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Dear Readers,

Another year brings us another issue of The Chemist, published by the 
American Institute of Chemists (AIC). Recent developments have 
brought us new discoveries in the field, such as the development of metal 
organic frameworks (MOFs) for energy storage, dissipation, sensing, 
and environmental applications. Moreover, the use of AlphaFold developed by 
Google DeepMind to predict protein folding and three-dimensional structures 
of proteins from their amino acid primary structure sequences has also 
revolutionized protein structure prediction and helped address “the protein 
folding problem.” These were just two developments from the last two Nobel 
Prizes in Chemistry over the last two years. The development of machine 
learning (ML) and artificial intelligence (AI) has also revolutionized the 
chemical sciences as it has revolutionized almost every other field of study 
as well.

The current issue of The Chemist highlights many contributions on natural 
product synthesis, characterization, and analysis, which has been a recent 
and recurring theme of this journal. Some of these products include Aerial 
Part Extracts from Jaundea pinnata, Aniline Impacts on Human Skin, Oil 
Recovered Over Nanocrystalline Cellulose, Stem Bark of Cordia millenii, 
and Juniperus excelsa M.Bieb Extracts from Its Leaves and Seeds, Rice 
Husk, and many others. As many of our contributing authors are from all 
over the world, we learned about the nutritional and healing properties of 
exotic plants from various locations.

We also learned about synthetic organic chemistry from 
Phenyl-2-chloropropionate Synthesis, Crosslinked Alginate–Acrylic Acid–PVA 
Hydrogel for Efficient Trypan Blue Removal, Brilliant Blue Dye, Schiff Base-
Metronidazole Derivatives, and Methyl Anthracenes. Other studies 
included: Fatty Acids Profiling and Skincare Formulation from Ricinus 
communis (Castor) Seed Oil, Analysis of Novalac, and a study on Aluminum 
Foil Waste.

The American Chemical Society (ACS) has just recently celebrated its 
150th year anniversary, while the American Institute of Chemists is still 
thriving and still awards the Chemical Pioneer and Gold Medal awards. This is 
a testament to the enduring nature of chemistry in everyday society.

Best wishes in the upcoming year.



Chemical Composition, Antibacterial, Antifungal, and Antioxidant 
Activities of Aerial Part Extracts from Jaundea pinnata 
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Abstract:  Jaundea pinnata is an underexploited medicinal plant with antibacterial and anti-
inflammatory properties. To establish its ethnomedicinal efficacy, this research assessed the 
chemical composition, antioxidant, and antimicrobial activities of its chloroform, ethyl 
acetate, and methanol extracts. Preliminary phytochemical screening revealed the presence of 
cardiac glycosides, tannins, terpenoids, volatile oils, and alkaloids. The extracts exhibited 
noteworthy inhibition against six bacterial and four fungal strains. Antioxidant tests showed 
that the chloroform extract exhibited the highest activity, followed by ethyl acetate, while 
methanol displayed the lowest. Gas Chromatography-Mass Spectrometry (GC-MS) identified 
10 compounds in the chloroform extract [predominantly phytol (5.60%)], 17 in ethyl acetate 
[oleic acid (23.05%) being the most abundant], and 15 in methanol [9-octadecenoic acid (Z)-, 
methyl ester (35.35%) being the major component]. These results highlight the significant 
antimicrobial and antioxidant properties of J. pinnata, suggesting its potential application in 
treating infections or oxidative-stress related conditions. 

Key Words: Jaundea pinnata, antibacterial activity, antifungal activity, antioxidant activity, 
DPPH radical scavenging, GC-MS, 9-octadecenoic acid (Z)-, methyl ester  
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1. Introduction

Jaundea pinnata is a member of the family 
Connaraceae, which is a subgroup of dicoty-
ledons. It is a shrub or small tree that can 
grow up to 6-7 m in height [1]. Its leaflets, 
present in 2-4 pairs, assume an elliptic-
oblong form, spanning dimensions of 2.5 to 
16 cm in length and 1.5 to 7 cm in width. 
The degree of leaflet reticulation and ven-
ation prominence varies depending on the 
geographical location of the plant. Notably, 
the flowers of this species exude a fragrant 
aroma [2]. J. pinnata is native to tropical 
Africa, with a range extending from Guinea 
to the southern Nigeria and further to the 
northeastern and eastern regions of Africa 
[1]. A comprehensive phytochemical screen-
ing of the methanolic stem bark extract of 
the plant revealed the presence of alkaloids, 
tannins, flavonoids, saponins, and steroids 
[3]. Jaundea pinnata, in its essence, possess-
es antimicrobial efficacy; reported findings 

indicate that its hot water extract effectively 
restrained Acinetobacter baumannii and 
Salmonella typhimurium [4]. A subsequent 
study of the methanolic stem bark extract 
revealed its possession of anti-arthritic and 
anti-inflammatory attributes, providing a ra-
tional basis for its ethnomedicinal appli-
cation in addressing Rheumatoid Arthritis 
(RA), a chronic, inflammatory, and systemic 
autoimmune ailment [5]. Furthermore, it has 
been recognized that this plant serves as an 
animal repellent and is documented to have 
toxic effects on animals in Kenya [1]. 

This research focuses on the chemical 
composition, antimicrobial and antioxidant 
properties of the plants’ aerial part extracts. 
It is pertinent to note that, to the best of our 
knowledge, research regarding this plant's 
biological activities is limited. 

2. Materials and Methods

Plant Collection and Identification 

Fresh aerial parts of Jaundea pinnata were 
collected from the botanical garden of Fo-
restry Research Institute of Nigeria (FRIN), 
Ibadan, Oyo State, Nigeria in July 2021, and 
authenticated by Dr. Odewo of the Institute. 
A voucher specimen (FHI 109517) was de-
posited at the herbarium section. The aerial 
parts of the plant were carefully rinsed with 
water, air-dried, and subsequently ground 
into fine powder. The weight of the resulting 
powder was determined to be 1225 g. This 

fine powder underwent sequential extraction 
using chloroform, ethyl acetate, and methan-
ol for 12 days, employing the cold extraction 
technique. The resulting chloroform (1.082 
g), ethyl acetate (2.061 g), and methanol 
(2.076 g) extracts were obtained through 
filtration, followed by concentration of each 
extract to obtain 3 crude extracts by rotary 
evaporation. These crude extracts were then 
stored in the refrigerator for future use.
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Phytochemical Screening 

The preliminary phytochemical studies of 
the crude extracts were conducted using 

standard procedures that have been 
documented in previous studies [6-11].

Antimicrobial Assays 

Test microorganisms 

Clinical strains of ten (10) test micro-
organisms from the Department of Medical 
Microbiology, University College Hospital, 
Ibadan were screened in the Laboratory of 
Pharmaceutical Microbiology Department, 
University of Ibadan, Ibadan, Nigeria. The 
test strains were comprised of 6 human 
pathogenic bacteria and 4 fungi. For anti-
bacterial assay, cultures of the bacteria, 

which made up of 2 gram-positive (Staphy-
lococcus aureus and Bacillus subtilis) and 4 
gram-negative (Escherichia coli, Pseudo-
mona aeruginosa, Salmonella typhi, and 
Klebsiellae pneumonae) were used. Mean-
while, Candida albicans, Aspergillus niger, 
Penicillium notatum, and Rhizopus sto-
lonifer were the fungi utilized for antifungal 
assay. 

Media 

In this study, nutrient agar, Sabouraud dex-
trose agar, nutrient broth and tryptone soya 
agar (Oxoid Ltd) were used. Chloroform, 

ethyl acetate, and methanol were also used 
in solubilizing the extracts and act as 
negative controls in the assays. 

Antimicrobial agents 

Gentamycin (10 µg/mL) and Tioconazole 
(0.7 mg/mL) were utilized as standard refer- 

ence drugs in the study. 

Determination of antimicrobial activity 

(a)Agar diffusion – pour plate method
(bacteria)
Overnight cultures of each organism were
prepared by taking a loop-full of the
organisms from the stock and inoculating
each into 5 mL of sterile nutrient broth.
These were then incubated for 24 hours at
37°C. From the overnight cultures, 0.1 mL
of each organism was taken and mixed with

9.9 mL of sterile distilled water to achieve a 
1:100 dilution (i.e., 10-2 M inoculum 
concentration) of the test organism. From 
this diluted solution (10-2 M) of the test 
organism, 0.2 mL was taken and placed into 
the prepared sterile nutrient agar, which was 
maintained at 45°C. The mixture was then 
aseptically poured into sterile petri dishes 
and allowed to solidify for 60 minutes [12]. 
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duplicate to ensure reliable results and 
separated from the controls. The plates were 
left undisturbed for 2 hours to facilitate pro-
per pre-diffusion. Subsequently, the plates 
were uprightly incubated for 24 hours at 
37°C. 

Within each well, graded concentrations of 
the extracts, including controls, were intro-
duced. The plates were left undisturbed for 
120 minutes to enable proper diffusion of 
the extracts into the agar, a phase known as 
pre-diffusion. Following this, the plates 
were incubated in an upright position at 
28°C for 48 hours [13]. 

Using a sterile cork borer with an 8 mm 
diameter, seven wells were created cor-
responding to the number of different graded 
concentrations of the sample. The graded 
concentrations (6.25–100 mg/mL) of the 
sample were placed within the wells, each in 

(b)Agar diffusion - surface plate method
(fungi)
A sterile Sabouraud Dextrose Agar solution
(62 g/L) was meticulously prepared and then
poured into sterile plates in duplicate,
allowing it to properly set. 0.2 mL of the 10-

2 M diluted organism solution was uniformly 
spread onto the agar surface using a sterile 
spreader. Seven wells were made using a 
sterile cork borer with an 8 mm diameter.

Antioxidant Activity 

The free radical scavenging activity of the 
extracts was assessed by employing the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging assay, following the procedures 
outlined by Blois [14] and Desmarchelier et 
al. [15]. The extract was weighed and 
subsequently dissolved in 100 mL of 
methanol. A solution containing 0.1 mM of 
DPPH in methanol was then prepared. This 
DPPH solution produced a violet/purple 
color in methanol solution. To evaluate the 
scavenging activity, the extract (1.6 mL) in 
methanol was mixed with 2.4 mL of the 
aforementioned DPPH solution, at varying 

concentrations ranging from 10 to 150 
μg/mL. The resulting mixture was vigor-
ously agitated and allowed to incubate in 
darkness at room temperature for a duration 
of 30 minutes. Following this, the absorb-
ance of the mixtures was measured at a 
wavelength of 517 nm utilizing a U-V 
(Ultraviolet-Visible) spectrometer (Perkin-
Elmer Model). Vitamin C was used as a 
reference standard. The experiment was 
replicated three times for each 
concentration. The percentage of DPPH 
radical scavenging activity was determined 
using the subsequent equation: 

%	DPPH	radical	scavenging	activity = 4
A	of	control − A	of	sample

A	of	control ; × 100 

where A = Absorbance. 

The IC50 values, denoting the inhibition con-
centration at 50%, were estimated from the 
% inhibition versus concentration plot, using 

a non-linear regression algorithm. This rep-
resentation illustrates the extract dose 
necessary to induce a 50% reduction in 
absorbance at 517 nm [16]. 
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GC-MS Analysis of the Extract 

The GC-MS analysis of chloroform, ethyl 
acetate and methanol plant extracts were 
conducted at the Shimadzu Training Centre 
for Analytical Instruments (STC) in Lagos, 
using the GCMS-QP2010SE instrument 
from Shimadzu, Japan. This instrument was 
equipped with the Optima 5 ms capillary 
column (30 × 0.25 mm2) having a 0.25 μm 
film thickness. The procedure followed the 
method outlined by Ajiboye et al. [17], with 
slight modifications. The gas chro-
matographic conditions were as follows: 
pure helium served as the carrier gas with a 
flow rate of 1.56 mL/min and a linear 
velocity of 37 cm/s. The initial column oven 
temperature was set at 60°C, and it was 
programmed to increase to 160°C at a rate 
of 10°C/min, and then finally to 250°C. A 
hold time of 2 minutes per increment was 
applied. The injection volume was 0.5 μL in 
the splitless mode, utilizing a split ratio of 

1:1. The injector temperature was 
maintained at 250°C. Regarding the mass 
spectrometer parameters, the ion source 
temperature stood at 230°C, while the 
interface temperature was set at 250°C. A 
solvent delay of 4.5 minutes was 
implemented, and the acquisition occurred 
within a scan range of 50–700 amu. The 
electron ionization mode was used, with a 
multiplier voltage of 70 eV and 185 eV, 
respectively. For compound identification, 
the retention time, fragmentation pattern, 
and mass spectral data of the unknown 
components in the extracts were compared 
against entries in the Wiley and National 
Institute of Standards and Technology 
(NIST) libraries. This comprehensive 
approach facilitated accurate compound 
identification. 

3. Results and Discussion

Phytochemical Screening 

The preliminary phytochemical screening of 
Jaundea pinnata indicates the presence of 
cardiac glycosides, tannins, terpenoids, vol-
atile oils and alkaloids in all the three ex-
tracts. 

Anthraquinones and saponins were both 
found in the chloroform and ethyl acetate 
extracts but not in the methanol extract. 
Flavonoids were found in the chloroform 
extract only, whereas steroids were found to 
be present in the methanol extract only 
(Table 1). The presence of this important 
class of phytochemicals could be an indi-

cator that Jaundea pinnata may have pharm-
acological importance. For instance, as 
natural polyphenols, flavonoids are well-
recognized for their exceptional antioxidant 
properties [16,18]. Concurrently, tannins, 
such as condensed tannins, fall under the 
category of phenolic compounds, charac-
terized by the presence of oligomers and 
polymers of flavan-3-ol monomeric units. 
Numerous studies have reported diverse bio-
logical activities associated with condensed 
tannins, including noteworthy antioxidant 
effects [16,19-21]. 
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Table 1. Phytochemical Tests Results of Chloroform, Ethyl Acetate, and Methanol 
Extracts of J. pinnata (Aerial Parts) 

S/N Phytochemicals Whole plant extract 
Chloroform Ethyl acetate Methanol 

1 Anthraquinones + + - 
2 Cardiac glycosides + + + 
3 Flavonoids + - - 
4 Saponins + + - 
5 Steroids - - + 
6 Tannins + + + 
7 Terpenoids + + + 
8 Volatile oils + + + 
9 Alkaloids + + + 
+ = presence; - = absence of corresponding phytoconstituents 

Antimicrobial Activity 

The antimicrobial assay is presented in 
Table 2. From the antibacterial study, the 
chloroform, ethyl acetate and methanol 
extracts inhibited the growth of all the test 
organisms at all concentrations, although the 
test organisms were just fairly inhibited at 
low concentrations (6.25–25 mg/mL). At 
moderate to high concentrations (50–100 
mg/mL), all the three extracts showed sig-
nificant inhibition of all the test organisms. 
The methanolic extract showed better inhi-
bition than the ethyl acetate extract, whereas 
the chloroform extract displayed the least 
inhibition of the test organisms. However, 
the results of the antifungal assay indicated 

effective inhibition of all the test organisms 
by all the three extracts, at all concentra-
tions, except for the chloroform extract 
which was resisted by Rhizopus stolonifer at 
a concentration of 6.25 mg/mL. Here, the 
inhibition also increases with increase in the 
concentration. The test organisms were only 
fairly inhibited at lower concentrations, be-
tween 6.25 and 25 mg/mL, but at medium to 
high concentrations (50–100 mg/mL), the 
extracts showed significant antifungal 
activity. In addition, the methanol extract 
displayed higher anti-fungal activity than the 
chloroform extract although with almost 
similar activity as the ethyl acetate extract. 
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Table 2. Antimicrobial Activity of Chloroform, Ethyl Acetate and Methanol Extracts of 
J. pinnata (Aerial Parts)

S.a = Staphylococcus aureus; E.c. = Escherichia coli; B.s. = Bacillus subtilis; P.a = Pseudomonas
aeruginosa; S.t. = Salmonellae typhi; K.p. = Klebsiellae pneumonae; C.a = Candidas albicans; A.n =
Aspergillus niger; P.n. = Penicillum notatum; R.s. = Rhizopus stolon; +ve = Gentamicin (10 μg/mL) for
bacteria or Tioconazole (0.7 mg/mL) for fungi; -ve = Solvent of dilution

From the foregoing, it can be deduced that 
the three extracts exhibit antimicrobial act-
ivity and their effects on the microbes de-
pend on the concentration of the extract – 
the higher the concentration, the higher the 
antimicrobial activity. The activity may be 

attributed to the presence of bioactive com-
pounds, such as terpenoids, alkaloids and 
tannins. The better inhibition of methanol 
extract, compared to the chloroform and 
ethyl acetate extracts, may be due to the 
presence of steroids, as shown in Table 1. 

Extracts 

Extracts 
conc. 

(mg/mL) 

Mean zone of inhibition (mm) 
S.a E.c B.s P.a S.t  K.p  C.a A.n P.n R.s

Chloroform 

6.25 10 10 10 10 10 10 10 10 10 -
12.5 13 14 13 13 12 13 12 12 11 10 
25 15 16 17 15 15 16 14 13 13 12 
50 18 18 19 17 17 18 16 16 15 14 

100 20 21 23 19 19 22 18 18 17 16 
-ve - - - - - - - - - - 
+ve 39 39 39 39 38 39 28 27 27 26 

Ethyl 
acetate 

6.25 14 14 11 14 12 14 10 10 10 10 
12.5 18 17 14 17 16 18 14 14 12 12 
25 21 21 18 20 19 22 16 15 14 14 
50 24 24 22 23 22 25 18 17 16 16 

100 27 27 25 26 25 29 20 18 18 18 
-ve - - - - - - - - - - 
+ve 40 40 38 40 38 38 28 27 27 27 

Methanol 

6.25 15 14 15 17 14 16 12 12 11 10 
12.5 19 18 19 21 17 20 14 14 14 14 
25 23 21 23 24 21 23 16 16 16 16 
50 27 24 27 27 25 27 18 18 18 18 

100 30 28 30 30 28 30 20 20 19 20 
-ve - - - - - - - - - - 
+ve 40 40 38 40 38 38 28 27 27 27 
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Antioxidant Activity 

The reduction ability of DPPH radical, 
indicative of antioxidant activity, was 
determined by measuring the decrease in 
absorbance induced by plant antioxidants– a 
process wherein the free radical accepts an 
electron or hydrogen radical, transforming 

into a stable diamagnetic molecule [16]. 
Hence, the scavenging potential of the plant 
extracts (chloroform, ethyl acetate, and 
methanol) against DPPH radicals were 
analyzed, and the results of the analysis are 
shown in Table 3 and Figure 1.  

Figure 1. DPPH Scavenging Potential of Crude Extracts of J. pinnata (Aerial Parts), 
Compared with Ascorbic Acid as Standard; JPi = J. pinnata’s Chloroform (i = C), Ethyl 

Acetate (i = E), and Methanol (i = M) Extract 

The results indicated that the extracts scav-
enged DPPH radicals in a dose-dependent 

manner with the chloroform extract 
displaying the highest percentage inhibition 
(68.83%) at 150 µg/mL. 

Table 3. Determination of Free-Radical Scavenging Capacity for the Extracts from 
J. pinnata (Aerial Parts)

Concentration 
(µg/mL) 

%IJPC %IJPE %IJPM %IA 

10 42.85 ± 3.83 44.67 ± 2.21 40.82 ± 1.49 61.47 ± 6.69 
20 52.50 ± 2.27 53.91 ± 1.20 42.31 ± 2.56 70.58 ± 2.05 
50 61.47 ± 2.84 54.66 ± 2.68 46.09 ± 2.12 70.78 ± 3.72 
100 62.62 ± 1.15 56.21 ± 3.42 54.59 ± 1.45 72.13 ± 2.47 
150 68.83 ± 2.46 57.42 ± 3.58 56.28 ± 0.42 75.44 ± 3.11 
Values are average ± standard error of the mean (SEM) from three replicates; %IJPi = 
percentage inhibition of J. pinnata (i = C (chloroform); E (ethyl acetate); and M (methanol) 
extract); %IA = percentage inhibition of ascorbic acid (standard) 
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Illustrated in Figure 1 are the scavenging 
effects of the three plant extracts and the 
standard on DPPH radicals, with their IC50 
values determined using an IC50 calculator 
[22], based on a dose-dependent, non-linear 
regression algorithm. The IC50 values of 
chloroform, ethyl acetate, and methanol 
extracts are 2.11 µg/mL, 3.16 µg/mL, and 
63.25 µg/mL, respectively, whereas that of 
ascorbic acid is 2.42 µg/mL. The observed 
IC50 values indicate pronounced antioxidant 
properties for both the chloroform and ethyl 
acetate extracts of the plant, comparable to 
those of the reference, ascorbic acid. 
Notably, considering the established inverse 
relationship between antioxidant activity and 
IC50 values [16], the chloroform extract of J. 
pinnata exhibited the highest antioxidant 
activity (greater than the reference) among 
the tested extracts while the methanol 
extract displayed the weakest antioxidant 
property. These results can be attributed to 

the presence of flavonoids in the chloroform 
extract, which were found lacking in the 
remaining extracts (Table 1). Despite the 
absence of flavonoids in both the ethyl 
acetate and methanol extracts, as revealed 
by the results from the phytochemical 
screening (Table 1), the IC50 value of the 
former was very much lower than that of the 
latter. Possible explanations for this pheno-
menon may be attributed to the presence of 
condensed tannins in the ethyl acetate 
extract, which could be lacking or present in 
a trace quantity in the methanol extract, or 
the presence of certain anthraquinones (such 
as emodin, aloe-emodin, chrysophanol, 
physcion, rhein, and hypericin) in the ethyl 
acetate extract, which are known for their 
reported antioxidant activity [23]. 
Nevertheless, a more detailed phytochemical 
profiling, including total phenolic content 
and anthraquinone profiling, is warranted to 
substantiate these hypotheses. 

4. GC-MS Results

Shown in Tables 4-6 are the GC-MS results 
from the chloroform, ethyl acetate, and 
methanol extracts of J. pinnata (aerial parts). 
In the chloroform extract, 10 compounds 
were identified, the principal one being 
phytol (5.60%). In contrast, the ethyl acetate 
extract revealed 17 compounds. Its primary 
constituents comprised oleic acid (23.05%), 
n-hexadecanoic acid (12.06%), methyl ester
of 9-octadecenoic acid (Z) (11.32%), dibutyl
phthalate (10.08%), hexadecanoic acid
methyl ester (6.16%), and hexanoic acid

(5.80%). Conversely, 15 compounds were 
identified in the methanol extract, the 
principal constituents being methyl ester of 
9-octadecenoic acid (Z) (35.35%),
hexadecanoic acid methyl ester (15.75%),
dibutyl phthalate (9.36%), methyl stearate
(7.83%), and 15-octadecenoic acid methyl
ester (5.89%). These principal components,
along with the trace compounds, are likely
responsible for the observed free radical
scavenging and antimicrobial activities of
the plant extracts.
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Table 4. GC-MS Analysis of Chloroform Extract of Aerial Part from J. pinnata 

S/N Compound Name Peak 
Area (%) 

Molecular 
Formular 

Molecular 
Weight 
(g/mol) 

Retention 
time (min) 

1 Oxirane, hexadecyl- 0.66 C18H36O 268 15.056 
2 Hexadecanoic acid, methyl 

ester 
0.78 C17H34O2 270 15.662 

3 n-Hexadecanoic acid 0.11 C16H32O2 298 16.426 
4 9-Octadecenoic acid, methyl

ester, (E)-
0.54 C19H36O2 296 17.039 

5 Phytol 5.60  C20H40O 296 17.192  
6 Methyl stearate  0.47  C19H38O2 298 17.275  
7 4,8,12,16-

Tetramethylheptadecan-4-
olide 

0.22  C21H40O2 324 19.329  

8 9-Octadecenamide, (Z)- 0.59  C18H35NO 281 19.536  
9 Bis(2-ethylhexyl) phthalate 0.20  C24H38O4 390 20.759 
10 Vitamin E 0.36  C29H50O2 430 21.300  
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Table 5. GC-MS Analysis of Ethyl Acetate Extract of Aerial Part from J. pinnata 

S/N Compound Name Peak 
Area (%) 

Molecular 
Formular 

Molecular 
Weight 
(g/mol) 

Retention 
time (min) 

1 Hexanoic acid  5.80  C6H12O2 116   6.909  
2 Phenol, 2,4-bis(1,1-

dimethylethyl)- 
0.31  C14H22O 206 12.637  

3 Tetradecane 0.24  C14H30 198 13.674  
4 4,4,5,8-Tetramethylchroman-2-

ol 
2.63  C13H18O2 206 14.020  

5 2(3H)-Benzofuranone, 
hexahydro-3a,7a-dimethyl-3-
methylene-, cis- 

1.74  C11H16O2 180 14.317 

6 2-Pentadecanone, 6,10,14-
trimethyl-

0.64  C18H36O 268 15.815  

7 Hexadecanoic acid, methyl
ester

6.16  C17H34O2 270 16.467 

8 Dibutyl phthalate 10.08  C16H22O4 278 16.605  
9 n-Hexadecanoic acid 12.06 C16H32O2 256 16.839  
10 9,12-Octadecadienoic acid, 

methyl ester   
1.19  C19H34O2 294 17.852  

11 9-Octadecenoic acid (Z)-,
methyl ester  

11.32  C19H36O2 296 17.924  

12 Phytol 4.44  C20H40O 296 18.103  
13 Methyl stearate  2.68  C19H38O2 298 18.174  
14 Oleic Acid  23.05  C18H34O2 282 18.429  
15 9,11-Octadecadienoic acid, 

methyl ester, (E, E)-   
2.21  C19H34O2 294 18.683  

16 Methyl 18-
methylnonadecanoate 

0.60  C21H42O2 326 20.176  

17 Docosanoic acid, methyl ester  1.11 C23H46O2 354 21.955 
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Table 6. GC-MS Analysis of Methanol Extract of Aerial Part from J. pinnata 

S/N Compound Name Peak 
Area (%) 

Molecular 
Formular 

Molecular 
Weight 
(g/mol) 

Retention 
time (min) 

1 Phenol, 2,4-bis(1,1-
dimethylethyl)-   

0.32 C14H22O 206 12.659  

2 Hexadecanoic acid, methyl 
ester   

15.75  C17H34O2 270 16.470  

3 Dibutyl phthalate   9.36  C16H22O4 278 16.619  
4 
5 9,12-Octadecadienoic acid, 

methyl ester 
2.43  C19H34O2 294 17.857  

6 9-Octadecenoic acid (Z)-,
methyl ester

35.35  C19H36O2 296 17.933  

7 15-Octadecenoic acid, methyl
ester 

5.89  C19H36O2 296 17.976  

8 Phytol 3.38  C20H40O 296 18.108  
9 Methyl stearate  7.83 C19H38O2 298 18.178  
10 Methyl 9-cis,11-trans-

octadecadienoate 
2.26  C19H34O2 294 18.697  

11 cis-11-Eicosenoic acid, methyl 
ester 

1.35  C21H40O2 324 19.916  

12 Eicosanoic acid, methyl ester 2.79 C21H42O2 326 20.178 
13 
14 Docosanoic acid, methyl ester  4.83  C23H46O2 354 21.957  
15 Tetracosanoic acid, methyl 

ester 
0.72  C25H50O2 382 23.528  

Phytol, present at 5.60% in the chloroform 
extract (Table 4) has been reported for its 
potent in vitro antioxidant activity, attributed 
to its potential to eliminate hydroxyl radicals 
and nitric oxide and prevent the formation of 
thiobarbituric acid reactive substances [24]. 
Its presence, together with the existence of 
flavonoids (Table 1), may elucidate the 
chloroform extract’s comparatively higher 
antioxidant property, despite its compar-
atively lower antibacterial and antifungal 
activities among the three extracts. Detailed 
compound information, including compound 

names, peak areas, molecular formulae, 
molecular weights and retention times, is 
provided in Tables 4, 5, and 6 for all the 
constituents present in each extract. The 
compounds reported in the table are the ones 
with the highest matching (> 95%) of 
spectra and fragmentation patterns with 
reference to those from the NIST’s mass 
spectral library. 
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5. Conclusions and Recommendation

The aerial parts of Jaundea pinnata have 
been investigated in this research and the 
preliminary phytochemical assay revealed 
the presence of cardiac glycosides, tannins, 
terpenoids, volatile oils and alkaloids in all 
the three extracts. Notably, the absence of 
flavonoids in the ethyl acetate and methanol 
extracts, steroids in the chloroform and ethyl 
acetate extracts, and anthraquinones solely 
in the methanol extract was also observed. 

Significant antimicrobial activity was noted 
across all the three extracts, demonstrating 
notable inhibition of all the test bacteria and 
fungi at moderate to high concentrations 
(50-100 mg/mL). Although relatively lower 
than those exhibited by the positive control 
(Table 2: Gentamicin for bacteria or 
Tioconazole for fungi), the dose-dependent 
nature of the extracts’ activity suggests the 
possibility to match the antimicrobial 
activity of the positive control at higher 
concentrations, say ≥ 200 mg/mL. This 
supports the ethnomedicinal use of the plant 
in traditional medicine for conditions 
associated with bacteria and fungi 
infections. Furthermore, the plant extracts 
exhibited substantial efficacy in scavenging 
DPPH radicals comparable to that of the 
reference, ascorbic acid, with the chloroform 
extract displaying slightly higher antioxidant 
property, thereby affirming their potential 

therapeutic utility in oxidative stress-related 
diseases. 

