated in Table 3. From Table 3, it
is noticed that all the above parameters are
decreasing over the entire mole fraction range

except (500 ) and (P.). Since permittivity at higher
frequency and atomic polarization depends on the
refractive indices of the mixtures. Since the
refractive index of the studied binary system

RESEARCH ARTICLE

increases, these parameters also increase with the
mole fraction of formamide.

Table 3: Values of molar volume (V.,), molar refraction (Ry), polarizability (a), solvated radii (r), molar
polarization (Pn), atomic polarization (Pa), electronic polarization (Pe), and permittivity at higher frequency
(€.) for a binary mixture of n-propanol + formamide at various mole fractions at 293.15 K temperature.

Mole
; 1% Rn a (10%) . (Pm)
ff;:;‘t:::ig: (CmB/TI:'IO” (cm*mol) cm/mole A" cmimole (P (Pe) E-

0.00 77.292 18.204 7.22 2.65 67.444 2.02 19.19 1.93
0.07 72.222 17.248 6.83 2.58 65.432 2.03 15.21 1.94
0.15 67.525 16.348 6.48 2.52 62.432 2.05 14.29 1.95
0.23 63.158 15.500 6.14 2.47 59.177 2.07 13.42 1.97
0.32 59.112 14.705 5.83 2.41 55.946 2.09 12.61 1.99
0.41 55.335 13.947 5.53 2.36 52.808 2.11 11.83 2.01
0.51 51.803 13.229 5.24 2.31 49.758 2.13 11.09 2.02
0.62 45.501 12.546 4.97 2.26 46.812 2.14 10.39 2.04
0.73 45.407 11.889 4.71 2.21 43.985 2.16 9.72 2.06
0.86 42.491 11.264 4.46 2.16 41.281 2.18 9.07 2.08
1.00 39.744 10.667 4.24 2.12 38.708 2.21 8.47 2.11

3.5. Excess Density (df), Excess Refractive
Index (nf), Excess Molar Polarization (P.)f,
Excess Molar Volume (VE), and Deviation in
Molar Refraction (Ag)

Table 4 gives estimated excess density (df), excess
refractive index (nf), excess molar polarization (Pn)5,

excess molar volume (VE), and deviation in molar
refraction with mole fraction of formamide. As Table
4 shows, the (df) values of the binary mixtures are
negative over the entire composition range at the
studied temperature. This may be due to a decrease
in the molar volume of the binary mixtures.

Table 4: Values of excess density, excess refractive index, excess molar polarization, excess molar volume,
and deviation in molar refractivity for binary mixture of n-propanol + formamide at various mole fractions at
293.15 K temperature.

Mt_:le Exce_ss Exces_s. Exces_s mc_)lar Excess molar Ax
fraction of density Refractive polarization volume 3 a
formamide (D)E index (n)E (P )® (VF) cm’.mol

0.00 0.00000 0.00000 0.000 0.00 0.00

0.07 -0.00018 -0.00013 0.86 -1.25 -0.19

0.15 -0.00028 -0.00024 0.73 -2.12 -0.33

0.23 -0.00017 -0.00027 0.35 -2.69 -0.41

0.32 -0.00026 -0.00018 -0.0026 -2.96 -0.45

0.41 -0.00025 -0.00020 -0.26 -2.99 -0.46

0.51 -0.00014 -0.00012 -0.44 -2.77 -0.42

0.62 -0.00013 -0.00004 -0.51 -2.35 -0.35

0.73 -0.00023 -0.00026 -0.46 -1.74 -0.27

0.86 -0.00012 -0.00019 -0.29 -0.95 -0.15

1.00 0.00000 0.00000 0.000 0.00 0.00

From Table 4, it is also observed that the excess
refractive indices values of the binary mixtures are
negative over the entire composition range. The (nf)
give a signal of maximum solvent-solvent
interaction that depends mainly on different
physical properties of the solvents, such as dipole
moment, dielectric constant, donor number,
chemical structure, basicity, and polarizability (12).

The estimated values of (P.) E of the binary mixture
are given in Table 4. From the values, it is observed
that the excess molar polarization is positive in the
n-propanol-rich region and negative in the
formamide-rich region at the studied temperature.

The (VF) of the binary mixtures is given in Table 4
and graphically illustrated in Figure 4. From Figure
4, it is noticed that the excess molar volume values
are negative over the entire mole fraction range at
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the studied temperature. The negative values of
excess molar volumes may be due to the volume
contraction after mixing. Knowledge of (VE) values
can confirm the non-ideal behavior of real mixtures.
Negative values of excess molar volumes show

strong intermolecular  interaction, hydrogen
bonding, charge transfer complexes, and other
complex-forming interactions, including strong

dipole-dipole interactions between the components
of molecules in the mixture (26).

[+] >
[+ o2 0.4 [ 3 [ -3 1
=0.5
=1 | >
» —+—T=203.1..
u “1.5 \
- o
-
®
2.5 s
" >
=3 - -
=3.5
Mole fraction

Figure 4: Variation in excess molar volume against
molar fraction at 293.15 K temperature.

The deviation in molar refraction (Ar) is given in
Table 4 and graphically illustrated in Figure 5. The
(Ar) values are negative over the entire mole
fraction range for the studied temperature. From
Figure 5, it is seen that the variation in (Ag) with
mole fraction exhibits a parabolic shape with a
minimum value located between 0.3 and 0.4 mole
fraction. The negative deviation in molar refraction
signifies electronic perturbation due to the orbital
mixing of the components of the mixtures. The
negative (Ar) can be used as a measure of the
strength of the interaction between the elements of
the mixtures and is strongly dependent on
composition and temperature (27,28). Negative
values of (Ar) also point out greater dispersive
forces in the mixtures than in pure components
(29).

-0.05 0, 0.2 0.4 0.6 LE- B
01|
015 | | §
a2 | % —e—T=293.15K
= .0.25
0.3
-0.35 . ¥
0.4
-0.45 -
0.5

Maole fraction

Figure 5: Variation in deviation in molar refractivity
against mole fraction at 293.15 K temperature.
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4. CONCLUSION

This study provides fundamental physiochemical
properties and their related and excess properties
of a binary system. Variation in these properties
with mole fraction is explained in terms of molecular
interactions, hydrogen bonding, and other possible
interactions. It was found that the dielectric
constants decrease with an increase in temperature
and increase with the increase in the mole fraction
of the solute. The densities and refractive indices of
the binary mixtures increase with an increase in the
mole fraction of solute at the studied temperature.
For the studied temperatures, the dielectric data
shows an excellent non-linear behavior supporting
an intermolecular association and hydrogen bonding
in the binary system.

The excess dielectric constants of the binary
mixture are found to be positive and show a more
polar structure, leading to higher macroscopic
permittivity. The non-linear variation in (g*") values
confirms the presence of molecular interactions,
hydrogen bonding, and other possible interactions
in the binary mixtures.

The estimated parameters of molar volume, molar
refraction, polarizability, solvated radii, molar
polarization, and electronic polarization of the
binary system decrease, whereas permittivity at a
higher frequency and atomic polarization increase
with an increase in mole fraction.

The excess densities (df), excess refractive indices
(nf), excess molar volumes (VE), and deviation in
molar refractivity of the binary mixtures are found
to be negative over the entire composition range
and at the studied temperature. The negative
excess molar volumes (V) confirm volume
contraction after mixing of the binary mixtures. The

values of (Ag) are negative and show greater
dispersive forces in the mixtures than in pure
components from a molecular interaction

perspective; we suggest that the contributors to (VF)
are most likely from the hydrogen bonding
formation interactions, charge transfer complexes
and other complex-forming interactions in the
binary system.
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Abstract: According to the United Nations, our planet produces an average of 430 million tons of plastic
annually. A significant portion of the environmental pollution caused by the use of plastics is due to
polyethylene terephthalate (PET) used in short-lived packaging products. Various studies have been
conducted with the aim of recycling or converting PET waste into useful products. In addressing the dual
environmental challenges posed by waste PET and dolomite, this study innovates in the realm of
sustainable recycling practices. We explore the efficiency of a solid catalyst derived from waste dolomite in
catalyzing the hydrolysis of waste PET. This research not only showcases the catalytic prowess of waste-
derived dolomite in breaking down PET into its constituent monomers but also highlights the process’s
optimization for maximum efficiency. Through careful analysis and optimization of various parameters,
including Temperature, reaction time, and catalyst concentration, we achieve an unprecedented conversion
rate, illustrating the potential of this method in contributing to the circular economy. Our findings offer a
groundbreaking approach to PET waste management, emphasizing the importance of sustainability and
innovation in tackling environmental pollution. Dolomite is a widely available ore with a composition of
CaC0;.MgCOs. After calcination, the obtained CaO-MgO mixture can be used to recycle PET via hydrolysis.
In this study, Temperature (140 °C, 150 °C, 160 °C), ethanol concentration (0%, 5%, 10%), potassium
hydroxide concentration (0%, 5%, and 10%), and the amount of calcined dolomite (0 g/100 mL, 0.03
g/100 mL, and 0.06 g/100 mL) parameters were selected for the PET hydrolysis process conducted in a
short time using a microwave digestion system. The Taguchi L, experimental design was applied, and all
experiments were repeated four times.
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1. INTRODUCTION size: into coarse or

particulates (2).

large fragments and fine

In the process of natural stone production, the

cutting operations carried out in both quarries and
manufacturing plants result in significant amounts
of waste material, which can represent between
50% and 60% of the total stone processed (1). The
variability in waste generation is influenced by
several factors, including the stone’s inherent
mineralogical properties, the presence and pattern
of discontinuities and cracks, and the specific
methodologies employed in the production and
processing stages. The waste produced within these
settings is predominantly categorized based on its

The coarse or large waste fragments, which make
up about 40% of the quarry’s output, vary
significantly in size (from a few centimeters to
several meters) and can adopt a variety of shapes.
This diversity in size and shape underscores the
complexity of managing such waste efficiently (3).
On the other hand, the fine waste generated,
particularly from the processing of natural stones in
factories, is mainly comprised of powder-like
substances with particle sizes falling below 150
micrometers. This fine waste is mechanically
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collected and transported to disposal sites, often
necessitating the use of loaders for loading onto
trucks, followed by transport to designated dumping
areas (4).

The management and disposal of natural stone
waste pose logistical and environmental challenges.
Unused agricultural lands, often located at
considerable  distances from natural stone
operations and deposits, are frequently repurposed
as sites for waste disposal. This practice, however,
raises concerns regarding the optimal and
sustainable use of land resources. Agricultural
lands, even if currently unutilized, should ideally be
preserved for agricultural purposes or land
conservation efforts rather than being transformed
into waste disposal sites. Moreover, the practice of
utilizing operational sites as disposal areas can
significantly hinder operational efficiency by
reducing maneuverability within these spaces.
Additionally, opting for waste disposal in alternative
locations introduces extra logistical burdens,
primarily due to the transportation costs involved.

Environmental concerns associated with natural
stone waste are multifaceted, encompassing issues
such as landscape alteration, soil displacement,
deterioration of water quality in both surface and
underground sources, and contributions to air and
visual pollution. These impacts underscore the
urgency of adopting more sustainable waste
management practices within the natural stone
industry (5).

Recognizing the substantial environmental footprint
and economic implications of such waste, there’s a
growing emphasis on repurposing natural stone
waste into valuable secondary products (6). This
waste is increasingly being utilized in various
applications, including but not Ilimited to the
creation of building materials, the construction of
roads (7,8), the production of concrete (9), as
abrasives (10), the erection of flood prevention
barriers (11), for soil neutralization purposes (12),

and in the manufacturing of cement (9), and
composites (13). Moreover, its use in filtration
processes and the feed industry represents
innovative approaches to waste valorization,

contributing to a more circular economy where

catalyst
(COCH,COOCH,CH,0), + 2n H,0 ———>

Equations 2-4 show the mechanism of how PET
breaks down into TPA and EG via basic hydrolysis in
the presence of NaOH. The OH™ ion from NaOH acts
as a nucleophile and attacks the carbonyl carbon in
the ester group of the PET polymer chain. This
attack results in the formation of a tetrahedral

catalyst
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waste is transformed into resources, thus alleviating
environmental impacts while  simultaneously
enhancing production sustainability in the natural
stone sector (14).

The escalating production and disposal of PET pose
a dual challenge of environmental pollution and
resource wastage, with millions of tons of PET waste
accumulating in landfills and natural habitats each
year. This situation is exacerbated by the durable
nature of PET, which resists biodegradation, leading
to prolonged environmental persistence (15). Given
these concerns, there is an urgent need for more
effective recycling methods that not only mitigate
environmental harm but also reclaim the value
embedded in waste PET.

Chemical recycling, particularly hydrolysis, presents
a viable alternative to mechanical recycling, offering
the potential to break down PET into its constituent
monomers, which can be reused to produce new
PET or other valuable products. This process not
only diverts PET from landfills but also reduces the
reliance on virgin materials, aligning with the
principles of a circular economy. However,
conventional hydrolysis processes often rely on
expensive and environmentally harmful catalysts,
which can limit their sustainability and economic
viability (16).

PET hydrolysis is a chemical process in which the
PET polymer interacts with water molecules to
break down into its fundamental monomers. This
process occurs at high temperatures and pressure
under acid, base, or neutral catalysis (17). In acidic
hydrolysis, the ester bonds in PET react with a
strong acid, such as sulfuric acid (H.S0,), to release
terephthalic acid (HOOCC¢H,COOH - TPA) and
ethylene glycol (HOCH,CH,OH - EG) monomers. In
basic hydrolysis, the use of a base like sodium
hydroxide (NaOH) causes the breakdown of PET into
sodium salts and EG. The TPA derivatives and EG

obtained from these reactions are essential
components that can be reused in new PET
production or other chemical processes. PET

hydrolysis is a crucial step in the recycling of
polymer waste (18). The equation for the general
hydrolysis reaction is given in Equation (1).

n (HOOCC(H,COOH) + n (HOCH,CH,0H) ¢, 4,

intermediate. The tetrahedral intermediate breaks
down, resulting in the cleavage of the ester bond.
This forms EG and a carboxylate ion (R-COO~). The
carboxylate ion (R-COO~) reacts with Na* from the
NaOH solution to form sodium terephthalate (19).

R—-CO-0O—-R’ +OH"™
R-CO-OH

» R—CO-OH + R’-0OH
catalyst » R—COO~ + H*

(Eq. 2)

(Eq. 3)

1026



Boz MA et al. JOTCSA. 2024; 11(3): 1025-1036
R—COO™ + Na*

In the overall reaction, the PET polymer chain is
fully broken down into sodium TPA and EG:

(COC,H,COOCH,CH,0)n +2nNaOH—Caalyst
In response to these challenges, this study explores
the use of waste dolomite as a novel, eco-friendly
catalyst for the hydrolysis of waste PET. Dolomite, a
sedimentary carbonate rock, is abundant in nature
and often regarded as a waste byproduct in various
industrial processes (20). In PET recycling, the use
of CaCOs; and MgCOs;, the chemicals that make up
dolomite, is commonly considered a filler to
enhance the mechanical properties of plastics,
reduce processing time, and decrease costs (21).
Additionally, these substances can improve the
thermal stability and heat resistance of PET,
thereby expanding the application areas of recycled
PET (22). By repurposing this readily available
material, the study not only seeks to enhance the
environmental and economic efficiency of PET
hydrolysis but also to promote the valorization of
waste materials as resources for sustainable
development.

The hydrolysis of PET is a well-studied process with
applications in recycling and waste management.
Both acid and base can catalyze the hydrolysis of
PET, resulting in the production of TPA and EG (23).
Research has demonstrated that incorporating
metal hydroxides like sodium or potassium
hydroxide through melt mixing can enhance the
hydrolysis of PET (24). Studies have also explored
the kinetics of PET hydrolysis using acids such as
nitric acid and sulfuric acid, emphasizing the
significance of temperature and catalysts in the
process (25).

Various factors, including the presence of cellulose
and polypropylene, can influence the efficiency of
PET hydrolysis (26). Enzymatic hydrolysis of PET,
utilizing enzymes like cutinase, has been
investigated for waste stream management (27).
Additionally, the use of ionic liquids as solvents and
catalysts has shown promise in improving the
conversion and yield of TPA during PET hydrolysis
(28).

The depolymerization of PET through hydrolysis has
been studied under different temperatures and
conditions to optimize the process for industrial
applications (29). Research has also delved into
hydrolyzing PET below its melting range to
understand the impact of factors like diffusion and
crystallinity on reaction kinetics (30). Alkaline
hydrolysis and neutral hydrolysis have been
explored as methods to break down PET into its
monomers, such as TPA and EG (31,32).

In conclusion, the hydrolysis of PET is a
multifaceted process influenced by parameters like
temperature, catalysts, and reaction conditions.

n(NaOOCCH,COONa) + n(HOCH,CH,OH)
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catalyst » R—COONa

(Eq. 4)

(Eqg. 5)
Understanding these mechanisms and factors is
crucial for the development of effective recycling
and waste management strategies.

The research methodology in this study involves a
comprehensive experimental design to evaluate the
catalytic performance of calcined dolomite in the
hydrolysis of PET, examining factors such as
temperature, catalyst loading, and reaction time.
The study also employs statistical analysis to
optimize the hydrolysis conditions, aiming to
maximize the yield of TPA, a key monomer derived
from PET. Through this rigorous analysis, the study
endeavors to establish a scalable and sustainable
model for chemical recycling, contributing valuable
insights to the fields of waste management and
green chemistry.

By addressing the environmental impact of PET
waste and demonstrating the feasibility of using
waste dolomite as an effective catalyst, this
research not only advances the scientific
understanding of chemical recycling but also
highlights the broader potential for integrating
waste valorization into environmental sustainability
strategies. Ultimately, this study underscores the
importance of innovative approaches to waste
management, encouraging further exploration of
waste-to-resource technologies that can contribute
to the transition toward a more sustainable and
circular economy.

2. MATERIALS AND METHODS

2.1. Materials

The used KOH (=85% KOH basis, pellets, white)
was obtained from Sigma-Aldrich, and ethanol
(absolute) from Isolab. The conductivity value of
the used pure water was at most 10 uS, produced
using a Merck Millipore Essential pure water device.
The dolomite used in the experiment was procured
from Doltas Mining Co. located in Izmir. Crushed,
ground, and sieved dolomite has been calcined by
burning in a furnace at 1000 °C for 5 hours to be
used as a catalyst. Waste PET was obtained by
collecting PET used in daily life. After being washed
with pure water, the waste PET was dried, then
crushed, divided into pieces, and sieved. Pieces in
the range of 2-3 mm were used in the experiments.
Hydrolysis experiments were conducted using a
Microwave Digestion System, speedwave XPERT.

2.2. Methods

In the study, temperature (140 °C, 150 °C, 160
°C), ethanol (0 mL, 5 mL, 10 mL), KOH (0 g, 5 g,
10 g), and catalyst (0 g, 5 g, 10 g) were selected as
parameters (Table 1).
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During the experiment, solutions prepared were
taken and placed into PET, and a catalyst was
added. The reactor, sealed to prevent leakage, was
placed in a microwave heating setup and heated to
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the temperature specified in the experiment design.
Once the desired temperature was reached, it was
maintained for 15 minutes and then allowed to cool
down.

Table 1: Factors and levels used in the Taguchi Ls design experiments.

Factors Level 1 Level 2 Level 3
Temperature (°C) 140 150 160
Ethanol (mL/100 mL) 0 5 10

KOH (g/100 mL) 0 5 10
Catalyst (g/100 mL) 0 0.03 0.06

The Taguchi Ls experimental design method was
employed in the experiments, serving as a strategic
framework for the systematic analysis of multiple
variables  simultaneously. This approach is
particularly beneficial in reducing the complexity
and resource requirements of experimental studies,
as it allows for the efficient identification of the
most influential factors and their optimal settings.
In the context of this study, the Taguchi Ls design
was meticulously chosen to investigate the impact
of four distinct factors, each varied across three
different levels, thereby ensuring a comprehensive
exploration of the experimental space with a limited
number of runs. Specifically, the design
encompassed 4 factors, which were temperature,
ethanol concentration, KOH quantity, and the

amount of catalyst, all considered critical to the
process under study. Each of these factors was
tested at three levels to ascertain their individual
and combined effects on the experimental
outcomes. To enhance the reliability and validity of
the results, every experimental condition specified
within the Taguchi Lo design was replicated at least
four times. This rigorous repetition serves to
mitigate the potential influence of experimental
errors and variability, providing a robust dataset for
analysis. The structure and specific assignments of
these factors and levels within the Taguchi L,
experimental design are detailed in Table 2, offering
a clear roadmap for the execution and analysis of
the experiments.

Table 2: Taguchi Ly experimental design of hydrolysis reaction with waste PET.