Gas Chromatography-Mass Spectrometry 
(GC-MS) analysis of the extracts identified 
several peaks corresponding to bioactive 
compounds, including phytol and oleic acid, 
which can act as free radical scavengers, 
helping to neutralize reactive oxygen species 
(ROS) and reduce oxidative stress in the 
body. 

This comprehensive research, encompassing 
phytochemical screening, radical scavenging 
activities, antimicrobial properties, and GC-
MS analysis, collectively underscores the 
rationale for considering the utilization of 
this plant in alternative and traditional 
medicine. The study highlights its potential 
efficacy in treating various ailments, 
especially those associated with oxidative 
stress, injury, or microbial infections. 

To this end, further investigations are 
recommended to achieve a comprehensive 
isolation, identification, characterization, 
and elucidation of the structures of the bio-
active compounds responsible for the ob-
served pharmacological effects. The possi-
bility of the extracts’ antimicrobial activities 
surpassing those of the positive controls at 
concentrations ≥ 150 mg/mL could also be 
verified as an extension of this study. 
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Theoretical Structural Analysis and IR Spectroscopic Differences of 
Constitutional Isomers of 4-Bromo-Di-tert-Butyl Aniline and Their 
Impact on Human Skin 
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Abstract:  This pilot study investigates the infrared (IR) spectroscopic differences among 
constitutional isomers of 4-bromo-di-tert-butyl aniline and evaluates their structural, 
vibrational, and dermatological properties using computational methods. Three isomers 4-
bromo-3,5-di-tert-butyl aniline (Isomer A), 4-bromo-2,6-di-tert-butyl aniline (Isomer B), and 
4-bromo-5,6-di-tert-butyl aniline (Isomer C) were analyzed employing density functional
theory (DFT) at the B3LYP/6-31G* level. Geometry optimization and vibrational frequency
calculations were performed using GAMESS, and theoretical IR spectra were simulated and
compared.

The calculated IR spectra reveal complete overlap between Isomers A and B, indicating no 
significant vibrational differences despite their constitutional variation. In contrast, Isomer C 
exhibits minor variations in alkane C–H stretching and amine vibrational modes, attributed to 
the asymmetric positioning of tert-butyl substituents on the aromatic ring. All simulated 
spectra fall within the 400–3600 cm-¹ range and show characteristic functional group 
vibrations consistent with aniline derivatives. 

Quantitative structure–activity relationship (QSAR) modeling was employed to assess skin 
sensitization potential using multiple validated endpoints. The results indicate that all three 
isomers are predicted skin sensitizers, suggesting that these compounds may pose 
dermatological risks and are unsuitable for cosmetic applications. Overall, this study 
demonstrates the utility of combined DFT-based vibrational analysis and QSAR modeling 
for evaluating structural isomerism and predicting potential health hazards within the aniline 
family. 

Key Words: Infrared spectroscopy, constitutional isomers, QSAR, skin sensitization, density 
functional theory (DFT) 
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CC1=CC(=CC(=C1Br)C)N 
CC(C)(C)c1cc(Br)cc(c1N)C(C)(C)C 

1. Introduction

The molecular formula of the compounds 
investigated in this study is C₁₄H₂₂BrN. Three 
constitutional isomers were considered: 4-
bromo-3,5-di-tert-butyl aniline (Isomer A), 
4-bromo-2,6-di-tert-butyl aniline (Isomer B),
and 4-bromo-5,6-di-tert-butyl aniline (Iso-
mer C). Infrared spectroscopy is a well-estab-
lished analytical technique for identifying
organic compounds and differentiating const-
itutional isomers that share the same mole-
cular formula but differ in atomic con-
nectivity [1]. The integration of experimental
spectroscopy with computational analysis
provides a robust framework for vibrational
mode assignment and structural charact-
erization.

Aniline derivatives constitute an important 
chemical family with extensive applications 
in environmental assessment, pharma-
ceuticals [2], polymer industries, agro-chem-
icals [3], textile dyes, paints, stationery 
products [4], and hair dyes [5]. The com-
pound C₁₄H₂₂BrN represents a moderately 
substituted member of this family. Substi-
tution by tert-butyl groups can influence the 
intrinsic electronic and vibrational properties 
of aniline derivatives. Notably, aniline-based 
materials have demonstrated metallic-like 
behavior in conducting polymers [6,7], ma-
king them valuable in industrial applications. 
Furthermore, aniline derivatives serve as 

useful test systems for evaluating the ac-
curacy of DFT methods in pharmaceutical 
and materials research [8]. Previous com-
putational investigations have provided in-
sight into reaction pathways and non-planar 
geometries of aniline derivatives using ab 
initio and DFT approaches [9,10]. Advances 
in computational chemistry and vibrational 
spectroscopy software have significantly en-
hanced the ability to predict molecular 
properties prior to experimental synthesis 
[11]. In materials science and chemical safety 
assessment, computational chemistry and 
toxicity prediction have become indis-
pensable tools. 

Skin sensitization remains a major concern 
for consumers and regulatory authorities, 
particularly for cosmetic ingredients [12]. 
Computational prediction of dermatological 
effects allows early-stage hazard screening 
while reducing reliance on animal testing. 
With continued development of computa-
tional chemistry platforms, predictive mo-
deling has become an essential compl-ement 
to experimental investigations [13]. How-
ever, selecting an appropriate computational 
model for substituted aniline derivatives 
remains challenging. The present study ad-
dresses this issue by combining DFT-based 
vibrational analysis with QSAR-based derm-
atological assessment. Figure 1 features the 
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optimized forms of the three different 
isomers (A, B & C). 

Fig 1. Arrangement of Isomers 

Stereochemistry of Isomers 

Each molecule contains an amino group 
attached to a single aromatic ring, with 
bromine substitution at the meta position. 
The aromatic ring comprises six carbon 
atoms, while two tert-butyl groups (4 + 4 

carbon atoms) are attached at positions 3/2/5 
and 5/6/6, giving a total of 14 carbon atoms. 
The molecules contain twenty-two hydrogen 
atoms, three double bonds, and no triple 
bonds, as illustrated in Figure 1. 

2. Computational Method

Molecular structures were constructed using 
Avogadro 1.2 Molecular Editor [14]. Each 
isomer was geometrically optimized, and 
theoretical results were compared using the 
KnowItAll Informatics System. Vibrational 

frequency calculations and IR spectra 
simulations were performed using the 
GAMESS program [15]. Skin sensitization 
potential was evaluated using the LabMol 
Pred-Skin QSAR platform [16]. 

Parameter Use 

IR spectra calculations were conducted using 
the B3LYP functional with the Pople 6-31G* 
basis set. It enhances the time of compu-

tation, giving better results. Parameters for 
electrostatic potential map calculations are 
same as the above parameters. 

3. Computational Results
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Isomer 

Aniline molecular docking simulating base 
results show that isomers .All three isomers 
exhibited an identical molecular weight of 
284.2 g/mol. Molecular weight provides very  

useful information such as viscosity. Higher 
molecular weight monomers require addi-
tional energy during formation processes. 
The molecular docking simulation tool is 
easily incorporated. Also, it more accurately 
 models near to reality. Total number of 
atoms is 38. 

I.R Theoretical Value

The spectrogram for IR value for 4-bromo-
3,5-di-tert-butyl-tert aniline Isomer (A & B) 
lies in 0-3500 cm-1. It is clearly interpreted 
from Figure 2. The following attachments are 
bonded with an aromatic ring: 

• Alkanes: To confirm alkanes there are
three types of atoms attachments, which
are as follows:

C-(CH3)3, R-CH3 &CH-(CH3)2 .C-(CH3)3, C-
H bending vibration, CH3 asymmetric 
bending, 1470-1430 cm/1, CH2 asymmetric 
bending, 1485-1445 cm/1, C-C medium 
stretching 1200cm/1. CH3 asymmetric 
stretching, 3158 cm/1, CH3 symmetric 
stretching, 3070 cm/1, which is slightly far, 
as shown in the spectrogram in Figures 2 and 
3. 

Fig 2. IR Spectrogram of 4-Bromo-3, 5-di-butyl-tert aniline (Isomer A) 
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Fig 3. IR Spectrogram of 4-Bromo-5,6-di-tert-butyl aniline (Isomer C) 

• Amine group: The presence of
primary amine C-N medium stretch-
ing at 1304 cm-1.NH2, de-forming at 
1629 cm/1, NH anti-symmetric, very 
minute peak at 3488 cm/1. 

• Aromatic ring: The aromatic ring
contains 1, 3, 4 & 5 substitute attach-
ments, i.e., 1, 3, 4 & 5 carbons, as
shown in Figure 1. C-H strong starch-
ing vibration peak at 3146 cm/1.

Overtone of C-H wagging at 1692 
cm-1. A minute peak of ring deforma-
tion at 851 cm-1. The presence of ring
stretching at 17000 -1400cm-1.

• Halogen group: The Isomer contains
one halogen member, i.e., bromine,
which is attached with carbon 4, and
shows strong vibration at 664-528
cm-1.

Fig 4. Compression Between Isomer (A) & Isomer (B) IR Spectrogram 

From Figure 4, it is clear that both Isomers A 
& B are showing the same spectrogram (so 
there is no need to explain Isomer B 
separately). 

From Figure 4, the IR spectra of Isomers A 
and B exhibit complete overlap, indicating no 
significant vibrational differences. It is 
further revealed that there is no difference. 

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 19



Ergo, for determination of IR frequency, it is 
hard to differentiate the results. 

Fig 5. Compression Between Isomer (A), Isomer (B) & Isomer (C) IR Spectrogram 
Theoretical NMR Analysis 

From Figure 5, it is clear to see that the alkane 
C-H medium antisymmetric 1400 cm/1
intensity; the other alkane C-H symmetric
intensity of Isomer C is also slightly high.
The alkane CH symmetric at 3090 cm/1 high
peak means strong vibration. These are due

to the attachment of butyl atoms at one side. 
While the vibration of amine groups also 
slightly fluctuates, as shown in the spec-
trogram in Figure 5, small antisymmetric vib-
ration of NH 3450 cm/1 are due to anti-
symmetric movement of hydrogen atoms that 
are attached with a nitrogen atom. 

Theoretical NMR Analysis 

Theoretical NMR chemical shift calculations 
were performed to evaluate the proton and 
carbon environments of the three consti-
tutional isomers. The predicted ¹H NMR 
chemical shift values are presented in Table 
2, while the corresponding ¹³C NMR values 

are summarized in Table 3. Variations in the 
chemical shifts are primarily attributed to 
differences in substitution positions of tert-
butyl groups on the aromatic ring, which in-
fluence local electronic environments. 

Electrostatic Potential Map 

In chemistry, electrostatic potential is a 
classical and fundamental concept. Many ob-

servables of molecules, such as dipole mo-
ments, chemical shift, and electromagnetic 
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spectra, can be correlated to atomic charges 
in the molecule, and many structure-property 
theories of molecules are based on the idea of 

atomic charges. The role of electrostatic 
potential in chemistry is a well-known [17] 
well-established concept in chemistry. 

Fig 6. The Electrostatic Potential of Isomers 

From Figure 6, it is clear to see that the 
charges of Isomer C are completely shifted 
towards one side. 

Dermatological evaluation 

“Is this organic isomer safe for human use?” 
is a fundamental question that arises before 
development and regulation of any cosmetics 
chemical, and evaluation of its toxicity 
impact on human skin [18,19]. With 
advancements in science, the practice of 
testing chemicals on animals is no longer 
needed, and the sale of cosmetics products 
tested on animals is also banned in 
developing countries. 

Tables 1-3 show that the above-mentioned 
three isomers of aniline are skin sensitizers. 
This evidence proves that with human skin 

contact, they can lead to sensitization. These 
cause problems like damage to the immune 
system, interference with hormones, and may 
pose potential long-term health risks, subject 
to further experimental validation. Patho-
mechanisms of the allergic response is a 
complex mechanism, although all the 
findings need confirmation in humans. 
Contact allergy is the result of the activation 
of both innate and adaptive immunity in 
response to haptens [20]. Cosmetics products 
directly used by humans may be released into 
the environment as an indirect consequence 
of their use [21]. 
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Table 1. QSAR Models Based Skin Response Results 

Test name Isomer A 
Probability

Isomer B 
Probability

Isomer C 
Probability

1. Human skin 70% 70% 70% 

2. Murine local lymph node
assay

50% 60% 50% 

3. Human cell line activation
test

90% 90% 90% 

4. Keratino Sens 80% 80% 90% 

• Each prediction was performed in triplicate to ensure reliability and
reproducibility of the QSAR model outputs.

Table 2. NMR H1 

Isomer A 
No. of H atoms 

PPM Isomer B
No. of H atoms 

PPM Isomer C 
No. of H atoms 

PPM 

23,24 6.48 17,18 7.18 17 7.13 

17-37 1.41 21-38 1.34 18 6.27 

******************* 

30-38 1.41 

21-29 1.35 
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Table 3. NMR 13 C 

Isomer A 
No. of C atoms 

PPM Isomer B
No. of C atoms 

PPM 
No. of C atoms 

Isomer C 
No. of C atoms 

PPM 

3,5 150 1 148 1,3 145 

1 140 2,6 137 2 141 

2,6 116 3,5 127 5 134 

11-16 30.2 4 113 6 118 

4 117 9,16 35 4 116 

9,10 35.2 10-15 30 13 39 

******************************* 

12 36 

9-15 30 

4. Conclusion

The present computational study provides a 
systematic vibrational and dermatological 
assessment of three constitutional isomers of 
4-bromo-di-tert-butyl aniline using density
functional theory and QSAR-based
modeling. The IR spectroscopic analysis
demonstrates that Isomers A and B exhibit
complete spectral overlap, indicating that
constitutional variation at these substitution
positions does not produce distinguishable
vibrational differences. In contrast, Isomer C
shows minor variations in alkane C–H
stretching and amine vibrational modes,
which can be attributed to the asymmetric
placement of tert-butyl substituents on the
aromatic ring.

Although the applied DFT methodology 
successfully reproduces key vibrational 
features of the aniline derivatives, the results 
also highlight the inherent limitations of 
purely theoretical approaches in fully 
resolving subtle isomeric differences in IR 
spectroscopy. Nevertheless, the combined 

use of vibrational analysis and electrostatic 
potential mapping provides valuable insight 
into substitution-dependent electronic effects 
within the aniline framework. 

QSAR-based dermatological evaluation 
predicts that all three isomers possess skin-
sensitizing potential. These findings suggest 
that, despite minor structural and vibrational 
differences, the constitutional isomerism 
examined here does not significantly alter the 
predicted dermatological risk profile. 
Accordingly, the studied compounds appear 
unsuitable for cosmetic applications, subject 
to further experimental validation. Overall, 
this work emphasizes the usefulness of 
integrated DFT and QSAR methodologies for 
evaluating structural isomerism, vibrational 
behavior, and potential health hazards of 
aniline derivatives. The approach presented 
here may serve as a supportive framework for 
preliminary hazard screening and for guiding 
regulatory considerations related to cosmetic 
and consumer-use chemicals. 
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5. Supplementary Data

Meta data associated with the current study 
also obtain from corresponding author on 
request. 
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Abstract:  The recycling and green valorization of spent lubricating oil are crucial processes 
for mitigating environmental pollution and conserving resources. In this study, spent oil was 
recovered using column chromatography over a silica-nanocrystalline cellulose matrix. The 
spent oil was also further used in grease formulation. Hura crepitans seed oil, an 
underutilized non-edible seed oil was extracted saponified with wood ash-derived potash and 
used to prepare bio-based soap. The soap was then combined with recovered lubricating oil 
to formulate grease. Physicochemical analysis, including specific gravity, viscosity, pour 
point, and GC-MS analysis, revealed significant recovery of quality oil for further use. The 
quality of the bio-based grease also revealed potential industrial applications. This study 
demonstrates an eco-friendly and efficient method for recycling and valorization of spent oil 
while introducing a novel use of non-edible plant oils in lubricant production. 

Key Words: Hura crepitans, nanocrystalline cellulose, spent oil, valorization, grease, green 
chemistry  

1. Introduction

Lubricating oils play a critical role in reduc-
ing friction and wear in machinery, enhance-
ing performance, and prolonging equipment 
lifespan. However, during service, these oils 
degrade due to thermal stress, oxidation, and 
contamination with metal particles, soot, and 
water [1]. The result is spent lubricating oil 

(SLO), a hazardous waste that poses serious 
environmental and public health risks if 
improperly managed. Proper recycling for 
reuse through processes like re-refining is 
essential to mitigate these risks and recover 
valuable resources [2]. Conventional dispos- 
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al methods, such as landfilling, open 
dumping, or incineration, led to soil and 
groundwater contamination which contri-

bute to greenhouse gas emissions. Oil 
discharge to the environment is source of 
pollution [3].

Figure 1. Figure 2. 

Spent lubricating oil (Figure 1) are complex 
mixtures resulting from the breakdown of 
virgin oil (Figure 2) during service. The 
chemical composition of spent lubricating 
oil includes hydrocarbons base oil, addi-
tives, environmental contaminants, and 
degradation products. Each component of 
the oil plays important role in the oil’s 
function and its degradation over time. 
Important chemical components of spent 
lubricating oil include base oil and degraded 
products. Base oil forms the foundation of 
lubricating oil and generally accounts for 
70–90% of the oil’s composition. They are 
derived from either petroleum (mineral oil) 
or synthesized through chemical processes 
(synthetic oil) [4]. Degraded products: The 
degradation of lubricating oil results in the 
formation of various chemical byproducts 
that compromise the oil’s performance. The 
degradation is mainly due to thermal break-
down, oxidation, and chemical reactions 
with contaminants. The degraded product 
occurs in the form of oxidized hydrocarbons 
and polymerized species. 

The growing emphasis on environmental 
sustainability and resource conservation has 
prompted the exploration of greener strat-
egies for SLO treatment. Among these, re-
refining and valorization are increasingly 
recognized as viable options for recovering 
useful components from waste oils. These 
approaches not only reduce the demand for 
virgin base oils but also support circular 
economy principles by transforming waste 
into value-added products. Valorization 
refers to the process of transforming this 
waste into valuable products through various 
recovery or reprocessing methods. There-
fore, valorization not only reduces environ-
mental burden but also supports resource 
recovery and circular economy principles. 
Valorization which is guided by the 3R 
concept: Reduce, Reuse, and Recycle, often 
goes beyond to include energy recovery and 
upcycling of waste into higher-value 
products. The objectives of valorization are 
to: prevent waste from entering landfills, 
enhance sustainability in production and 
consumption and stimulate innovation in 
green technologies or waste management 
[6]. 
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One of the promising yet underexplored 
techniques for SLO recovery is the use of 
bio-based materials in oil purification pro-
cesses. Nanocrystalline cellulose (NCC), 
derived from plant biomass, has gained 
attention as a renewable and efficient separ-
ation medium due to its high surface area, 
biodegradability, and adsorption properties. 
When integrated into chromatographic sys-
tems, NCC can enhance the selective recov-

ery of lighter oil fractions from degraded 
lubricants. 

In parallel, the use of non-edible seed oils in 
industrial formulations such as greases 
offers an environmentally friendly alterna-
tive to petroleum-based ingredients. Hura 
crepitans (sandbox tree) seed oil (Figure 3), 
abundant in tropical regions, is a non-edible 
and renewable resource with suitable 
physicochemical properties for saponifica-
tion and grease production. 

Figure 3. Figure 4. 

This study aims to recover clean lubricating 
oil (Figure 4) from spent lubricating oil over 
a nanocrystalline cellulose bed and to 
valorize the spent oil with bio-oil from the 

seeds of the sandbox tree (Hura crepitans). 
The seed oil was utilized as a raw material 
for saponification with KOH from soda ash 
to make soap used for grease production. 

2. Materials and Method

Spent lubricating oil was collected from 
used automobile engines within Ilorin, 
Nigeria. Hura crepitans seeds were harv-

ested from mature fruits in Ilorin and 
authenticated at the herbarium of the 
University of Ilorin. Analytical-grade 
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reagents and solvents including n-hexane, 
methanol, and sulfuric acid were used. 
Potash used for saponification was derived 
from dried wood ash, and nanocrystalline 

cellulose used as part of the stationary phase 
for chromatographic separation was ob-
tained as a gift from the department of 
Chemistry, University of Ilorin, Nigeria.

Extraction of Hura crepitans Seed Oil 

Harvested Hura crepitans seeds were 
dehulled, air-dried, and milled into fine 
powder. Oil extraction was carried out using 
a reflux system with a solvent mixture of n-
hexane, methanol, and sulfuric acid in a 

ratio of 42:33:1 mL [7]. A total of 110 g of 
seed powder was refluxed for 1 hour under 
controlled heat. The resulting mixture was 
cooled, filtered, and the oil was extracted 
with hexane. Then, the solvent was 
recovered by distillation. The oil yield was 
determined based on the initial seed mass. 

Preparation of Soap from Hura crepitans 
Oil 

Following standard protocols [8], 
saponification of the extracted oil was 
carried out using a potash prepared from 

wood ash. A mixture of 12 mL of seed oil 
and 24 g of aqueous potash was heated at 
80°C with continuous stirring until the 
formation of a uniform soap mass was 
observed. The resulting soap was air-dried 
and stored for use in grease formulation. 
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Fractionation of Spent Lubricating Oil on 
Column Chromatography 

Spent oil samples were subjected to column 
chromatography to isolate cleaner oil 
fractions. A glass column (50 cm × 0.5 cm) 
was packed with a homogeneous blend of 
silica gel and nanocrystalline cellulose in a 
1:1 ratio as the stationary phase. Approx-
imately 15.84 g of spent oil was loaded onto 
the column and eluted using n-hexane as the 
mobile phase. Fractions were collected 
primarily based on color, and elution profile. 
The recovered oil was classified as dark, 
medium, and light fractions. 

The recovered oil fraction was analyzed 
using gas chromatography–mass spectrum-
etry (GC-MS) to determine its chemical 
composition and to assess the efficiency of 
the recovery process. For comparative pur-
poses, a sample of virgin lubricating oil was 
also subjected to GC-MS analysis under 
identical conditions. The resulting chroma-
tographic profiles were evaluated to identify 
changes in hydrocarbon structure, the pres-
ence or removal of degradation products, 
and the restoration of base oil quality. 

Grease Formulation 

Grease was formulated by blending 15 g of 
Hura crepitans-based soap with 85 g of the 
recovered oil fraction. The mixture was 
heated to approximately 100°C and stirred 

continuously until a smooth, homogenous 
grease was obtained. The prepared grease 
was allowed to cool and stored for 
physicochemical analysis. 

Physicochemical Analysis 

Following standard procedure [9,10], the 
following analyses were conducted on the 
virgin oil, spent oil, recovered oil, and seed 
oil: 

Specific Gravity: The specific gravity of 
virgin, spent, and Hura crepitans oil was 
measured using a pycnometer. It was 
weighed empty, with water, and with each 
oil sample, ensuring no air bubbles and a 
clean exterior before weighing. 
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Kinematic Viscosity: Viscosity of virgin, 
spent, and Hura crepitans oil was measured 
using an Ostwald viscometer, calibrated 
with distilled water. About 10 ml of each 
sample was drawn above the upper mark 
and allowed to flow under gravity. Flow 
time between two points was recorded with 
a stopwatch at room temperature. The 
viscometer was cleaned before each test to 
ensure accuracy. 

Pour Point: The pour point (the lowest tem-
perature at which oil still flows) was 
determined for three oil samples (virgin 
lubricating oil, spent lubricating oil, and 
Hura crepitans oil). Each sample was placed 
in a clean test jar with a thermometer and 

cooled in a controlled bath. At every 3°C 
drop, the jar was removed and tilted to 
check for flow, with each check done within 
3–5 seconds to prevent temperature rise. The 
process continued until no flow was 
observed, and the pour point was recorded 
as 3°C above that temperature. All apparatus 
were cleaned and dried after each test. 

Saponification Value: Evaluated via 
standard titration using potassium hydroxide 
and hydrochloric acid. 

Yield Determination: Percentage yields of 
extracted and recovered oils were computed 
based on initial mass. All tests were 
conducted in triplicate to ensure repro-
ducibility and average recorded. 

3. Results and Discussion

Hura crepitans seed oil typically appears as 
a yellowish liquid with moderate viscosity 
and a density, 0.9-1.0 g/cm³ (Table 1). Its 
Saponification value indicates its potential 
for soap production. 

The recovered oil fraction exhibited im-
proved properties compared to untreated 
spent oil, as shown in Table 1. 

Table 1. Physicochemical Properties of Oils 

Parameter Virgin Oil Spent Oil Hura crepitans 

Specific Gravity (g/cm3) 0.872 0.869 0.900 

Viscosity (sec) 639.6 913.8 497.8 

Pour point (°C) -30 -15 -6

Saponification Value (mg 
KOH/g) 

- - 171.1 
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Discussion 

The specific gravity values (Table 1) ob-
tained suggest that all three oils are less 
dense than water, as expected for hydro-
carbon-based oils. The spent lubricating oil 
had a specific gravity of 0.869 g/cm³, slight-
ly lower than the virgin lubricating oil at 
0.872 g/cm³, likely due to degradation and 
accumulation of lighter decomposition by-
products over time. This minor decrease is 
consistent with previously reported changes 
in density due to oxidative breakdown and 
contamination in used engine oils [11]. 

The Hura crepitans seed oil exhibited a high 
specific gravity at 0.919 g/cm³, indicating a 
denser molecular composition, possibly due 
to the presence of higher molecular weight 
triglycerides and fatty acids. This aligns 
with findings in plant-based oils known for 
their higher saturation or functional group 
content [12]. These differences in specific 
gravity can influence the applications of 

each oil, especially in formulations such as 
grease production, where oil density and 
viscosity play a role in determining the final 
product’s performance and texture. 

The viscosity of spent lubricating oils is 
often high compared to fresh oil due to 
oxidation and the presence of contaminants 
such as soot and metal particles. The high 
viscosity affects the flow characteristics of 
the oil and can lead to reduced efficiency in 
lubrication systems [13]. Virgin oil, being 
unused and clean, had moderate viscosity. 
Hura crepitans oil had the lowest viscosity, 
likely due to its plant-based composition, 
lighter molecular weight, and minimal 
impurities. The viscosity trend (Spent > 
Virgin > Hura) aligns with the impact of 
degradation and supports Hura oil’s 
potential use in low-viscosity, eco-friendly 
lubricants. 

Gas Chromatography – Mass 
Spectrometry Analysis 

GC-MS is widely employed for analyzing 
the volatile and semi-volatile components in 
spent lubricating oil. It provides a detailed 
profile of hydrocarbons, degradation prod-
ucts, and contaminants like fuel residues 
[14]. The chemical composition of the 
Recovered Spent Oil and the virgin oil was 
obtained by subjecting them to Gas Chrom-
atography-Mass Spectrometry (GC-MS) 
analysis. 

Approximately 0.2 g of each sample was 
diluted in 2.0 mL using hexane and further 
to a microgram unit before injection into the 
Shimadzu GC-2010 gas chromatograph. The 
parameters for the analysis is as indicated: 
The detector, FID at 220°C, nitrogen gas 

flowing at 1.0 mL/min on an Optima 35 
capillary column (30 m × 0.53 mm ID; 0.32 
mm) with a split ratio 1:30 and injector
temperature, 250°C.The column temperature
was maintained at 40°C for five minutes
before increasing to 280°C (5°C/min) with a
delay at that temperature for an additional
five minutes. For the GC-MS, a Jeol JMS-
HX 110 mass spectrometer with a source at
270°C and 70 eV coupled with a Hewlett-
Packard 6890 gas chromatograph was used.
The injector was configured to split at 1:30
and temperature at 270°C. Compound
identification was established by comparing
the MS fragmentation with authentic
samples and data obtained on the NIST
Library Version 3.0 mass spectral software
database. The chemical composition of the
hexane extracts as obtained from the GC-
MS is as shown in Table 2.
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Gas Chromatography–Mass Spectrometry 
(GC-MS) was employed to characterize the 
hydrocarbon composition of virgin (of same 
origin with the spent) and column recovered 
oil from spent lubricating oil samples 
extracted using hexane and purified via col-
umn chromatography. Sixteen compounds 
(Table 2) were identified in both the virgin 

oil and the recovered spent oil. With four 
overlaps observed between the two samples, 
most components were significantly differ-
ent, indicating major chemical changes to 
the oil during operation. Although the coin-
ciding compounds had slightly different 
retention time, this is apparently due to the 
degree of complexity in both samples. 

Table 2. Comparison of Percentage Chemical Composition of Both Oils 

S/N All Compounds Molecular 
Formula 

Virgin Oil Composition Recovered Spent Oil 
Composition 

% 
Composition 

Retention 
Time 

(Minutes) 

% 
Composition 

Retention 
Time 

(Minutes) 
1 Tetratetracontane C44H90 4.89 17.59 4.45 17.56 

2 2-Cyclohexylnonadecane C25H50 _ _ 3.69 18.29 
3 17-Pentatriacontene C35H70 _ _ 3.71 18.41 

4 n-Pentacosane C25H52 _ _ 11.09  18.69 

5 n-Hentriacontane C31H64 _ _ 4.91 18.76 

6 Pentatriacontane C35H72 8.84 20.82 3.33 18.88 

7 Tritetracontane C43H88 2.61 23.83 7.80 19.12 

8 2-Methylhexacosane C27H56 _ _ 10.14 19.14 

9 2-Methyltetracosane C25H52 _ _ 5.71 19.39 

10 2-Hexyl-1-decanol C16H34O _ _ 5.62 19.64 

11 30-Triacontanediol C30H62O2 _ _ 3.41 20.12 

12 n-Tetracontane C40H82 18.30 52.44 17.80 43.41 

13 1-(Methylnonyl)
cyclohexane 

C16H32 _ _ 2.70 22.07 

14 3-Methyltridecane C14H30 _ _ 2.85 22.08 

15 2-Methylhexacosane C27H56 _ _ 4.92 22.62 

16 2-Methyltetracosane C25H52 _ _ 7.78 22.94 

17 2-Octyldecan-1-ol C18H38O 2.63 17.74 _ _ 
 18 Phytane C20H42 2.48 19.65 _ _ 
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In both samples, n-tetracontane (C₄₀H₈₂) was 
the most prevalent of these. It showed up at 
a retention time of (52.44 mins) with 
(18.30%) area in virgin oil and at 43.41 
minutes with (17.80%) area in recovered 
spent oil. Its persistence shows that it is ther-
mally resilient, but its decreased abundance 
in spent oil points to partial breakdown, 
most likely caused by high-temperature oxi-
dative processes. According to Okonkwo et 
al., in 2023 [15], n-tetracontane is a long-
chain linear alkane that greatly enhances the 
viscosity, lubricity, and film strength of base 
oils. Its potential application as a molecular 
fingerprint or marker for oil integrity is 
supported by its steady presence. Another 
high-molecular-weight alkane, tetratetra-
contane (C₄₄H₉₀), was also present in both 
oils, with 4.45% in spent oil and 4.89% in 
virgin oil, and decreases, presumably, as a 
result of redistribution or degradation during 
service. These saturated hydrocarbons are 
typically non-reactive and resistant to 
cracking, hence their survival in the spent 
fraction. Several straight-chain and branched 
alkanes which were exclusive to the virgin 
oil, include: n-pentatriacontane (18.14%), n-
octadecane (2.98%), eicosane (5.83%), 1-
pentacontanol (4.24%) and phytane (2.48%). 
The absence of these in the recovered spent 

oil suggests that they were either oxidized, 
volatilized, thermally cracked, or trans-
formed into other hydrocarbons during use. 
For example, the total absence of n-penta-
triacontane, despite its high original abun-
dance, may result from oxidative cleavage 
and conversion into alkenes or branched 
alkanes. 

The GC-MS data of the spent oil revealed 
newly formed compounds not present in the 
virgin oil, which includes 17-pentatria-
contene (2.71%), 2-cyclohexyl-nonadecane 
(3.69%), 2-hexyl-1-decanol (5.62%), 30-
triacontanediol (3.41%). These are probably 
intermediates of heat degradation or 
oxidation products. While the emergence of 
alcohols and diols suggests oxidation at 
terminal methyl groups, the creation of 
alkenes (such as 17-pentatriacontene) indi-
cates dehydrogenation events.  Finally, the 
results re-affirm the potential utilization of 
GC-MS analysis in tracking degradation 
markers in lubricating oils. Kim et al. in 
2014 [16] demonstrated the capability of 
GC-MS combined with statistical modeling 
to distinguish between fresh and used oils, a 
method that parallels the approach in this 
study.

19 n-Nonadecane C19H40 2.66 20.71 _ _ 
20 n-Heneicosane C21H44 2.73 21.79 _ _ 
21 Heptadecane C21H44 2.53 22.93 _ _ 

22 n-Hexacosane C26H54 4.44 24.18 _ _ 

23 n-Pentatriacontane C35H72 18.14 50.08 _ _ 

24 n-Octadecane C18H38 2.98 25.03 _ _ 

25 1-Pentacontanol C50H102O 4.24 25.60 _ _ 

26 Eicosane C20H42 5.83 25.69 _ _ 

27 Heptadecylcyclohexane C23H46 2.29 25.83 _ _ 

28 Heptacosanol C27H57O 6.47 28.02 _ _ 
29 n-tetratetracontane C44H90 5.22 28.97 _ _ 
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4. Conclusion

The recycling and valorization of spent 
lubricating oil presents a sustainable and 
economically viable approach to mitigating 
environmental pollution and conserving 
natural resources. By transforming waste oil 
into reusable products through processes 
such as re-refining, distillation, and 
chemical treatment, this practice not only 
reduces dependence on virgin crude oil but 
also supports circular economy principles, 
by reducing the risks of environmental 

pollution. Effective recycling strategies help 
minimize the ecological risks posed by 
indiscriminate disposal, while valorization 
enhances the value chain by converting 
waste into useful secondary products such as 
fuels, base oils, and additives. As global 
energy demands continue to rise, the 
adoption of efficient, eco-friendly recycling 
technologies for spent lubricants is essential 
for promoting environmental stewardship 
and industrial sustainability. 
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Abstract:  Cordia millenii (family Boraginaceae) is an important medicinal plant widely 
used in African traditional medicine, particularly in southwestern Nigeria, for the 
management of pain and related inflammatory conditions. This study aimed to characterize 
the chemical composition and evaluate the acetylcholinesterase inhibitory activity of the n-
hexane extract of the stem bark of C. millenii. The extract was analyzed using gas 
chromatography (GC) and gas chromatography–mass spectrometry (GC–MS) on an HP-5 
column. The major constituents identified in the extract were 2-butoxyethyl laurate (11.96%), 
methyl (7E)-7-hexadecenoate (10.87%) and methyl-11,16-octadecadienoate (12.45%). The 
extract exhibited moderate in vitro acetylcholinesterase inhibitory activity of 38.32% at 150 
µg/mL compared with the reference drug Donepezil, which showed 49.10% inhibition at the 
same concentration. The presence of these bioactive constituents may contribute to the 
observed biological activity and supports the potential pharmacological relevance of C. 
millenii in the management of inflammation-related and neurological disorders. Overall, the 
chemical profile of the n-hexane stem bark extract highlights the potential of this plant as a 
source of bioactive compounds for pharmaceutical applications. 

Key Words: Cordia millenii, ethnomedicine, pharmacophore, anti-inflammatory, 
acetylcholinesterase  

1. Introduction

Alzheimer's disease (AD) is a complex, 
progressive, and irreversible neurodegener-

ative disorder characterized by cognitive 
decline and memory impairment. The 
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disease arises from dysregulation in multiple 
biochemical pathways and interacting neur-
onal systems, ultimately leading to neuronal 
dysfunction and degeneration [1-4]. It is 
estimated to affect approximately 36 million 
individuals worldwide and accounts for 
about 60–80% of all dementia cases [5]. One 
of the key therapeutic strategies for the 
management of AD involves the inhibition 
of acetylcholinesterase, an enzyme respon-
sible for the breakdown of acetylcholine in 
the synaptic cleft. Drugs such as Donepezil, 
Rivastigmine, and Galantamine are com-
monly used as acetylcholinesterase inhibi-
tors in the treatment of AD. 

Over the past century, herbal medicine has 
become an increasingly important com-
ponent of healthcare systems worldwide [6]. 
Despite significant advances in modern 
pharmacotherapy, medicinal plants continue 
to play a vital role in disease management 
due to their accessibility, affordability, and 
diverse pharmacological properties [7]. His-
torically, plants have served as valuable 
sources of bioactive compounds with thera-
peutic potential, particularly as anti-infective 
agents and pharmacologically active second-
dary metabolites [8]. Extracts, tinctures, and 
other preparations derived from plants and 
animals have long been used in traditional 
medicine to manage various human ail-
ments. Consequently, natural products re-
main an important reservoir for drug 
discovery, and numerous plant-derived com-
pounds have contributed significantly to 
modern therapeutics [9-13]. Given the 
continuing global burden of diseases such as 
cancer and HIV, the exploration of natural 
resources for bioactive compounds remains 
a critical area of research [14]. 

Cordia millenii (family Boraginaceae) is a 
tropical African forest tree widely 
distributed across several regions of the con-
tinent. The species can grow up to approx-

imately 20 m in height, and in some regions 
such as Uganda, it may reach heights of 
about 40 m with a bole diameter of over 1 m 
[15,16]. In Nigeria, the plant is locally 
known as “omo” in the Yoruba language 
and “omah” in Benin, reflecting its cultural 
importance, particularly in the construction 
of traditional talking drums [17,18]. Beyond 
its economic importance in the timber 
industry, C. millenii has also gained attent-
ion for its extensive use in traditional herbal 
medicine [19-21]. 

Ethnomedicinally, different parts of C. 
millenii are used in [19] the treatment of a 
variety of ailments, including fever, cough, 
diarrhea, dysentery, toothache, stomachache, 
inflammation-related disorders, and parasitic 
infections [19,20,22-24]. In southeastern 
Nigeria, the seed powder mixed with palm 
oil is traditionally applied for the treatment 
of ringworm and itching [25]. In Cameroon 
and other West African countries, leaf 
decoctions are commonly administered to 
expel intestinal worms and to treat asthma, 
cough, and cold. Additionally, the flowers of 
C. millenii provide an important source of
nectar and pollen for honeybees [26].
Previous studies have reported several
biological activities of C. millenii extracts,
including antimicrobial, antioxidant, and
anti-infertility effects, as well as protective
activity against lipopolysaccharide-induced
neuroinflammation [16, 27-28].

Phytochemical investigations have revealed 
the presence of several classes of secondary 
metabolites in C. millenii, including sterols, 
triterpenes, and fatty acid derivatives. How-
ever, most studies have focused primarily on 
polar or moderately polar extracts such as 
methanol, ethanol, and ethyl acetate frac-
tions. In contrast, non-polar extracts (e.g., n-
hexane fractions) are known to contain a 
wide range of bioactive constituents such as 
fatty acid esters, terpenoids, sterols, and 
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hydrocarbons. Despite this, the chemical 
composition of the non-polar constituents 
from the stem bark of C. millenii remains 
poorly characterized, representing a notable 
phytochemical knowledge gap. 

Furthermore, although C. millenii is widely 
used in traditional medicine for the 
management of pain, inflammation, and 
wound healing, its potential neuropharm-
acological activity has not been extensively 
investigated. In particular, little information 
is available regarding the acetylchol-
inesterase inhibitory potential of its non-
polar constituents. This is important because 
acetylcholinesterase inhibition remains a key 
therapeutic approach in the management of 
neurodegenerative disorders such as AD. 
Moreover, currently available synthetic 
acetylcholinesterase inhibitors, including 
Tacrine, Donepezil, Rivastigmine, and 
Galantamine, used for the treatment of 
cognitive dysfunction and memory im-
pairment associated with Alzheimer’s 

disease, are often associated with adverse 
effects such as gastrointestinal disturbances, 
hepatotoxicity, and limited long-term 
efficacy. 

Consequently, there is increasing interest in 
identifying plant-derived acetylchol-
inesterase inhibitors as safer and more ac-
cessible and effective therapeutic alter-
natives [29], particularly in regions where 
medicinal plants constitute an essential 
component of primary healthcare. Although 
C. millenii is widely recognized in African
ethnomedicine, comprehensive scientific
validation of its bioactive constituents and
mechanisms of action remains limited.
Therefore, the present study investigated the
chemical composition and in vitro acetyl-
cholinesterase inhibitory activity of the n-
hexane extract of the stem bark of C.
millenii in order to substantiate its traditional
medicinal applications and identify potential
bioactive compounds of pharmacological
interest.

2. Experimental

Plant Materials Preparation 

The stem bark of Cordia millenii tree was 
collected from Ekiti State, Nigeria and auth-
enticated in the herbarium at the Department 
of Plant Biology, University of Ilorin, Ilorin, 
Nigeria. The stem bark was chopped into 
bits and dried at room temperature to re-

move moisture, weighed, and extracted with 
n-hexane for 5 days with intermittent
changing of the solvent. The crude extract
obtained was filtered, concentrated, and
stored in sample vials in a cool dry place for
further work.

Gas Chromatography–Mass Spectroscopy 
(GC-MS) Analysis

The chemical composition of the hexane 
extract of Cordia millenii stem bark was 
obtained by subjecting it to Gas Chroma-
tography–Mass Spectrometry (GC-MS) 
analysis. Approximately, 0.2 g sample was 

diluted in 2.0 mL using hexane for stock 
solution and further to a microgram unit 
before injection into the Shimadzu GC-2010 
gas chromatograph. The parameters for the 
analysis is as indicated: The detector, FID at 
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220°C, nitrogen gas flowing at 1.0 mL/min 
on a Optima 35 capillary column (30 m × 
0.53 mm ID; 0.32 mm) with split ratio 1:30 
and injector temperature, 250°C.The column 
temperature was maintained at 40°C for five 
minutes before increasing to 280°C 
(5°C/min) with a delay at that temperature 
for an additional five minutes. For the GC-
MS, a Jeol JMS-HX 110 mass spectrometer 
with a source at 270°C and 70 eV coupled 

with a Hewlett-Packard 6890 gas chroma-
tograph was used. The injector was con-
figured to split at 1:30 and temperature at 
270°C. Compound identification was estab-
lished by comparing the MS fragmentation 
with authentic samples and data obtained on 
the NIST Library Version 3.0 mass spectral 
software database. The chemical compo-
sition of the hexane extracts, as obtained 
from the GC-MS, is as shown in Table 1. 
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Table 1. Chemical Composition of n-Hexane Extract of Cordia millenii Stem Bark 

S/N RT (min) Compound Name Molecular 
Formula 

% 
Composition 

1 9.86 Methyl 2-octylcyclopropane-1-
octanoate C20H38O2 0.94 

2 10.90 17-Octadecynoic acid C18H32O2 1.51 
3 11.74 Ambrettolide C16H28O2 4.12 
4 12.48 cis-10-Nonadecenoic acid C19H36O2 0.79 
5 13.30 Methyl cis-10-nonadecenoate C20H38O2 3.71 
6 13.88 Methyl 18-methylnonadecanoate C21H42O2 5.01 
7 14.26 4-Methyl-E-4-hexadecen-1-ol C17H34O 3.09 
8 14.92 Methyl 13,16-octadecadienoate C19H34O2 1.53 
9 15.31 Palmitoleic acid C16H30O2 1.09 
10 15.46 Methyl 7-hexadecenoate C17H32O2 1.08 
11 15.67 Methyl palmitate C17H34O2 2.65 
12 15.70 Methyl henicosanoate C22H44O2 1.60 
13 16.00 2-Butoxyethyl laurate C18H36O3 11.96 
14 16.80 Arachidyl alcohol (Arachic alcohol) C20H42O 0.73 
15 16.86 Methyl 9,12-octadecadienoate C19H34O2 1.41 
16 16.89 Methyl 11-octadecenoate C19H36O2 1.60 
17 17.09 Methyl behenate C23H46O2 4.41 
18 17.63 Methyl 10-nonadecenoate C20H38O2 1.80 
19 18.24 1-Monolinolein C21H38O4 5.30 
20 18.31 2-Butoxyethyl oleate C24H46O3 4.97 
21 18.42 Methyl tricosanoate C24H48O2 4.17 
22 18.52 4E-1,4-Icosadiene C20H38 0.68 
23 18.62 2-Butoxyethyl nonanoate C15H30O3 2.60 
24 18.74 Linoleic acid C18H32O2 1.05 
25 19.27 Methyl-11,16-octadecadienoate C19H34O2 12.45 
26 19.38 4-Methyl-E-4-hexadecen-1-ol C17H34O 1.55 
27 19.73 17-Octadecynoic acid C18H32O2 0.76 
28 20.16 Methyl (7E)-7-hexadecenoate C17H32O2 10.87 
29 20.74 (4Z,15Z)-4,15-Octadecadienyl acetate C20H36O2 0.73 
30 21.40 Trans-Squalene C30H50 4.10 
31 21.70 Methyl pentacosanoate C26H52O2 1.75 
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Acetylcholinesterase Inhibitory Assay 
(Ellman Method) 

Acetylcholine (ACh) is an important 
neurotransmitter that plays a critical role in 
memory and cognitive function. Acetyl-
cholinesterase (AChE) is the enzyme 
responsible for the termination of nerve 
impulse transmission at cholinergic synapses 
through the rapid hydrolysis of acetyl-
choline. Consequently, inhibition of AChE 

has become an important therapeutic 
strategy for the management of several 
neurological disorders, including Alz-
heimer's disease, senile dementia, ataxia, 
Myasthenia gravis, and Parkinson's disease. 
The anti-cholinesterase activity of Cordia 
millenii extract is as shown in Figure 1. 

Fig 1. Acetyl-Choline Inhibition Potential of Hexane Extract of C. millenii 

The acetylcholinesterase (AChE) inhibitory 
activity of the extract was determined using 
the colorimetric method developed by 
George L. Ellman with minor modifications. 
This assay is based on the enzymatic 
hydrolysis of acetylthiocholine iodide by 
acetylcholinesterase to produce thiocholine, 
which subsequently reacts with 5,5′-
dithiobis-(2-nitrobenzoic acid) (DTNB) to 
yield the yellow-colored 5-thio-2-nitro-
benzoate anion. The intensity of the yellow 
color formed is directly proportional to 

enzyme activity and is measured 
spectrophotometrically at 412 nm. 

The enzyme used in the assay was 
acetylcholinesterase obtained from electric 
eel (Electrophorus electricus). The reaction 
mixture consisted of 200 µL of 0.1 M 
phosphate buffer (pH 8.0), 20 µL of the test 
extract, and 20 µL of the enzyme solution 
(0.5 U/mL). The mixture was pre-incubated 
at 25 °C for 15 min. Thereafter, 10 µL of 
DTNB (3 mM) and 10 µL of the substrate 
Acetylthiocholine iodide (15 mM) were 
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added to initiate the reaction. The change in 
absorbance was monitored at 412 nm using 
a UV–visible spectrophotometer. The percentage inhibition of AChE activity 

was calculated using the equation:

Inhibition (%) = (("#$%&'$(	*	"+,-.(/)
"#$%&'$(

) × 100 

where Acontrol represents the absorbance of 
the control reaction (without extract) and 
Asample represents the absorbance in the 
presence of the extract. 

The standard inhibitor Donepezil was used 
as the positive control. All experiments were 
performed in triplicate (n = 3), and results 
were expressed as mean ± standard 
deviation (SD). The IC₅₀ value (Table 2) 
represents the concentration required to 
inhibit 50% of acetylcholinesterase activity, 
where a lower IC₅₀ indicates greater in-

hibitory potency. The reference drug 
Donepezil, a well-est-ablished acetyl-
cholinesterase inhibitor used in the man-
agement of Alzheimer's disease, exhibited 
significantly higher inhibitory potency com-
pared with the hexane extract of Cordia 
millenii (CMHEX). Although CMHEX 
showed lower activity than the standard 
drug, it demonstrated measurable inhibition 
of acetylcholinesterase, indicating the 
presence of bioactive constituents capable of 
interacting with the enzyme. 

Table 2. IC50 Value of CMHEX and Donepezil 

SAMPLE IC50 VALUE ± SEM (MG/ML) 

CMHEX 220±4.481 

Donepezil 127.7±5.767 

The observed activity may be attributed to 
the combined effects of multiple phyto-
chemicals present in the extract, which may 
act synergistically to produce enzyme in-
hibition. Such synergistic interactions are 
commonly reported in plant extracts, where 
complex mixtures of compounds contribute 
collectively to the observed biological 
activity. Although the inhibitory effect of 
CMHEX was weaker than that of Donepezil, 

the findings suggest that the non-polar 
constituents of C. millenii may possess po-
tential neuropharmacological relevance. Fur-
ther studies involving isolation of the active 
compounds, mechanistic evaluation, and 
comprehensive pharmacological and toxi-
cological investigations are required to fully 
establish their therapeutic potential in the 
management of neurodegenerative disorders. 
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3. Discussion

The medicinal properties of plants depend 
on the chemical substances (phyto-
chemicals) that have a particular physio-
logical action on the human body. These 
phytochemicals possess the potential to 
prevent and cure the harmful effects of 
germs and free radicals in the human body. 
Results from the GC-MS analysis carried 
out showed the presence of 31 compounds 
in the n-hexane extract of Cordia millenii 
(Table 1). The analysis revealed a complex 
mixture of fatty acids, fatty acid esters, 
alcohols, terpenoids, and hydrocarbons, 
which accounts for 100% of the total extract 
composition. The predominance of lipo-
philic compounds suggests that the extract is 
chemically aligned with other bioactive 
plant oils known for pharmacological 
properties. 

Among the identified compounds, methyl-
11,16-octadecadienoate (12.45%), 2-buto-
xyethyl laurate (11.96%) and methyl (7E)-7-
hexadecenoate (10.87%) were the most 
abundant. These unsaturated fatty acid esters 
are reported to possess antioxidant, anti-
microbial, and anti-inflammatory activities, 
which may contribute to the ethnomedicinal 
uses of Cordia millenii. Other notable esters 
such as methyl-18-methylnonadecanoate 
(5.01%), 2-butoxylehyl oleate (4.97 %), and 
methyl tricosanoate (4.17%) further 
reinforce the antioxidant potential of the 
extract, as unsaturated fatty acid derivatives 
have been associated with radical scaven-
ging and cytoprotective effects [30]. Lipid-
derived compounds and fatty acid deriv-
atives have also been shown to exhibit 
acetylcholinesterase inhibitory activity and 
potential neuroprotective properties in recent 
studies [31]. 

In addition, the presence of ambrettolide 
(4.12%) and 1-monolinolein, (5.30%) 

highlights the extract as a reservoir of 
macrocyclic lactones and monoacyl-
glycerols, which are compounds with known 
antimicrobial and anti-inflammatory relev-
ance. Similarly, long-chain alcohols such as 
4-methyl-E-4-hexadecen-1-ol and arachic
alcohol were detected. Fatty alcohols often
exhibit emollient and protective roles in
plants, suggesting possible applications in
dermatological formulations.

Most importantly, the extract contained 
trans-squalene (4.10%), a triterpene 
hydrocarbon recognized for its wide 
biological roles including antioxidant, anti-
cancer, and cholesterol-lowering activities 
[32]. The detection of squalene in the extract 
strengthens the potential therapeutic value of 
Cordia millenii, particularly in oxidative 
stress-related conditions. Although some 
constituents such as methyl palmitate 
(2.65%), methyl behenate (4.41%), and 
linoleic acid (1.05%) were present in lower 
proportions, their combined activities could 
synergistically contribute to the pharma-
cological efficacy of the extract. The overall 
chemical profile, dominated by unsaturated 
fatty acid esters, aligns with the reported 
activities of Cordia species as traditional 
remedies against microbial infections and 
inflammatory disorders. Furthermore, plant-
derived metabolites such as alkaloids, flavo-
noids, terpenoids, and fatty acid derivatives 
have been widely investigated as potential 
cholinesterase inhibitors due to their ability 
to modulate cholinergic neurotransmission. 
Recent reviews [33] have highlighted the 
increasing interest in natural products as 
sources of acetylcholinesterase inhibitors for 
the management of neurodegenerative dis-
orders such as Alzheimer's disease, parti-
cularly because synthetic inhibitors may 
produce undesirable side effects [34]. 
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The identified compounds possess many 
biological properties and moderate acethyl-
cholinesterase activity when compared with 
the standard, Donepezil. The n-hexane 
extract of Cordia millenii stem has been 
found to exhibit reasonable cholinesterase 
inhibitory ability which makes it useful in 

the treatment of inflammations, dementia 
(memory loss and mental changes) 
associated with mild, moderate, or severe 
Alzheimer’s disease and other disorders. 
Cordia millenii exhibits significant AChE 
inhibitory activity. 

4. Conclusion

The results of this study provided an insight 
into the properties of the extracts of Cordia 
millenii used traditionally for the treatment 
of various inflammatory diseases. The GC-
MS revealed that the n-hexane extract of 
Cordia millenii stem bark demonstrates a 
rich chemical composition dominated by 
unsaturated fatty acid esters and terpenoids, 
which are compounds well recognized for 
their antioxidant, antimicrobial, and cyto-
protective properties. These findings provide 
a chemical basis for the traditional use of the 
plant in ethnomedicine and justify further 

pharmacological evaluation to confirm its 
bioactivities. The presence of all the second-
dary metabolites showed that Cordia mil-
lenii stem bark extract could be used in the 
management of various inflammatory 
diseases. Therefore, further investigation is 
highly recommended. The chemical com-
position of the Cordia millenii hexane 
extract highlights its versatility and potential 
for various applications, which not only 
supports its traditional uses, but also opens 
up new possibilities in modern industries, 
especially in pharmaceuticals. 
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Abstract:  The biosynthesis of nanomaterials is an important aspect of nanotechnology due 
to its cost-effective and eco-friendly procedure where plant extract-based green synthesis of 
metal nanoparticles (NPs) has become a popular approach in the field of nanotechnology. In 
this work, silver nanoparticles (AgNPs) were synthesized quickly and in an eco-friendly 
manner using both the leaves and seeds extracts of Juniperus excelsa M.Bieb and an aqueous 
solution of silver nitrate without any toxic chemicals. The study was conducted using two 
concentrations of silver nitrate (0.08 and 0.16 mol/L). Two extracts were also prepared, one 
aqueous and the other alcoholic from each of the seeds and leaves of the juniper plant. Silver 
nanoparticles that resulted were examined using Scanning Electron Microscopy (SEM) and 
Energy Dispersive X-ray Spectroscopy (EDX). The synthesis of silver nanoparticles was 
determined by the color change of the silver nitrate from colorless to brownish by the 
addition of the studied extracts. High resolution scanning electron microscope confirmed the 
multiform nature and the high crystallinity of silver nanoparticles on an average size of 8-45 
nm. The spectrum (EDX) analysis showed that the elemental composition contained mostly 
silver. Silver nanoparticles produced by aqueous extraction showed smaller sizes than 
nanoparticles produced by alcoholic extract. The sizes of silver nanoparticles produced were 
smaller at 0.08 M of AgNO3. 

Key Words: Juniperus excelsa, green synthesis, silver nanoparticles, plant extracts, EDX, 
SEM  

1. Introduction

The term “nano” comes from the Latin 
nanus, meaning “dwarf”. This kind of 
technology is supported in physics, chem-
istry, materials science, biotechnology, and 

biosciences, among others, to achieve a 
multidisciplinary understanding of the 
phenomena that occur in the materials [1]. 
Nanotechnology, a relatively new area of 
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study and research, is the “design, 
characterization, production and application 
of structures, devices and systems, by con-
trolling shape and size at the nanometer 
scale”. The particle matter usually ranges 
from 1 to 100 nm in size. A nanometer (nm) 
is a billionth of a meter, 10-9. Within this 
range, materials may have properties con-
siderably different from those expected 
when they have larger dimensions. Nanosci-
ence depends on the fundamental properties 
of nano size objects [2]. Nanoparticles are 
an important class of nanomaterials studied 
as nanotechnology [1]. 

Biosynthesis of nanoparticles is becoming a 
hot topic across the world; this field 
encompasses a wide spectrum of appli-
cations. It plays a critical role with its vast 
application in nanomedicines, chemical 
sensing, drug delivery, data storage, cell 
biology, textiles, food industries, 
antioxidants, photocatalytic organic dye-
degradation, cosmetics, agriculture, and 
antimicrobial agents [3]. The metallic 
nanoparticles are considered the most 
promising as they possess remarkable 
antibacterial properties due to their large 
surface area to volume ratio, which can 
counteract growing microbial resistance 
against metal ions, antibiotics, and the 
development of resistant strains. Of these 
metallic nanoparticles, silver nanoparticles 
stand out, because of their unique properties, 
such as chemical stability, good con-
ductivity, catalytic, antibacterial, anti-viral, 
antifungal, and anti-inflammatory activities. 
They are usually found as components of 
composite fibers, cryogenic superconducting 
materials, cosmetic products, food industry, 
and in electronic components. Ag nano-
particles have found applications in the 
biomedical field such as in wound dressings, 
topical creams, antiseptic sprays, and 
fabrics. Ag nanoparticles display a broad 
biocidal effect against pathogenic micro-

organisms via a disruption of their uni-
cellular membrane, hence, disturbing 
enzymatic activities. Ag nanoparticles have 
also been successful in cancer diagnosis and 
treatment as well [2]. The biological syn-
thesis of nanomaterials has been put into 
practice since it uses temperature, pH, and 
pressures that are considered mild 
conditions. In addition, it has advantages 
over other synthesis methods, including 
higher productivity and lower costs. 
Biological synthesis uses microorganisms 
and plants (or their extracts). There is a 
particular interest in using plants because 
they have many phytochemicals, including 
ketones, aldehydes, flavonoids, amides, 
terpenoids, carboxylic acids, phenols, and 
ascorbic acids. These components are 
known to reduce metal salts and create metal 
nanoparticles. However, although there are 
several studies on nanoparticles, the exact 
mechanism involved in this process remains 
uncertain [1]. 

The plant extracts consist of different 
bioactive compounds. Phytochemicals 
sourced from plants assist in the process of 
conversion of silver ions to AgNPs; the 
same phytochemicals play dual roles of 
reducer and stabilizers agents. Concentration 
of these phytochemicals determines the size, 
shape, and surface properties of the AgNPs, 
which defines their functional properties and 
potential uses [4]. Commonly known as 
coniferous plants, junipers belong to the 
genus Juniperus of the family Cupressaceae 
The genus Juniperus is a monophyletic that 
consists of almost seventy species [5]. 
Juniperus is the third largest genus among 
the conifers found in the world. Plants 
belonging to this genus grow slowly and can 
live up to 2000 years. These coniferous 
plants can be found in all sizes ranging from 
small flat shrubs to giant forest trees. One 
thing that makes junipers stand out among 
other plants is that they can survive in 
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different sites enduring extreme and rapid 
fluctuations in temperature. They can grow 
in arid places where other plants cannot 
survive [5]. J. excelsa subsp. excelsa is a 
medicinal plant that has been used to treat 
dysmenorrheal, cough, bronchitis and colds, 
jaundice and tuberculosis, and to induce 
menses and expel fetuses [6]. Juniper 
species are especially used in traditional 
medicine due to their analgesic, diuretic, 

antibacterial, anti-microbial, anti-inflam-
matory, and liver-protective effects [7]. 