Run Temperature Ethanol KOH Catalyst
(°C) (mL/100mL) (g/100mL) (g/100 mL)

1 140 0 0 0

2 140 5 5 0.03
3 140 10 10 0.06
4 150 0 5 0.06
5 150 5 10 0

6 150 10 0 0.03
7 160 0 10 0.03
8 160 5 0 0.06
9 160 10 5 0

3. RESULTS AND DISCUSSION

As a result of the experiment, the amounts of PET
that did not react were measured, and the
conversion rates were calculated using the formula

Initial PET amount — Remaining PET amount

given in Equation 6. The calculation results based
on the data from the experiments are summarized
in Table 3. Since four repetitions were performed,
the obtained conversion percentages are reported in
four separate columns as: R1, R2, R3, and R4

Conversion %= — %100 (Eq. 6)
Initial PET amount
Table 3: The conversion percentages obtained from the experiments.
Exp. Temperature Ethanol KOH Cat. R1 R2 R3 R4
Number (°C) (mL/100  (9/100  (mg/  (yopy (X (X yqy)
mL) mL) L) %) %)
1 140 0 0 0 3.75 4.28 4.02 4.06
2 140 5 5 0.03 15.55 16.01 15.91 15.41
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3 140 10 10
4 150 0 5
5 150 5 10
6 150 10 0
7 160 10
8 160 5

9 160 10 5

0.06 61.55 57.44 59.31 60.43
0.06 21.46 20.67 19.75 21.85
0 62.16 62.59 67.31 61.70
0.03 3.62 3.97 4.50 5.31

0.03 66.94 66.41 69.27 68.13
0.06 3.43 495 474 4.40

0 32.33 36.00 36.21 34.51

The signal-to-noise (S/N) ratios were calculated
from the obtained conversion rates using the “larger
is better” approach and are provided in Table 4.

Table 4 presents the average effect of each
parameter’s variation on the signal-to-noise (S/N)
ratio. The data reveals insightful trends about the
factors influencing process efficiency and outcome
quality. Temperature demonstrates a steady
increase in the S/N ratio from 23.84 at Level 1 to

temperatures positively affect the outcome, with a
moderate difference of 2.82 indicating its impact.
Similarly, Ethanol shows an increase in S/N ratio
from 25.03 to 26.27, marking a subtle yet positive
influence of increased ethanol concentration, albeit
with a smaller difference of 2.10. Notably, KOH
stands out for its significant impact, with the S/N
ratio soaring from 12.38 to 36.05 between the
extreme levels, underscoring a robust effect of KOH
concentration on the process, evidenced by a

26.65 at Level 3, signifying that elevated substantial difference of 23.67.
Table 4: Response table for signal to noise ratios*.
Average S/N Ratios
Level
Temperature Ethanol KOH Catalyst

1 23.84 25.03 12.38 26.30

2 24.98 24.17 27.04 24.35

3 26.65 26.27 36.05 24.82

Difference 2.82 2.10 23.67 1.95

Ranking 2 4 1 3

*Larger is better.

In contrast, Catalyst’s influence is more moderate, factors that markedly influence the desired
with S/N ratios ranging from 26.30 to 24.82 and a outcome. Concentrating on the highest-ranked

difference of 1.95, indicating a beneficial yet
comparatively lesser impact than temperature and
much less than KOH. The ranking of factors by their
influence on the S/N ratio places KOH at the
pinnacle, followed by temperature, catalyst, and
ethanol, in descending order of impact. This
meticulous analysis aids in pinpointing the critical

factors enables process optimization to attain
superior performance. Employing a statistical
methodology furnishes a structured evaluation,
offering definitive guidance for ameliorating process
efficiency or enhancing the quality of outcomes. For
a clearer understanding of Table 4, the data are
graphically represented in Figure 1.
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Main Effects Plot for Signal/Noise ratios
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Figure 1: Main effects plot for S/N ratios.

Due to the difficulty in interpreting S/N ratios,
average conversion rates corresponding to each

parameter level can be calculated using the S/N
ratios (Table 5).

Table 5: Response Table for Means*.

Average Conversion Percentages (%)

Level
Temperature Ethanol KOH Catalyst

1 26.477 30.883 4.253 34.077

2 29.574 27.847 23.805 29.252

3 35.610 32.932 63.603 28.332

Difference  9.133 5.085 59.351 5.745

Ranking 2 4 1 3

*Larger is better.

The analysis for Table 5 reveals how each rate to temperature and relative humidity.
parameter distinctly influences the conversion rate, Hydrolysis of PET is accelerated at higher
illustrating the complexity of the process and the temperatures, leading to increased chain scission

importance of precise control over conditions.
Temperature demonstrates a clear trend of
increasing conversion percentages with rising levels,
illustrating a substantial effect on the process’s
efficiency. The leap from 26.477% at the lowest
level to over 35% at the highest signifies the critical
role temperature plays, positioning it as a pivotal
factor for optimizing outcomes.

The efficiency of the PET hydrolysis process is
indeed significantly influenced by temperature.
Several studies have demonstrated the impact of
temperature on the hydrolysis of PET. In one study,
the temperature had a significant impact on the
hydrolysis of PET. The degradation follows an
Arrhenius equation, which relates the degradation

and crystallinity changes. The model presented in
the paper suggests that the combination of
temperature and RH directly affects the rate of PET
degradation (33).

Similarly, in a review by Geyer and others (2016),
while discussing chemical methods for PET
recycling, the dependence of these processes on
temperature is emphasized. According to this study,
researchers working with different methods
reported that increasing temperatures improved the
efficiency of PET hydrolysis. Only in enzymatic
reactions was it shown that deviations from the
optimal temperature range reduced the efficiency of
the hydrolysis reaction (34). Moreover, a study by
Conroy and Zhang (2024) (35) confirms the
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continued interest in PET hydrolysis, emphasizing
that the effect of temperature on PET hydrolysis is a
critical factor for efficient polymer breakdown.
According to the study, increasing temperatures
significantly improve reaction kinetics, lower
activation energies, and lead to rapid PET
decomposition. As a result, Temperature stands out
as one of the most important factors for effective
hydrolysis in PET recycling (35).

KOH, on the other hand, showcases an even more
pronounced impact, with its conversion percentage
soaring at the highest level, emphasizing its
paramount importance in the reaction mechanism.
This dramatic increase points to KOH’s efficacy in
facilitating the conversion process, highlighting it as
a primary lever for enhancing performance.

KOH has been recognized for its effectiveness in
facilitating the PET hydrolysis conversion process.
Studies have shown that KOH plays a crucial role in
enhancing the hydrolysis of PET waste.
Karayannidis et al. (2002) investigated the recycling
of PET through alkaline hydrolysis and highlighted
the use of KOH in the process, demonstrating its
efficacy in promoting the conversion of PET into
valuable products like TPA (36).

Moreover, Adibfar et al. (2014) (37) found that
KOH-activated PET showed superior adsorption
properties for molecules of varying sizes, indicating
the effectiveness of KOH in modifying PET for
enhanced performance (37). Additionally, Yoshioka
et al. (2003) (38) conducted a study on the
conversion of PET into oxalic acid and TPA using
alkaline solutions, showcasing the role of KOH in the
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hydrolysis process (38). Furthermore, Rubio Arias
et al. (2022) (39) developed a KOH-in-methanol
hydrolysis process for the selective
depolymerization of PET and polycarbonate,
emphasizing the efficiency of KOH in achieving
instantaneous PET hydrolysis (39). These findings
collectively underscore the significance of KOH in
promoting the hydrolysis and conversion of PET
waste into valuable products, highlighting its role as
an effective catalyst in the PET recycling industry.

Ethanol and Catalyst, while contributing to
variations in conversion rates, exhibit a more
nuanced influence compared to the stark effects of
Temperature and KOH. Ethanol’s moderate variation
suggests its role is significant but secondary in
optimizing the process. The effect of ethanol on PET
hydrolysis is already known in the literature (24).
The Catalyst’s impact, being the least pronounced,
indicates its supportive but less critical role in the
conversion process.

Overall, this analysis not only ranks the parameters
by their influence on conversion rates but also
underscores the importance of a balanced approach
in managing these variables to achieve optimal
results. Adjustments in KOH concentration and
temperature management emerge as key strategies
for improving conversion efficiencies, with
considerations for Ethanol and Catalyst providing
additional fine-tuning capabilities. This statistical
insight forms a foundation for targeted
optimizations, guiding efforts towards achieving the
most efficient and effective conversion process. To
facilitate a better understanding of this table, the
data are presented graphically in Figure 2.

Main Effects Plot for Means
Data Means
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Figure 2: Main effects plot for Means.
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In Figure 2, the average conversion percentages
corresponding to the actual levels of the parameters
can be observed.

A hypothesis test and analysis of variance (ANOVA)
were conducted to understand whether the
parameters used in the experiment had a significant
effect on the response (Table 6). In hypothesis
testing, the null hypothesis assumes that all means
are equal, meaning the factors do not significantly
affect the response. The null hypothesis is accepted
if the p-value calculated at a 95% confidence
interval is greater than 0.05, and it is rejected if the
p-value is less than 0.05 (the H; hypothesis cannot
be dismissed).

RESEARCH ARTICLE

Ho: M1 = M2 = Pz ... = Mk

H:: The means are not equal

Table 6, detailed here, offers a profound insight into
the statistical underpinnings of an experiment
aimed at deciphering the effects of various factors
(Temperature, Ethanol, KOH, and Catalyst) on a
specified outcome. This statistical examination,
coupled with an overarching regression model,
endeavors to unravel the intricacies of data
variability, providing a systematic approach to
quantify the influence of each factor.

Table 6: Analysis of Variance (ANOVA) results.

Degrees Adjusted Adjusted
of Sum of Mean F-value P-value
Freedom Squares Squares
Regression 4 21858.9 5454.7 161.42 0.000
Temperature 1 500.5 500.5 14.78 0.001
Ethanol 1 25.2 25.2 0.74 0.395
KOH 1 21135.1 21135.1 624.31 0.000
Catalyst 1 198.0 198.0 5.85 0.022
Error 31 1049.5 33.9
Residual 4 999.4 249.9 134.84 0.000
Pure Error 27 50 1.9
Total 35 22908.3
The Degrees of Freedom (DF) serves as a hypothesis but also heralds its critical role in the

foundational metric, delineating the scope within
which the data can fluctuate. With the regression
model boasting 4 degrees of freedom, mirroring the
quartet of examined factors, and the error
manifesting 31 degrees, this delineation
underscores the residual variance unaccounted for
by the model, thus spotlighting areas of further
investigation or model refinement.

The Adjusted Sum of Squares, a critical statistical
measure, quantifies the total variance attributable
to each factor, meticulously adjusted for their
respective degrees of freedom. KOH’s notably high
value in this metric signifies its predominant role in

dictating the data’s variance, suggesting its
paramount importance in the experimental
outcome.

Further dissecting this variance, the Adjusted Mean
Squares metric offers an average variance per
factor, with KOH again emerging as the pivotal
influence, showcasing its substantial impact on the
experimental results. This is further corroborated by
the F-value, a statistical test for assessing the null
hypothesis’ viability—that a factor bears no impact.
KOH’s exceptional F-value not only refutes this

dependent variable’s variation.

The P-value metric, reflecting the likelihood of
observing the data under the null hypothesis,
fortifies the statistical argument with its threshold
significance. Both the overall regression and the
exceptionally low p-values for KOH solidify their
undeniable effects on the outcome, while the higher
p-value for Ethanol suggests a statistically
insignificant effect.

This statistical narrative is further enriched by the
analysis of “Error” and “Total” variance, with
“Residual” and “Pure Error” finely parsing the
unexplained variance into components of model fit
and randomness, respectively. This granularity aids
in identifying the fidelity of the model to the
observed data and the inherent variability
unexplained by the examined factors.

In essence, this ANOVA table meticulously maps out
the impacts of various factors on an experimental
outcome, highlighting KOH, Temperature, and
Catalyst as the primary influencers, while Ethanol
lags behind in significance. This detailed statistical
analysis illuminates the pathways through which
each factor interplays within the experimental
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framework, guiding strategic decisions for resource
allocation and adjustments aimed at optimizing
outcomes, thereby advancing our comprehension of
the underlying data dynamics.
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To elucidate the relationship between experimental
parameters and the response, regression analysis
has been conducted using experimental data. The
calculated regression coefficients are provided in
Table 7.

Table 7: Calculated regression coefficients.

Standard
Term Coefficient Error of T-value P-value
Coefficient
Constant -65.8 18.0 -3.66 0.001
Temperature 0.457 0.119 3.85 0.001
Ethanol 0.205 0.238 0.86 0.395
KOH 5.935 0.238 24.99 0.000
Catalyst -95.7 39.6 -2.42 0.022
This regression analysis table meticulously significance is incontrovertible, heralding it as a

delineates the intricate dynamics between several
experimental variables—Temperature, Ethanol,
KOH, and Catalyst—and their impact on a specified
response, providing a comprehensive quantitative
assessment of their roles. Through the precise
calculation of regression coefficients, alongside their
standard errors, and the statistical rigor of T-values
and P-values, the analysis offers a profound
understanding of each parameter’s statistical weight
and its consequent influence on the experimental
outcome.

The significant negative coefficient of the constant
term underscores the intrinsic baseline of the
response, asserting that, even in the absence of
variable influences, the response deviates
significantly from =zero. This finding is pivotal,
highlighting the inherent response characteristics
before considering the effects of the experimental
parameters.

Temperature emerges as a significant modifier of
the response, with its positive coefficient revealing
a direct proportional relationship. This parameter’s
statistical significance is validated by both its T-
value and P-value, emphasizing its critical role in
modulating the response, thereby suggesting a
targeted avenue for experimental manipulation to
achieve desired outcomes.

In contrast, the role of Ethanol is ambiguous; its
coefficient, combined with a high standard error and
a T-value that could be considered statistically
insignificant, along with a statistically insignificant
P-value, indicates that its effect on the response is
negligible. This shows that changes in Ethanol
concentration will not lead to meaningful changes in
the response, thus directing experimental focus
away from this parameter.

KOH stands out with its pronounced coefficient,
signifying a robust positive correlation with the
response. This parameter’s overwhelming statistical

paramount factor in influencing the response. The
substantial magnitude of KOH’s effect underscores
its potential as a primary lever in optimizing
experimental outcomes.

The catalyst’s coefficient, despite suggesting a
possible negative relationship with the response, is
enveloped in uncertainty due to its significant
standard error and significant P-value. This
ambiguity renders the catalyst a less reliable factor
for influencing the response, indicating a lower
priority in experimental adjustments.

In essence, this rigorous statistical analysis
systematically uncovers the differential impact of
each experimental parameter on the response, with
Temperature and KOH identified as pivotal
influencers—offering clear pathways for
experimental optimization. Meanwhile, Ethanol and
Catalyst, owing to their less pronounced effects,
delineate areas where experimental resources might
be more judiciously allocated. This nuanced
understanding facilitates a strategic approach to
experimental design, aiming for enhanced efficiency
and targeted outcomes. The regression equation
derived from Table 7 is provided in Equation 7:

Conversion% = -65.8 + 0.457-Temperature +
0.205-Ethanol + 5.935-KOH - 95.7-Catalyst  (7)

The calculated R2 (regression coefficient) indicates
that the regression equation can explain more than
90% of the variance in the data.

4. CONCLUSION

The efficient management and repurposing of
industrial waste stand as pivotal challenges. This
study addresses these challenges head-on by
transforming Dolomite waste, a byproduct of its
high production volumes, into a commercially viable
and applicable product. Through a rigorous
examination and demonstration of the calcination
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process, we've unlocked the potential of waste
Dolomite, converting it into a valuable CaO-MgO
mixture. This mixture, characterized by its
calcination, has found application as a catalyst in
subsequent processes, showcasing the innovative
repurposing of waste materials.

One of the standout achievements of this research
is the depolymerization of waste PET utilizing the
catalysts derived from Dolomite waste calcination.
This process not only exemplifies a sustainable
approach to waste management but also results in
the production of TPA, a fundamental raw material
in PET manufacturing. Such an outcome not only
contributes to the circular economy but also adds
value to what would otherwise be considered waste.

Furthermore, the study leverages a systematic
experimental design to delve into the hydrolysis of
waste PET, meticulously analyzing the influence of
individual parameters on the process. This
systematic approach enables a deeper
understanding of the chemical interactions at play
and identifies optimal conditions for maximizing
efficiency and output. By integrating waste
management with the production of valuable
chemical precursors, this research embodies the
principles of green chemistry and sustainability,
paving the way for innovative solutions in chemical
engineering.

In conclusion, the comprehensive analysis
presented through the regression model and ANOVA
table provides an insightful understanding of the
effects of various experimental parameters
(Temperature, Ethanol, KOH, and Catalyst) on the
conversion process. The derived regression
equation, Conversion% = -65.8 +
0.457-Temperature + 0.205-Ethanol + 5.935-KOH -
95.7-Catalyst, with an R2 value of 94.83,
underscores the model’s robust ability to explain a
significant portion of the variance observed in the
conversion rates.

The statistical significance of each parameter, as
delineated by the regression analysis, highlights the
varying degrees of influence they exert on the
conversion outcome. Temperature and KOH emerge
as the most impactful factors, with KOH showing a
particularly strong positive relationship with
conversion, indicating its critical role in the chemical
process. On the other hand, Ethanol’s influence is
minimal, and its parameter’s high P-value suggests
that changes in ethanol concentration may not
substantially affect the conversion rate within the
scope of this experimental setup. The Catalyst,
despite a suggested negative relationship with the
conversion rate, is enveloped in uncertainty due to
its considerable standard error and significant P-
value, indicating a less deterministic influence on
the process.

The significant negative coefficient of the constant
term in the regression equation indicates a
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meaningful baseline from which the effects of the
variables are measured, suggesting that even in the
absence of these experimental parameters, the
response level is notably different from zero.

Overall, the regression and ANOVA analyses
together offer a nuanced view of how each
parameter contributes to the conversion process,
guiding future  experimental designs  and
optimizations. With KOH identified as the most
significant contributor to conversion efficiency,
followed by temperature, strategic adjustments in
these parameters can be leveraged to optimize
conversion outcomes. Meanwhile, the lesser impact
of Ethanol and the ambiguous role of the Catalyst
provide valuable insights into areas where
experimental efforts and resources might be more
judiciously applied or conserved.

In the future, the feasibility of conducting studies
on the use of catalysts derived from waste materials
in the hydrolysis of PET by evaluating the wastes of
other ores is observed.
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nanocubes. This behavior stems from the incompatible Scherrer shape constant assumed in the refinement
software. Finally, microstrains refined from energy-minimized gold nanospheres are significantly
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1. INTRODUCTION powder forms. Rietveld refinement(1), one of the
most used crystallographic solution algorithms

The relation between internal structure and material named after its developer, is a powerful method

property is a key area in materials science since
several properties are determined by the particular
way atoms arrange themselves inside the material.
Hence, developing reliable, robust and non-invasive
methods to characterize internal structure of
materials is critical to understand and engineer their

properties. For crystalline materials, X-ray
diffraction is a popular method with non-
destructive, high throughput, non-invasive
properties, capability to achieve structural

information with sub-Angstrém level resolution with
a wide range of application modalities. The
analytical theory behind X-ray diffraction is well
established and successfully implemented in
experimental analysis routines for regular
crystalline materials with single crystalline or

that allows for solving for the crystallographic
properties of a sample from its powder diffraction
(neutron or X-ray) data. This is accomplished by
following three steps: 1) Building an initial unit cell
model assumed to be representative of the atomic
configuration in the sample, 2) calculating its
corresponding theoretical diffraction data, and 3)
refining the theoretical data by iteratively adjusting
the unit cell parameters and recalculating until it fits
to the measured diffraction data with a
predetermined tolerance. Once completed
successfully, this iterative optimization procedure
results in the crystallographic solution of the sample
which contains detailed description of the crystal
structure, including atomic positions, thermal
vibrations of the atoms around lattice positions, the
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size of the «crystalline domain, etc. This
crystallographic solution is not unique however,
because while the structural information sought for
is 3D in real space, the data that is analyzed is 1D,
forbidding a one-to-one mapping of number of
unknowns to number of measurements. Hence, it is
not uncommon that the optimization algorithm gets
stuck at a local minimum in the solution space or
does not converge to a solution at all. But currently
there are improved mathematical algorithms and
experimental procedures which help avoid these
local minima to an extent, making novel Rietveld
refinement software to be more robust compared to
their initial versions. Nonetheless, one must be
aware of the uniqueness problem of the obtained
crystallographic solution and validate it with
complementary measurements techniques. This is
critical especially for crystallographic analysis of
multi-phase material samples, unknown crystals
and nanocrystalline powders.

Nanocrystals may seem like nanoscale versions of
classical crystalline materials; however, they do not
satisfy some of the critical assumptions behind the
theory of diffraction, which is atomic periodicity
over long ranges. This brings several complications
into their diffraction analysis procedures. First,
diffraction peaks of nanocrystalline powders are
extremely broad compared to their bulk
counterparts causing significant overlap between
neighboring Bragg peaks. This causes peak finding
and peak fitting algorithms to fail to correctly
identify all peaks. Since the number of atomic
planes in a nanocrystal diffracting at a particular
Bragg angle is much less than that of a regular
crystal, complete destructive interference between
Bragg angles is impossible(2) leading to a
significant amount of diffuse scattering between
Bragg angles(3). This makes background removal
during data analysis challenging. Finally, the
intensities of Bragg peaks measured from
nanocrystalline powders of small particles are
relatively weak and may easily be lost under the
background signal causing misidentification of the
phase of the powder.