In view of the above, the main purpose of 
this experimental study was to synthesize 
Ag-NPs from Juniperus excelsa M.Bieb 
leaves and seeds extracts in an inexpensive 
and simple way, and to characterize these 
nanoparticles at two different concentrations 
of Ag+ ion. 

2. Materials and Method

The study was conducted in the laboratories 
of Syrian Private University, Atomic Energy 

Commission of Syria, the National Commis-
sion for Biotechnology in Damascus. 

Preparation of Plant sample 

The plant of Juniperus excelsa M.Bieb that 
used in the study was collected in July 2023 
from the al-Khusha in mountains of al-
Qalamoun, Ras al-Ma'arra village, Yabroud 
area, Damascus countryside, Syria. The 
fresh leaves and seeds were separated from 
the bark and cleared with tap water. Then, 
they were washed with distilled water 

thoroughly and dried for 15 days at room 
temperature in shadow. The leaves and 
seeds were stored at -20°C until use. 

Finally, they were crushed into small pieces 
immediately before use with an electric 
grinder, where the particle dimensions were 
less or equal to 0.2 mm. 

Preparation of Plant Leavs and Seeds 
Extracts 

Extraction was done using the method des-
cribed by Corciova et al. in 2022 with some 
modification. 25 g of each dried and powder 
Juniperus excelsa M.Bieb leaves and seeds 
were extracted with 100 ml of distilled 
water, with continuous stirring by a mag-
netic stirrer at 6 rpm for one hour (at room 
temperature). Then, it was heated to 60°C 
for another hour with the same conditions. 

The alcoholic extract was prepared in the 
same way, replacing ethanol with distilled 
water. Each mixture was soaked and left to 
stand for 24 hours at 4°C and then filtered 
using Whitman No. 1 filter paper. After that, 
each supernatant was evaporated using a 
vacuum rotary evaporator to concentrate the 
extracts [8]. 

Preparation Silver Nitrate (AgNO3) 
Solution 

The mother solution was prepared from 
silver nitrate 1M, by dissolving 33.974 g of 

it in 200 ml of deionized water. Then two di-
lute solutions were prepared to obtain con-
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centrations of  0.08 and 0.16 M from the 
mother solution. The containers were kept 

away from light to prevent oxidation of the 
silver ions. 

Synthesis and Characterization of Silver 
Nanoparticles 

The synthesis of nanoparticles (Ag-NPs) 
was carried out by adding 10 mL from the 
stock solution of each extract to 90 mL for 
each concentration of AgNO3 aqueous 
solutions, separately, in a 250 mL flask. The 
addition was conducted slowly at 25°C for 4 
hours with continuous stirring by a magnetic 
stirrer. While stirring, the color change was 
monitored where the reaction color trans-
formed from light yellow to dark brown, 
which indicates the time-dependent form-
ation of Ag-NPs. Afterward, no further color 

transformation was perceived until the end 
of the reaction. After that, the pH of the 
solution adjusted  to  a value of 7. The sol-
utions were left to stand for 24 h, then were 
filtered with Whitman No. 1 filter paper. 
The obtained product was dried at 60°C for 
8 h in an oven. Finally, a black powder 
(nanoparticles) is achieved. They were 
removed after weighing and transferred to a 
closed container and kept for further 
analysis [9]. 

Characterization of AgNPs 

The characterization of synthesized 
nanoparticles was carried out as follows, 
according to the methods described earlier in 
Baran (2018). The surface structure was vis-
ualized by SEM (TESCAN, Czech Rep-

ublic) at an accelerating voltage of 30 kV, 
and elemental analysis measurement was 
done using EDX (EDAX, USA) at an ac-
celerating voltage of 20 kV [10]. 

3. Statistical Analyses

The data was subjected to one way-ANOVA 
IBM SPSS software package for Windows 
(Version 20, SPSS, Inc., Chicago, IL); the 
statistical significance was evaluated at P≤ 

0.05. The results were presented as mean ± 
standard deviation based on three 
replications. 

4. Results and Discussion

Researchers discovered nanoparticles made 
from microorganisms and plant extracts are 
more cost-effective compared to physical 
and chemical methods and act as reducing 
and stabilizing agents. The advantages of 
synthesis from plant extracts include a 
sanitary working environment, health and 

environmental protection, less waste, and 
the most stable products. Nanoparticle 
properties are determined by the plant 
extract sources; individual phytochemical 
combinations in extracts differ substantially 
depending on the plant source. As a result, 
changing the extract composition can 
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change the characteristics of AgNPs [3]. For 
the synthesis of plant-based nanoparticles, 
the following are necessary: 

a. metal salt,
b. reducing agent, and
c. stabilizing or capping agent for
controlling the size of nanoparticles and
preventing their aggregation [2].

In general, nanoparticle synthesis involves 
mixing plant extracts with metal precursor 
salts. They can interact under different 
reaction conditions (pH, temperature, 
concentrations, etc.). Here, the formation of 
nanoparticles takes place in stages. It begins 
with the set of species equilibrium; once 
dissolved, the extracts and the precursor salt 
coordination complexes are formed between 
the metal ion and the phytochemicals of the 

extract. The sites where the nanoparticles 
will grow are created at the second 
nucleation stage. At the third stage of 
growth and adsorption, small adjacent 
nanoparticles come together to form 
particles of a larger size. Finally, during 
termination, the final shape of the 
nanoparticles occurs [1]. The extracts used 
for nanoparticle synthesis have a wide 
variety of secondary metabolites involved in 
nanoparticle reduction, formation, and 
stabilization. Phytochemicals in the extracts 
include phenols, flavonoids, alkaloids, 
terpenoids, proteins, carbohydrates, and 
amino acids [1]. 

For biosynthesis, an aqueous AgNO3 
solution was mixed with an aqueous and 
alcoholic Juniperus excelsa M.Bieb extract 
from leaves and seeds (Figure 1). 

Figure 1. Schematic Diagram of Green Synthesis of Silver Nanoparticles 
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Visual observation showed that the color of 
the leaves and seeds extracts of Juniperus 
excelsa M.Bieb, after treatment with Ag 
precursors, change in color of the reaction 
mixture from light yellow to dark brown, 
indicating the formation of AgNPs. This 
color change is due to quantum confinement 
and the nanoparticles' dependence on their 
optical properties [11]. 

Nanoparticles (NPs) have been the subject 
of significant analysis due to their ease of 
preparation, high surface-to-volume ratio, 
diverse optical properties, unique surface 
chemistry, and relative simplicity in func-
tionalization compared to their bulk 
counterparts. The methods frequently used 
to characterize NPs are UV Visible absorp-
tion spectroscopy, SEM (Scanning Electron 
Microscopy), TEM (Transmission Electron 
Microscopy), XRD (X-ray Diffraction), 
DLS (Dynamic Light Scattering), FTIR 
(Fourier Transmission Infrared Spectro-
scopy), and EDX (Energy Dispersive X-ray) 
[12]. 

In this study, both SEM and EDX were 
used: Scanning Electron Microscopy (SEM) 
for providing information about nanoparticle 

morphology, size, and homogeneity, and 
Energy Dispersive X-ray spectroscopy 
(EDX) for estimates of the abundance of 
elements present over nanoparticles surface. 

SEM has an ability to contribute 
morphology and microstructure of bulk as 
well as nanostructures [13]. Based on the 
obtained SEM images, the synthesized 
nanoparticles had various shapes, most of 
which are irregular and get agglomerated 
and are multiform. Building blocks of 
various bioactive reducing agents, lower 
capping ability of extracts, and H-bonding 
present in bioactive molecules could be the 
reason for the agglomeration of the 
nanoparticles [14]. 

The average particle size, as calculated 
using the ImageJ software, from the SEM 
image was found to be between 13-40 nm, 
16-32 nm for aqueous extract of leaves, 13-
24 nm, 28-40 nm for alcoholic extract of
leaves at 0.08 and 0.16 M, respectively.
While was between 8-30 nm, 13-28 nm for
aqueous extract of seeds, 16-36 nm, 20-45
nm for alcoholic extract of seeds at 0.08 and
0.16 M, respectively (Figure 2-9).
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Figure 2. SEM Micrograph of the Ag-NPs at 0.08 M AgNO3 Using Aqueous Extract of 
Juniperus excelsa M.Bieb Leaves 
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Figure 3. SEM Micrograph of the Ag-NPs at 0.16 M AgNO3 Using Aqueous Extract of 
Juniperus excelsa M.Bieb leaves 
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Figure 4. SEM Micrograph of the Ag-NPs at 0.08 M AgNO3 Using Alcoholic Extract of 
Juniperus excelsa M.Bieb Leaves 
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Figure 5. SEM Micrograph of the Ag-NPs at 0.16 M AgNO3 Using Alcoholic Extract of 
Juniperus excelsa M.Bieb Leaves 
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 ا
Figure 6. SEM Micrograph of the Ag-NPs at 0.08 M AgNO3 Using Aqueous Extract of 

Juniperus excelsa M.Bieb Seeds
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Figure 7. SEM Micrograph of the Ag-NPs at 0.16 M AgNO3 Using Aqueous Extract of 
Juniperus excelsa M.Bieb Seeds
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Figure 8. SEM Micrograph of the Ag-NPs at 0.08 M AgNO3 Using Alcoholic Extract of 
Juniperus excelsa M.Bieb Seeds
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Figure 9. SEM Micrograph of the Ag-NPs at 0.16 M AgNO3 Using Alcoholic Extract of 
Juniperus excelsa M.Bieb Seeds

The research studies on the silver nano-
particle synthesis performed showed that the 
nanoparticles formed ranged in size from 
80.11 to 157.01 nm [15], 72.656 nm [16], 
and 17.3 nm [17]. To use nanoparticles as 
drug delivery systems, they should be in the 
range of 10–100 nm. Even though NPs 
smaller than 10 nm can pass through the 
nuclear pore and interact with chromosomes 
and DNA, which is advantageous for gene 
therapy and diagnostics, they are probably 
not suitable for drug delivery. For nano-
medical applications, the preferred size of 

nanoparticles is less than 200 nm [18]. In 
this study, the NPs had a size of less than 
100 nm, suggesting the proper size for drug 
delivery. 

The previous results show that the lower 
concentration of silver nitrate (0.08 M) pro-
duced smaller nanoparticles than the higher 
concentration (0.16 M) for all samples stud-
ied on leaves and seeds with their aqueous 
and alcoholic extracts. 
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EDX is an analytical method used to find the 
chemical compositions of various elements 
and to determine the relative abundance of 
particular chemical elements on a solid 
surface. EDX works on the principle of an 
interaction of some source of X-ray 
excitation and a sample. Due to a variance in 
their atomic structures, every single element 
proffers the individual assortment of peaks 
on its electromagnetic emission spectrum. 
Bombardment of high energy particles on an 
atom which contains ground state electrons 
results in the formation of electron-hole by 
releasing an excited electron from the inner 
shell. An electron from the outer shell and 
higher energy shell try to fill the empty shell 
and this energy disparity between the high-
energy shell and the lower energy shell may 
be dispensed under the form of an X-ray. 
This could be covered by an energy-
dispersive spectrometer. Emitting X-rays 

helps to identify specific elements and its 
proportion [10]. 

Two samples of silver nanoparticles pro-
duced from the aqueous extract of the seeds 
and from the alcoholic extract of juniper 
leaves were tested for Energy Dispersive X-
ray (EDX). 

In the EDX analysis, it was observed that 
the content of the element belonged largely 
to silver. Data analysis revealed that EDX 
spectra of Ag-NPs mainly contained a 
specific and intense peak at ⁓3 keV for Ag 
(88.2% and 88.14%) and for O (11.8% and 
11.86%) for the alcoholic extract of the 
leaves and the aqueous extract of the seeds, 
respectively, at the concentration 0.08M of 
silver nitrate. Consequently, the results 
confirmed the synthesis of Ag-NPs (Figure 
10-11).

Figure 10. Analysis of the Elemental Composition by the EDX Analysis of AgNPs Using 
Alcoholic Extract of Juniperus excelsa M.Bieb Leaves at 0.08 M AgNO3 
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Figure 11. Analysis of the Elemental Composition by the EDX Analysis of AgNPs Using 
Aqueous Extract of Juniperus excelsa M.Bieb Seeds at 0.08 M AgNO3 

The studied particles were not observed to 
have impurities from the hetero-elements of 
silver and oxygen in the Ag-NPs, so these 

results indicated that the reaction product 
was composed of high purity nanoparticles. 

5. Conclusion

There are three ways to make nanoparticles: 
physical, chemical and green synthesis. 
Green synthesis is the best since it’s very 
simple, easy to perform, inexpensive, highly 
efficient, and environmentally friendly. It is 
the chemical constituents of plants, proteins, 
carbohydrates, alkaloids, tannins, phenolics, 
oils and saponins, which can act as reducing 
and capping agents for NP synthesis. The 
shape and size distribution of plant-based 
NP can be controlled by an optimization of 
reaction conditions, such as temperature, 
pH, and the amount of plant material. More-

over, the reaction can be scaled up. Silver 
nanoparticles have proven helpful as 
nanomedicine, chemical reactions in solar 
cells, biochemical sensors, and batteries. Ag 
nanoparticles have found applications in the 
biomedical field, such as in wound dres-
sings, topical creams, antiseptic sprays, and 
fabrics. Also, they display a broad biocidal 
effect against pathogenic microorganisms 
via a disruption of their unicellular mem-
branes, therefore, disrupting their enzymatic 
activities. Ag nanoparticles have also been 
successful in cancer diagnosis and treatment. 
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Abstract:  In this study, it was established for the first time that the reaction of phenol and 
sodium phenolate with 2-chloropropionyl chloride, conducted at the boiling temperature of 
benzene, leads to the formation of phenyl-2-chloropropionate as an individual compound. As 
a result of the reaction of phenol with 2-chloropropionyl chloride in an acetone solution, it 
was determined that both O-acylation occurs, yielding phenyl-2-chloropropionate, and C-
acylation proceeds, resulting in the formation of 4-hydroxyphenyl-2-chloropropionate. The 
formation of 4-hydroxyphenyl-2-chloropropionate in the reaction was substantiated by 
theoretical data. During the reaction of phenol with 2-chloropropionyl chloride in the 
presence of benzene and acetone as solvents, the reaction was carried out at the boiling point 
of the solvents, and the optimal reaction time was selected, which ensured a high yield of 
phenyl-2-chloropropionate. The structure of the synthesized phenyl-2-chloropropionate was 
confirmed by IR spectroscopy, 1H NMR, 13C NMR, and gas chromatography–mass 
spectrometry (GC-MS). The IR, 1H NMR, 13C NMR, and GC-MS spectra of phenyl-2-
chloropropionate were analyzed in detail. 

Key Words: Phenol, phenyl-2-chloropropionate, 2-chloropropionyl chloride, ¹H NMR, ¹³C 
NMR, GC-MS spectra  
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1. Introduction

At present, the preparation of derivatives of 
2-chloropropionyl chloride is one of the new
important directions in organic chemistry. 2-
Chloropropionyl chloride is an acylating
agent, and the compounds it forms with
phenol open the way for the synthesis of
highly active organic compounds.

It is known that in Friedel–Crafts acylation 
reactions of aromatic hydrocarbons using 
chloroacetyl chloride as the acylating agent, 
solvents such as carbon disulfide, nitro-
methane, and others are usually employed in 
the presence of aluminum chloride as a 

catalyst. Under these reaction conditions, 
benzene, toluene, naphthalene, c-hydrin-
dacene, fluorene, and fluorenones readily 
undergo condensation reactions with chloro-
acetyl chloride [1]. 

Heterocyclic arenes, phenols, and 
derivatives of phenols have also been 
acylated in a similar way [2]. 

In the chloroacetylation reaction of phenol 
with aluminum chloride as a catalyst, the 
hydroxyl group directs substitution to the 
para-position (equation 1) [3-4].

(1) 

The acylation reaction of anisole with acetic 
anhydride has been carried out in the 
presence of CoCl₂·6H₂O, FeCl₃·6H₂O, and 
FeCl₃ catalysts. In the reaction, 1 mol of 
anisole was reacted with 1.3 mol of acetic 
anhydride, and 10% catalyst relative to the 
reagents was used. In addition, 0.5 g of a 

catalyst prepared from arylalkyl ionic 
liquids containing various palladate 
counterions and iron(III) chloride 
hexahydrate (TAAIL) was employed. The 
reaction was conducted at 60°C for 24 hours 
(equation 2) [5]. 

 (2) 

Previously, when anhydrous Lewis acids 
were used in this reaction, the yield was low. 
When aqueous catalysts such as 

CoCl₂·6H₂O, FeCl₃·6H₂O, and FeCl₃ were 
used as catalysts, the acylation reaction 
showed regioselective influence, yielding 

OCH3

+ (CH3CO)2O

OCH3

COCH3

+ CH3COOH
kat.

TAAIS

Kat=CoCl2·6H2O, FeCl3·6H2O, FeCl3  
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pre-dominantly the para-isomer. In 
particular, compared to FeCl₃, the use of 
FeCl₃·6H₂O resulted in a higher proportion 
of the para-isomer. In the Friedel–Crafts 
acylation reaction carried out with 1 mmol 

of benzene derivatives, 2 equivalents of 
acetic anhydride, 0.5 g of TAAIL, and 10 
mol% FeCl₃·6H₂O catalyst at 60°C, 5% of 
the ortho-isomer was obtained (equation 3). 

(3) 

where R = H, 4 hours, 65%; R = 4-Me, 4 
hours, 72%; R = 2,4,6-Me, 4 hours, 83%; R 
= 2,4,6-OMe, 4 hours, 84%; R = 2,3,5,6-Me, 
72 hours, 94%; R = 2,3,5,6-Me, 4 hours, 
85% yields were obtained. 

The authors reported that when phenol and 

naphthol were acylated with acetic 
anhydride in the presence of ZnCl₂ and 
Al₂O₃, the reaction proceeded regio-
selectively to yield the ortho-isomer relative 
to the hydroxyl group (equation 4) [6]. 

 (4) 

When compounds containing various 
substituents on the phenolic ring were sub-
jected to reaction with acetic acid under sim-

ilar conditions, it was also established that 
the ortho-isomer relative to the hydroxyl 
group was formed (equation 5). 

 (5) 

where R = 2,3-benzo; 3,4-benzo; m-CH₃, p-
CH₃, m-OH, p-OH, m-NO₂, o,p-(CH₃)₂. All 
reactions were conducted under solvent-free 

conditions. 

Researchers carried out the reaction of 
phenol with trifluoromethanesulfonic acid 

+ (CH3CO)2O + CH3COOHFeCl3·6H2O
TAAIL

R

C
O

CH3

R

! "#$"%%#

!"
"
"#$

%#A%C'()C'!*H%"*%!,'!-

!"

C'

%#

- #A%C'()C'!*H%"*%!,'!
C'

%#

"

"#$

%
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OH

R

+ CH3COOH
FeCl3, MW

OH
C

O

CH3

R
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(TfOH) catalyst in a methyl cyanide solution 
at room temperature. The reaction proceeded 

as follows (equation 6) [7]: 

 (6) 

The authors conducted the reaction of 
phenol and o-, m-, and p-cresols with 1% 
TfOH–CH₃CN at room temperature for one 
hour, successfully obtaining O-acylated pro-
ducts.  

The researchers also carried out reactions of 
phenol, o-cresol, m-cresol, and p-cresol in 
the presence of concentrated TfOH catalyst, 
with equimolar amounts of reagents at room 
temperature, achieving the formation of C-
acylated products. The reaction proceeded as 
follows (equation 7): 

 (7) 

In this reaction, the acyl group in phenol and 
o-cresol predominantly attached at the para-
position relative to the hydroxyl group, in p-
cresol at the ortho-position, and in m-cresol

both ortho and para to the hydroxyl group. 
The relative reactivity of phenol and cresols 
in the C-acylation reaction was found to be 
as follows: 

Phenol > o-cresol > p-cresol > m-cresol 

The chloracetylation reactions of the 
monomethyl ether of hydroquinone with 
Lewis acids were found to produce both O- 

and C-chloracetylated products (equation 8). 
Favorable reaction conditions were 
determined.

 (8) 

R'=H, o-, m-, p=CH3; R=CH3, C2H5, n-C3H7, n-C4H9, n-C5H11, n-C6H13, n -C9H19, C6H5   

+ R C
O

Cl

1% TfOH
CH3CN

OH

o-, m-, p-R' o-, m-, p-R'

OCOR

 

R'=H, o-, m-, p=CH3; R=CH3, C2H5, n-C3H7, n-C4H9, n-C5H11, n-C6H13, n -C9H19, C6H5   

+ R C
O

Cl

TfOH

OH

o-, m-, p-R' o-, m-, p-R'

OH

COR

!"

"#$!

$%
$%

!

C
'($%#
!"#$

!

"#$!

$%

!

!"

"#$! $%
!

C
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Experiments showed that when these 
reactions were conducted without catalysts, 
but in the presence of solvents, the O-
chloracetylated products were obtained in 
high yields. From the experiments, it was 
established that these reactions proceed very 
slowly, over periods of up to 24 hours [8-9]. 

When thymol was chloracetylated in an 
organic solvent medium without a catalyst, 
the reaction proceeded regioselectively to 
form the corresponding esters (equation 9).  

(9) 

In particular, when the chloracetylation of 
thymol was carried out in chloroform, only 
O-chloracetylation occurred, yielding
chloracetylthymol in 95% yield [10].

During the reaction of thymol with 
chloroacetyl chloride, the electron density in 
the chloroacetyl chloride molecule shifts 
toward the electronegative oxygen atom, 
resulting in the oxygen acquiring a partial 
negative charge. Due to the influence of the 
electronegative chlorine and oxygen atoms, 
the carbon atom acquires a partial positive 
charge, which interacts with the lone 
electron pairs of the hydroxyl group in the 
thymol molecule, allowing the process to 
proceed further. 

One of the most important and widespread 
types of reactions in organic chemistry is 

nucleophilic substitution reactions occurring 
at a saturated carbon atom. It should be 
noted that the nucleophilic substitution 
reaction is frequently used in the synthesis 
of substances. In the science of organic 
chemistry, nucleophilic substitution 
reactions at saturated carbon atoms have 
played a crucial role in the emergence and 
development of fundamental concepts 
regarding reaction mechanisms. It is well 
known that dipolar aprotic solvents (such as 
DMSO, DMF, TGF, acetone, dioxane) 
facilitate bimolecular nucleophilic substi-
tution reactions of alkyl halides by solvating 
the cation in the salt of the carboxylic acid. 
The reaction of O-chloroacetyl thymol with 
the disodium salt of oxalic acid in 
dimethylformamide was proposed to 
proceed according to the following scheme 
(equation 10): 

  (10) 

In order to study the acylation reactions of 
phenols and their derivatives in greater 
depth, chloracetylation reactions of dihydric 
phenols were performed. Since the isomers 
of dihydroxybenzene possess multiple reac-

tive centers, the reactions were carried out 
under various conditions [11-12]. When 
chloroform was used as the solvent, it was 
established that only the O-chloracetylation 
product was formed. When hydroquinone 

!"

"#$

$"
$"#

$"#

% $C$!$"'$C
"#$

$"

$"#

$"#
!$!$"'$C

%(("$C

!"#

#!

#!"

#!"
$#$#!%#C

' ()$$# #$$()
*()#C

$#$#!%$$#*#$$#!%#$

#!"

#!"#!

#!"

#!"#!
#!"

$

#!"

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 71



was heated with chloroacetyl chloride in 
chloroform for 16 hours, bis-1,4-O-chlora-
cetylhydroquinone was obtained. The 

reaction proceeds according to the following 
equation (11) [13]: 

 (11) 

When the reaction of sodium glycolate with 
bis-1,4-O-chloracetylhydroquinone was con-
ducted in DMF under 1:1:3 molar ratios, the 
process lasted 5 hours and yielded the 
product in 76% yield. It was found that 
further prolongation of the reaction time and 

variation in the molar ratio of the reagents 
did not affect the yield of the product. 
Therefore, these reaction conditions can be 
considered optimal. The reaction equation 
(12) is as follows:

 (12) 

In this context, the reaction equation and 
mechanism of para-methoxyphenyl chloro-
acetate with sodium glycolate in dimethyl-
formamide were also studied. The solvation 
of sodium cations in DMF facilitates the 
entry of the НОСН₂СОО⁻ ion into the or-
ganic phase and promotes the reaction. The 
researchers developed a mechanism for the 
formation of the products of these reactions. 
From this mechanism, it was determined 
that dimethylformamide solvates the sodium 
cation of glycolate, thereby enhancing the 
reactivity of the glycolate anion [12]. 

Hydroquinone possesses properties that 
regulate plant growth. When the chlorine 
atom attached to the carbon atom adjacent to 
the ketone group is substituted by another 
nucleophilic group, its negative effect on 
plant organisms may be reduced. For this 

purpose, reactions of dichloroacetyl-
hydroquinone with the sodium salts of 
phenol, p-methoxyphenol, p-chlorophenol, 
and β-naphthol were carried out. Based on 
these studies, the following reactivity series 
of the nucleophilic reagents was established 
[14]: p-methoxyphenol < phenol < β-
naphthol < p-chlorophenol. 

Literature sources have studied the reactions 
of phenols and isomeric cresols with 
chloroacetyl chloride [15-16]. However, the 
chloracetylation reaction of phenol with 2-
chloropropionyl chloride has not been in-
vestigated. The novelty of this study lies in 
conducting the chloracetylation reaction of 
phenol with 2-chloropropionyl chloride to 
synthesize phenyl-2-chloropropionate. This 
study aims to synthesize phenyl-2-chloro-
propionate through the reaction of phenol 

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 72



with 2-chloropropionyl chloride, and to 
utilize it as a basis for obtaining novel 

organic compounds. 

2. Methods and Materials

All chemicals and reagents used in this 
study were of analytical grade purity. Phenol 
(94.11 g/mol, 99.1%), 2-chloropropionyl 
chloride (126.97 g/mol, 97%), absolute 
benzene (78.11 g/mol, 99%), sodium (22.98 

g/mol, 97%), calcium chloride (319.85 
g/mol, 95%), acetone (58.079 g/mol, 98%), 
and deionized water (DW) were used for so-
lution preparation and washing procedures. 

Synthesis of Phenyl-2-chloropropionate in 
Benzene Solution

In all experiments, equimolar quantities of 
reagents were used. The reaction time was 
determined by the cessation of hydrogen 
chloride evolution. 

Experiment No. 1. Into a round-bottom 
flask equipped with a reflux condenser, 4.7 
g (0.05 mol) of phenol, 6.35 g (0.05 mol) of 
2-chloropropionyl chloride, and 30 mL of
absolute benzene were added and heated for
10 hours. A hydrogen chloride outlet tube
was attached to the upper part of the reaction
flask, and the evolved HCl gas was absorbed
in water to form hydrochloric acid. The
evolution of hydrogen chloride was
periodically monitored using litmus paper.
To separate unreacted phenol, the reaction
product was washed with 10% aqueous
alkali and extracted into the benzene layer.
The organic layer was then dried over
CaCl₂. Benzene was removed from the

reaction mixture under ambient conditions, 
and the remaining product was distilled 
under reduced pressure using a simple 
distillation apparatus (110–112°C / 10 mm 
Hg). The yield of phenyl-2-chloropropionate 
was 3.8 g (42%). 

Experiment No. 2. The reaction of 4.7 g 
(0.05 mol) of phenol with 6.35 g (0.05 mol) 
of 2-chloropropionyl chloride in 30 ml of 
absolute benzene was carried out over 12 
hours. The yield of phenyl-2-
chloropropionate was 5 g (54%). 

Experiment No. 3. The reaction of 4.7 g 
(0.05 mol) of phenol with 6.35 g (0.05 mol) 
of 2-chloropropionyl chloride in 30 ml of 
absolute benzene was carried out over 15 
hours. The yield of phenyl-2-
chloropropionate was 5.9 g (64%). 

Preparation of Phenyl-2-chloropropionate 
from Sodium Phenolate and 2-Chloropro- 
pionyl Chloride in Benzene Solution 

Experiment No. 1. In a round-bottom flask 
equipped with a reflux condenser, 4.7 g 

(0.05 mol) of phenol was placed and 
dissolved in absolute benzene. Cleaned 
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sodium metal (free from oxide film) was 
gradually added to the solution. To form 
sodium phenolate, the reaction mixture was 
further heated for 2 hours. Next, 6.35 g (0.05 
mol) of 2-chloropropionyl chloride was 
added, and the mixture was heated for 4 
hours. As a result of the reaction, a white 
precipitate of sodium chloride formed, and 
its quantity began to increase. The reaction 
product was washed with 10% aqueous 
alkali and extracted into benzene solution. It 
was then dried over CaCl₂. Benzene was 
removed from the reaction mixture under 
ambient conditions, and the remaining 
product was distilled under vacuum (110–
112°C / 10 mm Hg) using a simple distil-
lation apparatus. The yield of phenyl-2-
chloropropionate was 4.7 g (51%). 