In addition to the numerical challenges of analyzing
diffraction patterns of nanocrystalline powders, an
accurate formulation to relate the diffraction
intensity distribution to structural parameters of
nanocrystals is also lacking. This is a problem for
step 2 of the Rietveld refinement algorithm: The cif
files of nanocrystals are particle size dependent and
are not available in databases. Hence, the initial
information about the atomic stacking of the
analyzed nano-powder is accessed from the cif files
of bulk counterparts which do not necessarily reflect
the nano-characteristic features of the sample and
cause incompatibility between the theoretical and

the actual measured diffraction signal. This
incompatibility leads to the resulting Rietveld
refinement to be biased, leading to incorrect

characterization of the studied sample. Our past
work confirmed such inaccuracies in the refinement
of small nanocrystalline powders: for example, we
found that due to the extreme peak broadening
phenomenon, the scattering probability of an
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irradiated monodispersed particle ensemble was not
correctly predicted by the classical Klug and
Alexander formulation(4) suggesting that the
multiplicity of reflection for small nanocrystals was
different than their bulk counterparts. This caused
the one-to-one relation between the particle and
intensity statistics to break down for nanocrystals
smaller than 30 nm or so(5). Similar conclusions
were drawn by other researchers as well(6). We
observed that even when the nanocrystal was
modeled identical to a bulk crystal with nanometric
dimensions, its analytical diffraction data resulted in
inaccurate lattice parameters from Rietveld
analysis(7). These inaccuracies decayed with
increasing crystal size confirming that the small
sizes of nanocrystals were to blame for the large
deviations in peak intensity positions from
analytically obtained Bragg angles.

These examples point to the great care to be
exercised while interpreting diffraction analysis
results of nanocrystalline powders performed by
algorithms based on classical diffraction theory.
Moreover, they motivate systematic investigations
to evaluate the performance of Rietveld refinement
on the diffraction data of nanocrystalline powders
since powder diffraction is still the first method to
confirm appropriate synthesis of such materials.
Ultimately these efforts would lead to a set of best
practices for performing diffraction experiments and
analyzing measurements appropriately for reliable
structural analysis of nanocrystalline powders with
quantified errors. With this goal, here we
investigated how the results of Rietveld refinement
performed on powder diffraction data from gold
nanocrystalline particles vary with the step size of
collected diffraction data and refinement range
selected in Rietveld analysis. To alleviate
ambiguities such as noise and statistical
uncertainties which may prevent us from drawing
clear conclusions, we performed our investigation
on computer simulated diffraction data. Ideal
crystalline, spherical and cubic gold nanocrystals
and energy-minimized spherical gold nanocrystals
at 0 K were used as the diffracting samples since
these models were structurally simple and served to
isolate sources of sample-specific error and
accurately quantify them in the Rietveld analysis.
Particle size was limited from 5 to 30 nm because
the 5 nm crystal size was small enough to enhance
nano-specific features in the diffraction data and 30
nm size was large enough to observe bulk-size
features in the diffraction data. Finally, using these
models, three crystallographic parameters namely,
lattice parameters, average crystal sizes and
average microstrains obtained from Rietveld
refinement were systematically analyzed.

2. FUNDAMENTAL FORMULATION OF RIETVELD
REFINEMENT

The theoretical basis of Rietveld refinement lies in
the calculation of expected diffraction pattern from
an investigated sample based on combining a)
sample related parameters such as the assumed
crystal structure model with b) instrumental
parameters of the experimental setup used to
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measure diffraction data such as the wavelength of
X-rays, the profile of the incoming beam,
polarization of the X-rays, etc. Then this theoretical
pattern is refined against measured diffraction data
until a predetermined extent of agreement is
achieved.

The assumed crystal structure is built from the cif
(crystallographic information file) file of the sample
which contains average crystallographic information
about the unit cell such as its dimensions and
shape, the relative positions (u,v,w) and types of
atoms in the cell, their thermal vibration
parameters etc. To associate the diffracting sample
with its expected diffracted intensity distribution,
one must start from this unit cell. Hence, the
expected scattering amplitude from a single unit cell
oriented at a given hkl Bragg condition is
formulated as the total scattering amplitude of its
constituent atoms and called the structure factor
Frn. For @ monatomic unit cell consisting of a single
atom type, Fny is given as(8):

Fp = Z?Iilfj exp(2mi [huj + kv; + le]) (Eq.1)
Here N. is the number of atoms in the unit cell, f is
the atomic scattering amplitude for a single atom
that depends on the energy of X-rays and the
scattering direction, and [u;, v;, w;] is the fractional
coordinate of atom j with respect to the unit cell
dimensions along x, y and z axes. The diffraction
intensity, which is the measurable quantity, is
proportional to the squared magnitude of Fy. To
obtain the full diffraction pattern, we multiply the
intensity formula of the unit cell with terms taking
care of diffraction probability of an irradiated crystal
as well as instrumental parameters. The effect of
instrumental parameters on the expected diffraction
profile is formulated by convolving the sample
profile by the instrument profile. Hence, an
empirical form of Bragg intensity distribution can be
written as':

Iyt (26) o Io|Fyp|* My T(26) LP(26) A(260)
(Eq.2)

In Eq.2, Iy is the incoming X-ray intensity which
corresponds to a normalized form of the incoming
photon count on the sample, my is the multiplicity
of the hkl reflection which is the number of
equivalent planes with the same interplanar
distance characteristic of the unit cell, T(20) is the
temperature factor also known as the Debye-Waller
factor that models the temperature-dependent
decay in the diffraction intensity resulting from
dynamic motion of atoms inside the crystal, A(20) is
the absorption factor modeling the decay in the
diffraction intensity as a result of incoming photon
absorption within the crystal as the X-rays travel
inside and finally LP(28) is the Lorentz-polarization
factor. LP takes care of the geometry-dependent
diffraction probability variation from one Bragg peak
to another and the polarization of the incoming X-

! These functions differ in the way they model the angular
dependence of particle size and microstrain related broadening in
the observed Bragg profiles.
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ray beam. As seen, EQq.2 can easily generate the
first estimate of the diffraction intensity distribution
if initial crystal properties and the instrumental
parameters including X-ray wavelength are
provided about the investigated sample: first the
Bragg angles are computed based on the Bragg’s
law, 2dpsinfp,; = 4, using the type and lattice
parameter of the sample’s unit cell and the
wavelength of the X-rays, next an analytical peak
function which isusually a Gaussian, or a Lorentzian
or a bifunctional combination of thoseis centered at
each Bragg angle within the measurement space
and each one of the peaks is assigned a maximum
value computed by Eq.2, finally these peak profiles
are convoluted by the instrument profile function.
The later steps involve using a least square error
minimization algorithm to minimize the discrepancy
between this calculated intensity profile I.,. and
measured or observed profile I, iteratively by
adjusting/refining the model parameters resulting in
a new estimate of I, The minimized function
takes the following form(9):

1/2
pr = {Zl Wi [I(Obs)i - I(calc)i]z/Zi Wi [1(obs)i]2}
(Eq.3)

where Ry, is the weighted residual, I,s is the
observed or measured diffraction data which is
analyzed, i is the dummy index referring to the
angular step and w; is the weighting factor at step i.
The weighting factor is typically determined by
considering the uncertainties associated with the
experimental data, such as counting statistics and
instrument-related factors(10, 11).

3. METHODOLOGY

In this section, the steps followed for simulation of
the nanocrystal powders as well as their
corresponding diffraction data and the Rietveld
refinement strategy are explained.

3.1. Simulation of Nanocrystalline Powders
We studied three sets of monodispersed and ideally
random powder ensembles: one consisting of ideal

crystalline nanospheres, one of ideal crystalline
nanocubes and one of non-ideal nanospheres
resulting from minimum-energy atomic

configurations obtained from Molecular Dynamics
simulations at 0 K. While the first two nanocrystal
models were used to obtain the performance and
sensitivity of Rietveld analysis with minimized
uncertainties in the investigated sample and
refinable parameters, the third model was used to
study the capability and robustness of Rietveld
refinement to capture particle-wide fluctuations in
the atomic stacking on the corresponding diffraction
data. For both the spherical and cubic ideal
nanocrystals, particle dimensions were set to 5, 10,
15, 20, and 30 nm. These ideal crystalline particles
had their atoms situated at repeating FCC unit cells
having a lattice parameter of 4.0626 A belonging to
gold at 0 K. The energy-minimized spherical
nanoparticles were obtained by equilibration of ideal
crystalline spherical nanoparticles at 0 K and these
experienced static atomic displacements due to
surface relaxation/reconstruction(12) compared
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with ideal crystalline nanospheres. Further detail on
the energy minimization step is provided in our
previous works(13, 14). Once the atomistic models
of all nanocrystals were built, lattice parameters
and particle dimensions were evaluated following
the methodology described in a previous work(12).
Particle sizes were calculated by considering
undercoordinated surface atoms having a
coordination number smaller than 12. These atoms
each had a pairing atom located in opposite
direction such that the line connecting them passed
through the particle center and was considered one
diameter line. Average particle size was obtained
from the mean of all diameter lines connecting
paired surface atoms. Next, the average lattice
parameters were calculated by decomposing an

RESEARCH ARTICLE

ideal crystalline particle into repeating unit cells
where each unit cell was built by one origin atom
and three corner atoms positioned at <110>
directions. These 4-atom groups were mapped in
the corresponding equilibrated particle to calculate
the lattice parameter of the energy-minimized
nanospheres. For ideal crystalline spherical and
cubic nanoparticles, the lattice parameters were
constant within the particle. However, for the
energy-minimized spherical nanocrystal, the lattice
parameter varied from particle core to particle
surface due to the surface
relaxation/reconstruction. = The  crystallographic
parameters of the created nanocrystal models are
reported in Table 1.

Table 1: Nominal size, average size (Dgs, trs) and lattice parameters (ars) and total number of atoms of
the nanocrystal models from real space (RS) calculations. Uncertainties reported are standard deviations
from the mean.

Spherical particles Cubic particles

Size # of Ideal Crystalline Energy minimized # of Cr\(I:t:Tlline

atoms Dgs (nm) zlis) Dgs (nm) ags (R) atoms (::‘S]) ?ﬁ;
5 3589 4.606+0.155 4.0626 4.589+0.138 4.0499+0.03446 7814 4.875 4.0626
10 28897 9.486+0.149 4.0626 9.470+0.132 4.0567+0.0242 66327 10.156 | 4.0626
15 106114 | 14.773+0.152 | 4.0626 14.760+£0.1351 4.0594+0.0191 210939 15.032 | 4.0626
20 231477 | 19.235+0.152 | 4.0626 19.224+0.1358 4.0608+0.0158 485151 19.907 | 4.0626
30 781145 | 28.981+0.153 | 4.0626 28.973+0.137 4.0617+0.0118 1721477 | 30.470 | 4.0626

3.2. Computation of Diffraction Datasets
Analytical powder diffraction data was computed by
the Debye scattering equation(15). This equation is
derived by formulating the expected diffraction
intensity from a single particle, and then integrating
the diffracted intensity distribution over the surface
of a unit sphere(16) in reciprocal space. This last
step results in the orientational average of the
expected diffraction signal from the particle, which
corresponds to the normalized intensity distribution
from a monodispersed particle ensemble (powder)
with  infinitely many identical particles of
independent orientations. The Debye equation takes
the following form:

(120)) = Ehy s fo o bt

(Eq.4)
Here N is the number of atoms in a single particle
making up the powder, q is the magnitude of the

. - 4msinf
momentum transfer vector given as q = |q| ==

where 6 is half the scattering angle and r,, =
|7, — #n| is the magnitude of the interatomic distance
vector connecting the n’th and m’th atoms. As seen,
the Debye scattering equation is a general
formulation of average diffraction intensity from a

group of atoms, irrespective of whether the particle
is crystalline or amorphous. Secondly, the
orientational average of the intensity distribution is
computed analytically, therefore the resulting
intensities are free of statistical uncertainties from
finite scattering probability of the irradiated
crystals(4, 17) or uncertainty due to the photon

counting processes. Hence, we selected this
formulation and evaluated Eqg.4 for our
nanocrystalline powder models to obtain our

diffraction datasets. However, instead of directly
evaluating Eq.4, we used the optimized Debyer(18)
algorithm to compute the diffraction data to reduce
the computation time. An X-ray wavelength of 1 A
was selected and the diffraction data was computed
over an angular range of [5°-180°] for all
nanocrystal models. To investigate the effect of step
size of the diffraction data on the refined
parameters, all datasets were computed with 4
different step sizes: 0.01°, 0.05°, 0.1° and 0.2°.
Figure 1 demonstrates the computed intensities
from ideal crystalline spherical, ideal crystalline
cubic and energy-minimized spherical nanocrystals
of 5 nm nominal size.
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Figure 1: The computed powder diffraction profiles of the studied nanocrystal powders (A = 1 &). The
differences between the computed profiles are enhanced at higher diffraction angles.

3.3. Rietveld Refinement of the Diffraction
Data

We used the open source software GSAS II(19) to
perform Rietveld refinement on our diffraction data.
Before each refinement, we uploaded the computed
diffraction data as well as the cif file of gold, which
included the unit cell properties of bulk crystalline
gold tabulated in standard databases. Next, an
instrument file which had hypothetical parameters
corresponding to an ideal diffractometer assumed in
our diffraction calculations was provided. Using the
instrument and sample related parameters, a
diffraction pattern was modeled by GSAS II using
Eg.2 and this pattern was modified at each
refinement cycle until it matched with the observed
(computed) diffraction data. At the end of the
refinement, three crystallographic properties were

extracted: average lattice parameter was obtained
from the peak centers while average crystal size
and apparent microstrain (if present) were
computed from peak broadening. For crystal size
and microstrain  calculations,  Williamson-Hall
method(20) was wused such that the total
broadening of a given Bragg peak was modeled as a
combination of broadening associated with limited
crystal size and local variation of the lattice
parameter within the individual crystal. In this case,
size-related peak broadening was modeled by the
Scherrer equation(21) and microstrain was
assumed to be isotropic and was allowed to vary
smoothly over the diffraction angles with a tan 6
dependence(22) where 8 was half the scattering
angle.

Table 2: Initial parameters in Rietveld refinement. Parameters indicated by an asterisk (*) are refined and
those without are fixed at their initial values.

Spherical particles Cubic particles
Siz Ideal Crystalline Energy minimized Ideal Crystalline
e (le; ag* ue IVII)S LGmix (D'f; ag* W IVII)S LGmix (D'f; ag* L NI;S LGmix
) (R) (A?) * ) (R) (A?) * ) (R) (A%) *

5 0.00 | 4.0782 | o 0 1.0 0.00 | 4.0782 | 100 0 1.0 0.00 | 4.0782 | o 0 1.0
10 | 0.01 | 40782 | 0| 0O 1.0 0.01 | 4.0782 | 100 | ¢ 1.0 0.01 | 40782 | 0| o 1.0
15 | 0.01 | 4.0782 | ¢o 0 1.0 0.01 | 4.0782 | 100 0 1.0 0.01 | 4.0782 | o 0 1.0
20 | 0.02 | 40782 0| O 1.0 0.02 | 4.0782 | 100 | ¢ 1.0 0.02 | 40782 | 0| o0 1.0
30 | 0.03 40782 0| o0 1.0 0.03 | 4.0782 | 100 | ¢ 1.0 0.03 | 40782 | 0| 0 1.0

Depending on the type of the sample, different
refinement strategies were followed: for ideal
crystalline gold nanocrystals, lattice parameter,
profile shape factor (LGmix, mixing parameter of
Gaussian and Lorentzian peak profile functions),
average crystal size and an arbitrary scale factor
was initialized and refined. For energy-minimized

gold nanospheres, microstrain was added to the
refinement parameters to account for surface atom
displacements resulting from energy minimization.
Since the refined data were free of instrumental
errors or statistical uncertainties, we did not
subtract any background scattering before the
refinement. This refinement scheme was consistent
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with previous literature(7). Table 2 summarizes the
initial values of the refinement parameters used for
each nanocrystal model where Dg, ar, Hg, MSD, and

LGmix represent initial particle size, lattice
parameter, microstrain, mean-square atom
displacement, and Lorentzian-Gaussian mixing
parameter, respectively. Moreover, the refined

parameters are indicated by * in Table 2 whereas
parameters without * were fixed at their initial
values during the refinement.

Following each successful refinement, the updated
values of the refined parameters were collected and
systematically analyzed. Figure 2 shows how a

35000

* Observed
Calculated
—— Background
(Obs-Calc)
| Tick Intensity

5 nm nanosphere
30000 -

25000 -
S 20000

215000

T T T T T T T T T T
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26 (%)

T T T T
20 30 40 50
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successful refined model looks like for a 5 nm
spherical (left) and cubic (right) nanocrystal. In this
figure, observed intensities are the analytically
computed intensities, whereas calculated intensities
are the best fitted Rietveld models. The difference
between the two intensities shown in turquoise
color is called the residual. The lack of large
variations in the residuals indicates that the fit is
successful. Additionally, the blue ticks are well
aligned with the centers of the computed and fitted
diffraction peaks indicating that the crystal unit cell
of the nanoparticles is correctly represented by the
refined cif file of bulk gold.

* Observed
Calculated
—— Background
(Obs-Calc)
| Tick Intensity’

5 nm nanocube

[ [

T T T T T T T T T T T T T

20 30 40 50 60 70 80 90 100 110 120 130 140 150
28(%)

Figure 2: A successful Rietveld refinement of the diffraction data from a 5 nm ideal crystalline nanosphere

(left) and a 5 nm ideal crystalline nanocube. Calculated refers to the diffraction data modeled by GSAS 11,

whereas Observed refers to the analytical diffraction data computed by the Debye equation. The blue tick
marks show the expected positions of the Bragg peaks predicted by Bragg’s law.

4. RESULTS

In this section, we investigate the variation of the
refined lattice parameters, crystallite sizes and
microstrains with respect to the step size of the
investigated diffraction data, angular range of
refinement, nanocrystal size and shape.

4.1. Accuracy of Refined Lattice Parameters

The figure 3 shows the effect of refinement range
and step size of the diffraction data on the refined
lattice parameters for powders consisting of ideal
crystalline gold nanospheres with different
diameters. In each subplot, 4 different Rietveld

analysis results are seen, where the diffraction data
in each was computed with a different angular step
size (dO) ranging from 0.01° to 0.2°. The purple
horizontal lines in the subplots show the true lattice
parameter of the gold nanocrystals which was equal
to 4.0626 A. The horizontal axis indicates the
refinement range selected. As seen, the refinement
range is not evenly distributed along the horizontal
axis, but rather it was extended gradually by adding
each new Bragg peak one by one except when there
were overlapping peaks in the diffraction profile.
Overlapping peaks were added to the refinement
range together for better fitting quality.

1042



Hekmatjou H and Oztiirk H. JOTCSA.

4.0636

2024; 11(3): 1037-1054

4.0631

RESEARCH ARTICLE

406601 o 5 nm ideal - 10 nm ideal v 15 nm ideal
_ ] ~ 4.0634 —4.0630 1
i«msss ™ z ™ z |
5 4.0850 5 5 *
2 s £ 40632 2 40629
E 4.08451 By E s E | Y
@ e @ 4.06301 'l‘ @ 4.0628 - YV
T 4.0640- B 84 S vy
@ Sag © ll @ 've
S 4.0635 B S L S LB | ]
£ = 4.0628 1 B £ 4.0627 L ]
] | [ | ] )
3 406301 B - [ 1 - »
40625 ] b 4.0626 L 4.0626 1 *
R Y P T A P
Y i i vy Y o i iy Y Y i iy
rrrrrrrrr bbb BB R R CRPRe PRl iR bbb e
Fitting range (°) Fitting range (°) Fitting range (°)
4.08285
40630 20 nm ideal 206280 30 nm ideal
—_ v —_ v o
z z = 0.01
= 4.0629 = 4.06275
[ [} (s
z T et Y e (.05
£ ) E 400270 B g
£ 4026 | g 2y A 01°
s g 8 4.06265 llll.l.
8 4 062 Tvea, g S22 v 0.2°
£ 4.0627 vel £ 4.06260 FVVY
v v
- """ 3406255 vv? 'v ! RS
406264 L L 1 vy
. At 4.06250 4+ ; —— ‘
N A L NN Y
WVIOLDV‘-V‘-EGJOJO‘—NWI")IOE) mv-nnor—r—%a:q;o-—wmn-nuo
O iy Y o O i iy
rrrrrrrrr W DWW YWY Fr T e e 000 WYY
Fitting range (°) Fitting range (*)

Figure 3: The variations of Rietveld-refined lattice parameter using different angular ranges for ideal

crystalline gold nanospheres. RS stands for real-space calculations.

Multiple conclusions can be drawn from the figure:
first, for all nanocrystal sizes, increasing the
refinement range causes the extracted lattice
parameters to decrease and converge to their true
values. This is expected since with increasing the
fitting range, we included more Bragg peaks in the
Rietveld analysis which contributed to the accuracy
of refined average lattice parameters(23). This
trend seems to repeat for all step sizes selected in
the diffraction data except for the case with d6 =
0.2°. Here significant fluctuations in the refined
lattice parameter are visible especially for the
largest nanocrystal, i.e., 30 nm. This can be
explained on the basis of the crystal size and peak
broadening relationship in the diffraction data: as
formulated by Scherrer(21), an inverse relationship
exists between the Bragg peak breadth and the
crystal size of the diffracting object. This means
that the sharpest Bragg peaks belong to the largest
nanocrystal. Hence, when d6 was set to a relatively
large value such as 0.2°, the peak profile was
effectively sampled with too few points and the
probability of missing the exact peak center

increased. This directly translated to increased
fluctuations in the refined lattice parameters.
Secondly, in all nanocrystals, limiting the

refinement range to lower angle Bragg peaks seems
to cause significant overestimations in the extracted
lattice parameters. Similar observations were made
in a past study(7) for the same gold nanocrystal
system where lattice parameters from lower-angle
Bragg peaks were overestimated and higher-angle
ones were underestimated, and it was mentioned
that the root cause for lower-angle Bragg peaks to
overestimate the true lattice parameter was the
limited number of atoms in the diffracting
crystallite. Here we confirm this observation as well
as its particle size variation since with increasing
nanocrystal size, the amount of overestimation in
the refined lattice parameter for a particular
refinement range decrease. The only exception is

the case with d6=0.2° for 30 nm nanocrystals
where lower angle Bragg peaks first overestimated
and then underestimated the true lattice
parameters. Not surprisingly, this particle size also
happened to result in the lowest quality of fit from
Rietveld refinement when d6=0.2° as seen in Figure
4. Here wR is the weighted residual reported by
GSAS II and normalization is performed with
respect to the length of the diffraction data. For 30
nm nanocrystals, the reported weighted residual
was ~13%, higher than that of smaller nanocrystals
with the same step size which may explain the
unexpected underestimations of the lattice
parameters. In fact, the normalized weighted
residual plots in Figure 4 confirm the degrading
quality of fit with increasing step size for all
nanospheres. This shows that, the value of angular
step size while collecting diffraction data is more
critical for larger nanocrystals than smaller ones.

Repeating the above analysis on the diffraction data
from energy-minimized spherical gold nanocrystals
yields some common and some slightly different
results which are summarized in Figure 5. Note that
here the real-space-computed lattice parameters
(RS) vary with the size of the nanocrystals and they
increase with increasing size as shown in Table 1
and our previous work(7). This size dependence of
lattice parameters of nanospheres is a consequence
of surface reconstruction which causes the atoms in
the surface region of the nanocrystals to be
displaced radially inward due to the energy-
minimization process resulting in smaller lattice
parameters within the surface layer. However, this
phenomenon is less appreciable for larger
nanocrystals with smaller surface to volume ratio
leading to larger average lattice parameters.
Looking at the refined lattice parameters we see
that they are again overestimated especially for
lower angle Bragg peaks but converge to their true
average values with increasing fitting range. Unlike
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ideal crystalline nanospheres, here the refined
lattice parameters are never underestimated even
for the largest nanocrystal with the highest step
size in the diffraction data. Between ideal crystalline
and energy-minimized nanospheres, the former
shows much smaller deviations of refined lattice
parameters from the true value than the latter: for
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~0.001 A over the widest refinement range. The
corresponding values for the ideal crystalline
nanosphere are less than 0.0005 A over all
refinement ranges. These deviations decrease with
increasing nanocrystal size for both particle
systems. Finally, the value of the step size has
negligible effect on the refined lattice parameters

the 5 nm energy-minimized gold nanosphere with for all particles except for 20 and 30 nm
d6=0.01°, Rietveld-refined lattice parameters are nanocrystals.
overestimated by =0.004 A at most, which decay to
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Figure 4: The weighted residuals (wR) normalized by the number of measurement points from Rietveld
refinement of diffraction data computed with different step sizes of ideal crystalline gold nanospheres.
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Figure 5: The variations of Rietveld refined lattice parameters using different angular ranges for energy-

minimized gold nanospheres. Axis breaks on the vertical axis were used to enhance the readability of the
figure.
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To investigate whether the shape of the
nanocrystals affects the accuracy of the Rietveld-
refined lattice parameters, we repeated our analysis
on the diffraction data from ideal crystalline gold
nanocubes as well. Figure 6 summarizes our
findings. First, we observe that except for the 5 nm
nanocrystal, all other nanocubes show similar
features as their spherical counterparts: 1) the
refined lattice parameters approach their true
values with increasing fitting range, 2) the selection
of the angular step size has almost negligible effect
for the smaller nanocrystals, but it causes some
fluctuations in the lattice parameters of the larger
nanocrystals. This can be explained by the
significant peak broadening associated with the

RESEARCH ARTICLE

nanospheres, however, the refined lattice
parameters of nanocubes are always
underestimated except for the 5 nm nanocube. To
understand the root cause of this difference, we
also performed Line Profile Analysis (LPA) on both
spherical and cubic ideal nanocrystals. Unlike
Rietveld refinement which imposes a unique crystal
unit cell and assigns relative intensities to all Bragg
peaks based on Eq.2, LPA treats all Bragg peaks
independently. This makes it possible to obtain
better fits and higher accuracy in individual peak
profile parameters, such as peak centers and
maxima, at the expense of a unique crystallographic
unit cell parameter. Therefore, LPA was used to
investigate angle-dependent variations of lattice

profiles of smaller nanocrystals. Unlike  parameters.
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Figure 6: The variations of lattice parameter using different angular ranges for cubic ideal nanoparticles.

For all our datasets, LPA was implemented by fitting
a separate Gaussian profile function to each Bragg
peak and refining the sum of all functions against
the computed diffraction data with a least square
error minimization scheme. The Gaussian peak
profiles were justified since our hypothetical
samples did not include any microstructural defects
affecting the Bragg peak profiles(24), there was no
additional peak profile modifications due to the
incoming X-ray beam(25) and the mixing
parameters (LGmix) we obtained from Rietveld
refinement of the diffraction datasets were smaller

than 0.5 indicating that our Bragg peaks resembled
more to Gaussian rather than Lorentzian profiles.
For consistency with Rietveld refinement, no
background was subtracted during fitting. Once all
peaks converged, their peak centers were collected
and converted to the corresponding lattice
parameters by Bragg’s law and the interplanar

spacing relation valid for cubic crystals,
. a
Zdhlemthl =1 and dhkl = W Table 3

summarizes the results of this analysis.
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Table 3: Lattice parameters obtained by LPA from the diffraction data of ideal crystalline gold nanospheres
and nanocubes (d6=0.01°).
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5nm 5nn_1 10nm 10n!11 15nm 15n_m 20nm 20nm cubic 30nm 30nm cubic
Peaks| sphere cubic sphere cubic sphere cubic sphere . sphere .
ideal (A) |ideal (A) |ideal (&) |ideal (&) |ideal (&) |ideal (&) | ideal (&) | 1923 (A) | igeal (&) | ideal (A)
111 [4.065797]4.065816 |4.063491 | 4.06339 [4.062977| 4.06298 | 4.062826 | 4.062824 | 4.062701 | 4.062702
200 |4.066810(4.061720|4.063396 |4.062009 | 4.062923 | 4.06222 | 4.062791 4.062331 4.062686 4.062444
220 |4.064353|4.062726|4.063052 | 4.06253 |4.062791 | 4.062535| 4.062714 4.06255 4.062651 4.062568
311 ]4.064332|4.063807[4.06291714.062879|4.062745|4.062747 | 4.062689 4.062696 4.062641 4.062652
222 14.063548|4.066964 | 4.063564 |1 4.063265 |4.062833 | 4.062856 | 4.062717 4.062739 4.062644 4.062655
400 [4.063111]4.061855|4.0628484.062414|4.062708 |4.062482| 4.062662 4.062515 4.062625 4.062552
331 ]4.064982|4.063775|4.062565]14.062708 | 4.062653 |4.062687 | 4.062644 4.062669 4.062624 4.062641
420 ]4.062124]14.062939|4.063127 |4.062671|4.062744 |4.062583 | 4.062672 4.062581 4.062628 4.062593
422 14.063207 |1 4.063064 | 4.062778 | 4.06268 | 4.062675|4.062629 | 4.062645 4.062619 4.062621 4.062618
333 ]4.063355(4.063201 | 4.062753|4.062724 | 4.06266 [4.062667 | 4.062635 | 4.062646 | 4.062615 | 4.062633
440 ]4.061254]14.061619|4.0626254.062453|4.062625| 4.06254 | 4.062616 4.062558 4.062608 4.062577
531 ]14.062840(4.062840|4.062639 | 4.062556 | 4.062574 | 4.062622 4.0626 4.062628 | 4.062605 | 4.062625
442 14.062210]4.062210|4.062912|4.063026 |4.062787 |4.062693 | 4.062667 4.062639 4.062616 4.062623
620 14.062621|4.062237|4.06262414.062547 | 4.062614 | 4.062597 | 4.062609 4.062613 4.062603 4.06262
533 ]4.063275|4.063308 | 4.062683|4.062393|4.062492|4.062519| 4.062564 4.062575 4.062594 4.062606
622 ]4.062301|4.062300(4.06257914.062847 4.062717 | 4.06266 4.06264 4.062607 4.062608 4.062604
444 14.06124714.061811|4.062394 |14.062607 | 4.062558 | 4.062629 | 4.062583 4.06264 4.062598 4.062659
551 |4.062514 |4.063091 | 4.062683 | 4.062508 | 4.06252 |4.062551 | 4.06256 4.062584 4.062589 4.062608
640 |4.062989 |4.062069 | 4.06237914.062824 | 4.06284 |4.062646 | 4.062684 4.062579 4.062609 4.062581
642 14.061839|4.062021 |4.062451 | 4.062553 | 4.062546 | 4.062596 | 4.06257 4.062603 4.062587 4.062602
553 ]4.062105|4.062489|4.062444 | 4.062548 | 4.062531 | 4.062584 | 4.062558 4.062597 4.062581 4.062609
Mean | 4.063182 | 4.062946 | 4.062805 | 4.062673 | 4.062691 | 4.062620 | 4.062649 4.062609 4.062621 4.06261
Std | 0.001419]0.0013250.000348 [ 0.000303 | 0.0001350.000146 [7.19747E-05[9.32339E-05[3.05669E-05|5.08219E-05
%dev| -0.01432 | -0.00851 | -0.00504 | -0.0018 | -0.00224 | -0.0005 -0.00123 -0.00023 -0.00051 -0.0002

The first column of Table 3 shows the Miller indices
of the Bragg peaks, and the remaining columns
report the corresponding lattice parameters. As
seen, the lattice parameters of cubic and spherical
nanocrystals vary from one reflection to another, in
general they decrease as the Miller indices increase
but there is no clear trend as to which particle
shape has a larger or smaller lattice parameter.
However, comparing lattice parameters of
nanospheres and nanocubes of the same size, we
see that for the first 4 Bragg peaks having the
highest intensities (see Figure 2), the Ilattice
parameter of the spherical nanocrystal is always
overpredicted whereas that of the cubic
nanoparticle is underpredicted from the second and
the third Bragg reflections. Since Rietveld-refined
lattice parameters are a complicated average biased
towards lattice parameters from higher intensity
Bragg peaks, including these two Bragg peaks in
the refinement range may cause the overall refined
lattice parameter to be underpredicted for the cubic
particle. An exception seems to be the 5 nm
nanocube, however unlike larger nanocubes, here
the third Bragg peak deviates positively from the
true lattice parameter shifting the Rietveld-refined
lattice parameter upwards from 4.0626 A. This
concept was mentioned in our previous study(7) as
well: while insufficient number of scatters causes
positive or negative shifts in the diffraction peak
centers from predictions of the Bragg’s law, the sign

and amount of shift depends also on the X-ray
wavelength selected and the shape of the
nanocrystal. Hence, it is not surprising to see
difference between the Rietveld-refined Iattice
parameters of spherical and cubic crystallites as
well as how closely they agree with the true lattice
parameters of the system. Finally, the last three
rows of Table 3 report Mean, std and %dev which
are the average Ilattice parameter, standard
deviation and percent deviation of the mean lattice
parameters from the true value, i.e., 4.0626 A,
respectively. Looking at the arithmetic mean and
standard deviations of LPA-based values for each
nanocrystal, we notice that although both the lattice
parameters of spherical and cubic nanocrystals are
greater than their true value, the lattice parameter
of the spherical nanocrystal has higher deviations
from the true lattice parameter compared to the
cubic nanocrystal with the same size. This
conclusion also holds for the deviations of Rietveld-
refined lattice parameters from their true values
seen in Figures 3 and 6 and it can again be
explained by the greater number of atoms
contained in a cubic nanocrystal compared to a
spherical nanocrystal of the same size: the higher
the number of scatters, the better the convergence
of the refined lattice parameter to its true value.

4.2, Accuracy of Refined Crystal Sizes
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The second crystallographic parameter we discuss is
the average crystal sizes from Rietveld refinement
of diffraction data. Figure 7 demonstrates the
variation of refined crystal size for ideal crystalline
gold nanospheres for different fitting ranges. Note
that here the particle size and crystal size refer to
the same physical quantity which is the linear
dimension of one nanoparticle since all nanocrystal
models were built as single crystalline particles. As
seen in all nanoparticles studied, Rietveld-refined
average particle sizes are less than the true
average diameter (Dgrs) of the nanocrystals shown
by horizontal lines (also see Table 1). Unlike the
case for lattice parameters, the refined sizes are
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stable with some random fluctuation for all fitting
ranges selected. This is expected since the studied
particles had isotropic shapes which did not depend
on the crystallographic direction. Looking at the
step sizes of the diffraction data, no generalizable
trend between the step size and refined particle size
is detected. This indicates that if there is no local
variation in the lattice parameters of the
nanocrystals which was the case for our ideal
crystalline nanopowders, the angular dependence of
the peak broadening, B(26), is accurately predicted
by the Scherrer relation(21) which predicts a
variation proportional to 1/cos8.
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Figure 7: The variations of particle size using different angular ranges for ideal crystalline gold
nanospheres. Axis breaks are used to enhance the readability of particle sizes.
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Figure 8: The variations of particle size using different angular ranges for ideal crystalline gold nanocubes.

Repeating this analysis on the diffraction profiles of
ideal nanocubes resulted in the data presented in
Figure 8. In contrast to spherical nanocrystals, here
all Rietveld-refined particle sizes are larger than the
true linear dimensions (t). Similar to spherical
nanocrystals, a smaller step size does not
necessarily improve the accuracy of the refined
sizes except for the 30 nm nanocrystal: for this
particle the peak broadening due to limited crystal
size is minimum and Bragg peaks are sharper than
smaller cubic crystals. Hence a larger step size
causes enhanced inaccuracies in the peak
broadening estimations. In addition, a cubic crystal
contains a larger number of atoms than a spherical
crystal of the same size as seen in Table 1.
Therefore, the intensities of cubic crystals are much
sharper than those of spherical crystals of the same
shape as shown in Figure 1. This enlarged peak
sharpness causes further challenges in peak
broadening estimation in diffraction data of cubic
nanocrystals computed with large step sizes.
Overall, these factors explain the worst
performance of the particle size refinement with
large step size in the 30 nm cubic nanocrystals. In
other nanocrystal sizes, the refined sizes seem to
fluctuate randomly around a mean and they are
almost independent of the step size for the smallest
nanocrystal with the broadest Bragg peaks.
However, unlike ideal crystalline gold nanospheres,
a slight decay in the refined sizes with increasing
refinement range is detected. We believe this may
be a consequence of the anisotropy in the linear
dimensions of the nanocubes which causes slightly

different peak broadening terms for different family
of hkl reflections and is neglected in modeling the
peak-breadth variations over the angular range by
GSAS 1II.

A second factor that may explain the increased
fluctuations of refined sizes of nanocubes compared
to nanospheres is the difference in the fitting
qualities. Note that unlike lattice parameters which
only depend on the center of the Bragg peaks,
crystallite sizes which depend on the peak breadth
are much more dependent on how well the Bragg
peak shapes are modeled by the selected analytical
functions. One may see in Figure 2 that a mixture of
Gaussian-Lorentzian peak profile function captures
the main features of Bragg peaks from spherical
nanocrystals well, but it is not as successful for
Bragg peaks from cubic nanocrystals. This
phenomenon is especially visible in the first Bragg
peak of the 5 nm nanocube where relatively high
residuals are visible around the tail of the peak. It
shows that, even though the Rietveld refinements
from both cubic and spherical nanocrystals
converged successfully, they did not approximate
the measured diffraction data equally well as
confirmed by the higher normalized weighted
residuals of cubic nanocrystals shown in Figure 9.
We emphasize that the weighted residuals alone are
not the best criterion to judge the goodness of the
fitted model; however, visual inspection also
confirms that the assumed peak profiles resulted in
poorer fit quality for cubic crystals.
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Figure 9: The weighted residuals (WR) normalized by the number of measurement points from Rietveld
refinement of diffraction data computed with different step sizes of ideal cubic crystalline gold nanospheres.

Finally, the fact that refined particle sizes from cubic
nanocrystals are overestimated while they are
underestimated from  spherical nanocrystals
intimates that the prefactor multiplying the inverse
of the peak breadth to the crystal size in the

Scherrer equation, i.e. Dy,; = ————, may have an
Bhii cosopy,

effect in the size errors. To confirm this, we checked
the value of the shape constant C assumed in GSAS
IT and found it was equal to one. In the literature, it
is @ common practice to set the value of C close to
unity(26-28). However, this prefactor has been a
source of confusion in the past literature of powder
diffraction analysis since the concepts such as peak
breadth, integral breadth and the meaning of
crystal size were not rigorously explained or
interpreted. One publication that addressed this
issue was written by Patterson(29) where Scherrer
constants for spherical crystals were derived by two
approaches, one exact and one approximate, for

two different breadth definitions: full width at half
maximum and integral breadth. According to this
study, different definitions of the peak breadth
resulted in different values for the prefactor in the
Scherrer equation. Recently we worked out the
derivation of these Scherrer constants and tested
their validity on computer-generated diffraction
profiles of spherical crystals formulated by
Patterson function(30). We found that the full-
width-at-half-maximum based Scherrer constant for
cubes were less than 1 (ranging from 0.886 to
0.907 depending on the hkl reflection(31)) while
those of spheres were greater than 1 (1.16 for all
reflections). This difference in the Scherrer
constants of cubic and spherical nanocrystals
therefore explains why Rietveld-refined crystal sizes
are =10% greater than the true sizes for cubic
nanocrystals and ®12% less than those of spherical
nanocrystals.
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Figure 10: The variations of refined particle size using different angular ranges for energy-minimized
nanospheres.

Switching our attention to the crystal sizes refined
from diffraction profiles of energy-minimized gold
nanospheres, we see similar trends in Figure 10
with ideal crystalline nanospheres shown in Figure
7. For all nanocrystals, the refined particle sizes are
smaller than their true mean diameters shown by
horizontal lines (see Table 1). For the smallest
nanospheres, the angular step size has negligible
effect on the refined crystal sizes irrespective of the
selected fitting range. Unlike ideal crystalline
nanospheres, however, the fitting range has a
greater influence on the refined crystal sizes of
energy-minimized nanospheres since for these
particles the atoms were allowed to relax and were
slightly displaced towards particle center compared
to their ideal lattice points. This caused slight
distortions in particle shape and variations of
diameters along different crystallographic
directions. Because each Bragg peak yields the
crystal size along a different direction, variations of
refined size over the fitting range are justified due
to the atomic displacements within the surface
layer. Comparing average sizes of gold nanospheres
before and after the energy minimization process by
real space calculations (see Table 1), we find that
the true mean diameters decreased slightly with the
highest diameter reduction occurring in the smallest
nanocrystal due to significant surface relaxation
process. Interestingly, refined crystal sizes from
energy-minimized nanospheres turned out to be
slightly higher than those of ideal crystalline
counterparts. Although it is hard to identify the
reason behind these slightly larger crystal sizes -
since the refinement scheme applied on the
diffraction data of ideal crystalline and energy
minimized gold nanospheres were different- a chain
of events during the refinement of diffraction data
seems to be the cause: the Bragg peaks computed
from energy-minimized models of nanospheres
were slightly broader than those of ideal crystalline

nanospheres as seen in Figure 1. However, the
refinement scheme applied on the diffraction data of
energy-minimized nanospheres included both
microstrain and crystal size refinements unlike ideal
crystalline nanospheres where only crystal size
contributed to peak breadth. Hence a portion of the
enhanced peak broadening of energy-minimized
nanospheres was attributed to the apparent
microstrains. Consequently, not all but a portion of
the peak broadening was treated as resulting from
limited crystal size which possibly led to slightly
larger crystal sizes in  energy minimized
nanospheres. In conclusion, the refined crystal sizes
from energy-minimized nanospheres were
approximately 12% less than their true mean
diameters.

4.3. Variation of the Refined Microstrains

For classical crystalline powders with particle sizes
above 100 nm, a single unit cell is enough to
represent the full atomic configuration inside
individual particles since for such particles the
surface to volume ratio is negligibly small. For
nanocrystalline powders, however, surface atoms
make up a significantly large proportion of all atoms
in the particle and therefore the atomic
configuration cannot be represented by a unique
rule even at 0 K temperature at which all atoms are
frozen at their designated positions(7). This results
from the undercoordinated surface atoms in
nanocrystals which get displaced towards the
particle center to minimize the overall energy of the
particle. Once the minimum energy configuration is
established, a single unit cell no longer represents
the positioning of atoms in the nanocrystal; a
significant variation in interplanar spacings between
atomic planes from the particle core to the particle
surface occurs. In this section we analyze how
these static atomic displacements of surface atoms
show as broadening of Bragg peaks, therefore
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treated as apparent microstrains in Rietveld
refinement of the diffraction data, and how refined
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Figure 11: The variations of apparent microstrain from Rietveld refinement using different angular ranges
for energy-minimized gold nanospheres.