Experiment No. 2. In absolute benzene 
solution, 4.7 g (0.05 mol) of phenol was 
reacted with 1.15 g (0.05 mol) of sodium to 
synthesize sodium phenolate. To this, 6.35 g 
(0.05 mol) of 2-chloropropionyl chloride 
was added, and the reaction was conducted 
over 5 hours. The yield of phenyl-2-
chloropropionate was 5.3 g (58%). 

Experiment No. 3. In absolute benzene 
solution, 4.7 g (0.05 mol) of phenol was 
reacted with 1.15 g (0.05 mol) of sodium to 
synthesize sodium phenolate. To this, 6.35 g 
(0.05 mol) of 2-chloropropionyl chloride 
was added, and the reaction was conducted 
over 6 hours. The yield of phenyl-2-
chloropropionate was 6.6 g (72%). 

Synthesis of Phenyl-2-chloropropionate in 
Acetone Solution 

Experiment No. 1. In a round-bottom flask 
fitted with a reflux condenser, 4.7 g (0.05 
mol) of phenol, 6.35 g (0.05 mol) of 2-
chloropropionyl chloride, and 25 ml of 
acetone were added and heated for 7 hours. 
A hydrogen chloride outlet tube was 
attached to the upper part of the reaction 
flask. The evolution of hydrogen chloride 
was periodically monitored using litmus 
paper. After the reaction, acetone was first 
removed under ambient conditions. The 
reaction product was then washed with 10% 
aqueous alkali, extracted into benzene, and 
dried over CaCl₂. Benzene was removed 
under ambient conditions, and the remaining 
product was distilled under vacuum (110–
112°C / 10 mm Hg) using a simple distil-
lation apparatus. The yield of phenyl-2-
chloropropionate was 4.1 g (45%). 

Experiment No. 2. In an appropriately 
equipped reaction apparatus, 4.7 g (0.05 
mol) of phenol, 6.35 g (0.05 mol) of 2-

chloropropionyl chloride, and 25 ml of 
acetone were added and heated for 9 hours. 
When the evolution of hydrogen chloride 
ceased, the process was stopped. After the 
acetone was removed, the reaction product 
was washed with water and extracted into 
benzene. The yield of phenyl-2-chloropro-
pionate was 4.8 g (53%). 

Experiment No. 3. In an appropriately 
equipped reaction apparatus, 4.7 g (0.05 
mol) of phenol, 6.35 g (0.05 mol) of 2-
chloropropionyl chloride, and 25 ml of 
acetone were added and heated for 12 hours. 
When the evolution of hydrogen chloride 
ceased, the process was stopped. After the 
acetone was removed, the reaction product 
was washed with water and extracted into 
benzene. The yield of phenyl-2-chloro-
propionate was 5.7 g (62%). 

Since this study was specifically focused on 
the synthesis of phenyl-2-chloropropionate, 
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the reactions were not carried out at a single 
fixed temperature and time. Instead, the 
processes were conducted at the boiling 
temperatures of the respective solvents. The 
reaction time was determined and monitored 
using the Beilstein test. For this reason, the 
influence of variations in these parameters 

on product yield was not discussed in the 
manuscript. 

To separate the main product, phenyl-2-
chloropropionate, from possible impurities, 
washing with alkaline water followed by 
vacuum distillation was applied. 

Characterization of Phenyl-2-chloropro- 
pionate Obtained Under Various Conditions 
by IR, ¹H NMR, and ¹³C NMR Spectroscopy 

IR spectra were recorded on a Bruker 
INVENIO X spectrometer in accordance 
with ASTM E573. ¹H NMR spectra were 
recorded in CDCl₃ on a Unity+400 (Varian) 
instrument operating at 400 MHz. HMDS 
was used as an internal standard in the ¹H 
NMR spectra. In the ¹³C NMR spectra, the 
chemical shift of the solvent was used as the 
internal standard. 

Gas chromatography–mass spectrometry 
(GC-MS) was carried out using a GC 8890 
GC module coupled with a 5977 MSD 
detector (Agilent, USA). A 5HP-MS 
capillary column with polar stationary phase 
(30 m × 0.25 mm × 0.3 µm) was used under 
the following conditions: Injector temper-
ature: 280°C, Carrier gas: H₂, 1 ml/min, 

Thermostat program: Initial 60°C (hold 1 
min), ramp 10°C/min to 180°C, then 
6°C/min to 230°C (hold 5 min), Detector 
temperature: 250°C, Ionization by electron 
impact at 70 eV; MS recording started after 
4 minutes (time corresponding to the solvent 
peak), m/z range: 10–500. 

To identify the composition of the product 
formed by the reaction of phenol with 2-
chloropropionyl chloride, thin-layer 
chromatography (TLC) was performed. In a 
hexane–ethyl acetate system at a 6:2 volume 
ratio on Silufol UV-254 plates, a single spot 
with Rf = 0.42 was observed. This com-
pound was identified as phenyl-2-chloro-
propionate. 

3. Results and Discussion

The synthesized phenyl-2-chloropropionate 
is a colorless liquid with a pleasant odor. Its 
boiling point is 110–112°C at 10 mm Hg. In 
a hexane–ethyl acetate system at a 6:2 
volume ratio on Silifol UV-254, it shows an 
Rf value of 0.42. The refractive index nD20 
was determined to be 1.5012. The electrical 
conductivity was measured at 1.383 (unit). 

The reaction of phenol with 2-chloro-
propionyl chloride was conducted under 

various conditions. Initially, sodium metal 
was gradually added to phenol dissolved in 
absolute benzene. After sodium phenolate 
had formed, 2-chloropropionyl chloride was 
added gradually. During the reaction, the 
sodium phenolate salt dissolved, and the 
reaction was completed. The reaction 
scheme (equation 13) can be depicted as 
follows: 
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(13) 

To investigate how the reaction between 
phenol and 2-chloropropionyl chloride pro-
ceeds in aprotic solvents and what products 
are formed, reactions were carried out in 
acetone solution. The product obtained from 
the reaction was analyzed. When an aqueous 
solution of FeCl₃ was added to the product, a 
violet coloration characteristic of the 
hydroxyl group was observed. Analysis of 

the product by thin-layer chromatography 
(TLC) revealed the presence of two spots. 

The reaction thus proceeds via O-acylation 
to form phenyl-2-chloropropionate, and 
theoretically via C-acylation to form 4-
hydroxyphenyl-2-chloropropionate 
(equation 14). 

 (14) 

When acetone was used as the solvent, the 
C-acylated compound 4-hydroxyphenyl-2-
chloropropionate was formed, and the reac-
tion product yield was also higher. This can
be explained by the formation of a relatively

bulky and stable (I) complex under the 
reaction conditions, which promotes the 
formation of 4-hydroxyphenyl-2-chloro-
propionate (Figure 1): 

Figure 1. σ-Complex of 4-(2-chloropropionyl)phenol. 
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The absence of acyl group substitution at the 
ortho position in the phenol chloracetylation 
reaction can be explained as follows: 

1) Because 2-chloropropionyl chloride is
bulky, steric hindrance prevents the reaction
at the ortho position.

2) The chloropropionyl cation (electrophile)
formed in the complex with 2-chloro-
propionyl chloride is unstable due to meso-
meric effects, resulting in high selectivity
(equation 15):

 (15) 

Therefore, the most favorable and stable 
para-isomer is formed in the reaction. 

3) Considering the charge distribution in the
π-complex formed during electrophilic
substitution on the aromatic ring, the –OH

group in the phenol nucleus directs the acyl 
group to the para position, where it exerts a 
greater influence on the complex, resulting 
in the formation of p-hydroxyphenacyl 
chloride (Figure 2) [17]. 

Figure 2. σ-Complex of phenol. 

The selectivity of the acyl group and the 
directing influence of I-type substituents in 
the aromatic ring toward the para position 
are known from the literature [18-19]. 

The reaction of phenol with 2-chloro-pro-
pionyl chloride was carried out under 

various conditions in benzene and acetone 
solutions. When phenol was reacted with 2-
chloropropionyl chloride in benzene 
solution, the reaction proceeded as follows 
(equation 16): 

 (16) 

To determine the composition of the 
chloropropionylation product of phenol with 
2-chloropropionyl chloride, thin-layer chro-
matography (TLC) was conducted. In a
hexane–ethyl acetate system (6:2 by vol-

ume) on Silifol UV-254, the product 
displayed a single spot with an Rf value of 
0.42. 

CH3 CH2 C

Cl

O
+ CH3 CH2 C
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The reaction product was subjected to 
physicochemical analysis. From IR, ¹H 
NMR, ¹³C NMR, and gas chromatography–
mass spectrometry, the structure of phenyl-
2-chloropropionate was confirmed. In the
analysis of the IR, ¹H NMR, ¹³C NMR, and
chromatographic mass spectra of phenyl-2-
chloropropionate, literature sources were
consulted [20–23].

The infrared (IR) spectrum of phenyl-2-
chloropropionate was recorded in the range 
of 4000–400 cm⁻¹ using the ATR 
(Attenuated Total Reflectance) method. The 
main absorption bands identified in the 
spectrum confirm the presence of functional 
groups in the compound. 

A strong absorption band observed at 1756 
cm⁻¹ corresponds to the stretching vibration 
of the carbonyl (C=O) group in the ester 
moiety, indicating that the substance is in 
the ester form. The band at 1596 cm⁻¹ 
corresponds to the stretching vibration of 
C=C bonds in the aromatic ring. The bands 

at 1068, 1143, 1191, and 1239 cm⁻¹ are 
attributable to C–O–C stretching vibrations, 
further confirming the presence of ester 
functional groups. The absorptions at 2985 
cm⁻¹ and 3062 cm⁻¹ are interpreted as 
stretching vibrations of =C–H bonds in the 
aromatic ring. The signal at 688 cm⁻¹ 
corresponds to the deformation vibration of 
C–H bonds in a mono-substituted benzene 
ring. The absorption at 1488 cm⁻¹ is related 
to the asymmetric deformation vibration of a 
methyl (–CH₃) group. The absorption 
observed at 750 cm⁻¹ corresponds to the C–
Cl stretching vibration, confirming the 
presence of chlorine atoms in the compound. 

Furthermore, the absence of a broad 
absorption band in the 3200–3600 cm⁻¹ 
region, which is characteristic of hydroxyl 
(O–H) groups, indicates that the compound 
has transitioned from an acidic to an ester 
form (Figure 3). Overall, the obtained IR 
spectrum fully corresponds to the proposed 
structure of phenyl-2-chloropropionate.

Figure 3. IR Spectrum of Phenyl-2-chloropropionate 
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The ¹H NMR spectrum of phenyl-2-chloro-
propionate was recorded in CDCl₃ solution 

at 600 MHz using a Unity+600 (Varian) 
spectrometer (Figure 4). 

Figure 4. ¹H NMR Spectrum of Phenyl-2-chloropropionate 

The following proton signals were identified 
in the obtained spectrum: A singlet at 1.75 
ppm corresponding to the protons of the –
CH₃ (methyl) group. Another singlet at 4.50 
ppm corresponding to the protons of the CH₂ 
group adjacent to the carbonyl (C=O) group 
and chlorine atom. The relatively high 
chemical shift value of this signal is due to 
the influence of the electronegative atoms 
(Cl and C=O). A set of multiplet signals in 
the range of 7.05–7.40 ppm, characteristic of 
aromatic ring protons, confirming the 
presence of the phenyl ring. 

All observed signals and chemical shift 
values in the ¹H NMR spectrum fully match 
the proposed structure of phenyl-2-
chloropropionate. In particular, the presence 
and order of individual signals for CH₃, 
CH₂, and aromatic protons serve as reliable 
confirmation of the compound’s structure. 

The ¹³C NMR spectrum of phenyl-2-chloro-
propionate is shown in Figure 5. 
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Figure 5. ¹³C NMR Spectrum of Phenyl-2-chloropropionate 

The ¹³C NMR spectrum of phenyl-2-chloro-
propionate showed ten characteristic peaks 
corresponding to the carbon atoms. 

The singlet peaks at 21.54, 52.29, 121.32, 
126.41, 129.67, 150.69, and 168.42 ppm are 
attributed to carbons of the phenyl-2-
chloropropionate molecule, confirming its 

structure. The singlet at 77.16 ppm 
corresponds to the chloroform solvent. 

Upon injection of phenyl-2-chloropro-
pionate into the GC–MS instrument under 
the specified conditions, a molecular ion 
with m/z = 184 was detected at a retention 
time of 5.396 minutes. 

Figure 6. Fragmentation Scheme of the Molecular Ion of Phenyl-2-chloropropionate in 
GC–MS 
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As shown in Figure 6, the fragmentation 
pattern of the molecular ion of phenyl-2- 
chloropropionate is presented. Additionally, 
fragment ions were identified at m/z = 
184.0, m/z = 121, m/z = 94.1, m/z = 77.0, 
m/z = 63.0, and m/z = 51.0. 

From the molecular ion of phenyl-2-
chloropropionate, an ethyl chloride cation 
with m/z = 63 is released in the first 
fragmentation pathway. In the second 
pathway, a phenoxycarbonyl cation with m/z 
= 121 is produced. 

From this fragment cation, carbon monoxide 
elimination results in the formation of a 
phenoxy cation with m/z = 93. In the next 
stage, elimination of an oxygen radical from 
the m/z = 93 ion produces an m/z = 77 
fragment. Finally, elimination of an 
acetylene molecule yields the fragment 
cation with m/z = 51, completing the 
fragmentation process. The formation of 
fragment ions from phenyl-2-chloro-
propionate was observed as shown in 
equation 17. 

 (17) 

4. Conclusion

For the first time, we conducted the reaction 
of phenol with 2-chloropropionyl chloride 
and synthesized phenyl-2-chloropropionate, 
which opened a new direction in the chlor-
acetylation reactions of aromatic hydro-
carbons. During the experiments, equimolar 
amounts of phenol and 2-chloropropionyl 
chloride were used. The reactions were 
carried out both by directly reacting phenol 
with 2-chloropropionyl chloride in benzene 
solution and by first preparing sodium 
phenolate. In the direct reaction conducted 
in benzene solution by heating for 10–15 
hours, the product yields ranged from 42% 
to 64%. When sodium phenolate was pre-
pared in benzene and then reacted, the yield 

significantly increased, reaching up to 72%. 
Reactions conducted in acetone as solvent 
under heating for 7–12 hours resulted in 
yields of about 45–62%. The experimental 
results showed that when benzene and 
acetone were used as solvents, benzene 
facilitated the reaction more efficiently. 

Infrared (IR) spectral analyses confirmed the 
presence of the ester group in the phenyl-2-
chloropropionate molecule (strong C=O 
absorption at 1756 cm⁻¹), as well as signals 
characteristic of the aromatic ring and C–Cl 
bond. 
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In the ¹H Nuclear Magnetic Resonance 
(NMR) spectrum, the following were iden-
tified: a singlet corresponding to the methyl 
group (1.75 ppm), a singlet corresponding to 
the CH₂ protons located near the chlorine 
and carbonyl groups (4.50 ppm), and 
multiplets corresponding to the aromatic 
ring protons (7.05–7.40 ppm). 

In the ¹³C NMR spectrum, ten signals cor-
responding to the carbon atoms were de-
tected, confirming the compound’s structure. 

GC–MS analysis revealed a molecular ion 
(m/z=184) and sequential fragmentation 

pathways, resulting in fragment ions at 
m/z=121, 94, 77, 63, and 51. 

The studies determined that reactions con-
ducted in acetone also produced the C-
acylated compound, 4-hydroxyphenyl-2-
chloropropionate. This C-acylation reaction 
was explained by the formation of a mod-
erately bulky and stable complex. Ad-
ditionally, the absence of acylation at the 
ortho position was attributed to the large 
size of the 2-chloropropionyl chloride and 
steric hindrance. The –OH group in the 
phenol nucleus directing acylation to the 
para position corresponds to the selectivity 
reported in the literature. 
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Abstract:  In this study, a cross-linked sodium alginate-graft-poly(acrylic acid-co-polyvinyl 
alcohol) (SA-g-poly(AAC-co-PVA)) hydrogel was successfully prepared through free-
radical polymerization and evaluated for its ability to remove Trypan Blue (TB) dye from 
aqueous media. The samples were characterized using Fourier Transform Infrared 
Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), X-ray Diffraction (XRD), 
Transmission Electron Microscopy (TEM), and Field Emission Scanning Electron 
Microscopy (FESEM). They confirmed the formation of a porous hydrogel network with a 
predominantly amorphous structure and adequate thermal stability. The adsorption 
performance was systematically examined under different operational conditions, including 
the effect of a 200 mg L-1 dye concentration on the adsorption of 0.07g of hydrogel at pH 7 
and 30°C. The results showed a clear dependence on solution pH, where acidic environments 
favored dye uptake due to reduced electrostatic repulsion between the anionic dye molecules 
and the protonated hydrogel surface. A pronounced decline in both removal efficiency (E%) 
and adsorption capacity (Qe) was observed with increasing pH solution. At pH 3, the 
hydrogel exhibited excellent adsorption performance, achieving an E of 96% and a Qe of 480 
mg g⁻¹. However, when the pH was increased to 11, these values dropped significantly to 
41% and 210 mg g⁻¹, respectively, indicating that acidic conditions strongly favor the 
adsorption process. Increasing the adsorbent dosage increased overall removal efficiency, 
although a decrease in adsorption capacity per unit mass was observed. Increasing the 
hydrogel mass from 0.01 g to 0.10 g increased E% from ~50% to ~97%, whereas Qe 
decreased from ~1500 mg g⁻¹ to ~300 mg g⁻¹. The adsorption process proceeded rapidly, 
achieving an equilibrium capacity of approximately 350 mg g⁻¹ within 25 min and reaching 
about 410 mg g⁻¹ at longer contact times. Analysis of equilibrium data revealed that the 
Freundlich isotherm model provided a better fit (R² = 0.9883), indicating multilayer 
adsorption on heterogeneous sites within the grafted polymer network. Regeneration 
experiments demonstrated that the hydrogel retained nearly 60% of its initial removal 
efficiency after five consecutive adsorption–desorption cycles, highlighting its potential for 
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repeated use. Overall, the prepared hydrogel shows promise as an effective, reusable 
adsorbent for removing Trypan Blue from wastewater. 

Key Words: Polymer composite, trypan blue dye, adsorption, wastewater treatment, 
regeneration  

1. Introduction

Water contaminated with dyes requires 
treatment to remove them using various 
adsorbents or techniques prior to discharge 
into local drainage systems or natural water 
bodies. Dyes are employed across numerous 
industries, including textiles, cosmetics, ink, 
plastics, paper, food, pharmaceuticals, pulp, 
leather, printing, paints, and rubber, owing to 
their high solubility in water and capacity to 
impart intense color [1-3]. Trypan blue (TB) 
is a water-soluble azo dye, classified as an 
anionic acidic dye, with a molar mass of 
960.81 g/mol and a chemical formula of 
(C34H24N6Na4O14S4). It is used in biological 
staining, vitreoretinal surgery, cell viability 
assessment, and food coloring processes. 
However, Trypan Blue (TB) is cytotoxic to 
cells. Empirical studies have demonstrated 
that exposure of human retinal pigment 
epithelial cells (ARPE-19) to TB in vitro 
induces cellular toxicity and reduced 
viability, with the severity of these effects 
contingent on the dye concentration and 
exposure duration. Furthermore, elevated TB 
concentrations pose a threat to aquatic 
organisms and the environment. The 
discharge of untreated water contaminated 
with this dye can adversely affect natural 
water bodies, disrupt aquatic ecosystems, and 
pose significant risks to human and enviro-
nmental health [4-6]. 

The release of untreated water contaminated 
with this dye can adversely affect natural 
water resources, disrupt aquatic ecosystems, 
and pose significant health risks to humans, 
including toxicity and carcinogenicity. To 

protect the environment from contamination, 
it is imperative to eliminate TB discharges 
from various industries in water sources. The 
issue of dye pollution in water has led to the 
development of numerous water treatment 
methods, including advanced oxidation 
processes, ion exchange, deep eutectic sol-
vents, coagulation-flocculation, adsorption, 
electrocoagulation, wet oxidation, sedimen-
tation, arc discharge, membrane bioreactors, 
phytoremediation, reverse osmosis, sequenc-
ing batch reactors, and membrane filtration. 
Among these, adsorption is recognized as one 
of the most commonly employed treatment 
techniques because of its cost-effectiveness, 
simplicity, high efficiency, and environ-
mental compatibility. Various adsorbents, 
such as clay, hydrogels, activated carbon, and 
graphene oxide, have been utilized [7,8]. 

Hydrogels, also known as superabsorbent 
polymers, are considered innovative mate-
rials due to their versatility and Biocom-
patibility. They consist of three-dimensional 
cross-linked polymer networks that are 
water-soluble but swell upon contact with 
water, enabling them to absorb water and 
biological fluids without compromising their 
structural integrity. This absorption 
capability is attributed to the presence of 
hydrophilic groups, such as (–OH, – CONH, 
–CONH2, –COOH, and -SO3H) in the
polymer chain [9,10]. These hydrogels can
absorb additional biological fluids, and their
expanded state allows them to retain
substantial amounts of fluid. They have
garnered significant attention for their
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applications in biomedical, environmental, 
energy, and engineering fields due to their 
enhanced water absorption and Biocom-
patibility. Despite the development of vari-
ous types of hydrogels, there remains a need 
for non-toxic, eco-friendly hydrogels that can 
be easily prepared with the desired properties 
[11-13]. 

Many inorganic clay minerals, such as 
kaolin, bentonite, and attapulgite, along with 
natural polymeric materials, including poly-
saccharides (sodium alginate, starch, 
cellulose, and chitosan), have been employed 
to develop eco-friendly organic–inorganic 
superabsorbent composites to reduce 
production costs and enhance performance. 
Sodium alginate (SA), an anionic poly-
saccharide derived from brown seaweed, has 
been extensively investigated because of its 
non-toxic nature, biodegradability, and 
ability to form gels in the presence of divalent 
cations such as Ca²⁺. SA is renowned for its 
exceptional film-forming and gelation pro-
perties, rendering it widely utilized in 
biomedicine, food packaging, and environ-
mental remediation [14,15]. 

Acrylic acid (AA), a synthetic monomer 
bearing a carboxylic acid group, is commonly 
used in hydrogel production due to its ability 
to impart significant hydrophilicity to the gel. 
When copolymerized with natural polymers, 
such as sodium alginate, it enhances 
mechanical strength and water-absorption 
capacity while improving the hydrogel's 
surface characteristics [16,17]. The resulting 
hybrid or composite hydrogels integrate the 
advantages of both natural and synthetic 
materials, making them popular for 
applications such as drug delivery, wound 
dressing, biosensing, agriculture, and waste-
water treatment. Recently, SA/AA hydrogels 
have demonstrated considerable potential as 
effective adsorbents for removing organic 
dyes and heavy metals from contaminated 
water, particularly when modified with 
nanoparticles or other functional fillers to 
enhance their adsorption capacity and dura-
bility [18].  This study aims to develop and 
evaluate a SA/AA hydrogel for the efficient 
adsorption and regeneration-based removal 
of trypan blue dye from aqueous solutions. 
The research focuses on the hydrogel's 
structural properties and its performance 
across multiple cycles. 

2. Experimental Part

Materials 

Sodium alginate (SA, purity 99%) was used 
as the main biopolymer backbone, and 
acrylic acid (AA, purity 98%) was employed 
as the grafting monomer. Poly(vinyl alcohol) 
(PVA, ≥99% purity) was used as a hydro-
philic polymer to enhance the mechanical 
stability of the hydrogel network. Potassium 
per sulfate (KPS, purity 97%) was used as a 
free-radical initiator, and N, N′-methylene 
bisacrylamide (MBA, purity 99%) was used 

as a cross-linking agent. Trypan Blue (TB) 
dye was selected as the model anionic dye for 
the adsorption experiments. Hydrochloric 
acid (HCl) and sodium hydroxide (NaOH) 
solutions were used to adjust the pH of the 
samples. All chemicals were of analytical 
grade, purchased from Sigma-Aldrich, and 
used as received without further purification. 
Deionized water was used in all experiments. 
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Preparation of SA-g-poly(AAC-co-PVA) 
Hydrogel 

The hydrogel was synthesized via free-
radical polymerization using sodium alginate 
(SA), acrylic acid (AA), and poly(vinyl alco-
hol) (PVA) as monomeric components. 
Initially, a 2 wt% SA solution was prepared 
by dissolving 0.50 g of sodium alginate in 20 
mL of deionized water under magnetic 
stirring at 60°C until complete homoge-
nization. In parallel, 0.50 g of PVA was 
dissolved in 30 mL of deionized water at 
80°C to obtain a clear polymer solution, 
which was subsequently cooled to room 
temperature. The PVA solution was then 
combined with the SA solution to form a 
blended biopolymeric matrix. Separately, the 
monomer mixture was prepared by diluting 
10 mL of acrylic acid (AA; 0.14 mol) with 3 
mL of deionized water, followed by the 
addition of potassium persulfate (KPS; 0.05 
g, 0.18 mmol) as the radical initiator and 

N,N′-methylene bisacrylamide (MBA; 0.05 
g, 0.32 mmol) as the covalent cross-linker. 
This mixture was stirred for 30 min to ensure 
uniformity. The SA/PVA blend was 
gradually added to the AA/KPS/MBA 
solution under continuous stirring to ensure 
complete dispersion of all components. The 
final precursor mixture was cast into Petri 
dishes and thermally polymerized at 60°C for 
1–2 h, forming a cross-linked three-dimen-
ional hydrogel network. After gelation, the 
hydrogels were removed, repeatedly washed 
with deionized water to remove unreacted 
species, and dried at 50–60°C to constant 
mass. This preparation method yielded a 
mechanically stable hydrogel with enhanced 
structural integrity and high-water absorption 
capacity, owing to the combined roles of SA, 
PVA, and the covalently cross-linked AA 
network. 

Swelling Ratio 

Water adsorption studies are critical for 
evaluating the performance of hydrogel-
based adsorbents, as their swelling behavior 
directly reflects their porosity, hydro-
philicity, and accessibility of active sites. 
These studies quantify the material's ability 
to uptake and retain water under controlled 
environmental conditions, such as fixed 
temperature, humidity, and immersion time. 

The swelling behavior is commonly 
expressed as the swelling ratio (SR), which 
represents the percentage increase in mass of 
the hydrogel due to water uptake. This 
parameter provides a reliable measure of the 
hydrogel’s water-holding capacity and 
structural flexibility and is calculated using 
the following equation (1) [19]: 

(SR	%) = !!"!"
!"

	× 100 (1) 

where ws is the weight of the swollen 
hydrogel (g), and Wd is the weight of the 
dry hydrogel (g). 
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Study Gel Content 

The gel content (Gc%) of the (SA-g-
poly(AAC-co-PVA)) hydrogel was deter-
mined to quantify the fraction of the hydrogel 
network that remains insoluble in water. 
Initially, the hydrogel samples were dried and 

weighed, then immersed in distilled water for 
24 h at 25°C to extract the soluble com-
ponents. After extraction, the samples were 
dried again and reweighed. The gel content 
(Gc%) was calculated using equation 2: 

(Gc%) 	= #$
#%
	× 100        (2) 

where Md represents the weight of the dried 
sample after extraction, and Mo corresponds 

to the initial weight of the dried sample 
before extraction. 

Preparation of Trypan Blue Dye Solution 

Figure 1 shows the chemical structure of 
Trypan Blue dye is an anionic azo dye with 
the molecular formula (C34H24N6Na4O14S4) 

and a molecular weight of 960.81 g.mol-1 
illustrates the chemical structure of the TB 
dye. 

Fig 1. Chemical Structure of Trypan Blue (TB) 

A stock solution at 1000 mg L-1 was prepared 
by dissolving 0.1 g of dye powder in 100 mL 

of distilled water. The maximum absorption 
wavelength (λmax) was determined using a 
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UV-Vis spectrophotometer, and the 
maximum absorbance peak was observed at 
588 nm. 

Adsorption Studies 

Batch adsorption experiments were per-
formed to evaluate the removal efficiency of 
Trypan Blue (TB) dye using the synthesized 
SA-g-poly(AAC-co-PVA) hydrogel. All 
experiments were conducted in 100 mL of 
dye solution using a water bath shaker at 120 
rpm and 30°C. To investigate the effect of 
initial dye concentration, solutions at 50-500 
mg L⁻¹ were used with a fixed hydrogel 
dosage of 0.07 g. The effect of adsorbent 
dosage was studied by varying the hydrogel 
amount (0.01–0.10 g) in a dye solution with 

a constant concentration of 200 mg L⁻¹. The 
influence of solution pH was examined at 
values of 3, 7, 8, and 10 by adjusting the pH 
with 0.1 M HCl and 0.1 M NaOH solution. 
After reaching equilibrium, the residual dye 
concentration was determined using a UV-
Vis spectrophotometer at (λmax) of 588 nm. 
The equilibrium adsorption capacity (Qe 
mg.g-1) and removal percentage (R%) were 
calculated using the following equations (3) 
and (4): 

𝑄& =
((#"($)*

+
     (3) 

𝑅% = (%"($
(%

100     (4) 

where Qe (mg. g-1) denotes the equilibrium 
adsorption capacity; C0 and Ce (mg. L-1) rep-
resent the initial and equilibrium concen-
trations of Trypan Blue dye, respectively; V 

(L) refers to the solution volume of TB dye,
and W (g) indicates the mass of the dry
hydrogel.