Figure 11 presents the refined (apparent)
microstrains from diffraction data of energy
minimized gold nanospheres. These are isotropic
microstrains which are assumed to be independent
of the crystallographic direction, so a single value is
computed and treated as a measure of the average
microstrain in the powder. Unlike previous sections,
these graphs do not include a true value, since an
appropriate real space computation compatible with
the microstrain definition in X-ray diffraction
analysis is not available in the literature(12). We
see that for all nanocrystals, the refined
microstrains are maximized for limited refinement
range and decay down to stable values as the
refinement range increases and includes more
Bragg peaks. Among different nanocrystals, the
highest values at limited refinement range as well
as the ultimate values at extended refinement
range are observed for 5 nm nanocrystals for all
step sizes. This is because the atomic configuration
in the smallest nanocrystal suffers from the greatest
amount of surface reconstruction and interplanar
spacing variations in the nanocrystal surface
contribute to significant peak broadening. In all
nanocrystals, the high initial refined microstrains
decay and stabilize beyond 55°, which corresponds
to the angular range containing the first five Bragg
peaks (see Figure 1). The fact that refined
microstrains stabilize around the same refinement

range for all nanocrystal sizes indicates that refined
microstructural parameters are predominantly
determined by the Bragg peaks with the highest
intensity, which are the first four Bragg peaks in
gold crystals. Among different particle sizes, the
amount of over- or under-prediction from the
ultimate refined microstrains is also much higher for
smaller nanocrystals than larger ones. This probably
stems from the greater effect of surface atoms and
their large atomic displacements on the diffraction
profiles which cause their refinement to be more
challenging and harder to converge to a unique
crystallographic solution especially when the
refinement range is limited. Normalized weighted
residuals shown in Figure 12 also support this
conclusion where the highest residuals are observed
from the smallest nanospheres with the largest step
sizes of diffraction data. Finally, similar to the
refined lattice parameters and average crystal sizes,
the step size has an increasing effect on the refined
microstrains for larger nanocrystals than smaller
ones. This is because estimating the broadening of
sharper peaks is more challenging and prone to
errors which causes variations in the refined
microstrains of larger nanocrystals. An improper
selection of step size while measuring diffraction
data may result in even negative and unphysical
refined microstrains such as those observed in 30
nm gold nanospheres at d6=0.2".
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Figure 12: The weighted residuals (wR) normalized by the number of measurement points from Rietveld
refinement of diffraction data computed with different step sizes of energy minimized crystalline gold

nanospheres.
These results demonstrate that apparent nanospheres, the former system resulted in larger
microstrains refined from diffraction data of deviations from the true lattice parameters than the

nanocrystalline powders are never zero even at 0 K.
As the crystal size increases to 30 nm, the
extended-range refined microstrains approach a
value of = 200 which can be considered almost zero
since a microstrain value of 1000 is considered
typical for bulk crystalline powders measured at
room temperature(32).

5. CONCLUSIONS

In this work, we presented a systematic analysis of
Rietveld refinement performed on analytical X-ray
diffraction profiles from small gold nanocrystals
ranging from 5 to 30 nm in size. The variation of
refined average lattice parameters, average
crystallite sizes and apparent microstrains with
respect to 1) step size of the diffraction data, 2)
crystal shape and 3) refinement range was
investigated. Three model systems were studied for
this purpose: ideal crystalline nanospheres, ideal
crystalline  nanocubes and energy-minimized
nanospheres by Molecular Dynamics simulations.
Our analysis showed the following:

Lattice parameters obtained from Rietveld
refinement improved with increasing refinement
range for all nanocrystal systems. Limited

refinement range caused overestimations of lattice
parameters in spherical ideal and energy-minimized
nanocrystals whereas it caused underestimations in
the case of cubic nanocrystals. The opposite trend
in spherical and cubic nanocrystals was explained to
stem from opposite shifts of refined Bragg peak
centers for some of the most intense Bragg peaks in
cubic gold nanocrystals which were the first four
peaks within the diffraction spectra. Comparing
energy-minimized and ideal crystalline

latter  which indicated that static atom
displacements in small nanocrystals affected the
accuracy of refined lattice parameters from their
diffraction data. The step size of the diffraction data
had negligible effect on the refined Iattice
parameters of the smallest nanocrystals whereas it
became more important for larger nanocrystals
which had much sharper Bragg peaks. However, no
clear relation was detected between smaller step
size in the diffraction data and higher accuracy in
the Rietveld-refined lattice parameters as long as
the step size was not too wide. For a step size of
0.2°, large fluctuations were detected, and these
were attributed to increased fitting errors in
Rietveld refinement resulting from the number of
measurement points over the Bragg peak range
being too few. Our results were consistent with past
work from the literature(33).

2) Crystallite sizes obtained from Rietveld
refinement were stable over the refinement range
for ideal crystalline gold nanospheres. This indicated
that the Scherrer-predicted 1/cos6 variation of size-
related peak broadening accurately represented the
variation of breadth over different reflections. This
was not the case for ideal crystalline nanocubes
where much higher fluctuations than those in ideal
crystalline nanospheres were present over the
refinement range. These fluctuations were
attributed to the anisotropic linear dimensions of
cubic nanocrystals and higher residuals of the
refined profiles. The refined crystal sizes for ideal
spheres were =10% lower than the true mean
diameters whereas they were =12% higher than
the thicknesses of ideal cubes. Incompatible
Scherrer shape constant was found to cause this
difference between the Rietveld-refined and true
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dimensions of spherical and cubic nanoparticles.
Smaller step size of the diffraction data helped
better modeling of the peak profile, but its effect
was negligible for the smallest nanocrystals.
Although larger nanocrystals having much sharper
Bragg peaks required much smaller step size for
accurate profile modelling, we could not correlate
smaller step size with higher accuracy in the refined
crystallite sizes. Finally, for energy-minimized gold
nanospheres, Rietveld-refined average diameters
were more dependent on the refinement range. This
was because peak broadening was contributed by
two factors in these systems: static atomic
displacements acting like apparent strains in the
particle and limited crystal size. Modelling peak
breadth and separating different broadening
contributions to each Bragg peak necessitated
several Bragg peaks increasing the refinement
range.

3) Rietveld refinement of static displacements in the
form of apparent microstrains for energy-minimized
gold nanospheres were strongly dependent on the
refinement range. Short refinement range including
only 2-3 Bragg peaks resulted in large apparent
microstrains which decreased with increasing
refinement range. Refinement range was especially

critical for the smallest nanocrystal which was
affected by the Ilargest amount of surface
reconstruction and associated static atom

displacements. Unfortunately, we did not have
analytical formulations to predict the true values of
static displacements hence we could not infer the
accuracy of the values obtained from Rietveld
refinement in this case. However, for 30 nm
nanocrystals, the refined microstrains approached a
value which was 20% of what was considered
typical for unstressed regular crystalline powders
measured at room temperature. For all nanocrystal
sizes, a refinement range beyond 55° was found
sufficient to obtain stabilized values for refined
microstrains.

7. SUPPORTING INFORMATION
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These results show that for gold nanocrystals
having an average size of 30 nm and above, the
diffraction data must be collected with a step size
less than =0.2° to avoid large fluctuations in the
Rietveld-refined crystallographic parameters. This
step size is consistent with past work as well(33).
For smaller nanocrystals, the largest step size
resulting in stable crystallographic parameters from
Rietveld refinement is expected to be larger than
0.2°. For highest accuracy in refined Iattice
parameters and crystal sizes, selecting as wide of a
refinement range as possible is suggested. Although
this sounds somewhat contrary to the claims by
Uvarov reporting no appreciable difference in
refined lattice parameters and crystal sizes (23)
with increased refinement range, the minimum
refinement range selected in that work was 60°, the
smallest particle size of samples measured was 10
nm, most of the studied samples were of mixed
phase and the Rietveld analysis was performed on
measured diffraction data necessitating several
more parameters to be simultaneously refined,
including background scattering. Therefore, it is
unclear whether some of the nanoscale features we
observed in our analytical diffraction data were
observable in their measurements. Finally,
nanocrystal shape has a significant effect on the
performance of Rietveld refinement of
nanocrystalline powders. However, these effects are
expected to be less severe in the analysis of
diffraction data measured from realistic powders
consisting of a distribution of particle sizes and
shape. In that case, the results would be more
biased towards the larger particle and its shape.
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Figure S1: A successful Rietveld refinement of the diffraction data from a 30 nm ideal crystalline
nanosphere (left) and a 30 nm ideal crystalline nanocube. The blue tick marks show the expected positions
of the Bragg peaks predicted by Bragg’s law.
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Abstract: This study included the modification of asphalt using sulfur waste (foam) resulting from the
purification of sulfur from the Al-Mishraq field through a chemical oxidation method. In addition, it utilized
nano sulfur prepared from these wastes in the modification of asphalt. The study initiated with a
comprehensive analysis of foam composition and employed various diagnostic techniques. It then
proceeded to prepare calcium polysulfide, sodium polysulfide and potassium polysulfide from the foam,
followed by the preparation of nano_sulfur from these salts. The sulfur's nano-sized particles were
characterized using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
to determine sulfur content, and the particle size range was (83.40nm), (45.13nm) and (38.51nm). The
prepared nano-sulfur was used to modify the properties of Iraqi asphalt. The original and modified asphalt's
rheological properties were determined by measuring properties such as Ductility, softening point,
penetration, penetration index, Marshall stability, chemical immersion, and aging. The modified asphalt
showed rheological properties that qualified it for use in paving operations, especially in terms of resistance
to acid rain and stability.
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1. INTRODUCTION various additives, including sulfur, by increasing the

viscosity of asphalt binders, thus improving the

Asphalt is a complex mixture of various adhesion of asphalt to aggregates and crushing.
hydrocarbon compounds with high molecular And resistance to aging (8-11).
weights, in addition to containing atoms of sulfur,

oxygen, and nitrogen (1,2). Asphalt is widely used
in road paving due to its high adhesion to different
metals and its viscosity property, in addition to its
low cost (3). Traditional asphalt mixtures can
perform well in paving operations. However, in
recent years with the growth of traffic volume,
heavy loads, harsh weather conditions and
economic cost, all of this has led to an increased
demand to improve the mechanical properties of
traditional asphalt materials by modification using
various high-quality and more reliable additives (4-
7). Referring to previous studies, there have been
many recent studies that focused on modifying
asphalt and improving its specifications using

(Al-Hadidy, 2023) (13) was able to use sulfur waste
in asphalt mixtures, as the resulting binders were
subjected to tests of penetration, ductility, softening
point, absolute viscosity, modulus of elasticity, and
durability. The study showed, in general, good
results conforming to the standard specifications for
Iraqgi asphalt (12).

Abass and Hamdoon (2021) (12) used a mixture of
synthetic polymer (EVA) and natural polymer
(wood) to modify asphalt with the addition of 1% by
weight of sulfur at a temperature of 180 degrees
Celsius for one hour. The rheological properties of
the modified samples were measured. The study
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gave good results in the field of asphalt resistance
to deformation processes (13).

Nguyen & Le studied the effect of sulfur on the
performance of asphalt mixtures by investigating
the engineering and morphological properties of
sulfur-modified asphalt using various tests,
scanning electron microscopy (SEM) was also used
in addition to conducting Marshall stability testing
and indirect tensile (IDT) testing to evaluate the
resistance of sulfur-modified asphalt mixtures. This
study found that sulfur-modified asphalt leads to
significant improvements in the mechanical
properties of asphalt and crack and fatigue
resistance (14).

(Zhang, 1., & Tan, Y) (15) studied the rheological
properties of asphalt by adding sulfur and styrene-
butadiene-styrene (SBS), The results showed an
increase in compatibility between the additives and
asphalt in addition to improved performance of
asphalt after adding sulfur to SBS-modified asphalt
(15).

Zhang et al, 2022 were able to use four
percentages of sulfur (0%, 15%, 30%, 45%) by
weight of the asphalt binder. It was noted from the
results that adding sulfur at a low percentage, such
as 15%, leads to softening of the asphalt binder
(16).

Singh et al. (2020) (17) and his team were able to
improve asphalt properties represented by
penetration, viscosity, Ductility and increased aging
resistance, as well as Marshall stability through the
addition of sulfur to asphalt and its use in asphalt
modification (17).

This study attempted to benefit from the wastes
from sulfur refining in Al_Mishrag mine (Nineveh,
Iraq) resulting from chemical treatment represented
as (foam) in an attempt to produce asphalt with
rheological properties suitable for the environmental
conditions in our country Irag - Nineveh.

2. EXPERIMENTAL SECTION

2.1. Preparing The Raw Material

The raw material used in this study, which consists
of the foam material, was obtained from the
Mishraq Sulfur mine (Mishrag Sulfur Company) in
the form of gray powdered pellets.

2.2. Chemical Analysis

Numerous chemical analyses were conducted to
determine the components of the Foam. The
elemental sulfur content in sulfur wastes was
estimated. Additionally, the sulfate ion percentage
was determined in a solution containing calcium
sulfate, sodium sulfate, and potassium sulfate
according to standard methods (18,19).

2.3. Foam as Asphalt Modifier

A weight of 100 grams of asphalt with the specified
properties in Table (1) was placed in an asphalt
processing device. Various proportions of foam were
added with continuous mixing, and the temperature

RESEARCH ARTICLE

was gradually raised to the range of 170-180 °C.
Mixing continued at this temperature for 60
minutes. Afterward, necessary measurements were
conducted to determine the properties of the
modified asphalt, including ductility (20),
penetration (21), softening point (22), penetration
index (23), Marshall test (24), stripping (25) and
aging (26).

2.4. Preparing Calcium, Potassium, and
Sodium Polysulfide Solutions from Foam

Given the high sulfur content in sulfur waste (Foam)
according to the analyses conducted in section 2-2,
these solutions can be prepared from it according to
standard methods (27).

2.5. Preparing Nano-Sized Sulfur Powder
Nano sulfur powder was prepared in three ways as
follows (27):

25 mL of sodium polysulfide solution was placed
first, 25 mL of potassium polysulfide solution
second, and 25 mL of potassium polysulfide solution
third, Each addition alone in a beaker, and diluted
hydrochloric acid was added with continuous stirring
until the solution turned light yellow, The solution
was then centrifuged at 4000 revolutions per
minute for 30 minutes and washed thoroughly with
distilled water to remove any sulfide ions. The
resulting precipitate was dried and weighed. The
models were then analyzed using (SEM), (EDX) and
(XRD), and this precipitate represents nanoscale
sulfur.

2.6. Nano-Sulfur as A Modifiers Materials for
The Rheological Properties of Asphalt

The prepared nanosized sulfur was utilized in the
asphalt modification process by taking 100 grams of
asphalt. Various proportions of nanosized sulfur,
obtained from the previous sections were added to
the asphalt. The mixture was gradually heated with
continuous stirring to a temperature range of 170-
180 °C. It was then kept at this temperature for 60
minutes, Subsequently, the rheological properties
were measured as outlined in section 2-3.

3. RESULTS AND DISCUSSION

The Mishrag mine is located 45 kilometers south of
the city of Mosul on the western bank of the Tigris
River. Sulfur is extracted from this field using the
well-known Frasch method. Due to its geological
nature, the sulfur contains approximately 1% of
hydrocarbon materials, which are removed through
chemical oxidation using concentrated sulfuric acid.
This method produces solid sulfur compounds with a
sulfur content of around 88%. To obtain asphalt
with specifications suitable for road paving,
resistance to various environmental conditions, and
the ability to withstand heavy and repetitive loads,
numerous researchers have explored the use of
various additives to improve asphalt properties. Our
study focused on utilizing locally available
byproducts from the Sulfur Mashreq (foam) and its
derived materials to modify asphalt and enhance its
rheological characteristics. This was achieved
through several steps.
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3.1. Rheological Properties of Original Asphalt
and The Paving Asphalt

The rheological properties of original asphalt and
the paving asphalt were measured. Table 1 and 2
below shows the rheological properties for these
two types of asphalt.

Table 1: Rheological properties of original asphalt.

Properties Result

Ductility (cm) +150
Penetration (100gm.5sec.25°C) 46.1
Softening point (°C) 50

Penetration index (PI) -1.376

The rheological properties of the asphalt suitable for
use in paving operations, in a way that suits the
climate conditions of our country Iraq, were also
determined according to the standard specifications
shown in Table 2:

RESEARCH ARTICLE
Table 2: Rheological Properties of paving Asphalt

(23).
Properties Range
ASTM (23)
Ductility (cm) =100
Penetration (100gm.5sec.25°C) 40-50
Softening point (°C) 50-58
Penetration index (PI) -2 _+2

3.2. Foam Components and Their Use in
Improving Asphalt Properties

To know the components of the foam resulting from
the purification of Mishraq sulfur in Iraq using the
chemical oxidation method, we carried out chemical
analyzes of this material and Table 3 shows the
components of these residues (foam) according to

the analyzes conducted.

Table 3: Components of the foam.

Parameters Wt (%)
Free Sulfur 88.15
Bonded sulfur 2.58
Carbon 1.86
Acidity 1.53
Ash 2.23
Moisture 3.65

Also, energy dispersive X-ray spectroscopy (EDX)
was used, which enables obtaining the composition
or chemical analysis of the material as (EDX)
technique provides the nature of the elements
contained in the material and their percentages
(28). Figure 1 shows the main elements in the
foam.
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Figure 1: Energy dispersive X-ray spectroscopy (EDX) spectrum of the (foam).

Table 3 shows the results of the chemical analysis
of the foam. Figure 1 represents the analysis using
the energy dispersive X-ray spectrum (EDX) of the
foam. Through the analyzes it is clearthat the foam
material consists mainly of sulfur with minor
amounts of other elements. On this basis, this

material was used to modify asphalt at a
temperature ranging between 170-180 °C for 60
minutes after determining the optimal conditions of
temperature and time used in the modification
process. Table 4 and Figure 2 illustrate the results
obtained.
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Table 4: The rheological properties of the asphalt modified by the foam.

Sample Foam ratio Ductility Penetration Softening Penetration
P % (cm.25 °C) (100gm.5sec.25°C) Point (°C) index (PI)
AS1 0.5 +150 47 54 -0.391
AS2 1 +150 45.1 57 0.165+
AS3 1.5 91 41.2 61 +0.756
AS4 2 81 39.2 63 +1.016
160
140
120
100
80
60
40
20 A
O .
1 2 3 4
M Softening Point( C°) M Penetration (100gm.5sec.25 C°) = Ductility (cm.25 C°)

Figure 2: The rheological properties of asphalt modified by the foam.

We note from Table 4 and Figure 2 that the
rheological properties represented by Ductility,
penetration and softening point were all within the
standard Iraqgi specifications at additions of 0.5%
and 0.1% of the added material. The table also
shows that the best addition ratio is 1%. At 1.5%
addition, Ductility and softening point were
observed to be outside the required specifications.
At 2% percentage, all these properties were
observed to be outside the standard specifications.
Therefore, foam material can be used to improve
the specifications of asphalt at the identified ratios
and under the conditions identified for reaction
temperature and specific time.

3.3. Prepared the Nano-Sulfur

Nano sulfur was prepared from the foam using
three methods as outlined in section (2-5) of the
experimental part. The prepared nano sulfur was
then characterized using scanning electron
microscopy (SEM) to determine the nanoscale sizes.
Energy dispersive X-ray spectroscopy (EDX) was
also used to determine the sulfur content.

3.3.1.  Nano-Sulfur
polysulfide
Nano-sulfur was prepared from calcium polysulfide
(Casx), as shown through (SEM) and (EDX)
measurements.

prepared  from  calcium

- Spectrum 10
Wt% o
S 994 0.2
0.6 0.2

Figure 3: (EDX) spectrum for the nano-sulfur prepared from CaSx.
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Figure 4: (SEM) of the nano-sulfur prepared from CaSx.

We note from Figure 3, which represents the energy
dispersive X-ray spectroscopy spectrum, and Figure
4, which represents the scanning electron
microscope examination, that the nano sulfur
prepared from potassium polysulfide was 99.4%,
which is a high percentage indicating the purity of
the prepared sulfur. The remaining 0.6% of oxygen
represents moisture since hydrogen is not shown in
this measurement (29). We also note from the

(SEM) measurement that the nanoscale size of
sulfur was 83.40nm. To utilize the prepared nano
sulfur in one of the industrial fields, it was used to
modify asphalt under the same optimal conditions
used to modify asphalt using the main material
foam at a temperature of 170-180 °C for 60
minutes. Table 5 and Figure 5 illustrate the results
obtained.

Table 5: The rheological properties of asphalt modified by nano-sulfur (83.40nm).

Sample S-NP% Ductility Penetration Softening Tenetration
P (cm.25 °C) (100gm.5sec.25°C) Point (°C) index (PI)
AS5 0.5 +150 46.4 54 -0.421
AS6 1 +150 45.6 55 -0.238
AS7 1.5 +150 44.3 57 +0.190
AS8 2 135 39.3 61 +0.647
160
140
120
100
80
60
40 A
20 A
O .

1 2

M Softening Point( C°) M Penetration (100gm.5sec.25 C°) M Ductility (cm.25 C°)

3 4

Figure 5: The rheological properties of asphalt modified by nano-sulfur (83.40nm).

From Table 5 and Figure 5, it can be observed that
the ratios were satisfactory, except at the
percentages of 2%, where the softening point was
outside the desired specifications

3.3.2. Nano-Sulfur prepared from potassium
polysulfide

Nano-sulfur was prepared from potassium
polysulfide (K2SX), as indicated by (SEM) and
(EDX) measurements shown in the following
figures.
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Figure 7: (SEM) of the nano-sulfur prepared from K2SX.

From these measurements, it can be observed that illustrate the results of using this type of sulfur in
the sulfur content is 99.4% and the size of the asphalt modification.
nano-sulfur is 45.13nm. Table 6 and Figure 8

Table 6: The rheological properties of asphalt modified with nano-sulfur (45.13nm).

Sample S-NP% Ductility Penetration Softening Penetration
P (cm.25 °C) (100gm.5sec.25 °C) Point (°C) index (PI)
AS9 0.5 +150 47.1 53 -0.614
AS10 1 +150 45.8 55 -0.228
AS11 1.5 +150 43.4 57 +0.076
AS12 2 141 40.1 60 +0.501
160
140
120
100
80
60
40
20
O .
1 2 3 4
m Softening Point( C°) M Penetration (100gm.5sec.25 C°)  ® Ductility (cm.25 C°)

Figure 8: The rheological properties of asphalt modified by nano-sulfur (45.13nm).

3.3.3.  Nano-Sulfur prepared from  sodium
polysulfide

Nano-sulfur was prepared from sodium polysulfide
(NaSx), as indicated by SEM and EDX
measurements shown in the following figures.
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Figure 10: (SEM) examination of the nano-sulfur prepared from Na2Sx.

Through these figures, it can be observed that the
nano-sulfur prepared from sodium polysulfide has a
sulfur content ratio of 99.2%, indicating high purity
of the prepared sulfur. Additionally, the nano-sulfur
has a size of 38.51nm for the purpose of comparing

the effects of different nano-sized particles, this
prepared nano-sulfur was wused in asphalt
modification. Table 7 and Figure 11 illustrate the
results obtained.

Table 7: The rheological properties of asphalt modified with nano-sulfur (38.51nm).

Ductility Penetration Softening Penetration

- o,

Sample  S-NP%  ( m.25°C) (100gm.5sec.25 °C)  Point (°C) _index (PI)
AS13 0.5 +150 47.3 53 -0.604
AS14 1 +150 46.6 54 -0.411
AS15 1.5 +150 45.3 56 -0.036
AS16 2 145 42.6 59 +0.442

160
140
120
100
80
60
40 -
20 -
O .

1 2

H Softening Point( C°) M Penetration (100gm.5sec.25 C°) = Ductility (cm.25 C°)

3 4

Figure 11: The rheological properties of asphalt modified by nano-sulfur (38.51nm).
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We note from the results obtained from asphalt
modification using different nanoscale sizes that
good models were obtained that can be used in
asphalt paving according to the rheological
properties measured. We also note that nano sulfur
of 38.51nm gave the best results, as it was
observed from the results that all ratios of the
additive (0.5, 1, 1.5, 2)% were within the standard
specifications for asphalt used in paving. Next was
nano sulfur of 45.13nm, although at a 2% additive
ratio, the softening point and penetration were at
the at the minimum properties As for nano sulfur of
83.40nm, the results showed that at a 2% additive
ratio, the softening point and penetration were
outside the standard specifications, along with a
decrease in Ductility. By observing the results, it
can be said that the smaller the nanoscale size of
sulfur, the better results it gives for modifying
asphalt properties. The ratio of the additive with the
smaller size can also be increased as a result of
greater dispersion and interaction of nanoscale
particles with the asphalt.

RESEARCH ARTICLE

To confirm the success of these asphalt models in
paving roads and withstanding repeated traffic
loads as well as resisting environmental conditions,
acid rain and time degradation, four well-modified
model samples represented by AS14, AS2, AS6, and
AS11 were selected and subjected to Marshall
testing, chemical immersion testing, and aging
testing in addition to measuring the properties of
the original asphalt to determine the suitability of
these models for road paving works.

The Marshall Stability and Flow values are
determined from this test and the Marshall Quotient
is calculated by dividing the Marshall Stability by
the Flow value (30). Table 8 illustrates the stability
and flow values for the tested samples compared to
the original model and according to the
specifications of the Iraqi Public Works Department
(S.C.R.B) inimum limit of the standard
specifications for asphalt used in paving.

Table 8: The stability and flow values for the original asphalt, modified asphalt, and the specifications of
the Iraqi Roads and Bridges Authority (S.C.R.B).

Sample No Asphalt (%) Marshal Test

Stability (KN) Flow (mm) MQ
ASO 10.7 5.2 2.05
AS2 4.5 14.3 2.9 4.93
AS6 15.2 3.0 5.06
AS10 16.2 3.1 5.22
AS15 16.6 3.0 5.53
AS** 7 Minm. 2-4 3.5 Minm.

AS* the specifications of the Iragi Roads and Bridges Authority

It is evident from Table 8 above that all the
modified models are better than the original model
if used as paving asphalt. The MQ value of the
modified models can also be observed to be higher
than the MQ value of the original asphalt. We also
note that asphalt modified with nano sulfur of 38.51
nm has the best stability value. Therefore, the
modified models would be more resistant to
permanent deformation and repeated loads than the
original asphalt.

To determine the resistance of the asphalt after
mixing with aggregates to acid rain and high
temperatures, the same samples that underwent
Marshall testing were subjected to chemical
immersion (stripping) testing and compared to the
basic model. Table 9 illustrates the stripping results
of the original asphalt (ASO) and the modified
models from aggregates after chemical immersion.

Table 9: Chemical Immersion.

No. of modified Percentage of R&WNO R&WNO
R&WNO for the original for the modified
sample Na>Cozgm
asphalit samples
0.025 1
0.041 2
ASO 0.082 3 3
0.164 4
AS2, AS6 0.328 5 5
AS10 0.656 6 6
AS15 1.312 7 7
2.624 8

We note from Table 9 and the stripping values (the
amount of sodium carbonate at which asphalt began
to strip or separate from aggregates), that the
modified models began stripping at a higher amount
of sodium carbonate compared to the original

asphalt. Number (1) refers to the amount of sodium
carbonate which is 0.025 grams in 50 mL of distilled
water, and number (8) refers to the highest amount
of sodium carbonate which is 2.624 grams.
Possessing higher stripping values enables the
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modified asphalt to better adhere to aggregates
compared to the original asphalt, providing greater
resistance to acid rain and high temperatures.

To determine the resistance of the prepared asphalt
models to environmental conditions and aging over
time, aging testing was conducted on both the
original model (ASO) and the well-selected modified
models chosen for testing. The testing was
conducted according to standard specifications as
shown in Table 10.

RESEARCH ARTICLE

heat and oxidation on the rheological properties of
the modified asphalt models was less than the
effect on the original asphalt. This indicates that the
modified asphalt models are characterized by great
resistance to environmental conditions, aging over
time and stress processes. This is a positive aspect
of modification. The modified asphalt models
showed less change and degradation of rheological
properties compared to the original asphalt when
subjected to aging testing, indicating higher
resistance to aging factors such as heat and

oxidatio.
We note from Table 10, which represents aging test
results, that the effect of aging conditions such as

Table 10: Aging testing.

Sa::)ple Rheological properties Before test After test

Ductility cm. 25 °C +150 +150

ASO Penetration (100gm.5sec.25°C) 46.1 42.2
Softening point (°C) 50 53

Ductility cm. 25°C +150 +150

AS2 Penetration (100gm.5sec.25°C) 45 44.6
Softening point (°C) 57 58

Ductility cm. 25 °C +150 +150

AS6 Penetration (100gm.5sec.25°C) 45.6 45.1
Softening point (°C) 55 53

Ductility cm. 25 °C +150 +150

AS10 Penetration (100gm.5sec.25°C) 45.8 45.4
Softening point (°C) 55 54

Ductility cm. 25°C +150 +150

AS15 Penetration (100gm.5sec.25°C) 45.3 45.1
Softening point (°C) 56 55

4. CONCLUSION

1- The solid sulfur materials (Foam) resulting from
the chemical purification method of sulfur in the
General Company for Sulfur in Al-Mishraq
contain a high percentage of elemental sulfur
that can be utilized in various fields

2- The possibility of preparing calcium sulfide,

potassium polysulfide, and calcium polysulfide

solutions from sulfur waste materials as a raw
material.

Preparation of nano-sized sulfur powder with

varying nano-scale dimensions.

4- Using sulfur wastes materials (Foam) and the
nano sulfur prepared from these wastes
materials in modifying asphalt and improving its
rheological properties.

5- Improvement of the rheological properties of
asphalt is more pronounced as the nano-sulfur
particle size decreases.

6- Obtaining good asphalt samples that can be
used in road paving due to their ability to resist

W
1

various environmental conditions, including
repeated loads, acid rain, and aging, as
evidenced by Marshall testing, chemical

immersion, and aging tests.
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Abstract: Compounds were isolated from the seed of Allanblackia floribunda using biologically guided
chromatographic methods. Garcinia bioflavonoid (GB-1a and GB-2a), microdiplosone, and malic acid were
isolated from the seed, pulp, and peel of the fruit. These compounds, even though they are known compounds
previously isolated from another member of the Clusiaceae family, have not been isolated from Allanblackia
floribunda. The structural elucidation of isolated compounds was done using IR, 1HNMR, 13C NMR, and MS
spectroscopy. The molecular docking studies of compounds with SARS-CoV-2 variants (6M0J), omicron 2
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1. INTRODUCTION scrotal elephantiasis, asthma, and bronchitis (1, 6).

To alleviate painful joints, the body can also be

Allanblackia, a genus of flowering plants in the
Clusiaceae family, is predominantly found in tropical
regions. This family has 14 genera and trees of about
600 species that belong to this family have been
identified (1). The Clusiaceae family is a known
source of important secondary metabolites, which
includes xanthones, coumarins, bioactive
bioflavonoids, and some benzophenones, which are
produced by the plants primarily for defense
purposes are useful for several medicinal purposes in
human (2-4).

Different parts of the plants have been investigated
for their medicinal benefits, which were prompted by
their local therapeutic uses. The bark is locally used
against cough, dysentery, diarrhea, and toothache as
an aphrodisiac and pain reliever. They are also
known to have antihypertensive, anti-inflammatory,
and hypoglycemic activities (5). The extracts are
used to relieve smallpox, chicken pox, measles,

rubbed with the pounded bark of Allanblackia
floribunda (7,8). The fruit components have high
antioxidant activities, which has encouraged its use
as nutraceuticals (9). The seed has high fat and
carbohydrate content, which plays an important role
in body metabolism; it is also rich in essential

minerals, especially calcium and magnesium
(10,11).
Chemical constituents previously isolated from

Allanblackia include Garcinol, cambogin, guttiferone
F, and allanxanthone A, which were obtained from
Allanblackia monticola fruits (12). Xanthenedione
(Allanxanthone C), garciniafuran, tovophyllin A,
rubraxanthone, norcowin, mangostin, and
stigmasterol were also isolated from its stem bark
(13). Xanthone derivative named allanxanthone E
was isolated and characterized through
phytochemical investigations performed on the seeds
together with seven known compounds: 1,7-
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dihydroxy-3-methoxy-2-(3-methylbut-2-
enyl)xanthone, a-mangostin, garciniafuran,
allanxanthone C, and 1,6-dihydroxy-2,4-
diprenylxanthone, friedelin and lupeol (13,14).

Benzophones (hydrocotin, guttiferrone F) and
xanthones (1,3,5-trihydroxyxanthone and 4,5-
dihydro-1,6,7-trihydroxy-4,4’,5-trimethoxyfurano-
[2,3;3,4] xanthone) were identified in the heartwood
of A. floribunda and A.stuhlmanni as well as
bioflavonoids such as Moreflavone and
Volkensiflavone (15). Allanxanthone A, 1,5-
dihydoxyxanthone, 1,5,6-trihydroxy-3,7-
dimethoxyxanthone, stigmasterol and stigmasteryl-
3-0-b-d-glucopyranoside were isolated from the
stem bark of A. floribunda (16). Funkugiside,
morelloflavone, volkensiflavone 1,7-
dihydroxyxanthone, morelloflavone, and spicataside
were also isolated from the stem bark and root (8).

Compounds useful as drugs to cure SARS-CoV-2,
which posed a major challenge all over the whole in
the year 2020, have been investigated by scientists,
especially because of the discovery of different
variants. Molnupiravir and remdesivir are potential
drugs that can be used to inhibit SARS-CoV-2. In-
vivo and in-silico approaches have been used to
ascertain its effectiveness as potential drugs (17-
19). Their use as drugs has reduced hospitalization
of patients (19).

Trials conducted using 304 cases showed that
molnupiravir has the potential to effectively decrease
the mortality rate in patients diagnosed with COVID-
19 within the moderate limit (20).

Also, research to find out drugs that are potent
targets of specific diseases has recently been
enhanced using molecular docking studies against
possible target proteins (21). Rutin, ritonavir,
emetine, and some other compounds have been
investigated for their possible potency against SARS-
CoV-2 protease (PDB: 6Y84 using molecular docking
study (22-23). Some of these studies have provided
positive outcomes that have brought about major
advances in medicine and drug research.

The seed of A.floribunda is of great importance
because of its seed oil, and no isolation has been
reported from it. Therefore, in this work, the isolation
and structural elucidation of four compounds were
reported from the seed and their docking against
different variants of SARS-CoV-2.

2. EXPERIMENTAL SECTION

2.1. Plant Material

A substantial amount of mature fruit from
Allanblackia floribunda was harvested in a forest
located at Igbara Odo Ekiti, situated in Ekiti State,
Nigeria. Subsequently, this plant was authenticated
and documented at the Department of Plant
Science's herbarium unit at Ekiti State University
with voucher number UHAE EPH 2:001.
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2.2. Extraction and Isolation

The seeds, pulp, and the peel of the fruit were
carefully separated, and the moisture content was
removed by drying at room temperature for two
weeks. The dried seed (3.60 kg) was milled using an
electric blender (Marlex AC9829) and extracted with
chloroform for three days in order to extract the oil
content of the seed. The residue was further
extracted using methanol for three days; the
methanol extract was also decanted, filtered, and
concentrated.

The methanol extracts of the seeds, due to their high
antioxidant and microbial activity deduced from
previous work, were fractionated using the column
chromatography method. 80 g of the methanol
extract of the seed was dissolved in methanol and
adsorbed on silica gel (230-400 mesh), and the
constituents were separated by column
chromatography using 300 mL of the following
solvents or solvent mixture in a step-wise gradient.
In each case, the preceding solvent/solvent mixture
was gradually enriched with the next solvents in the
gradient. The solvent gradient was in the following
order: n-hexane (100%), ethyl acetate in n-hexane
(5, 10, 15, 20, 25..95%), ethyl acetate (100%),
methanol in ethyl acetate (5, 10, 15, 20, 25...95%),
and methanol (100%).

After being collected into test tubes, the fractions
were evaluated using TLC analysis by spraying with
vanillin-sulphuric acid. Those exhibiting similar Rf
values were combined and resulted in a total of 32
dried fractions (labeled F1-F32). After passing
through a mixture of EtOAc-n-hexane (90:10), F15
was subjected to column chromatography using silica
gel and solvents, including n-hexane, ethyl acetate,
and methanol, in the same manner. Similar fractions
were combined, resulting in five (5) bulked fractions.
TLC analysis revealed that some of these contained
only one compound. Here, Compound I and
compound II were obtained. F,; eluted with the
mixture of EtOAc-methanol (75:25) was further
separated using n-hexane, ethyl acetate, and
methanol. The eluent was collected in test tubes,
after which similar fractions were combined and
evaporated, from which Compound 3 was isolated.

The chromatographic purification process used for
the seed was repeated to purify 80 g of the crude
methanol extract obtained from A. floribunda fruit
pulp. 368 fractions were collected, which were later
combined based on the TLC analysis into 17
fractions. Subsequent column chromatography was
carried out until the desired pure compounds were
obtained. A white crystal (compound IV) was
discovered from fractions 8 and 9, which was
properly filtered out and washed using ethyl acetate.

2.3. Spectroscopic Analysis
The spectroscopic details of the isolated compounds

were investigated using Buker Platinum ATR
mounted onto a Buker Tensor 27 FT-IR
spectrometer, Agilent technologiesm1620 infinity

series/Agilent quadrupole LCMS and the samples
were run on Bruker 400MHz NMR spectrometer.
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2.4. Plant Material In silico Analysis

2.4.1 Ligand preparation

The PubChem ID of the ligands (compounds 1- 4),
molnupiravir, and remdesivir were obtained from
PubChem. Chimera 1.14 was used to retrieve the
structures based on their ID and subsequently save
them in PDB format while minimizing optimal docking
energy. Minimized compounds were uploaded to
AutoDockTools-1.5.6 software, where the OpenBabel
plugin was used for conversion into the PDBQT
format.

2.4.2 Protein preparation

The crystal structures of required protein, SARS-
CoV-2 main protease (Mpro: 6LU7), SARS-CoV-2
spike receptor-binding domain bound with ACE2
(6M0J) and Cryo-EM structure of SARS-CoV-2
Omicron spike protein in complex with human ACE2
(7T9L) were obtained from the RCSB protein data
bank (www.rcsb.org) in PDB format.

To prepare the structures, the PDB format of the
proteins was uploaded to Chimera 1.14 workspace;
after eliminating non-standard residues like ions,
water, and bounded ligands from the protein
structure, it underwent structural minimization via
Chimera 1.14's editing wizard. The process involved
taking 100 steepest descent steps with a size of
A=0.02 and then undergoing 10 conjugate gradient
steps at a step size of A=0.02 as well with an
additional interval update every ten times; this was
carried out in total. The Gasteiger force field was
used to assign charges and Polar hydrogen bonds
was incorporated. Then, the protonation state of
histidine was set with AutoDockTools-1.5.6 software.
Upon completion, PDB files of the modified protein
were saved in PDBQT format before being uploaded
for molecular docking analysis using PyRx software.

2.4.3 Molecular Docking
To conduct the molecular docking of proteins and
ligands, AutoDock Vina in the PyRx were used. The
grid space was established by focusing on significant
amino acid residues that were chosen from
UniProtKB. Grid box size, center (29.7237, 11.7994,
42.1527)A and size (38.2112, 26.7617, 36.1823) A,
X, y and z respectively were set for Mpro 6LU7. Also,
Grid box size, center (x -51.8334 &, y -35.9153 A
and z 4.4678 R) and size (x 69.4516, y 62.4510 and
z 69.1699) were set for SARS-CoV-2 spike RBD
(6MQJ) and SARS-CoV-2 spike RDB omicron variant
§7TqL) Grid box size was set at center (x 226.1996
,y 176.1916 A and z 236.6954 A) and size (x
35.0793, y 42.4635 and z 67.3292).

3. RESULTS AND DISCUSSION

3.1. Structural Elucidation

3.1.1. Compound I

Compound I (GB-1a) is an amorphous yellow solid
with a melting point of 200 °C. The IR showed
absorption bands at 3187 cm™ and 1733 cm-! for a
carbonyl group. The mass as revealed by the LC-MS
is m/z 542 with molecular formula Cs3oH22011, the
fragmentation at m/z 541 [M* - H], 415, 288, 261,
141, 113, 112. The H NMR spectrum showed C-5
(OH) signal at 6 2.01 (' s, 1H) and other OH at 0.89 (
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d, J = 7.0 Hz, 1H) , also, there was a presence of
doublets at 6 7.38 (d, J = 2.2 Hz, 1H), 7.09 (d, J =
8.6 Hz, 1H), 5.62 (d, J = 11.9 Hz, 1H), 5.49 (d, ] =
9.8 Hz, 1H), 5.15 (d, J = 13.0 Hz, 1H), 4.59 (d, J =
11.1 Hz, 1H). This result is in close agreement with
those reported by Jackson et al. (1971) (24) for GB-
la (Table 1). The '3C NMR (100 MHz, MeOD) showed
signal at 8 197.52, 196.44, 166.56, 164.13, 163.42,
161.16, 157.24, 145.00, 130.42, 128.52, 121.69,
117.93, 115.61, 115.05, 114.39, 113.23, 112.79,
101.83, 101.24, 95.95, 94.88, 81.78, 79.16, 42.67
which is in agreement with those reported by
Agrawal (1989) (25) (Table 2). Although this
compound has been previously isolated from
Garcinia bsrchananir and Clusia columnaris Engl, the
isolation of GB-1a [(2S,2'R,3R)-5,5',7,7'-
tetrahydroxy-2,2'-bis(4-hydroxyphenyl)-[3,8'-
bichroman]-4,4'-dione] (1) from A. floribunda seed
for the first time has been reported here.