Characterization Techniques 

The surface functional groups of the syn-
thesized SA-g-poly(AAC-co-PVA) hydrogel 
were identified using Fourier Transform In-
frared Spectroscopy (FTIR) in the spectral 
range of 400–4000 cm⁻¹. The surface 
morphology and porous structure were 
examined using Field Emission Scanning 
Electron microscopy (FESEM). To investi-
gate the internal structure and nanoscale 
particle-size distribution, Transmission Elec-

tron Microscopy (TEM) was used. The crys-
talline nature of the prepared hydrogel was 
analyzed by X-ray Diffraction (XRD) using 
Cu-Kα radiation. Furthermore, the thermal 
stability and degradation behavior of the 
hydrogel were evaluated using thermograv-
imetric analysis (TGA) over a temperature 
range of 25–600°C under a nitrogen atmo-
sphere. 
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Adsorption Isotherm Models 

Nonlinear isotherm adsorption models 
effectively characterize the interaction 
between the adsorbent and adsorbate. In this 
study, the Freundlich and Langmuir isotherm 

models are employed to examine adsorption. 
The Freundlich isotherm model is calculated 
using equation 5: 

𝑄& = 𝐾-𝐶&
./0 (5) 

The Langmuir isotherm is primarily used to 
describe the adsorption of dyes from aqueous 

solutions. The Langmuir isotherm nonlinear 
model is calculated from equation 6: 

𝑄& =
1&2'($
.32'($

   (6) 

where Qe: amount adsorbed per unit mass of 
adsorbent at equilibrium (mg.g-1), (mol.g-1), 
Ce: equilibrium concentration (mg.L-1), 
(mol.L-1), and Kf: capacity factor or Freun-
dlich constant empirical (L.mg-1). 

1/n: Freundlich exponent, if the (n) value 
reaches unity, the adsorption is linear; if the 
n value is above unity, then the adsorption 

process is physical; if the “n” value is below 
unity, the adsorption process is chemical. 

Langmuir constant empirical, which 
represents maximum adsorption efficiency 
(mg.g-1), KL: Langmuir constant (L/mg) or 
the equilibrium constant of the adsorption 
process [20].

3. Results and Discussion

Characterization of SA-g-poly (AAC-co-
PVA) Hydrogel 

FTIR analysis before and after adsorption 

The Fourier transform infrared (FTIR) 
spectra of the SA-g-poly(AAC-co-PVA) 
hydrogel before and after Trypan Blue 
adsorption are illustrated in Figure 2. The 
spectrum of the pristine hydrogel displays a 
broad absorption band in the region of 3200–

3500 cm⁻¹, which is attributed to the stretch-
ing vibrations of hydroxyl (–OH) groups 
associated with sodium alginate and 
poly(vinyl alcohol), indicating strong hydro-
gen bonding interactions within the poly-
meric network [21]. 
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Fig 2. FTIR Spectra of the Synthesized Hydrogel Before and After Trypan Blue Adsorption 

The absorption band observed around 1700–
1720 cm⁻¹ corresponds to the carbonyl (C=O) 
stretching vibration of acrylic-based units, 
confirming successful grafting and cross-
linking of the polymer chains. In addition, the 
bands located near 1400–1450 cm⁻¹ are 
assigned to the symmetric stretching 
vibrations of carboxylate (–COO⁻) groups, 
while the peaks appearing in the range of 
1000–1100 cm⁻¹ are related to C–O and C–
O–C stretching vibrations of the poly-
saccharide backbone [22,23]. 

After adsorption of Trypan Blue, noticeable 

changes in the FTIR spectrum were observed, 
including slight shifts and decreases in the 
intensity of the –OH and –COO⁻ related 
bands. These variations indicate the 
involvement of hydroxyl and carboxyl 
functional groups in the adsorption process 
via electrostatic interactions and hydrogen 
bonding. The preservation of the prominent 
characteristic absorption bands after adsorp-
tion suggests that the hydrogel framework 
remains structurally stable during dye uptake 
[24,25]. 

Surface morphology analysis (FESEM) 

The surface morphology of the prepared 
hydrogel before and after Trypan Blue 
adsorption was examined using field-
emission scanning electron microscopy 
(FESEM), as shown in Figure 3a. The 
FESEM image of the pristine hydrogel 
reveals a highly porous, interconnected three-

dimensional network with irregular cavities 
distributed throughout the surface. This 
porous structure is typical of alginate-based 
hydrogels prepared via free-radical graft 
polymerization and provides numerous 
accessible pathways that facilitate dye 
diffusion and adsorption processes [26,27]. 
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Fig 3. FESEM Images of SA-g-poly (AAC-co-PVA) Hydrogel (a) Before and (b) After the 
Adsorption Process 

After adsorption (Figure 3b), the hydrogel 
surface becomes denser and partially covered 
by aggregated layers, indicating effective at-
tachment of Trypan Blue molecules to the 
hydrogel matrix. The observed reduction in 
visible pore openings indicates that dye 
molecules occupy both internal pores and 
active surface sites via a combination of 
surface interactions and pore-filling mech-

anisms. Despite these morphological 
changes, the three-dimensional network 
framework remains largely preserved, 
demonstrating sufficient mechanical stability 
of the hydrogel during adsorption. This 
structural integrity is a key factor in 
maintaining regenerative capability and 
enabling repeated adsorption cycles [28,29]. 

Internal structure analysis (TEM) 

Fig 4. TEM Images of the Hydrogel's Internal Morphology at Different Magnifications 

a b 
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The internal morphology of the prepared 
hydrogel was investigated using transmission 
electron microscopy (TEM), as shown in 
Figure 4. The TEM images reveal irregular 
agglomerated regions containing nanoscale 
features dispersed throughout the polymeric 
matrix. These darker contrast areas cor-
respond to polymer-rich domains formed 
during grafting and cross-linking and are 
commonly observed in biopolymer-based 
superabsorbent hydrogels [30]. 

At higher magnification, the hydrogel dis-
plays clustered internal domains with nonuni-

form boundaries and a relatively compact 
network. This structural appearance suggests 
that acrylic-based grafting onto the alginate 
backbone leads to the formation of dense 
nanoscale regions embedded within the 
swollen hydrogel network. Such features are 
beneficial for adsorption, as they facilitate 
dye diffusion and increase the number of 
accessible interaction sites. In addition, the 
absence of distinct crystalline lattice fringes 
confirms the predominantly amorphous na-
ture of the hydrogel, which is advantageous 
for adsorption applications and is consistent 
with the XRD observations [31]. 

X-ray Diffraction (XRD) analysis

The X-ray Diffraction (XRD) pattern of the 
prepared SA-g-poly (AAC-co-PVA) 
hydrogel is presented in Figure 5. The dif-
fractogram is characterized by a broad amor-

phous halo extending over the 2θ range of 
approximately 15–25°, while distinct cryst-
alline peaks are absent. 

Fig 5.  X-ray Diffraction (XRD) Pattern of the Prepared Hydrogel 

This feature indicates that the synthesized 
hydrogel predominantly possesses an 

amorphous structure. Such diffraction char-
acteristics are frequently reported for 
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polysaccharide-based hydrogels obtained via 
graft polymerization and cross-linking pro-
cesses, in which the introduction of synthetic 

polymer chains interferes with the regular 
packing of the biopolymer backbone [32,33]. 

The suppression of crystalline features can be 
attributed to the grafting of acrylic segments 
onto alginate chains and to the physical 
entanglement of PVA within the three-
dimensional cross-linked network. Such 
structural rearrangements hinder long-range 
crystalline order and result in a homogeneous 
amorphous matrix, as reported for alginate- 
and acrylic-based hydrogel nanocomposites. 

The predominance of the amorphous struc-
ture is favorable for adsorption processes 
because it provides greater flexibility of the 
polymer chains and improves the exposure of 
functional groups, including hydroxyl (–OH) 
and carboxyl (–COO⁻) moieties. Such 
structural characteristics facilitate more 
effective interactions between Trypan Blue 
molecules and the available active sites 
within the hydrogel network, thereby 
enhancing adsorption performance [34]. 

Thermal stability analysis (TGA) 

The thermal stability of the prepared 
alginate–acrylic–PVA hydrogel was eval-
uated using thermogravimetric analysis 
(TGA), as illustrated in Figure 6. The result-

ing TGA profile shows a stepwise weight-
loss pattern, which is commonly observed for 
cross-linked polysaccharide-based grafted 
hydrogels. 

Fig 6. TGA Thermogram of the Alginate–Acrylic–PVA Hydrogel 

An initial minor mass loss occurs below 
approximately 120°C and is mainly related to 
the release of physically adsorbed and 
weakly bound water molecules within the 

hydrogel structure. A second degradation 
stage is evident in the temperature range of 
200–300°C and is attributed primarily to the 
thermal decomposition of grafted acrylic 
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components, as well as to the breakdown of 
pendant functional groups formed during 
grafting process [35,36]. At temperatures 
exceeding 300°C, a more substantial weight 
loss is observed, corresponding to the 
degradation of the alginate and PVA 
backbone chains and the progressive collapse 
of the three-dimensional cross-linked 
network. The overall degradation behavior, 

together with the presence of a measurable 
residual mass at higher temperatures, 
suggests that the incorporation of acrylic 
units and PVA chains contributes to im-
proving the thermal stability of native 
alginate. This observation confirms the 
formation of a structurally stable, cross-
linked hydrogel suitable for adsorption under 
a range of thermal conditions [37]. 

Optimization of Reaction Parameters 

The synthesis conditions of the SA-g-
poly(AAC-co-PVA) hydrogel were system-
atically optimized to maximize its swelling 
performance. The effects of reaction time and 

temperature were evaluated while keeping 
the concentrations of KPS (0.05 g), MBA 
(0.05 g), and acrylic acid (0.14 mol L⁻¹) 
constant.

Effect of reaction time 

The reaction time was varied from 2 to 4 h at 
60°C. As shown in Figure 7a, the hydrogel 
exhibited a maximum swelling ratio of 488% 
at 2 h. Shorter reaction times limit polymer 
chain growth and network formation, where-
as longer reaction times increase crosslinking 

density by prolonging radical activity. This 
excessive crosslinking reduces network 
flexibility and pore size, restricting water 
penetration and leading to decreased swelling 
beyond the optimal time [38-40]. 

Effect of reaction temperature 

The reaction temperature was varied from 55 
to 75°C in 5°C increments (Figure 7b). 
Swelling increased with temperature, reach-
ing a maximum of 530% at 75°C. The initial 
increase is attributed to enhanced thermal 
decomposition of the initiator (KPS), which 
generates more free radicals and promotes 
efficient grafting and network formation. 

This results in a more open and porous 
hydrogel structure that favors water uptake. 
However, at temperatures above the opti-
mum, excessive radical activity increases 
crosslink density and can lead to chain 
termination, resulting in a more compact 
network and reduced swelling [41,42]. 

Effect of solvent volume 

As shown in Figure 7c, the swelling 
percentage initially increases with increasing 

solvent volume, reaches a maximum at 100 
mL, and then declines.
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Fig 7. Effect of Several Parameters on the Highest Swelling Percentage of Hydrogel (a) 
Reaction Time, (b) Reaction Temperature, (c) Solvent Amount 

The initial enhancement in swelling is 
attributed to improved dispersion of 
monomers and initiator in a larger solvent 
volume, which facilitates efficient free-rad-
ical generation and promotes uniform poly-
merization and network formation. This 
results in a more open and porous hydrogel 
structure that favors water uptake. However, 
beyond the optimal solvent volume, exces-
sive dilution reduces the frequency of effect-
tive radical–monomer collisions, thereby 

lowering crosslinking efficiency and 
weakening network formation, thereby 
decreasing swelling capacity [43,44]. 
Overall, both reaction time and temperature 
strongly influence the balance between 
network formation and crosslinking density. 
Optimal swelling is achieved when the 
hydrogel network is sufficiently crosslinked 
to maintain structural integrity while 
remaining sufficiently flexible and porous to 
maximize water absorption [45,46]. 
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Effect of Operational Parameters on 
Trypan Blue Adsorption 

Effect of solution pH 

The role of solution pH in controlling Trypan 
Blue adsorption onto the alginate–acrylic–
PVA hydrogel was examined across a pH 
range of 3–11, as presented in Figure 8. A 
clear decrease in both removal efficiency 
(E%) and adsorption capacity (Qe) was 
observed with increasing pH, At pH 3, the 
hydrogel showed high adsorption perfor-

mance, with E = 96% and Qe = 480 mg g⁻¹ 
[47,48]. In contrast, at pH 11, both values 
decreased markedly to E = 41% and Qe = 210 
mg g⁻¹, demonstrating the pronounced 
decline in adsorption with increasing pH. 
indicating that acidic conditions favor dye 
uptake. 

Fig 8. Effect of Solution pH on TB Dye Adsorption, Adsorption Conditions: 30°C, 200 mg 
L-1 Dye, 0.07g Hydrogel

This behavior is associated with changes in 
the surface charge of the hydrogel arising 
from the ionization state of functional groups 
within the alginate/PVA network, partic-
ularly carboxylic (–COOH/–COO⁻) and 
hydroxyl (–OH) moieties. Under acidic con-
ditions, protonation converts –COO⁻ groups 
into their neutral –COOH form, which lowers 
electrostatic repulsion between the hydrogel 
surface and the anionic sulfonate groups (–
SO₃⁻) of the dye. As a result, adsorption is 
enhanced through a combination of 

electrostatic attraction and hydrogen-
bonding interactions. Similar pH-controlled 
adsorption behavior has been reported for 
polysaccharide- and acrylic-based hydrogel 
adsorbents. In contrast, under alkaline 
conditions, deprotonation increases the 
density of –COO⁻ sites, thereby strength-
ening electrostatic repulsion against anionic 
dye species and weakening adsorption, 
consistent with charge-governed adsorption 
observed for related hydrogel systems 
[49,50]. 
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Point of zero charge (PZC) 

Because the adsorption behavior of materials 
is strongly governed by their surface charac-
teristics, determining the point of zero charge 
(PZC) provides essential insight into surface 
charge properties. In this study, the PZC of 
the (SA-g-poly(AAC-co-PVA)) hydrogel 
was determined using the pH drift method, a 

reliable technique for surface character-
ization. The PZC is the pH at which the net 
surface charge, including both internal and 
external sites, is zero. Below pHpzc, the 
hydrogel surface acquires a positive charge, 
whereas above pHpzc it becomes negatively 
charged.  

Fig 9. Effect of PZC of the (SA-g-poly(AAC-co-PVA)) Hydrogel 

As illustrated in Figure 9, the initial pH (pHi) 
was plotted against the difference between 
the initial and final pH (ΔpH) after 
introducing a fixed amount of hydrogel into a 
0.1 N NaCl solution. The pHpzc value was 
determined to be 4.5, indicating that under 
typical experimental conditions, the hydrogel 

surface predominantly carries a negative 
charge. This behavior suggests that the 
functional groups along the polymer chains 
play a key role in governing the surface 
charge and, consequently, the adsorption 
performance of the hydrogel [51,52]. 

Effect of adsorbent dosage 

The effect of adsorbent dosage on Trypan 
Blue adsorption was examined by increasing 
the hydrogel mass from 0.01 to 0.10 g (Figure 
10). As the dosage increased, the removal 
efficiency (E%) rose markedly, which is 
mainly attributed to the higher availability of 

adsorption sites and the larger effective 
surface area provided by increasing amounts 
of hydrogel in the solution. For example, 
increasing the hydrogel mass from 0.01 g to 
0.10 g increased E% from ~50% to ~97% 
(Figure 10). 
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Fig 10. Effect of SA-g-poly(AAC-co-PVA) Hydrogel Dosage on Trypan Blue Adsorption, 
Adsorption Conditions: 30°C, 200 mg L-1 Dye , pH 7 

In contrast, the adsorption capacity per unit 
mass (Qe, mg g⁻¹) decreased with increasing 
dosage. This behavior is commonly observed 
for hydrogel-based adsorbents when a fixed 
initial dye concentration is used, where many 
adsorption sites remain unsaturated at higher 
adsorbent dosages. Additionally, increasing 
hydrogel mass may lead to partial 

aggregation of swollen polymer domains, 
thereby reducing the accessibility of internal 
adsorption sites and decreasing Qe despite 
improved overall dye removal. Consistent 
with this, Qe decreased from ~1500 mg g⁻¹ at 
0.01 g to ~300 mg g⁻¹ at 0.10 g, confirming 
the opposite trends of E% and Qe with 
increasing hydrogel dosage [53,54]. 

Effect of initial Trypan Blue concentration 

Fig 11. Effect of Initial Trypan Blue Concentration on Adsorption Behavior of the SA-g-
poly(AAC-co-PVA) Hydrogel, Adsorption Conditions: 30°C, pH 7, 0.07g Hydrogel 
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The effect of the initial Trypan Blue 
concentration on the adsorption performance 
of the SA-g-poly(AAC-co-PVA) hydrogel 
was examined over a concentration range of 
50–500 mg L⁻¹, as illustrated in Figure 11. An 
increase in dye concentration was 
accompanied by a gradual reduction in 
removal efficiency (E%), whereas the 
adsorption capacity (Qe) showed a 
continuous increase. As shown in Figure 11, 
increasing the initial Trypan Blue concen-
tration from 50 mg L⁻¹ to 500 mg L⁻¹ resulted 
in a noticeable decrease in E, from about 98% 
at 50 mg L⁻¹ to nearly 62% at 500 mg L⁻¹, 
while Qe increased significantly from 
approximately 90 mg g⁻¹ to around 520 mg 
g⁻¹ over the same concentration range. At 
lower concentrations, the abundance of avail-
able adsorption sites relative to the number of 
dye molecules promotes more efficient up-

take, thereby increasing removal efficiency.  
With further increases in the initial 
concentration, these sites become 
progressively saturated, intensifying com-
petition among dye molecules and resulting 
in a noticeable decline in E% [55]. 

In contrast, the continuous increase in Qe at 
higher initial concentrations is attributed to 
the steeper concentration gradient between 
the bulk solution and the hydrogel surface, 
which enhances the mass-transfer driving 
force and allows greater dye accumulation 
per unit mass of adsorbent. The opposite 
trend between E% and Qe with increasing 
initial dye concentration is characteristic of 
hydrogel-based adsorbents and has been 
reported for polysaccharide–acrylic hydrogel 
systems used in dye adsorption studies 
[56,57]. 

Effect of contact time 

The effect of contact time on Trypan Blue 
uptake by the SA-g-poly (AAC-co-PVA) 
hydrogel is presented in Figure 12. The 
adsorption capacity (Qe) increases rapidly 
during the initial stage, reaching approx.-

imately 350 mg/g after about 25 min, which 
is attributed to the abundance of available 
active sites and the high concentration 
gradient between the solution and the 
hydrogel surface. 

Fig 12. Effect of Contact Time on Trypan Blue Adsorption by the Prepared Hydrogel, 
Adsorption Conditions: 30°C, 200 mg L-1 Dye, 0.07g Hydrogel, pH 7 
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Beyond this period, the adsorption rate 
gradually decreases, and equilibrium is 
attained after approximately 40 min, with a 
maximum Qe of approximately 410 mg/g. 
This behavior is related to the progressive 
occupation of adsorption sites and the 

development of diffusion resistance within 
the cross-linked hydrogel network. Similar 
time-dependent adsorption profiles have 
been widely reported for polysaccharide-
based hydrogels and bio-adsorbents used for 
dye removal [58]. 

Adsorption Isotherm 

The equilibrium adsorption data of Trypan 
Blue onto the prepared hydrogel was eval-
uated using the Langmuir (monolayer) and 

Freundlich (multilayer) isotherm models, as 
shown in Figure 13.  

Fig 13. Equilibrium Adsorption Isotherms of TB Dye onto the Prepared Hydrogel, 
Showing Experimental Data and Fitting with Langmuir and Freundlich Models Under the 

Studied Conditions 
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At the same time, the corresponding fitting 
parameters are summarized in Table 1.

Table 1. Different Parameters of Isotherm Models for TB Dye Adsorption 
onto the Prepared Hydrogel 

The fitting results indicated that the 
Freundlich model provides a superior des-
cription of the experimental data, as evid-
enced by its higher correlation coefficient (R² 
= 0.983) than the Langmuir model (R² = 
0.896). This indicates that the adsorption 
process predominantly follows a multilayer 
mechanism on a heterogeneous hydrogel 
surface rather than uniform monolayer 
coverage [59]. 

The predominance of the Freundlich model 
suggests that Trypan Blue molecules interact 
with adsorption sites of different energies 
distributed within the grafted polymeric 
network of the hydrogel. Such adsorption 
behavior is commonly reported for alginate- 
and polysaccharide-based hydrogels and ref-
lects the structural complexity and non-
uniform surface characteristics inherent to 
these materials [60,61]. 

Isotherm model Parameter Value 
Freundlich   
𝑄& = 𝐾-𝐶&

./0
Kf 437.76 ± 10.05 
1/n 0.251 ± 0.017 
R² 0.9838 

Langmuir 
𝑄& =

𝑄4𝐾5𝐶&
1 + 𝐾5𝐶&

Qₘ 493.09 ± 36.87 mg g⁻¹ 
KL 0.128 ± 0.050 L mg⁻¹ 
R² 0.8961 
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Regeneration Efficiency 

The regeneration and reusability perfor-
mance of the prepared hydrogels was 
evaluated over five consecutive adsorption–
desorption cycles, as illustrated in Figure 14. 

The hydrogel exhibited an initial removal 
efficiency of approximately 82%, which 
gradually decreased with increasing regen-
eration cycles. 

Fig 14. Effect of Regeneration Cycles on Adsorption Efficiency (E%) 

After the second cycle, the removal 
efficiency changed little, remaining around 
78%, indicating acceptable preservation of 
the hydrogel framework and accessibility of 
a considerable fraction of adsorption sites 
[62,63]. From the third cycle onward, a more 
pronounced decrease became evident, and 
the efficiency dropped to approximately 60% 
by the fifth cycle. This decline is likely 
attributable to cumulative effects arising 

from repeated use, including partial 
obstruction of active sites, incomplete release 
of adsorbed dye molecules during desorption, 
and minor structural fatigue within the 
crosslinked polymer network. Comparable 
regeneration trends have been reported for 
polysaccharide-based and grafted hydrogel 
systems, supporting the feasibility of 
employing such materials for multiple 
adsorption–desorption cycles [64,65]. 

Comparative Analysis with Existing 
Adsorbents 

To evaluate the adsorption efficiency of the 
synthesized (SA-g-poly(AAC-co-PVA)) hy-
drogel for the removal of the anionic Trypan 
Blue (TB) dye from aqueous solutions, a 
comparative analysis was performed against 
previously reported adsorbents. Although 
direct comparisons are constrained by 
differences in experimental parameters, in-
cluding operating conditions and adsorption 

environments, the results summarized in 
Table 2 indicate that the prepared hydrogel 
exhibits a notably high maximum adsorption 
capacity. These findings highlight the com-
petitive performance and potential appli-
cability of the synthesized hydrogel as an 
effective adsorbent for removing anionic and 
cationic dyes.
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Table 2. Adsorption Capacity of (SA-g-poly(AAC-co-PVA)) Hydrogel for 
the Removal of Dyes 

Sorbent/Hydrogel Dye Qe mg/g Ref 
St-g-AA(H)-AAM MG 23.59 [66] 
Hydrogel/Fe3O4 MB 9.76 [67] 
BMEP-PVPA hydrogel MB 284.4 [68] 
Chitosan/Fe3O4 MB 9.65 [69] 
Alginate/PP beads ST 30.66 [70] 
GG/bacterial cellulose ST 17.57 [71] 
XG-cl-poly (MEMA)/TiO2 CV 160.33 [26] 
Fly ash/TiO2 - chitosan MB 55.85 [72] 
CMC-g-poly (AA-co-IA) /MMT ST 19.024 [73] 
SA-g-poly(AAC-co-PVA) hydrogel TB 493.33 In this study 

4. Conclusion

The present study demonstrates that a cross-
linked SA-g-poly(AAC-co-PVA) hydrogel 
can effectively remove Trypan Blue (TB) 
from aqueous solutions. Spectroscopic and 
microscopic characterizations (FTIR, 
FESEM, TEM, and XRD) verified the 
successful formation of a porous and mainly 
amorphous hydrogel structure, which is 
advantageous for adsorption processes. The 
adsorption behavior was found to be highly 
dependent on the experimental conditions. 
Acidic media promoted dye uptake, and the 
highest performance was observed at pH 3, 
where the removal efficiency exceeded 93%, 
owing to protonation of surface functional 
groups and reduced electrostatic repulsion 
with anionic dye species. The adsorption 
process proceeded rapidly, reaching equil-
ibrium after approximately 40 min, at which 
point a high Qe of 410mg/g was achieved, 
reflecting the fast occupation of readily 
accessible adsorption sites. Initial dye con-
centration also played a key role in 

controlling adsorption performance. The 
highest removal efficiency was observed at 
an initial concentration of 50 mg L⁻¹ (E% ≈ 
98%), whereas increasing the concentration 
resulted in a gradual decrease in efficiency 
due to saturation of active sites. Regarding 
adsorbent dosage, increasing the hydrogel 
mass improved dye removal, and an optimal 
dosage of 0.10 g was identified, corres-
ponding to ~95% removal efficiency. 
Beyond this dosage, the improvement in 
efficiency became less pronounced due to 
partial site underutilization. 

Isotherm analysis revealed that the 
adsorption data were better described by the 
Freundlich model (R² = 0.983), indicating a 
heterogeneous adsorption surface. Further-
more, the hydrogel retained nearly 60% of its 
initial removal efficiency after multiple 
regeneration cycles, confirming its reason-
able stability and potential for repeated use.

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 105



5. References

1. Singh V, Pandit C, Roy A, Pandit S,
Rai AK, Rani A, Ranjan N, Rustagi S,
Malik S. Degradation of food dyes via
biological methods: A state-of-the-art
review. Bioresour. Technol. Rep.,
2024, 25, 101780.

2. Sherugar P, Padaki M, Naik NS,
George SD, Murthy DHK. Biomass-
derived versatile activated carbon
removes both heavy metals and dye
molecules from wastewater with near-
unity efficiency: Mechanism and kin-
etics. Chemosphere, 2022, 287,
132085.

3. Sharma S, Sharma G, Kumar A,
AlGarni TS, Naushad M, Alothman
ZA, Stadler FJ. Adsorption of cationic
dyes onto carrageenan and itaconic
acid-based superabsorbent hydrogel:
Synthesis, characterization and
isotherm analysis. J. Hazard. Mater.,
2021, 421, 126729.
https://doi.org/126710.121016/j.jhaz
mat.122021.126729

4. Subhan H, Alam S, Shah LA, Ali
MW, Farooq M. Sodium alginate
grafted poly(N-vinyl formamide-co-
acrylic acid)-bentonite clay hybrid
hydrogel for sorptive removal of
methylene green from wastewater.
Colloids Surf., A, 2021, 611, 125853.
https://doi.org/125810.121016/j.colsu
rfa.122020.125853

5. Stanciu MC, Nichifor M. Adsorption
of anionic dyes on a cationic amp-
hiphilic dextran hydrogel: Equili-
brium, kinetic, and thermodynamic
studies. Colloid Polym. Sci., 2019,
297(1), 45-57.

6. Shen Y, Li B, Zhang Z. Super-
efficient removal and adsorption
mechanism of anionic dyes from

water by magnetic amino acid-func-
tionalized diatomite/yttrium alginate 
hybrid beads as an eco-friendly 
composite. Chemosphere, 2023, 336, 
139233. 
https://doi.org/139210.131016/j.chem
osphere.132023.139233  

7. Sringeri Ganesh P, Kadri Jagadish D,
Badalamoole V. Development of gum
tragacanth-based graft copolymer
hydrogel for the adsorptive removal of
dyes from wastewater. Macromol.
Chem. Phys., 2025, 226(22), e00225.

8. Sourbh T. Synthesis, characterization
and adsorption studies of an acrylic
acid-grafted sodium alginate-based
TiO2 hydrogel nanocomposite.
Adsorpt. Sci. Technol., 2018, 36(1-2),
458–477.

9. Singh J, Weber ME. Kinetics of one-
dimensional gel swelling and collapse
for large volume change. Chem. Eng.
Sci., 1996, 51(19), 4499-4508.
https://doi.org/4410.1016/0009-
2509(4496)00254-00250

10. Silva EC, Soares VR, Nörnberg AB,
Fajardo AR. Recyclable 3D-printed
composite hydrogel containing rice
husk biochar for organic contaminants
adsorption in tap water. ACS Appl.
Polym. Mater., 2023, 5(10), 8415-
8429.

11. Sorze A, Valentini F, Dorigato A,
Pegoretti A. Development of a
xanthan gum based superabsorbent
and water retaining composites for
agricultural and forestry applications.
Molecules, 2023, 28(4), 1952.
https://doi.org/1910.3390/molecules2
8041952

12. Sizovs A, McLendon PM,
Srinivasachari S, Reineke TM.

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 106



Carbohydrate polymers for nonviral 
nucleic acid delivery. Top. Curr. 
Chem., 2010, 296, 131-190. 

13. Aljeboree AM, Jasim KK, Sabah NA.
High-capacity dye adsorption by low-
cost combo hydrogel: Kinetic,
thermodynamic, and regeneration
study. J. Inorg. Organomet. Polym.
Mater., 2025, 35(10), 8350-8373.