3.1.2. Compound II

Compound II is an amorphous yellow solid with a
melting point of 200 °C. The IR showed absorption
bands of OH at 3185 and 1633 cm-! for a carbonyl
group. The Mass, as revealed by the LC-MS, is m/z
298 with molecular formula Ci4H1406, the
fragmentation at m/z, 261, 142, and 141. The H
NMR (400 MHz, MeOD) showed signal at & 7.31 (s,
1H), 7.26 (d, J = 8.4 Hz, 1H), 7.11 (d, J = 8.3 Hz,
2H), 6.87 (d, J = 8.4 Hz, 1H), 6.65 (d, J = 7.4 Hz,
1H), 6.58 (d, J = 7.7 Hz, 1H), 6.52 (s, 1H), 6.43 (d,
J = 8.3 Hz, 1H), 6.36 (s, 1H), 6.27 (s, 1H), 6.08 (s,
1H), 5.99 (d, J = 11.7 Hz, 1H), 5.74 (d, J = 11.9 Hz,
1H), 5.65 (d, J = 12.0 Hz, 1H), 4.09 (q, J = 7.1 Hz,
1H), 2.01 (s, 1H), 1.25 - 1.17 (m, 1H (Table 3). The
13C NMR (100 MHz, MeOD) showed signal at d 13C
NMR (101 MHz, MeOD) & 196.77, 182.44, 166.78,
164.31, 163.45, 149.47, 145.28, 127.89, 119.32,
114.25, 102.02, 98.56, 81.41, 13.09 (Table 4). The
compound isolated was elucidated as
microdiplodiasone[(R)-2-ethyl-5,7-dihydroxy-2-
((R)-5-oxotetrahydrofuran-2-yl)chroman-4-one] (2)
when compared with those reported by Siddiqui et
al. (2011) (26).

3.1.3. Compound III

Compound III (GB-2a) is an amorphous yellow solid
with a melting point of 210 ©C. The IR showed an OH
absorption band at 3222 and 1643cm-! for a carbonyl
group. The Mass as revealed by the LC-MS is m/z 558
with molecular formula C3oH22011, the fragmentation
at m/z 599 [M* + 1], 421, 295, 268, 153, 141, 113,
112. The 'H NMR spectrum showed C-5 (OH) signal
at 2.16 (s, 1H) and other OH at 1.27 (s, 1H); also,
there was a presence of doublets at 3.41 (d, J = 9.0
Hz, 5H), 5.16 (d, J = 7.6 Hz, 1H), 5.34 (d, ] = 13.6
Hz, 1H), 6.86 (d, J = 6.5 Hz, 1H), 7.30 (s, 2H). This
result is in close agreement with those reported by
Jackson et al (1971) (24) (Table 1). The 3C NMR
(101 MHz, MeOD) showed a signal at & 81.5, 49.6,
196.5, 163.4, 95.9, 164.3, 94.6, 161.2, 102.7,
105.1, 129.4, 128.5, 156.9, 114.1 and 128.5 which
is in agreement with those reported by Agrawal
(1989) (25) (Table 2) for GB-2a [2'-(3,4-
dihydroxyphenyl)-5,7,7'-trihydroxy-2-(4-
hydroxyphenyl)-[3,8'-bichroman]-4,4'-dione] (3).
Although this compound has been previously isolated
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from Garcinia bsrchananir and Clusia columnaris

Engl, the isolation of GB-2a (Figure 1) from
A.floribunda seed for the first time is been reported

HO.

3)
Figure 1: Isolated Compounds from A. floribunda.

3.1.4. Compound IV

Compound 1V is a white powder with a melting point
of 130 °C. The IR showed OH absorption bands at
3397 and 1713 cm for a carbonyl group. The
molecular weight is 134 with the molecular formula
C4HeOs. The NMR showed 'H NMR (600 MHz, MeOD)

HO

RESEARCH ARTICLE

here, but (27) had earlier confirmed the presence of
GB-2a in an investigation carried out on the seed
extract of A. floribunda using HPLC-PDA-ESI/MS.

OH [0}

(@)

HO
OH

4

0 4.83 (s, 1H), 2.93 (d, J = 15.4 Hz, 1H), 2.81 (d, ]
= 15.4 Hz, 2H) and '3C NMR (150 MHz, MeOD) d
175.04 (-COOH), 170.67 (-COOH), 50.76 (-CH),
42.62 (-CHz) which is in agreement with results
reported by Kosir et al. (1998) (28) for malic acid (4)
(Table 5).

Table 1: 'H Nuclear Magnetic Resonance results obtained for of Compound I and III.

H

Assignment

Compound I

GB-1a
Jackson et al
(1971) (24)

GB-2a
Jackson et al
(1971) (24)

Compound III

C5 oH 2.01 (s, 1H) 2.05 (s, 1H) 2.16 (s, 1H) 2.31 (s, 1H)
2.44 (s, 1H)
Other OH (1)_;;)9 (t3=70Hz, 490 (s, 1H) 1.27 (s, 1H) 1.44 (s, 4H)
Cs ring ‘1‘;15)9 (@) =111Hz, 457 g':f (d,J=116Hz, 4 10 (s 3m)
2.53(d,J = 17.5 Hz, 2.98 (d, 2H
Co/Ce 1H) 1=9.0)
_ 3.53(d,J = 8.7 Hz,
3.05 (d, 2H 1=9.0) Y
2.82(d,J =111 Hz,
2H)
/s 411.H5)9 (d,J=111Hz,
3.39 (d 2H 1=9.0)
_ 3.41(d,J=9.0Hz,  3.08-3.20 (d,
3.48 (d 2H J=9.0) N o
- 5.62(d,J = 11.9 Hz, 4.54 (d 1H 516(d,J = 7.6 Hz, 4.71(d,J =12
C2/Cs (Ring 1-C) 1H 1=12.0) 1H) Hz, 1H)
(Ring 1-0) 5.62(d,J = 11.9 Hz, 5.55 (d 1H 5.34(d,J = 13.6 Hz, 5.32(d,J =12

9 1H) 1=12.0) 1H) Hz, 1H)

- 549 (d,J = 11.8 Hz, 4.75 (d 1H 6.86 (d,J = 6.5 Hz, 4.30 (d,J = 12
Cz(Ring II-C) 1H) 1=12.0) 1H) Hz, 1H)
Cs(Ring 1I-C) Zﬁ)s (d, 3 =116 Hz,

7.09 (d, ] = 11.6 Hz, 1H) _ 7.10 (d 1H J=12.0)
7.59 (d 1H 1=12.0) 7.30 (s, 2H) 3.2911&;, I=12

7.35 (d, J = 12 Hz, 1H)
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Table 2: The data obtained from the !3C NMR analysis of Compound I and III.

GB-1a GB-2a
CNMR CompoundI . | (19g9) (25) ComPoundIIl . . | (1989) (25)
c2 81.8 81.4 81.5 81.7
c-3 42.7 47.7 49.6 51.0
c-4 196.4 195.2 196.5 197.2
c-5 164.1 163.4 163.4 164.6
c-6 95.9 96.0 95.9 93.3
c-7 166.6 165.9 164.3 164.9
c-8 94.9 95.0 94.6 93.1
c-9 163.4 162.3 161.2 162.1
c-10 101.2 101.0 102.7 162.1
c-1 128.5 127.9 105.1 105.8
c-2 130.4 128.5 129.4 130.3
c-3 114.4 114.5 128.5 128.2
c-4 157.2 157.1 156.9 159.2
c-5 113.2 114.5 114.1 113.2
c-6 128.5 128.5 128.5 128.2

Table 3: 'H NMR spectral assignments of Compound II.

1H Assignment Compound II

Siddiqui et al. (2011) (26)

5-OH 7.31 (s, 1H)

T
o
I

:I::I::I::I::II::I::I::I:\I
=W o

11.57 (s, 1H)

7.26 (d, J=8.4 Hz, 1H)  11.45 (s, 1H)
7.11 (d, 1=8.4 Hz, 1H)  7.21 (brs, 1H)
6.87 (d, J=8.4 Hz, 1H)  7.11 (brs, 1H)
5.99 (d, J=11.7 Hz, 1H) 4.58 (t, 1H)

a 5.74 (d, J=11.9 Hz, 1H) 2.98 (d, J=17.1Hz, 1H)
-3 5.65 (d, J=12.0 Hz, 1H) 2.61 (d, J=17.1Hz, 1H)
-11 4.09 (m, 2H) 2.60 (m, 2H)

-10 2.01 (m, 2H) 2.32 (m, 2H)
-13 1.25 (s, 3H) 1.43 (s, 3H)

Table 4: 13C Nuclear Magnetic Resonance analysis result for compound II.

13C NMR Compound II

Siddiqui et al. (2011) (26)

C-4 196.77
C-12 182.44
C-5 166.78
C-7 164.31
C-8a 163.45
C-4a 149.47
C-6 145.28
C-8 127.39
Cc-9 81.77
C-2 81.41
C-3 42.67
C-11 29.38
Cc-10 22.44
C-13 18.09

196.6
176.6
166.0
161.2
158.2
109.3
110.6
108.9
82.7
81.1
42.8
28.1
22.2
18.8

Table 5: The compound IV 13C NMR result.

13C NMR Compound 1V

Kosit et al. (1998) (28)

-COOH 175.04

-COOH 170.67
-CH 50.76
-CH 42.62

178.0
178.0
69.9
41.3

3.2. Molecular Docking

The molecular docking studies of ligands (Table 6)
with the omicron Variant (6M0J) and subsequent
comparison with molnupiravir and remdesivir, a
known medication for SARS-CoV-2 (Figure 2),
showed that GBla and GB2a had docking scores of -
8.6 and -8.3 Kcal mol! respectively which was close
to that of molnupiravir (-8.3 Kcal mol*) but greater

than that of remdesivir (-7.6 Kcal mol), while that
of microdiplodiasone and malic acid were lower than
that of the two drugs. Also, GBla and GB2a revealed
better docking scores when docked with omicron 2
(7T9L) and 6LU7 than the reference ligands.
Microdiplodiasone had docking scores similar to the
reference ligands in the target proteins (-6.1 and -
6.8 Kcal mol-1), and malic acid had a lower value
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compared to other ligands. The binding of the ligands
with the omicron Variant (6M0J) had the best binding
energy as the ligand formed a firm bond with it. The
binding with GB1a formed hydrogen bond interaction
with ALA 43, GLU 42, TYR 53, ASN 147, GLU 24, MET
138, ASP 101, ARG 108, PRO 107, pi-pi interaction
with ALA 136, ALA 146, ALA 105. Van der Waal's
interaction with ARG 113, ASN 103 (Table 7) which
was closely related to the binding of 6M0J] with
molnupiravir and remdesivir. GB2a had hydrogen
bond interaction with ARG 113 and TYR 53, pi-pi

RESEARCH ARTICLE

interaction with ALA 146 and Van der Waal's
interaction with GLU 24 and ARG 108. Malic acid only
formed hydrogen bond interaction with THR 72, ARG
99 and HIS 110 when it was docked with omicron
variant (6M0J).

Therefore, GBla and GB2a with better docking
scores than the reference ligands and similar target
sites can be useful ligands in the design of anti-
COVID drugs and vaccines.

Table 6: The molecular docking result of isolated compounds with different variant of COVID-19.

Ligand Binding Energy (Kcal mol-t)
6LU7 6MO0J 7T9L

A GB-1a -6.6 -8.6 -7.3
B GB-2a -6.7 -8.3 -7.4
C Malic acid -4.3 -4.9 -4.7
D Microdiplodiasone -6.1 -6.8 -6.8
E Molnupiravir -6.1 -8.3 -6.5
F Remdesivir -6.2 -6.8 -7.6

A )

Lol

=

Figure 2: Molecular docking result of Isolated compounds (A-C), molnupiravir (D), and remdesivir (F)
against SARS-CoV-2 spike receptor-binding domain bound with ACE2 (6M03J).
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Table 7: Molecular docking result of Isolated compounds (A-C), molnupiravir (D), and remdesivir (F)
against SARS-CoV-2 spike receptor-binding domain bound with ACE2 (6M01J).

Compounds Binding H-Bonds Amino acid interaction
Affinity
Hydrophobic/Pi- Van der
cation/Pi-anion/ Waals
Pi-alkyl interactions
interactions
GB-1 -8.6 ALA 43, ALA 136, ALA ARG 113,
GLU 42, 146, ALA 105. ASN 103.
TYR 53,
ASN 147,
GLU 24,
MET 138,
ASP 101,
ARG 108
PRO 107
GB-2 -8.3 ARG 113, ALA 146 GLU 24,
TYR 53 ARG 108
Malic acid -4.9 THR 72,
ARG 99
HIS 110
Microdiplodiasone -6.8
Molnupiravir -8.3 ALA 135, LEU 77, LEU 110 ASP 101,
ASP 134, PRO 107
ARG 113,
ASN 103,
ARG 108
Remdesivir -6.8 PRO 107, LEU 110, ARG 113,
ASN 103, ALA136, ALA AER 108
ASP 101, 135, LEU 77, VAL
GLU 42 48
4. CONCLUSION xanthones from Garcinia subelliptica. Phytochemistry

The extraction and isolation of the chemical
component of Allanblackia floribunda fruit led to the
isolation of four known compounds: GB-1a, GB-2a,
Malic acid, and Microdiplodiasone. The molecular
docking of these compounds with SARS-CoV-2
(6LU7), Omicron 1 (6M0J), and Omicron 2 (7T9L)
showed good docking scores when compared to
molnupiravir and remdesivir as reference drugs.
Hence, these compounds can be investigated further
for their drug ability and toxicity against human cells.
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Abstract: Heavy metals are naturally occurring elements. Their widespread distribution in the environment
has raised questions about their possible consequences on both human health and the environment. So, the
toxicological and safety assessment of these heavy metals is one of the major issues in recent days. An
accurate method for the determination of nickel in bulk drugs was required due to its high toxicity risk. The
aim of the current study was to develop a validated analytical technique for the determination of nickel
content in bulk drugs using an atomic absorption spectrometer. The wavelength was 232 nm, and the
integration duration was 5.0 seconds. It was determined that the detection and quantification limits were
0.051 mg/L and 0.15 mg/L, respectively. The recovery rates for nickel concentrations spiked by 50%, 100%,
and 150% in meclizine hydrochloride were determined to be 109.33%, 96.5%, and 97.55%, respectively.
The status of heavy metals and trace elements in bulk drugs were discussed in this article, along with an
easy-to-use AAS approach that can be applied at the industrial level to ensure the quality and uniformity of

bulk medications and other related products.
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1. INTRODUCTION

Potential contaminants must be recognized at
various stages of the pharmaceutical manufacturing
process, particularly in the final product, to avoid
potential health risks. Metals can enter active
pharmaceutical ingredients through a variety of
sources (raw materials generated from plants or
minerals, catalysts, reactors, pipelines, and other
manufacturing equipment), and their presence is
regularly monitored (1). The quick measurement of
numerous elements that are metallic and non-
metallic in crude and animal fats and refined
vegetable oils, many of which are present in parts
per million, has been accomplished using atomic
absorption spectrophotometry. Ca, Cu, Fe, Mg, Mn,
P, and Zn were measured in various refined and
crude vegetable oils (2). Nickel (Ni) as raney nickel
was used as a catalyst in the process of synthesis of
meclizine hydrochloride. According to Zhao et al. (3),
meclizine  hydrochloride was designed and
synthesized by the following method. The initial
constituents for the synthesis of |-[(3-methyl phenyl)
methyl] piperazine dihydrochloride was 1-

(chloromethyl)-3-methylbenzene and piperazine.
The title chemical meclizine hydrochloride was
created by acidifying with (4-chlorophenyl)
phenylmethyl chloride. Humans are continually
exposed to Ni due to the quantity of Ni in the earth's
crust. Natural nickel shortage is uncommon because
of its abundance, and a Ni-deficient diet is tough to
sustain due to its prevalence in food. Human contact
with Ni-polluted surroundings has been linked to a
number of diseases. Chronic nickel and nickel
compound exposure in the body has been linked to a
number of human health consequences, which
include lung fibrosis, renal failure, cardiovascular
illness, and respiratory tract cancer (4). Nickel's
hazardous and carcinogenic effects are linked to how
it is absorbed into the body. Nickel and nickel
compounds' potential toxicity was determined by
their physicochemical properties, as well as the
amount, duration, and route of exposure. Ni can
enter the body through inhalation, food
consumption, and skin absorption, though the
chemical form of the element determines how it
enters cells. Inhalation is the most dangerous
method of nickel exposure (5).
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Meclizine hydrochloride is an antihistaminic medicine
used to prevent and cure nausea and vomiting
caused by various illnesses, including motion
sickness, méniére's disease, and hypersensitivity
reactions (6). Meclizine is an antihistamine of the 1st
generation (non-selective H! antagonist). It also
possesses anticholinergic properties in the central
nervous system. Meclizine's antiemetic and
antivertigo activities are due to its blockade of these
receptors. In the medulla, this inhibiting impact
occurs in the vomiting center and the chemoreceptor
trigger zone (CTZ). Signals from the solitary tract
nucleus and the vestibular nuclei to the vomiting
and chemoreceptor trigger zone center in the
medulla are inhibited as a result of these actions via
histamine neurotransmission. Vestibular incitation
and labyrinth excitability are also reduced as a result
of this action (7). Atomic absorption spectroscopy
(AAS) is a spectroscopy analytical technique that
uses free atoms in their gaseous state to absorb
optical radiation (light) in order to quantitatively
determine the chemical components. AAS is utilized
in pharmacology, biophysics, archeology, and
toxicological research. It can determine over 70
distinct elements in solution or directly in solid
samples via electrothermal vaporization. The clinical
study of metals in biological fluids and tissues,
including whole blood, plasma, urine, saliva, brain
tissue, liver, hair, and muscle tissue, is one of the
many applications of atomic absorption spectrometry
in chemistry. The applications of atomic absorption
spectrometry include both quantitative and
qualitative examination (8). Various analytical
techniques for determining meclizine hydrochloride
in single- and combined-dosage form were found by
the literature review like UV spectrophotometer (9-
13), CE (14), HPLC (15-25), LC-MS (26-27), HPTLC
(28). From the literature review, it was discovered
that there was no verified method for determining
nickel in meclizine hydrochloride by atomic
absorption spectrometry. There were many methods
for the estimation of meclizine hydrochloride in bulk
drugs and marketed formulations. However, there
was no single method for determining nickel content
in meclizine hydrochloride. Compared to all the
existing methods for meclizine hydrochloride, the
present method was novel because of its ability to
determine nickel in meclizine hydrochloride.

RESEARCH ARTICLE

Compared to other methods with instruments like
ICP-OES and ICP-MS, this method was preferable
because it's feasible and cost-effective. Hence, the
aim of the current study was to develop a validated
analytical technique for the determination of nickel
content in bulk drugs using an atomic absorption
spectrometer according to ICH guidelines.

2. EXPERIMENTAL

2.1. Reagents and Chemicals

Meclizine hydrochloride (Figure 1) was obtained as a
gift sample from Symed Labs, India. Merck supplied
the nickel standard for the study. Nitric acid,
perchloric acid, and hydrochloric acid of AR grade
from Fisher Scientific were used. The water used was
MilliQ water.

2.2, Instrumentation

A Shimadzu Corporation AA-6300 atomic absorption
spectrometer with fully integrated atomizers was
used for the experiment. The system was managed
by a computer with an interface. The ideal operating
circumstances for nickel flame atomization were
shown in Table 1. An LC/GC analytical balance was
used.

2.3. Preparation of Solutions

2.3.1. Nickel standard stock solution preparation
Nickel standard (1000 mg/L) solution of 10.0 mL was
transferred into a 100 mL volumetric flask and
diluted up to mark with the Milli Q water. This
solution consisted of 100 mg/L of nickel. Transferring
5.0 mL of this solution into a 100 mL volumetric flask,
it was diluted with Milli Q water to the appropriate
concentration. This solution contained 5 mg/L of
nickel.

2.3.2. Preparation of blank solution

Nitric acid (HNO3) was concentrated in 10 mL, and
ten milliliters of perchloric acid (HCIO4) were
transferred to a hundred-milliliter beaker. The
solution was heated until the amount was decreased
to between 6 and 7.0 mL, and white vapors were
released on a hot plate. Then, the solution was
cooled and transferred to a ten-millilitre volumetric
flask and diluted to the mark with the milli Q water.

Table 1: Optimal operating conditions for flame atomization of nickel.

Parameter Setting
Lamp Nickel hollow cathode lamp
Wavelength 232.0 nm
Slit Width 0.2 nm
Lamp current 7 mA
Lamp mode BGC-D2
Prespray Time 5.0 Sec
Integration Time 5.0 Sec
Oxidant Flow (L / min) 15.0 L / min
Acetylene Flow (L / min) 1.6 L/ min
Recommended Flame Air-Acetylene
Burner height 7 mm
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Figure 1: Structure of meclizine hydrochloride.

2.3.3. Preparation of sample solution

Precisely weighed, one gram of sample was
transferred into a 100 mL beaker. 10.0 mL of
concentrated HNOs; and 10.0 mL of HCIO4 were
added. The solution was heated until the amount was
decreased to between 6 and 7.0 mL, and white
vapors were released on a hot plate. Then, the
solution was cooled, put into a 10.0 mL clean and dry
volumetric flask, and diluted to the proper
concentration with Milli Q water.

2.4. Analytical Validation Parameters

2.4.1. System suitability

With concentrations of 0.50, 1.0, 1.5, 2.0, and 2.5
mg/L, five standard nickel solutions were made and
aspirated into the atomic absorption spectroscopy
burner. To evaluate the applicability of the system,
averages for triplicate absorbance readings at each
standard nickel concentration level were established,
and the correlation coefficient was verified.

2.4.2. Specificity
The specificity of the method was tested using blank,
1.0 mg/L nickel standard, and drug samples.

2.4.3. Linearity

Through the study of standard nickel concentrations
ranging from 0.5, 1.0, 1.5, 2.0, and 2.5 mg/L, the
suggested method's linearity was assessed. After
this, a calibration curve is built, and linear regression
analysis is used to calculate the r2 value.