14. Shirsath SR, Patil AP, Bhanvase BA,
Sonawane SH. Ultrasonically
prepared poly(acrylamide)-kaolin
composite hydrogel for removal of
crystal violet dye from wastewater. J.
Env. Chem. Eng., 2015, 3(2), 1152-
1162:
https://doi.org/1110.1016/j.jece.2015.
1104.1016

15. Shi W-Y, Ding C, Yan J-L, Han X-Y,
Lv Z-M, Lei W, Xia M-Z, Wang F-Y.
Molecular dynamics simulation for
interaction of PESA and acrylic
copolymers with calcite crystal
surfaces. Desalination, 2012, 291, 8-
14.

16. Choudhary S, Sharma K, Kumar V,
Sharma V. RSM-CCD directed
modeling and optimization of a low-
cost adsorbent based on sodium
dodecyl sulfate for the selective
removal of malachite green and
methylene blue dyes: Kinetics,
isotherm, and thermodynamics
analysis. Microchem. J., 2024, 205,
111158.

17. Chen X, Zhang G, Hou F, Zhu J.
Highly effective removal of basic
fuchsin dye using carboxymethyl
konjac glucomannan grafted acrylic
acid-acrylamide/montmorillonite
composite hydrogel. Int. J. Biol.
Macromol., 2024, 277, 134163. 
https://doi.org/134110.131016/j.ijbio
mac.132024.134163  

18. Zheng M, Cai K, Chen M, Zhu Y,
Zhang L, Zheng B. pH-responsive

poly(gellan gum-co-acrylamide-co-
acrylic acid) hydrogel: Synthesis, and 
its application for organic dye 
removal. Int. J. Biol. Macromol., 
2020, 153, 573-582. 

19. Rizwan M, Naseem S, Gilani SR,
Durrani AI. Optimization of swelling
and mechanical behavior of Acer
platanoides cellulose combo hydro-
gel. Kuwait J. Sci., 2024, 51(2),
100177.
https://doi.org/100110.101016/j.kjs.1
02024.100177

20. Abu-Zurayk RA, Al Bakain RZ,
Hamadneh I, Al-Dujaili AH.
Adsorption of Pb (II), Cr (III) and Cr
(VI) from aqueous solution by
surfactant-modified diatomaceous
earth: Equilibrium, kinetic and therm-
odynamic modeling studies. Int. J.
Miner. Process., 2015, 140, 79-87.

21. Thakur S, Chaudhary J, Thakur A,
Gunduz O, Alsanie WF, Makatsoris
C, Thakur VK. Highly efficient
poly(acrylic acid-co-aniline) grafted
itaconic acid hydrogel: Application in
water retention and adsorption of
rhodamine B dye for a sustainable
environment. Chemosphere, 2022,
303, 134917.

22. Thamer, B.M., A. Aldalbahi, Hameed
MMA, El-Newehy MH. In situ
preparation of novel porous nano-
composite hydrogel as effective 
adsorbent for the removal of cationic 
dyes from polluted water. Polymers, 
2020, 12(12), 3002. 
https://doi.org/3010.3390/polym1212
3002  

23. Aljeboree AM, Hussein UA-R,
Alkaim AF, Abd S, Alsultany FH,
Altimari US. pH-Responsive
biopolymer/nano-clay hydrogel beads
for dual dye removal: Adsorption
kinetics, isotherms, and reusability.

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 107



Polym. Bull., 2025, 82(16), 11357-
11393. 

24. Tshikovhi A, Motaung TE. Chitosan
and guar-gum-based polymeric nano-
composites for the adsorption of
contaminants in water: Insights into
adsorption capacities, mechanisms,
and applications. Desalin. Water
Treat., 2024, 320, 100708. 
https://doi.org/100710.101016/j.dwt.
102024.100708  

25. Thombare N, Mishra S, Siddiqui MZ,
Jha U, Singh D, Mahajan GR. Design
and development of guar gum based
novel, superabsorbent and moisture
retaining hydrogels for agricultural
applications. Carbohydr. Polym.,
2018, 185, 169-178.
https://doi.org/110.1016/j.carbpol.20
18.1001.1018

26. Taktak FF, Özyaranlar E. Semi-
interpenetrating network based on
xanthan gum-cl-2-(N-morpholin-
oethyl methacrylate)/titanium oxide
for the single and binary removal of
cationic dyes from water. Int. J. Biol.
Macromol., 2022, 221, 238-255.
https://doi.org/210.1016/j.ijbiomac.2
022.1008.1139

27. Taktak F, Gökçe S. Ultrasound-
assisted synthesis of biodegradable
graphene oxide-based hydrogel
nanocomposites for highly efficient
and cost-effective removal of methyl
orange from aqueous media. J. Water
Process Eng., 2024, 58, 104837.

28. Thakur S, Arotiba OA. Synthesis,
swelling and adsorption studies of a
pH-responsive sodium alginate–
poly(acrylic acid) superabsorbent
hydrogel. Polym. Bull., 2018, 75(10),
4587-4606.

29. Teweldebrihan MD, Dinka MO.
Methyl red adsorption from aqueous
solution using Rumex abyssinicus-
derived biochar: Studies of kinetics

and isotherm. Water, 2024, 16. DOI: 
10.3390/w16162237 

30. Tang Y, Li M, Mu C, Zhou J, Shi B.
Ultrafast and efficient removal of
anionic dyes from wastewater by
polyethyleneimine-modified silica
nanoparticles. Chemosphere, 2019,
229,  570-579.

31. Vahid B, Hossein P, Mohammad SA,
Dariush S, Siamak J. Synthesis and
characterization of bio-nano-
composite hydrogel beads based on
magnetic hydroxyapatite and chito-
san: A pH-sensitive drug delivery
system for potential implantable
anticancer platform. Polym. Bull.,
2023, 23, 1223.
https://doi.org/1210.1007/s00289-
00023-05072-00281

32. Vasiraja N, Prabhahar RSS, Joshua A.
Preparation and physio–chemical
characterisation of activated carbon
derived from Prosopis juliflora stem
for the removal of methylene blue dye
and heavy metal containing textile
industry effluent. J. Cleaner Prod.,
2023, 397, 136579.

33. Varaprasad K, Jayaramudu T, Sadiku
ER. Removal of dye by
carboxymethyl cellulose, acrylamide
and graphene oxide via a free radical
polymerization process. Carbohydr.
Polym., 2017, 164, 186-194.
https://doi.org/110.1016/j.carbpol.20
17.1001.1094

34. Wahyu ME, Damayanti D, Wu HS.
Production, characterization, and
application of KOH-activated biochar
from rice straw for azo dye adsorption.
Biomass, 2025, 5, 40. DOI:
10.3390/biomass5030040

35. Wan S, Zhao W, Xiong D, Li S, Ye Y,
Du L. Novel alginate immobilized
TiO2 reusable functional hydrogel
beads with high photocatalytic

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 108



removal of dye pollutions. J. Polym. 
Eng., 2022, 42(10), 978-985. 

36. Wallenwein CM, Weigel V, Hofhaus
G, Dhakal N, Schatton W, Gelperina
S, Groeber-Becker FK, Dressman J,
Wacker MG. Pharmaceutical
development of nanostructured
vesicular hydrogel formulations of
rifampicin for wound healing. Int. J.
Mol. Sci., 2022, 23(24).

37. Wan Z, Xiong Z, Ren H, Huang Y, Liu
H, Xiong H, Wu Y, Han J. Graft
copolymerization of methyl
methacrylate onto bamboo cellulose
under microwave irradiation.
Carbohydr. Polym., 2011, 83(1), 264-
269.

38. Wei J, Yan L, Zhang Z, Hu B, Gui W,
Cui Y. Carbon nanotube/chitosan
hydrogel for adsorption of acid red 73
in aqueous and soil environments.
BMC Chem., 2023, 17(1), 104.

39. Wang Y, Shen Z, Wang H, Song Z, Yu
D, Li G, Liu X, Liu W. Progress in
research on metal ion crosslinking
alginate-based gels. Gels, 2025, 11,
16. DOI: 10.3390/gels11010016

40. Aljeboree AM, Hussein SA, Altimari
US, Mohealdeen SM, Alsultany FH,
Alkaim AF. Optimization of swelling
and mechanical behavior of novel pH-
sensitive terpolymer biocomposite
hydrogel based on activated carbon
for removal brilliant blue dye from
aqueous solution. Polym. Bull., 2025,
82(5), 1447-1478.
https://doi.org/1410.1007/s00289-
00024-05588-00280

41. Winning D, Wychowaniec JK, Wu B,
Heise A, Rodriguez BJ, Brougham
DF. Thermoresponsiveness across the
physiologically accessible range:
Effect of surfactant, cross-linker, and
initiator content on size, structure, and
transition temperature of poly(N-
isopropylmethacrylamide) microgels.

ACS Omega, 2024, 9(34), 36185-
36197. 

42. Wang Z, Ning A, Xie P, Gao G, Xie
L, Li X, Song A. Synthesis and
swelling behaviors of carboxymethyl
cellulose-based superabsorbent resin
hybridized with graphene oxide.
Carbohydr. Polym., 2017, 157, 48-56.

43. Wang J, Sawut A, Wumaer M, Simayi
R, Aikebaier M. Preparation of
chitosan quaternary ammonium salt-
sodium alginate/poly acrylic acid
hydrogel and its application in flexible
sensing. J. Mech. Behav. Biomed.
Mater., 2026, 173, 107231. 
https://doi.org/107210.101016/j.jmbb
m.102025.107231

44. Wang G, Li G, Huan Y, Hao C, Chen
W. Acrylic acid functionalized
graphene oxide: High-efficient
removal of cationic dyes from waste-
water and exploration on adsorption
mechanism. Chemosphere, 2020, 261,
127736.

45. Xinyou M, Lan W, Shiqing G, Yanyan
D, Yunqing Z, Chuanyi W, Eric L.
Synthesis of a three-dimensional
network sodium alginate–poly(acrylic
acid)/attapulgite hydrogel with good
mechanic property and reusability for
efficient adsorption of Cu2+ and Pb2+.
Env. Chem. Lett., 2018, 16, 653–658.

46. Xiao C, Yang M. Controlled
preparation of physical cross-linked
starch-g-PVA hydrogel. Carbohydr.
Polym., 2006, 64(1), 37-40.
https://doi.org/10.1016/j.carbpol.200
5.1010.1020

47. Yaarub NA, Alshrefi SM, Rafea
FAM, Ahmed T, Al-Mamoori MHK,
Al-Nafiey AK, Al-Kaim AF. Optical
and morphological characterizations
of element oxides compound
(Y2O3/SeO2) nano-composite struc-
tures synthesized via chemistry of

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 109



laser ablation. J. Global Pharma 
Technol., 2018, 10(3), 536-544. 

48. Xisto MR, Damacena DHL, de Araújo
FP, Alves D, Honorio LMC, Peña-
Garcia R, Almeida L, de Oliveira JA,
Furtini MB, Osajima JA. Biopolymer
gellan-gum-based TiO2: A green
alternative photocatalyst approach for
removal of pollutants. Water, 2024,
16(2), 315.

49. Yang J, Shojaei S, Shojaei S. Removal
of drug and dye from aqueous
solutions by graphene oxide:
Adsorption studies and chemometrics
methods. npj Clean Water, 2022, 5(1),
5.

50. Yamakawa T, Tatami J, Komeya K,
Meguro T. Synthesis of AlN powder
from Al(OH)3 by reduction–
nitridation in a mixture of NH3–C3H8
gas. J. Eur. Ceram. Soc., 2006, 26,
2413-2418.

51. Aljeboree AM, Alkaim AF, Alsultany
FH, Issa SK. Highly reusable nano
adsorbent based on clay-incorporated
hydrogel nanocomposite for cationic
dye adsorption. J. Inorg. Organomet.
Polym. Mater., 2024, 35(2), 1165-
1186. https://doi.org/10.1007/s10904-
10024-03344-10905

52. Parveen R, Tarannum Z, Ali S, Fatima
S. Nanoclay based study on protein
stability and aggregation and its imp-
lication in human health. Int. J. Biol.
Macromol., 2021, 166, 385-400.
310.1016/j.ijbiomac.2020.1010.1197

53. Yang Y, Song S, Zhao Z. Graphene
oxide (GO)/polyacrylamide (PAM)
composite hydrogels as efficient
cationic dye adsorbents. Colloids
Surf., A, 2017, 513, 315-324.

54. Yang X, Zhang X, Feng X, Xu B, Du
C, Zhang E, Shan M, Zhang Y. Novel
porous hydrogel beads based on
amidoxime modified polymer of
intrinsic microporosity for efficient

cationic dye removal. Microporous 
Mesoporous Mater., 2024, 377, 
113218. 
https://doi.org/113210.111016/j.micr
omeso.112024.113218  

55. Yang Z, Ni R, Yang Y, Qi J, Lin X,
Zhang Y, Wang L, Wu Y, Li X, Lu H.
Carboxymethyl cellulose-based
supramolecular hydrogel with
thermo-responsive gel-sol transition
for temporary plugging of oil pipeline
in hot work. Carbohydr. Polym.,
2024, 324, 121556.
https://doi.org/121510.121016/j.carbp
ol.122023.121556

56. Alzayd AAM, Radia ND. Novel pH-
sensitive of organic composite (kc-g-
poly(AAc-co-AAm)/bentonite),
synthesis and characterization cand-
idate as a carrier for controlled release
system in vitro to some drugs. Carbon
Lett., 2024, 34(1), 505-517.
https://doi.org/510.1007/s42823-
42023-00674-42821

57. An J-K, Wang W-B, Wang A-Q.
Preparation and swelling properties of
a pH-sensitive superabsorbent
hydrogel based on psyllium gum.
Starch/Stärke, 2010, 62(10), 501-507.

58. Aljeboree AM, Ghazi HH, Hussein
SA, Jawad MA, Khuder SA, Alkaim
AF. Facile fabrication of a low-cost
carboxymethyl cellulose–polyacryla-
mide composite for the highly
efficient removal of cationic dye:
Optimization, kinetic and reusability.
J. Iran. Chem. Soc., 2025, 22(1), 91-
111. https://doi.org/110.1007/s13738-
13024-03132-13735

59. Vadivelan V, Kumar KV.
Equilibrium, kinetics, mechanism, 
and process design for the sorption of 
methylene blue onto rice husk. J. 
Colloid Interface Sci., 2005, 286(1), 
90-100.

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 110



60. Weber WJJ, Morris JC. Kinetics of
adsorption on carbon from solution. J.
Sanit. Eng. Div., Am. Soc. Civ. Eng.,
1963, 89, 31-59.

61. Wang ZK, Li T-T, Peng HK, Ren H,
Lin JH, Lou C-W. Natural-clay-
reinforced hydrogel adsorbent: Rapid
adsorption of heavy-metal ions and
dyes from textile wastewater. Water
Env. Res., 2022, 94.

62. Thamer BM, Shaker AA, Abdul
Hameed MM, Al-Enizi AM. Highly
selective and reusable nanoadsorbent
based on expansive clay-incorporated
polymeric nanofibers for cationic dye
adsorption in single and binary
systems. J. Water Process Eng., 2023,
54, 103918.
https://doi.org/103910.101016/j.jwpe.
102023.103918

63. Aljeboree AM, Alkaim AF, Hussein
SA, Alsultany FH, Jawad MA.
Ecofriendly k-carrageenan-based
hydrogel with strong adsorption and
higher abilities to remove crystal
violet from aqueous solution:
Thermodynamic, isotherm and kinetic
investigation. J. Inorg. Organomet.
Polym. Mater., 2025, 35(4), 2921-
2942.

64. Usmanova GS, Latypova LR,
Yusupova AR, Mustafin AG.
Preparation of copolymers based on
aniline and 2[2-chloro-1-methylbut-2-
en-1-yl]aniline and their application
for the removal of methyl orange from
aqueous solutions. J. Polym. Env.,
2025, 33(3), 1585-1600.
https://doi.org/1510.1007/s10924-
10024-03419-x

65. Ullah N, Ali Z, Khan AS, Adalat B,
Nasrullah A, Khan SB. Preparation
and dye adsorption properties of
activated carbon/clay/sodium alginate
composite hydrogel membranes. RSC
Adv., 2024, 14(1), 211-221.

66. Al-Aidy H, Amdeha E. Green
adsorbents based on polyacrylic acid-
acrylamide grafted starch hydrogels:
The new approach for enhanced
adsorption of malachite green dye
from aqueous solution. Int. J. Env.
Anal. Chem., 2021, 101(15), 2796-
2816.
https://doi.org/2710.1080/03067319.0
3062020.01711896

67. Rana VS, Sharma N. Adsorption
profile of anionic and cationic dyes
through Fe3O4 embedded oxidized
Sterculia gum/gelatin hybrid gel
matrix. Int. J. Biol. Macromol., 2023,
232, 123098.
https://doi.org/123010.121016/j.ijbio
mac.122022.123012.123317

68. Anil I, Gunday ST, Bozkurt A, Alagha
O. Design of crosslinked hydrogels
comprising poly(vinylphosphonic
acid) and bis[2-(methacryloy-
loxy)ethyl] phosphate as an efficient
adsorbent for wastewater dye
removal. Nanomaterials, 2024, 10(1),
131.
https://doi.org/110.3390/nano100101
31

69. Zeng L, Xie M, Zhang Q, Kang Y,
Guo X, Xiao H, Peng Y, Luo J.
Chitosan/organic rectorite composite
for the magnetic uptake of methylene
blue and methyl orange. Carbohydr.
Polym., 2015, 123, 89-98.
https://doi.org/10.1016/j.carbpol.201
5.1001.1021

70. Abbaz A, Arris S, Viscusi G, Ayat A,
Aissaoui H, Boumezough Y.
Adsorption of safranin-O dye by
alginate/pomegranate peels beads:
Kinetic, isotherm and thermodynamic
studies. Gels, 2023, 9(11), 961.
https://doi.org/910.3390/gels9110916

71. Nguyen HT, Ngwabebhoh FA, Saha
N, Saha T, Saha P. Gellan
gum/bacterial cellulose hydrogel

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 111



crosslinked with citric acid as an eco-
friendly green adsorbent for safranin 
and crystal violet dye removal. Int. J. 
Biol. Macromol., 2022, 222, 77-89. 
https://doi.org/10.1016/j.ijbiomac.20
22.1009.1040 

72. Gajera R, Patel RV, Yadav A,
Labhasetwar PK. Adsorption of
cationic and anionic dyes on
photocatalytic fly ash/TiO2 modified
chitosan biopolymer composite. J.
Water Process Eng., 2022, 49,
102993.

https://doi.org/102910.101016/j.jwpe.
102022.102993 

73. Mohammadzadeh Pakdel P,
Peighambardoust SJ, Arsalani N,
Aghdasinia H. Safranin-O cationic
dye removal from wastewater using
carboxymethyl cellulose-grafted-
poly(acrylic acid-co-itaconic acid)
nanocomposite hydrogel. Env. Res.,
2022, 212, 113201.
https://doi.org/113210.111016/j.envre
s.112022.113201

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 112



Highly Adsorbent Derived from Bioresources Residue: Rice Husk-
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Abstract:  The purpose of this study is to develop an eco-friendly adsorbent from rice husk 
for the effective removal of alkaline dyes (RH) and its acid-activated carbon (AC-RH). This 
activated carbon was obtained from rice husks by chemical activation with phosphoric acid 
as the activating agent. Characterisation of the activated carbon was performed using 
FESEM, TEM, and BET. Adsorption equilibrium of methylene violet 2B (MV) by Rice Husk 
activated carbon (AC-RH) was experimentally studied, and the effects of operating 
parameters, including initial dye concentration (10-100 mg/L), activated carbon dosage 
(0.01-0.09 g/100 mL), and solution pH (3-11) on the adsorption were investigated 
systematically. Their adsorption efficiency also increased with pH in alkaline medium, and 
maximum removal efficiency was observed at pH 11 at ambient temperature (25°C). The 
adsorption efficiency increased over time, reaching a removal rate of 87% for rice husk-
enhanced activated carbon (AC-RH) and 68% for raw rice husk (RH). After this point, all 
sites reached complete saturation, resulting in a stable removal rate.  An adsorption isotherm 
model, the Freundlich model, described the equilibrium data with the greatest fit (by R2), 
meaning it is a heterogeneous surface. Based on the high correlation coefficient (R² = 
0.9985), the model is reliable, as the adsorption capacities for various adsorbents (AC-RH: 
96.11 mg/g and (RH-AC): 76.22 mg/g) were determined at pH 6 and 25°C.  These findings 
emphasised the potential of rice husk-based activated carbon as a promising, eco-friendly, 
sustainable, inexpensive and efficient adsorbent to remove cationic dyes as an alternative to 
commercial adsorbents. 

Key Words: Adsorption, rice husk, dye, isotherm  

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 113



1. Introduction

The disposal of huge volumes of synthetic 
colours in industrial drainage, which is 
generally untreated effluent, has emerged as 
a global leading problem threatening envi-
ronmental systems and making the pre-
servation of human health very hard. Of these 
dyes, methyl violet 2B (MV-2B) is a cationic 
dye containing one or two methyl groups 
bonded to a nitrogen atom and three 
substituted aryl groups. Due to its stable 
chromophoric group, MV-2B is used in a 
number of sectors, including textile, paper, 
leather, silk, bamboo, and ink, mainly as a 
dyeing agent [1-4].  
As the dye is very water-soluble, its 
ecological stability and mobility in the 
aquatic environment is very high. However, 
this same characteristic also makes it difficult 
to remove from wastewater once it is in the 
environment, thus increasing the compound's 
ecological footprint. Similarly, MV-2B has 
been associated with marked toxicological 
significance. Disclosure USA; 2015/10/05: 
One report found the dye to be a human 
health hazard and exposure potentially leads 
to “upper respiratory tract mucosal irritation 
and dryness, general gastrointestinal dis-
turbance, drowsiness and inflammation of the 
oral and pharyngeal mucosa”, and, moreover, 
prolonged or high-level exposure may be 
associated with respiratory dysfunction and 
circulatory disorders. Due to its water 
solubility, bioaccumulation in organisms and 
toxicity, MV-2B-contaminated effluent must 
be treated before being released into the 
environment [5,6]. Among the available 
treatment methods, adsorption has emerged 
as one of the most efficient approaches for 
dye removal due to its high selectivity toward 
organic contaminants. Various adsorbent 
materials, such as activated carbon, chitosan, 
metal oxide nanoparticles, and binary metal 
oxides, have demonstrated promising perfor-
mance in removing such dyes, emphasising 

the importance of selecting suitable adsor-
bents to achieve efficient wastewater remedi-
ation. Among these treatment methods, 
adsorption has been recognized as one of the 
most effective means for the elimination of 
dyes due to its high preferential selectivity 
toward organic pollution. Multiple adsorbent 
materials, including but not limited to 
activated carbon, chitosan, metal oxide 
nanoparticles, and binary metal oxides, have 
been shown to effectively remove these dyes, 
underscoring the need to select appropriate 
adsorbents for efficient wastewater 
remediation [7-10]. 

Activated carbon (AC) is generally regarded 
as a premium adsorbent for wastewater treat-
ment and features a plentiful specific surface 
area, pronounced porosity, various surface 
functional groups, high adsorption perform-
ance, good chemical stability, and easy re-
generation. However, the high production 
cost of activated carbon hinders its large-
scale application [11,12]. On the other hand, 
adsorbents derived from lignocellulosic 
sources have obtained increasing interest due 
to their environment-friendly, renewable, 
cheap, and abundant nature. A plethora of 
literature has highlighted the efficiency of 
converting agricultural residues and biomass 
wastes into adsorbent materials. These 
include sugarcane bagasse, soybean husks, 
residues from Moringa oleifera cultivation, 
sorghum stalks, oil palm fronds and poultry 
litter, which are highly promising biosorbents 
for sequestering dyes and other contaminants 
from wastewater systems [8,13]. 
Lignocellulosic biomass wastes have tradi-
tionally been used to produce activated 
carbon via thermochemical processes such as 
conventional pyrolysis or microwave-
assisted pyrolysis. Pyrolysis is the most 
commonly employed method, as it can yield 
high-quality, porous activated carbon with a 
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high specific surface area. The choice of a 
suitable chemical activating agent is the most 
important step in this process, because is the 
one that dramatically affects the charac-
teristics of the pore structure, pore size 
distribution and surface area of the carbon 
products obtained [14,15]. Zinc chloride 
(ZnCl₂), sulfuric acid (H₂SO₄), phosphoric 
acid (H₃PO₄), potassium hydroxide (KOH), 
and sodium carbonate (Na₂CO₃) are all 
widely used activating agents. In particular, 
zinc chloride (ZnCl₂) has been reported to be 
the most dominant, as it is known for 
inducing a well-defined porous structure with 
high surface area and carbon yield. Phos-
phoric acid (H₃PO₄)–activated carbon also 
demonstrated high adsorption performance 
for various water pollutants. Organic pol-
lutants include malachite green, methylene 

blue, methyl violet, tetracycline 
hydrochloride, phenol, etc., as well as toxic 
metal ions such as Cr(VI) and Cd²⁺.  Rice 
husk-based activated carbon, for example, 
showed better adsorption capability towards 
methyl violet compared to raw rice husk due 
to improved surface characteristics and an 
excess of functional groups. The fit of the 
adsorption process to the Freundlich isotherm 
indicated heterogeneous multilayer adsorp-
tion behaviour. Additionally, this activated 
carbon demonstrated strong regeneration and 
reusability, making it a viable and eco-
efficient bio-based adsorbent for wastewater 
treatment applications [16,17]. This research 
focuses on the using of friendly bioresources 
for removal of pollutants from aqueous 
solutions. 

2. Materials

Figure 1. a) 2D Structure b) 3D Structure of MV 2B Dye 

Rice Husk (RH) was collected from a local 
farm in Hillah, Iraq. Methyl violet dye (as 
shown in Figure 1) (MV 2B; C24H28ClN3; 
molecular weight 393.94 g/mol, purity 
99.87%, maximum  

wavelength 575 nm) was obtained from 
Tianjin Kemou Chemical Co., Ltd. Sodium 
chloride (NaCl, molecular weight 58.44 
g/mol), hydrochloric acid (HCl), sodium 
hydroxide (NaOH, molecular weight 40 
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g/mol ), zinc chloride (ZnCl2, molecular 
weight 136.315 g/mol) and phosphoric acid 

(H3PO4, molecular weight 97.994 g/mol) 
were sourced from Sigma-Aldrich. 

Activated Carbon Preparation from 
Rice Husk 

The RH was sourced from farms, left 
undisturbed, and cleaned with water to 
remove dirt and issues. They were then left to 
dry in the sun for three days. After this, the 
specimens were placed in an oven and heated 
at 100°C for 24 hours to completely eliminate 
the surface moisture. These dried husks were 
then ground in a mortar to a very fine powder 
and sieved to give 2 mm-sized particles. 
Subsequently, chemical activation was 
performed on 1 g of rice husks using 2 g of 
phosphoric acid (H₃PO₄). The pulp was then 

transferred to a deoxygenated furnace and 
was calcined at 500℃ for 90 min in a 
nitrogen atmosphere. The activated carbon 
obtained was called RH-AC and was washed 
several times with hot distilled water to 
remove any unreacted acid. The RH-AC 
powder was dried in an oven at 100°C for 24h 
after the washing, then sieved to achieve a 
similar particle size of m, and the final RH-
AC powder was retained in a sealed container 
were carried out the adsorption experiments 
(Figure 2). 

Figure 2. Preparation of Activated Carbon from Rice Husk 
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Adsorption Experiment 

A standard solution of methyl violet (MV) 
dye with an initial concentration of 100 mg/L 
was prepared using distilled water. A series 
of solutions was prepared to obtain the 
required concentrations. In the adsorption 
experiments, 100 mL of an MV solution (50 
mg/L) was used in a 100 mL conical flask. A 
weight of activated carbon was used as an 
adsorbent (0.0600 ± 0.0001 g). A shaker was 
used in a temperature-controlled water bath, 
and the mixture was shaken at 150 rpm for 
one hour to ensure that the adsorption 
equilibrium was reached – a standard study. 
To systematically evaluate the adsorption 
behaviour, the effect of several experimental 
variables was investigated: contact time, 

which was set within a range of 5 to 60 
minutes; and the initial dye concentration, 
which ranged from 10 to 100 mg/L. The pH 
of the solution is controlled between 3 and 10 
using 0.1 M sodium hydroxide or 0.1 M 
hydrochloric acid. Following each 
experiment, the residual MV dye 
concentration in the supernatant was 
determined using a UV–Vis spectro-
photometer at the maximum absorption 
wavelength (λmax = 580 nm). The adsorption 
capacity and removal efficiency were sub-
sequently calculated based on the difference 
between the initial and equilibrium concen-
trations of the dye (equations 1 and 2)[18]. 

𝐸	% = !!"!"
!!

× 100 (1) 

𝑄𝑒		 = (!!"!")%
&

	 (2) 

Where Co (mg/L) is the initial concentration 
of dye, and Ce (mg/L) is the concentration of 
dye at equilibrium. 