2.4.4. Limit of detection (LOD) and Ilimit of
quantitation (LOQ)

LOD and LOQ are used to assess an instrument's or
analytical procedure's performance. The limits of
detection (LOD) and quantification (LOQ) were
computed using 3 and 10 SD/b, respectively, where
b is the slope of the analytical curve, and SD is the
standard deviation of successive observations.

2.4.5. Accuracy

The sample was spiked in three levels: 50, 100, and
150%. Three replicates were done for each
concentration. The amount of nickel in each trial was
computed, along with the nickel content % recovery
for each method.

2.4.6. Precision at LOQ level

Six analyses of the LOQ level standard stock solution
were performed in the precision. As a result, the
system's consistency was shown, and the % RSD for
six replicates was determined.

2.4.7. Method precision

Six separate preparations of a 100% spike sample
solution of meclizine hydrochloride were made, and
each was aspirated. Six preparations' nickel contents
and nickel content's percent RSD were calculated.

2.5. Batch Analysis

Batch analysis was performed on any one batch of
meclizine hydrochloride. 1.0033 g of sample was
transferred into a 100 mL beaker. 10 mL of
concentrated nitric acid and 10 mL of perchloric acid
were added (Perchloric acid and perchlorates are
dangerous if heated. Use extreme caution while
heating). The solution was heated on a hot plate until
the volume was reduced to about 6 - 7 mL and white
fumes evolved. Then, the solution was cooled and
transferred to a 10 mL volumetric flask and diluted
up to the mark with Milli Q water.

3. RESULTS AND DISCUSSION

3.1. System Suitability

The purpose of the system suitability test was to
ensure that the entire testing system, including the
instrument, reagents, and analyst, was suitable for
the intended application. The measure that showed
the instrument was responding at its best was the
correlation coefficient. Standard solutions (0.5-2.5
mg/L) were made using a nickel working standard
and aspired into an atomic  absorption
spectrophotometer. A total of 5 concentrations were
analyzed for system suitability. The correlation
coefficient obtained for concentration versus
absorbance in the calibration solution was found to
be 0.9985. The system suitability results were
tabulated in Table 2. The parameters of system
suitability were assessed and determined to be within
the limitations in accordance with ICH guidelines
(28). Hence, the method was observed to be system
suitable.

3.2. Specificity

The capacity to separate the nickel signal from the
background signal and the matrix signals was the
definition of parameter specificity. The 100%
standard solution, sample solution, and blank
solution were all used to test the method. The
absorbance measured using the blank solution was
discovered to be only 5% of the absorbance
measured using the standard solution at 100%. The
results were shown in Table 3. The specificity results
meet the acceptance criteria according to ICH
guidelines (29). Both matrices had no effect on the
results. Thus, it was determined that the procedure
was specific.
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Table 2: System suitability.

S. No Name Absorbance Correlation coefficient
1 Standard-1 (0.5 mg/L) 0.0405
2 Standard-2 (1.0 mg/L) 0.0810
3 Standard-3 (1.5 mg/L) 0.1230 0.9985
4 Standard-4 (2.0 mg/L) 0.1571
5 Standard-5 (2.5 mg/L) 0.1295
Table 3: Specificity.
S. No Name Absorbance

1 Blank 0.0025

2 100% Standard Solution 0.0748

3 Sample -0.0201

3.3. Linearity absorbance at a 0.9994 correlation coefficient. Table

The range of the approach was defined using linearity
studies. Examining numerous distinct concentrations
of the investigated element allowed for the
determination of the linearity of nickel. Aqueous
standard solutions with concentrations ranging from
0.5, 1.0, 1.5, 2.0, and 2.5 mg/L were used to
produce the calibration curves. The concentration of

4 presents the linearity results in tabular form. The
calibration curve for meclizine hydrochloride is
displayed in Figure 2. The linearity range of 0.5-2.5
mg/L demonstrated good linearity. The results were
within the limits in accordance with ICH guidelines
(29). Hence, the developed method was found to be
linear.

the nickel standard solution correlated with
Table 4: Linearity of nickel.
S. No Name Absorbance Correlation coefficient

1 Standard-1 (0.5 mg/) 0.0368
2 Standard-2 (1.0 mg/L) 0.0714
3 Standard-3 (1.5 mg/L) 0.1030 0.9994
4 Standard-4 (2.0 mg/L) 0.1351
5 Standard-5 (2.5 mg/L) 0.1697

0.18

_ o
R2 = 0.9994

0.14 '

0.12
< 0.1 -
o
£ 0.08 .

i

0.06 ’

0.04 Ps

0.02
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Concentration (mg/L)

Figure 2: Linearity of nickel.

3.4. LOD and LOQ
The detection limit of a certain analytical procedure
was the lowest concentration of analyte in a sample

that can be detected but not always quantitated as
an exact value. The quantitation limit of a certain
analytical procedure was the lowest amount of
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analyte in a sample that can be quantitatively
quantified with sufficient precision and accuracy. The
method's limit of detection and limit of quantitation
parameters demonstrate its sensitivity. The
calibration curve was used to calculate the LOD and
LOQ of the technique. The detection and
quantification limits, LOD and LOQ, were derived
using the well-known 3 and 10 criteria, respectively,
using the standard deviation of samples. The results
of LOD and LOQ were achieved as 0.051 mg/L and
0.15 mg/L respectively. These values denote the
sensitivity of the method.

RESEARCH ARTICLE

3.5. Precision at LOQ Level

The precision of an analytical method was defined as
the variation between a set of measurements
acquired from multiple sampling of the same
homogenous sample under the given conditions. The
limit of the quantification level solution in six
replicates was aspirated, and the relative standard
deviation for a limit of the quantification solution was
computed. The relative standard deviation for
absorbance of nickel standard solution at the limit of
quantification level from six replicates was found to
be 6.24 %, less than 15.0%. Table 5 lists the results
of the precision at the limit of quantification level.

Table 5: Precision at LOQ level.

S. No LOQ solution Absorbance
1 Aspiration-1 0.0169
2 Aspiration-2 0.0183
3 Aspiration-3 0.0165
4 Aspiration-4 0.0154
5 Aspiration-5 0.0163
6 Aspiration-6 0.0178
Average 0.0169
S.D 0.011
% RSD 6.24

3.6. Method Precision

The precision of the procedure was examined to
demonstrate whether the instrument response to the
nickel standard solution was  consistently
reproducible. Method precision was measured in
percentage relative standard deviation. Six replicates
of the 100% spike sample solution were used for the
precision test. The experimental results showed that

the approach was reliable, with an RSD of 1.67
percent. The estimated findings for nickel
determination in the working standard solution
were shown in Table 6, together with the relative
standard deviation. It was found that the results
were within acceptance criteria according to ICH
guidelines (29). Hence, the technique was
determined to be precise.

Table 6: Method precision.

Concentration

S. No Name (ma/L) Sample weight (g) Nickel content (mg/L)

1 Preparation-1 0.9463 1.0021 9.4
2 Preparation-2 0.9463 1.0018 9.4
3 Preparation-3 0.9590 1.0038 9.6
4 Preparation-4 0.9632 1.0042 9.6
5 Preparation-5 0.9802 1.0022 9.8
6 Preparation-6 0.9700 1.0025 9.7

Average 9.6

SD 0.1602
% RSD 1.67

3.7. Accuracy

The closeness of the test results achieved by that
method to the true value was the accuracy of the
analytical procedure. Adding known amounts of
standard nickel concentrations 10, 20, and 30 mg/L
to three different meclizine hydrochloride standard
sample solutions, the accuracy of the procedure was
determined. These samples were aspirated in
triplicate for each class and represented three
increment levels of 50%, 100%, and 150%. The
nickel content in each trail was calculated in order to

determine its percentage recovery. The outcomes
were summarised in Table 7. The data showed a best
recovery of 93.33 % - 112.00%. Since recovery is
more important in a method involving sample
preparation steps like extraction or digestion, the %
recovery of the sample should be of more importance
while validating the method. This recovery range
shows the method's accuracy. It was found to be
within acceptance criteria in accordance with ICH
guidelines (29). Hence, the technique was found to
be accurate.
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Table 7: Accuracy.

Sample

Spiked

S. Name Concentration Weight Result Concentration % %
No (mg/L) g (mg/L) Recovery RSD
(mg/L)
Preparation-1 BDL 1.0004
1 Sample Preparation-2 BDL 0.9996 BDL - - -
Preparation-3 BDL 1.0005
Preparation-1 0.1536 1.0005 1.5 100.00
Spiked at
2 LOQ Preparation-2 0.1447 0.9993 1.4 1.5 93.33 4.03
level
Preparation-3 0.1388 1.0004 1.4 93.33
Preparation-1 0.5652 1.0030 5.6 112.00
Spiked at
3 50% Preparation-2 0.5652 1.0010 5.6 5.0 112.00 4.22
level
Preparation-3 0.5209 1.0001 5.2 104.00
Preparation-1 0.9581 1.0068 9.5 95.00
Spiked at
4 100% Preparation-2 0.9620 1.0072 9.6 10.0 96.00 1.04
level
Preparation-3 0.9768 1.0028 9.7 97.00
Preparation-1 1.4691 1.0030 14.6 97.33
Spiked at
5 150% Preparation-2 1.4671 1.0028 14.6 15.0 97.33 0.40
level
Preparation-3 1.4691 1.0026 14.7 98.00
3.8. Batch Analysis concentration was found to be below the

Batch analysis was performed and obtained results
are reported in Table 8. The nickel content was to be
less than 10 ppm. In the batch analysis, the nickel

quantification limit. The nickel concentration was
found to be within the acceptance criteria. This
method can be used for regular analysis.

Table 8. Batch analysis.

S. No Batch

Nickel Content

1 Batch 1

Below quantification limit

4. CONCLUSION

Meclizine hydrochloride is a medicine that is
frequently recommended to alleviate nausea,
vomiting, and dizziness. Nickel, a catalyst used in the
production of meclizine hydrochloride, needs to be
measured because it can be dangerous to people.
There were several methods reported for the
estimation of meclizine hydrochloride in
pharmaceutical formulations but no method was
reported for estimation of nickel in meclizine
hydrochloride bulk drug. The analytical atomic
absorption spectrometry method for the assessment
of nickel content in bulk drugs was developed and
validated. This work evaluated nickel as an elemental
contaminant in meclizine hydrochloride using a
verified simple, exact, and accurate atomic
absorption spectroscopy technique. The dissolution
of samples with nitric acid and perchloric acid
provided simple sample preparation without adverse
effects. USP General Chapter 232 specifies a 20-ppm
maximum allowed nickel concentration. The nickel
content of meclizine hydrochloride can be
ascertained using this quick, affordable, and accurate
approach.
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Abstract: In this study, the polarographic behavior of irbesartan was investigated using the cyclic
polarographic method. A mercury drop electrode was used to quantify the peak currents in comparison to
Ag/AgCl at 0.10 V/s. Additionally, quick and easy square wave and differential pulse polarographic methods
were developed and validated to determine irbesartan in pharmaceutical preparations. For both methods, the
calibration curves were linear at concentrations between 5 and 70 pg/mL. The precision was given by relative
standard deviation and was less than 2.61%. Accuracy was given with relative error and did not exceed
1.24%. The suggested methods are extremely accurate and precise. No interference was found under the
chosen experimental conditions. In pharmaceutical preparations, irbesartan had an average recovery of
99.8%. Therefore, the methods are applicable to the determination of irbesartan in pharmaceutical
preparations.
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1. INTRODUCTION CHj,

Cardiovascular disease is responsible for 17.9 million

annual deaths, or about 30% of all fatalities globally

(1). At least 45% of heart disease deaths can be H
attributed to hypertension. Numerous medications, /N‘N
such as beta-blockers, diuretics, angiotensin-
converting enzyme inhibitors, angiotensin-receptor
blockers, and calcium channel blockers, have been
used to treat hypertension (2). Irbesartan (Figure 1) \
is @ medication that lowers blood pressure (3). In the o
past, it was also used to treat chronic renal failure,

congestive heart failure, and hypertension.

Several analytical techniques, such as UV-
spectrophotometry (4-10), spectrofluorimetry (11),
capillary electrophoresis (12), LC-MS (13-16), and
HPLC (17-25), have been reported for the detection
of irbesartan.

Figure 1: Chemical structure of irbesartan.

Bozal et al. (26) has reported voltammetric methods
with differential pulse (DP) and square wave (SW) for
the analysis of irbesartan in the pharmaceutical

When using these techniques, various issues arise.
Methods for measuring spectrum have poor
sensitivity. Chromatographic techniques necessitate
derivatization or drawn-out extraction processes,
and they are generally sluggish and expensive.

tablet formulations and in human serum samples.
The calibration curve of voltammetric methods was
linear for irbesartan in the range 8 x 101 x 10
M. Intra- and inter-day precision values were lower
than 1.72%. The minimum and maximum recovery
of irbesartan was 95.02 and 99.21%, respectively.
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The LOQ values of methods were found as 2.56 X
106 and 2.01 x 105 In addition, validation
parameters, such as accuracy, reproducibility and
recovery were evaluated.

As a result, using simpler, quicker, and less
expensive electrochemical techniques that are
nonetheless sensitive can be thought of as a
beneficial alternative. Comparing the polarographic
approaches to many other analytical methods,
several advantages are apparent. The spectrum of
viable applications for polarography has expanded
thanks to advancements in pulse techniques that
make it possible to identify electroactive substances
even at low concentrations. The polarographic
processes have a number of benefits over
chromatography, including low cost and a quick
turnaround time for analysis. As opposed to HPLC,
which frequently can disturb equilibria in the reaction
mixture, electroanalytical approaches are
significantly more useful for kinetic and equilibria
research.

It is crucial to develope a new technique for figuring
out how much medication is present in
pharmaceutical solutions or biological fluids. With the
advantages that, in the majority of cases,
derivatization is not required and that these
techniques are less sensitive to matrix effects than
other analytical techniques, a wide range of
pharmacological compounds have been determined
using electroanalytical techniques. The identification
of electrode mechanism is another electrochemistry
application. Drugs' redox characteristics can provide
information about their pharmacological efficacy, in
vivo redox activities, or metabolic destiny. Despite
the  analytical significance  of  irbesartan's
electrochemical behavior and reduction process, no
research on the polarographic analysis of its
electrochemical reduction in pharmaceuticals has
been published.

Therefore, this work introduced novel polarographic
techniques that allow for the direct detection of
irbesartan in pharmaceutical preparations without
the need for time-consuming extraction or
evaporation steps before drug analysis. This article
covers square wave (SW) and differential pulse (DP)
polarography at mercury drop electrode as
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completely proven, quick, simple, and effective

methods for irbesartan detection.
2. EXPERIMENTAL SECTION

2.1. Chemicals

Irbesartan was purchased from Sigma-Aldrich in
Germany. We bought Karvea tablets at the
neighborhood pharmacy in Erzurum, Turkey.

2.2. Electrochemical Instrumentation

On a Gamry Potentiostat Interface 1000,
electrochemical experiments were conducted. A
platinum-wire auxiliary electrode, a mercury drop
working electrode (area of HMDE 0.026 cm?) and an
Ag/AgCl (KCI, 3M) electrode acting as the reference
electrode were selected for the three electrode cell
arrangement. The pulse width is 50 ms, the scan rate
is 20 mV/s, drop size 0.38 mm?, the amplitude of the
square wave pulse is 25 mV, and the amplitude of
the differential pulse is 50 mV. These parameters are
used for analytical applications.

2.3. Preparation of Standard Solutions
Irbesartan (100 pg/mL) stock standard solution was
made in 0.5 M sulfuric acid. This stock solution was
used to build working standard solutions. The
concentration of the standard solutions was 5, 10,
20, 30, 40, 50, 60 and 70 pg/mL. 7.5, 37.5, and 67.5
pg/mL were the concentrations at which the QC
solutions were obtained.

2.4, Statistical Analysis

With the use of a computer program, SPSS 15.0 was
used for the statistical analyses. The irbesartan
standard line and calculations were made using
regression analyses. The results' mean and standard
deviation were given.

3. RESULTS AND DISCUSSION

3.1. Development and Optimization of the
Method

At the mercury drop electrode, the electrochemical
behavior of irbesartan was studied. The supporting
electrolyte for the cyclic voltammetric technique was
0.5 M sulfuric acid. A typical cyclic voltammograms
for 100 pg/mL irbesartan at 0.1 V/s scan rate are
shown in Figure 2. At -1.055 V, the decrease peak
was observed in the cathodic sweep.
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Figure 2: Cyclic voltammograms of 100 pug/mL irbesartan solution.

Moreover, research was done on how scan rate
affected cathodic peak currents and peak potentials
within the potential scan rate range of 0.005-1.0 V/s.

Figure 3 shows the 20 ug/mL irbesartan linear sweep
voltammograms as a function of scan rate.

Linear Sweep Voltammetry

0,000 A

-2,000 uA

-4,000 uA

6,000 uA

Current /A

-3,000 uA

-10,00 uA
-1,200 Vv

-1,100V

Potential / V vs. Ag/AgCl

-1,000 V

-900,0 mv -800,0 mVv

Figure 3: Linear sweep voltammograms of 20 ug/mL irbesartan as a function of scan rate.

The linear sweep voltammograms for irbesartan as a
function of scan rate are displayed in Figures 4a, 4b.
The logarithm of peak currents against the logarithm
of scan rates graphs, however, show straight lines
with a slope of 0.56 at irbesartan concentrations of
20 pg/mL (Figure 4c). This value is near to the
projected value of 0.5 expected for a perfect
diffusion-controlled electrode process (23).

A diffusional process for the peak should be taken
into account since this should be done utilizing the
log I-log v curve. According to these results, the
redox species rapidly diffuse from the solution rather
than precipitate onto the electrode surface. The
solubility of the intermediate species in 0.5 M sulfuric
acid or a lack of product adherence to the electrode
surface, respectively, can cause this phenomena
(24,25).
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Figure 4(a-c): Dependence of peak current on scan rate (20 ug/mL).

3.2. Validation of the Method

While establishing the validation parameters, ICH
Q2B guidelines were adhered to. Stability,
ruggedness, limit of detection (LOD), Ilimit of
quantification (LOQ), specificity, linearity, precision,
accuracy, and recovery are some of these
requirements (27).

3.2.1. Specificity

In this study, common excipients and additives were
investigated for potential interferences. After
preparation, the QC samples were inspected. There
is no indication that these substances are interfering
at the amounts found in dose formulations. This
formulation used an excipient that is most commonly
used in the pharmaceutical sector. The specificity of
the method was examined by keeping an eye out for

any interference from common tablet ingredients
such as titanium dioxide, cellulose, silicon dioxide
and magnesium stearate. The recommended
approach was unaffected negatively by these
deviations. Depending on the analysis's conclusions,
the process may be particular.

3.2.2. Linearity

Standard solutions were prepared as 5-70 ug/mL for
both SWP and DPP. The development of calibration
curves for the irbesartan standard was made possible
by plotting the compound concentration vs peak
current responses (Figures 5 and 6). The calibration
curves' correlation coefficients were utilized to
evaluate them. The linear regression equations were
obtained and are presented in Table 1 using the
Microsoft Excel® tool and the least squares method.
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Figure 5: SW voltammograms of irbesartan (5-70 pug/mL).
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Figure 6: DP voltammograms of irbesartan (5-70 pg/mL).

Table 1: Regression information for the irbesartan calibration lines (n=6).

Parameters SWP DPP

Linearity (ug/mL) 5-70 5-70

Slope 0.0172 0.0083

Intercept 0.3849 0.1355

Coefficient of correlation 0.992 0.999
LOD (pg/mL) 0.50 0.40
LOQ (pg/mL) 1.50 1.20
Precision (RSD%) 2.61 2.34
Accuracy (% relative error) -1.24 1.17
Precision of peak current (RSD%) 1.12 1.07
Accuracy of peak potential (RSD%) 1.24 1.31

3.2.3. Accuracy and precision precision of intra-day measurements. By comparing

Using the QC samples, the SWV and DPV techniques' the assays conducted on two different days, it was
precision and accuracy were assessed for intra-day able to evaluate the precision and accuracy between
and inter-day use. The QC samples' same-day those dates. The precision ranged from 0.87% to
analysis was used to evaluate the accuracy and 2.61%, whereas the intra-day accuracy ranged from
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1.09% to 1.24% (Table 1). The data clearly show
that this procedure has good precision and accuracy.

3.2.4. Limits of detection (LOD) and quantification
(LOQ)

Using calibration standards, the LOD and LOQ values
of the recommended techniques were calculated.
LOD and LOQ values were calculated as 3.3 0/S and
10 o/S, respectively, where S is the slope of the
calibration curve and o is the standard deviation of
y-intercept of regression equation (n=6) (30). Table
1 provides a summary of the findings.

3.2.5. Ruggedness

In this experiment, a different analyst used the same
instrument and standard to calculate the SW and DP
voltammograms of irbesartan. The results showed no
statistically significant differences across the
operators, demonstrating the resilience of the
suggested method.
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3.2.6. Stability
For a minimum of 72 hours, the stability of the

irbesartan  stock solution was investigated.
Additionally, at both room temperature and
refrigeration temperatures of 4 and -20 °C,

irbesartan standard solutions demonstrated 72-hour
stability. The recommended range for irbesartan
accuracy is 90-110%. In these cases, there are no
significant irbesartan breakdown products.

3.2.7. Recovery

To evaluate the effects of formulation interference,
the recovery was investigated at three different
concentrations. The recoveries were 