3. Results and Discussion

Morphology Studies (FESEM) 

Figure 3a of the field-emission scanning 
electron microscopy (FESEM) image of 
phosphoric acid-activated rice husk-derived 
activated carbon shows a heterogeneous and 
rough surface morphology. The image 
reveals a highly uneven surface with 
numerous holes and wrinkles, which are 
characteristic of successful chemical 
activation. The porous structure was formed 
through dehydration and oxidation during the 
activation of H₃POH, which promoted the 
formation of micro–mesopores through 
volatilisation and disruption of the 

lignocellulosic matrix [19,20]. The higher the 
activated carbon, the rougher and more 
porous its surface (characteristics related to a 
greater surface area and a higher density of 
embedded sites, both of which are important 
for achieving efficient adsorption) is. The 
uneven or coarse surface of this activated 
carbon indicates the suitability for 
applications such as dye removal from 
aqueous solutions (i.e., environmental 
remediation) [21,22]. 
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The FESEM micrograph of activated carbon 
after adsorption of MV dye reveals 
significant changes in surface morphology 
compared to the pre-adsorption structure. 
The rough, porous surface appears smoother 
and partially covered, indicating that the dye 
molecules penetrate most of the active sites 
on the surface and fill most of the pores and 
surface cavities [23,24]. The appearance of 
deposits as clumps on the prepared surface 

usually indicates strong interactions between 
dye molecules and the active sites on the 
carbon surface, likely involving π–π stacking, 
electrostatic attraction, and hydrogen 
bonding. The reduced visibility of the 
microporosity confirms the success of the 
adsorption process and the efficiency of 
activated carbon in removing dye from 
aqueous solutions, as shown in Figure 3b 
[25]. 

Figure 3. FESEM Image of a) AC-RH Surface b) AC-RH/MV Dye 

Transmission Electron Microscopy 
(TEM) 

Transmission electron microscopy (TEM) 
images show the nanostructure of rice husks 

from which phosphoric acid-activated carbon 
was prepared (Figure 4). 

Figure 4. TEM Image of Activated Carbon from Rice Husk Surface 

a) b) 
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Two-dimensional (60 nm scale) images 
reveal thin, sheet-like carbon structures with 
irregular shapes, indicating partial crystal-
lization and layered structure formation 
through acid activation. Further crystall-
ization and more regular shapes are observed, 
confirming the successful activation process. 
The second image (100 nm scale) shows 
irregular and rod-like shapes. The variety of 

molecular shapes reflects the heterogeneous 
decomposition of rice husks during activation 
and carbonization. The combination of sheet-
like shapes and aggregated nanostructures 
demonstrates that H₃PO₄ activation yields a 
porous, heterogeneous structure that is 
beneficial for adsorption applications 
[26,27]. 

Specific Surface Area 

Using the adsorption/separation method with 
nitrogen, the specific surface area of acid-
activated carbon (AC-RH) was determined, 
providing insight into its pore structure and 
surface reactivity. The Brunauer-Emmett-
Teller (BET) method was employed. This 
technique evaluates gas adsorption onto a 
solid surface. The adsorption curve con-
formed to the IUPAC type IV adsorption 
curve, reflecting the presence of micro- and 

intermediate porosity bands. The appearance 
of H3 retardation rings confirmed the 
presence of cleavage-shaped pores and 
irregular pore shapes, characteristic features 
of layered carbon materials, demonstrating 
its efficiency as a porous adsorbent for gas-
solid interaction studies. Therefore, the acid-
activated carbon exhibited a specific surface 
area (BET) of 2.31 cm³/g [28]. 

Effect of the Contact Time 

In this study, the equilibrium time (5–60 
minutes) for the adsorption efficiency of 
methyl violet (MV) dye was determined un-
der constant experimental conditions: sample 

volume (100 mL), rice husk-enhanced 
activated carbon dosage (0.06), pH (5), and 
dye concentration (50 mg/L), as shown in 
Figure 5.  

Figure 5. Effect of the Contact Time on AC-RH and RH on the Removal of MV Dye 
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The adsorption efficiency increased over 
time, reaching a removal rate of 87% for rice 
husk-enhanced activated carbon (AC-RH) 
and 68% for raw rice husk (RH). After this 
point, all sites reached complete saturation, 
resulting in a stable removal rate. This shows 
the saturation of the adsorption sites, indi-
cating that no additional dye could be ads-
orbed. Notably, rice husk-derived activated 
carbon exhibited higher removal and 
adsorption efficiencies than raw rice husk. 
This improved performance is due to active-

ated carbon having more active sites than 
unactivated carbon. This is a result of 
activation, which creates more surface sites 
and higher surface area, thereby enhancing 
interaction with MV molecules. On the 
contrary, functional sites are absent in raw 
rice husks; therefore, raw rice husks cannot 
effectively remove the dye. An optimal 
contact time of 60 minutes was chosen for 
further experiments based on the results 
shown in Figure 5. 

Effect of AC-RC Mass 

The influence of AC-RH mass on the 
adsorption efficiency of methyl violet (MV) 
dye was examined within the range of 0.01–
0.09 g, while maintaining all other para-

meters constant. As shown in Figure 6, MV 
dye removal efficiency increased from 70% 
to 86% as the adsorbent mass was raised from 
0.01 to 0.06 g [29,30]. 
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Figure 6. Effect of the Weight of a) AC-RH and b) RH on the Removal of MV Dye (initial 
dye concentration: 50 mg/L; contact time: 60 min; temperature: 25°C; agitation speed: 190 

rpm) 

The maximum efficiency was achieved at 
0.06 g, which can be attributed to the greater 
availability of active binding sites as the 
adsorbent dosage increased. However, a 
further increase to 0.09 g resulted in a slight 
decline in extraction efficiency, likely due to 

particle aggregation at higher dosages that 
reduces the effective surface area. Therefore, 
an AC-RH mass of 0.06 g was selected as the 
optimum dosage for subsequent experiments 
[31-33]. 

Effect of Initial Concentration of MV Dye 

The influence of the initial MV dye 
concentration on adsorption performance 

was systematically investigated at pH 8 over 
the range 10–100 mg/L.  
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Figure 7. Effect of Initial Concentration of MV Dye on the a) AC-RH and b) RH 
(adsorbent dosage: 0.06 g; contact time: 60 min; temperature: 25°C; agitation speed: 190 

rpm) 

As illustrated in Figure 7, an increase in dye 
concentration resulted in an apparent rise in 
adsorption capacity (qe). This behaviour can 
be explained by the enhanced driving force 
for mass transfer at higher concentrations, 
which facilitates the diffusion of dye 
molecules from the solution to the surface of 
the adsorbent [3,34,35]. Thus, more dye 
molecules are adsorbed per unit mass of 
adsorbent as the concentration increases. As 
the dye concentration increases, the 
adsorption efficiency increases, while 
conversely, the removal percentage (%) 
decreases. This decrease in adsorption 
efficiency is usually attributed to saturation 

of the adsorbent surface with available 
adsorption sites, which cannot accommodate 
the excess number of dye ions at high 
concentrations. In other words, although each 
gram of adsorbent binds a greater quantity of 
dye at high concentrations, the removal 
percentage decreases because the number of 
dye molecules is much greater than the 
number of active sites. These results 
demonstrate that lower concentrations 
improve removal efficiency by increasing 
diffusion and intermolecular forces, but they 
also reduce it due to limited adsorption sites 
and surface-site saturation with dye [36,37]. 

Effect of pH of Solution 

The effect of pH on the adsorption of methyl 
violet (MV) dye using rice husk activated 
carbon (AC-RH) and raw rice husk (RH) was 
investigated under optimal experimental 
conditions (initial dye concentration: 50 
mg/L, activated carbon weight: 0.06 g, 
contact time: 60 minutes, stirring speed: 190 
rpm, temperature: 25°C). The activated 
carbon demonstrated significantly higher 

efficiency than unactivated carbon, with 
average values of 95.63% for AC-RH and 
78.11% for RH. The corresponding 
adsorption capacities were calculated to be 
79.61 mg/g for AC-RH and 67.64 mg/g for 
RH, as shown in Figure 8. This indicates that 
the adsorption process relies primarily on 
pore filling rather than electrostatic 
interactions [16,38-40]
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Figure 8. Effect of pH on the Removal of MV Dye (adsorbent dosage: 0.06 g; initial dye 
concentration: 50 mg/L; contact time: 60 min; temperature: 25°C; agitation speed: 190 

rpm) 

Adsorption Isotherm Curves 

Adsorption isotherm models are used to 
correlate the amount of dye adsorbed at the 
solid/liquid interface with its solution 
concentration [41,42]. The Langmuir and the 
Freundlich models were used to describe the 
experimental data in this research. Langmuir 
theory assumes that adsorption occurs at a 
homogeneous surface, forming a saturated 
monolayer with no interactions among 
adsorbed molecules. Nevertheless, the 

Langmuir model did not fit the experimental 
data well (R² = 0.8888), as presented in Table 
1. From the fitted Freundlich model, the
maximum adsorption capacity was calculated
to be 96.11 mg/g at 25°C. A good agreement
is observed between this value and the
previously reported one, indicating that the
physisorption process occurs on a
heterogeneous surface with a non-uniform
distribution of active sites [43,44].
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Figure 9. Isotherm Model on the Adsorption of Dye a) AC-RH b) RH 

 
 
These results suggest that the Freundlich 
model provides a better fit for dye adsorption 
on H3PO4-modified activated carbon, as also 
reported elsewhere for similar adsorbents 
(Figure 9). Beyond statistical fitting, the 
better conformity of the adsorption data with 
the Freundlich isotherm indicates adsorption 
on a heterogeneous surface with multilayer 
formation. This behaviour is attributed to the 

presence of diverse functional groups and 
pore structures that enable multiple inter-
actions such as electrostatic attraction, 
hydrogen bonding, and π–π interactions. In 
contrast, the Langmuir model assumes a 
homogeneous surface and monolayer 
adsorption, which may occur only at specific 
high-energy sites. 
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Table 1. Effect of Different Parameters of the Adsorption Isotherm 

Isotherm Parameter MV dye temperature °C 
25°C 

AC-RH 
Freundlich Kf 36.33±2.465 

1/n 0.211±0.011 

R2 0.9788 

Langmuir qmax
(mg/g) 

96.11±2.22 

KL(L/mg) 0.0355±0.002 

R2 0.8888 

RH 
Freundlich Kf 19.155±3.112 

1/n 0.344±0.054 

R2 0.9456 

Langmuir qmax
(mg/g) 

76.22±1.55 

KL(L/mg) 0.1±0.0015 

R2 0.8977 
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Adsorption Desorption 

Figure 10 illustrates the effect of regeneration 
cycles on the removal efficiency of methyl 
violet dye. 

Figure 10. Effect of Regeneration of AC-RH on the Removal of MV Dye 

The adsorption efficiency was initially high, 
reaching about 86% in the first cycle, and 
then gradually decreased with increasing 
reuse cycles to approximately 70% after the 
fourth cycle. This reduction can be attributed 
to the partial saturation of active adsorption 
sites, incomplete desorption of dye molecules 

during regeneration, and possible pore 
blockage or slight structural changes in the 
adsorbent. Nevertheless, the adsorbent 
maintained relatively good removal 
efficiency after multiple cycles, indicating 
acceptable stability and reusability for methyl 
violet removal from contaminated water [45]. 

4. Conclusion

This study investigated the preparation of 
high-surface-area, high-adsorption-efficien-
cy activated carbon from rice husks (AC-RH) 
for the removal of methyl violet (MV) dye. 
The phosphoric acid-activated husks 
exhibited significantly higher adsorption 
efficiency compared to untreated rice husks, 
highlighting the role of chemical activation. 
Several adsorption factors were investigated, 
including dye concentration, activated carbon 
weight, and pH of solution.  A maximum 
removal rate from an alkaline medium (pH 

11) also indicated the electrostatic interaction
mechanism in the adsorption process. At
experimental conditions: 0.06 g/100 mL, pH
11, 25°C, the maximum adsorption perf-
ormance for AC-RH was observed, with a
removal rate of methyl violet (MV) as high as
87.89%, which is much higher than that of
raw rice husks (68.13%). Adsorption
isotherms were also analysed and were found
to conform to the Freundlich adsorption
model (R² = 0.9788), denoting heterogeneous
multilayer adsorption on the adsorbent
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surface. The best dye removal (97.66 mg/g) 
was achieved, significantly higher than that 
of untreated rice husks, confirming that 
chemical activation is an excellent treatment 
for improving surface properties and 
porosity. The adsorption efficiency was 
initially high, and then gradually decreased 
with increasing reuse cycles to approximately 

70% after the fourth cycle. In conclusion, rice 
husk-derived activated carbon is a low-cost, 
eco-friendly, and efficient adsorbent for the 
removal of alkaline dyes from wastewater 
and can be employed as a better alternative 
for dye adsorption compared to conventional 
adsorbents. 
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Abstract:  Graphitic carbon nitride (g-C3N4) has emerged as a promising metal-free 
nanomaterial for wastewater treatment due to its unique structural, thermal, and surface 
characteristics. In this study, g-C3N4 was successfully synthesized from melamine and 
thoroughly characterized using XRD, FESEM, FTIR, and EDX techniques to confirm its 
crystalline structure and morphology, identify the substance, and analyze its elemental 
composition and distribution. The synthesized material was evaluated as an efficient 
nanoadsorbent for the removal of Brilliant Blue dye from aqueous solutions. A 
comprehensive batch adsorption investigation was conducted to examine the effects of key 
operational parameters, including initial dye concentration, adsorbent dosage, and 
temperature. The results revealed that an increase in weight (0.025-0.1 g) increased the 
percentage of removal by 30-76% and decreased the adsorption capacity by 2.620-1.538 
mg/g. When studying the effect of concentration, it was found that with an increase in 
concentration (1, 2, 3, 4, and 5) mg/L, the percentage of removal decreased by 40.00-13.14%, 
while the adsorption capacity increased by 0.8-1.3 mg/g. When studying the effect of 
temperature at different temperatures (40, 25, and 15)°C, it was found that the best removal 
was at a temperature of 40°C, where the percentage of removal decreased by 67-23.61% with 
an increase in concentration of 1-5 mg/L, while the adsorption capacity increased by 0.8-1.46 
mg/g. This indicates that the reaction is endothermic, and, based on the R2 value (0.9598), it 
follows the Freundlich model. The adsorption behavior indicated that both surface chemistry 
and environmental conditions play critical roles in controlling removal efficiency. Overall, 
this study highlights the potential of g-C3N4 as a high-performance nanoadsorbent for the 
removal of dyes from wastewater and provides valuable insights for future applications in 
environmental purification. 

Key Words: g-C3N4, Brilliant Blue dye, adsorption, wastewater treatment, adsorption 
isotherm  
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1. Introduction

Chemical pollutants play a major role in the 
accumulation of toxins in aquatic 
ecosystems and bio-magnify up the food 
chain, ultimately affecting higher-level con-
sumers [1]. A significant portion of the 
population relies on these water sources for 
drinking, sanitation, and recreational activi-
ties. Moreover, contaminated waterways can 
interfere with ecosystems, harm aquatic 
organisms, and diminish both environmental 
quality and the aesthetic value of urban 
areas [2,3]. The detection of chemical 
residues in wastewater is a growing global 
issue, primarily driven by human waste, 
inadequate disposal methods, and discharges 
from production facilities. These residues 
can often survive wastewater treatment 
procedures, resulting in the pollution of both 
surface and groundwater as well as soil, 
which presents serious threats to ecological 
systems and human health [4,5]. The 
presence of these chemical contaminants 

and dyes in water sources, even in low 
concentrations, poses a significant risk to 
human health and ecosystems. It may lead to 
severe mutagenic, genotoxic, and other 
ecotoxicological consequences for humans, 
animals, and plants [6,7]. 

Brilliant Blue (BB) is an anionic synthetic 
dye characterized by its vibrant, bright blue 
color. It is widely used across various 
industries, including food products, 
beverages, pharmaceuticals, and cosmetics. 
Also known as Brilliant Blue FCF, this dye 
features a triphenylmethane structure with 
the chemical composition: N-ethyl-N-(4-[(4-
ethyl[(3-sulfophenyl)methyl]-
amino]phenyl)(2 sulfophenyl)methylene]-
2,5-cyclohexadien-1-ylidene)-3-
sulfobenzene-methanaminium hydroxide 
inner salt, disodium salt, as shown in Figure 
1(a) [8].  

Fig 1. (a) Chemical Structure of Brilliant Blue (BB) Dye, (b) Chemical Structure of g-C3N4

Brilliant Blue, a widely used textile dye, 
persists as a non-degradable contaminant in 
aquatic environments. Its pronounced toxic-

ity, vivid pigmentation, and resistance to 
standard treatment methods make it 
particularly hazardous to aquatic organisms, 
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presenting significant ecological risks. To 
address this challenge, nanotechnology—
particularly the use of quantum dots 
(QDs)—has shown considerable promise as 
an innovative approach to environmental 
remediation [9,10]. To remove these organic 
dyes and eliminate their toxicity, several 
traditional treatment methods have been 
developed, including electrochemical, co-
agulation, ultrafiltration, photocatalysis, 
adsorption, and co-precipitation [11,12]. 
However, these techniques must be 
continually developed and refined to reduce 
operating costs [13,14]. Due to its cost-
effectiveness, ease of operation, and high 
efficiency, the adsorption technique has 
become a widely adopted method for water 
purification [15,16]. Adsorption is a 
chemical and physical phenomenon that 
occurs as a result of forces present on the 
surface of a liquid or solid. Materials adhere 
to the surface due to these forces; as a result 
of a decrease in the system's free energy and 
entropy, adsorption occurs, a spontaneous 
process. Graphitic carbon nitride (g-C3N4), 
as shown in Figure 1(b), is a two-
dimensional semiconductor polymer 
composed entirely of carbon and nitrogen, 
two of the most abundant elements on Earth, 
which together account for approximately 
99% of the Earth's crust [17,18]. Graphitic 
carbon nitride (g-C3N4) exhibits exceptional 
physical and chemical properties, including 
robust chemical and thermal stability, cost-
effectiveness, scalability, and environmental 
compatibility. These distinctive character-
istics position g-C3N4 as a crucial material 
for addressing global environmental chal-
lenges through diverse applications, such as 
photocatalytic degradation of persistent 
dyes, pharmaceuticals, and pollutants; solar-
driven hydrogen production; CO2 reduction; 
nitrogen fixation; antimicrobial treatments; 
and advanced sensor technologies [19-21]. 
Nonetheless, pure g-C3N4 exhibits certain 
drawbacks, including limited visible-light 

response, a small surface area, and a low 
electron-hole separation rate. These negative 
aspects greatly diminish photocatalytic 
effectiveness [22,23]. 

The removal of dyes from aqueous solutions 
by adsorption is among the most effective 
techniques available. Consequently, adsorp-
tion methodologies facilitate the extraction 
of pigments from concentrated industrial 
effluents. Nevertheless, regenerating a 
significant proportion of adsorbents poses 
considerable challenges. Furthermore, the 
financial expenditure associated with 
adsorption processes utilizing such materials 
is substantial. In contemporary research, 
nanotechnology has emerged as one of the 
most noteworthy advancements for the 
effective removal of dyes from wastewater 
through adsorption. This technology 
demonstrates efficacy in treating water 
contaminated with trace amounts of organic 
and inorganic dyes and is more cost-
effective than alternative methods. Recently, 
nanoparticles and nanocomposites have been 
identified as the most effective agents for 
both adsorption and photo-catalytic process-
es aimed at the complete removal of dyes 
from wastewater [24-27]. G-C3N4 is an 
organic semiconductor material with advan-
tageous properties, including non-toxicity, 
reliability in terms of chemical resistance, 
and affordability [28]. 

In this study, a nanomaterial based on 
graphitic carbon nitride (g-C₃N₄) was 
synthesized from melamine, a precursor rich 
in carbon and nitrogen. The structural and 
morphological characteristics of the pre-
pared nanomaterial were examined using 
XRD, SEM, FTIR, and EDX to elucidate its 
crystalline structure and surface morph-
ology. The adsorption efficiency of g-C₃N₄ 
was subsequently evaluated for the removal 
of selected dye pollutants commonly found 
in wastewater, such as Brilliant Blue. By 
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measuring the absorbance of the treated 
sample and calculating the corresponding 
removal percentages, the overall perfor-

mance of g-C₃N₄ as an effective adsorbent 
for eliminating dyes contaminants from 
polluted water was assessed. 

2. Materials and Methods

Melamine: chemical formula (C3H6N6) with 
molecular weight 126 g/mole and its purity 
99.8%, production company (Zhejiang 
Polymer Chemical Co., Ltd.); Brilliant Blue 
dye: chemical formula (C37H34N2Na2O9S3) 

with molecular weight 792.85 g/mole and its 
purity 85%; ethanol: chemical formula 
(C2H5OH) with molecular weight 46.07 
g/mole and its purity 70% production 
company (JOUDTOL); distilled water. 

Preparation of g-C3N4

One method for producing g-C3N4 powder 
involved the direct thermal treatment of 
nitrogen-rich organic precursors, such as 
melamine. Melamine was heated to 500°C 
for 4 hours in a muffle furnace within a 
covered alumina crucible [29]. Then, the 
material was pulverized using a mortar and 

pestle. By applying this treatment, we have 
synthesized g-C3N4. Then, g-C3N4 was 
washed by ethanol to get rid of impurities. 
The purity of the synthesized g-C3N4 was 
confirmed through XRD, SEM, FTIR, and 
EDX measurements for use in this study as a 
nanosurface in the adsorption process. 

Adsorption Study 

A stock solution of Brilliant Blue dye was 
prepared at a concentration of 50 mg/L, and 
from this, different concentrations (1 , 2, 3, 
4, and 5) mg/L were prepared in order to 
study the effect of concentration on the ad-
sorption process of the BB dye. Then the 
effect of temperature for the same concen-
trations was also studied at (15, 20, and 
40)°C, as well as the effect of surface mass 

(g-C3N4) for weights (0.025, 0.05, 0.075, 
0.1) g at 25°C, after studying each effect, the 
prepared solutions were first and second 
separated using a centrifuge, and then the 
absorbance of the solutions was measured at 
the wavelength of the Brilliant Blue dye 
(560 nm). The removal percentage and 
adsorption capacity were calculated for 
equations 1 & 2: 

R% = !!"!"
!!

× 100        (1) 

where C˳	 (mg/L) is the initial concentration 
of BB dye solution, Cₑ (mg/L) is the 

concentration of BB dye solution at 
equilibrium; 

𝑄# =
(%#"%$)'

(
      (2) 

where Qₑ is the adsorption capacity at 
equilibrium (mg/g), C˳ is the initial con-
centration of solution (mg/L),  Cₑ is the con-

centration of solution at equilibrium (mg/L), 
V is the volume of solution (L or ml) , and 
W is the mass of adsorbent (g). 
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3. Results and Discussion

FESEM/EDX 

Scanning electron microscopy (SEM) was 
employed to examine the surface morph-
ology and microstructural features of the 
synthesized g-C₃N₄. As shown in Figure 2(a) 

and (b), the material exhibits a well-defined 
rod-like nanostructure with relatively uni-
form geometry. 

Fig 2. (a-b) FESEM Image of g-C3N4 Nanoparticles, and (c) EDX of g-C3N4 Nanoparticles 

The observed rods possess characteristic 
dimensions on the order of ~1.33 µm in 
length and ~50 µm in diameter, while the 
rod width is approximately 5 µm, indicating 
a highly anisotropic nanostructure. Notably, 
the surface of the g-C₃N₄ rods exhibits 
abundant nanoscale pores, cracks, and 
structural defects, contributing to a hier-
archically porous architecture. These surface 

irregularities significantly increase the 
effective surface area and expose numerous 
accessible active sites [30,31]. The 
coexistence of mesopores and macropores, 
as evident in Figure 2(a) and (b), is partic-
ularly advantageous for adsorption-based 
wastewater treatment, as it minimizes mass-
transfer resistance and facilitates rapid 
diffusion of organic pollutants and dye 

b a 

Element Atomic % Atomic % 
Error Weight % Weight % 

Error 

C 40.4 0.6 36.8 0.6 

N 59.6 1.9 63.2 2.0 

c 
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molecules from the aqueous phase to the 
internal adsorption sites. Overall, the rod-
like morphology, combined with the porous 
surface texture, enhances adsorption effi-
ciency by promoting pollutant accessibility, 
accelerating transport kinetics, and 
improving the interaction between con-
taminants and the reactive surface of g-
C₃N₄. This microstructural design is there-
fore highly favorable for applications in 

wastewater remediation and adsorption-
driven purification processes [32,33]. EDX 
is a method for recognizing elements within 
a sample. Various shapes like squares, lines, 
and small areas (dots) can be analyzed using 
EDX. It serves as a vital research tool to 
enhance the efficiency of manufacturing 
processes. The EDX analysis (Figure 2c) 
confirmed that the produced g-C3N4 consists 
of Carbon (C) and Nitrogen (N) [34,35]. 

X-Ray Diffraction (XRD)

The crystalline structure of the synthesized 
g-C₃N₄ was investigated using X-ray dif-

fracttion (XRD), and the resulting 
diffraction pattern is presented in Figure 3.  

Fig 3. XRD of g-C3N4 Nanoparticles Surface 

The diffractogram exhibits a dominant sharp 
diffraction peak centered at approximately 
2θ ≈ 27.4°, which is characteristic of the 
(002) crystallographic plane of graphitic
carbon nitride. This peak corresponds to the
interlayer stacking of conjugated aromatic
layers, reflecting the periodic arrangement
of tri-s-triazine (heptazine) units along the c-
axis [36,37].

A weaker and broader diffraction feature 
observed in the low-angle region around 2θ 
≈ 13.0° can be attributed to the (100) in-

plane structural packing of the heptazine 
units. The broad nature of this peak indicates 
limited long-range order within the in-plane 
framework, which is typical of polymeric g-
C₃N₄ materials synthesized via thermal 
polycondensation. 

The pronounced intensity and sharpness of 
the (002) peak suggest a relatively high 
degree of interlayer ordering, while the 
overall peak broadening reflects the nano-
scale dimensions and partial structural dis-
order of the material. The absence of 
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additional diffraction peaks confirms the 
phase purity of the synthesized g-C₃N₄, with 
no detectable crystalline impurities or sec-
ondary phases. 

The reduced crystallinity combined with 
nanoscale structural disorder is 
advantageous for adsorption and photo-

catalytic applications, as it introduces defect 
sites and enhances surface reactivity. These 
structural features are consistent with the 
SEM observations and enhance mass 
transport and active-site availability during 
pollutant adsorption or catalytic processes 
[38,39]. 

Fourier Transform Infrared (FTIR) 

Analyzing the FTIR spectra allows for a 
clear understanding of functional group 
linkages. Figure 4(a) shows the Fourier 
transform infrared (FTIR) spectra of g-C3N4, 

and Figure 4(b) also shows the Fourier 
transform infrared (FTIR) spectra of g-C3N4 
after the adsorption of the Brilliant Blue dye. 

Fig 4. (a) FTIR for g-C3N4 Before Adsorption BB Dye, and (b) g-C3N4 After Adsorption 
BB Dye 

Significant changes appeared in the Fourier 
transform infrared spectrum of the com-
pound after the adsorption of Brilliant Blue 
dye. A slight shift in the N-H expansion 
band was observed, from 3090 cm⁻¹ to 
3080-3045 cm⁻¹ [40,41]. This suggests pos-
sible interactions between the amine groups 
of the g-C3N4 surface and the sulfonate or 
aromatic groups of the dye molecules. Fur-
thermore, more intense C=N, C-N bands 
were observed in the region between 1400-

1600 cm⁻¹, possibly due to ԯ - ԯ stacking 
interactions between the aromatic rings of 
Brilliant Blue and the conjugated heptazine 
units of g-C3N4. Additional new peaks ap-
peared at 1483, 1458, 1433, 1330, 1244, and 
1209 cm⁻¹ after adsorption. Overall, the ap-
pearance of new functional group vibra-
tions, intensity changes, and spectral shifts 
indicates successful adsorption Brilliant  
Blue dye on the surface of g-C3N4 [42]. 
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Adsorbent Dosage 

One of the most important factors affecting 
the adsorption process is the weight of the 
adsorbent. Different amounts of g-C3N4 
(0.025-0.1 g) on the adsorption of a dye (5 
mg/L dye solution at pH 7), while keeping 
all other parameters constant, the solutions 

were shaken for 60 min at 25°C. Figure 5 
shows that the amount of adsorbent material 
is directly related to the percentage removal, 
with higher pollutant uptake observed as the 
adsorbent dose increases. 

Fig 5. Effect of the Weight of g-C3N4 on the Removal of BB Dye 

A higher adsorbent dose increases the 
number of active exchangeable sites on its 
surface, thereby facilitating ion capture. 
Furthermore, lower doses of adsorbents 
accelerate the adsorption rate due to the 
greater abundance of accessible active sites. 
Conversely, when a high adsorbent dose is 

used, dye ions may be unable to reach the 
adsorption sites until equilibrium is est-
ablished. In general, increasing the adsor-
bent dose can reduce the total solute adsorp-
tion per unit mass of adsorbent due to 
interactions among the adsorbent's active 
sites.[1,38,43]. 
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Effect of Concentration 

Figure 6 shows solutions prepared at 
different concentrations (1-5) mg/L under 
the same conditions of weight (0.05 g) and 
temperature (25°C), where the adsorption 

capacity increases with increasing 
concentration and, therefore, the percentage 
of removal decreases with increasing 
concentration. 

Fig 6. Effect of Concentration of BB Dye Solution on Adsorption Process 

The dye molecules become more saturated 
with the adsorbent or surfaces, competing 
for the limited active sites, thus reducing the 
ability of the adsorbent or process to remove 
a greater percentage of the dye. The removal 
of dyes through sorption is closely related to 
their starting concentration [44,45]. This 
relationship is associated with the number of 
available active sites on the adsorbent and 
the concentration of dye molecules. In 
general, the initial dye concentration in 

water plays a crucial role as a driving force, 
facilitating mass transfer from the bulk 
solution to the adsorbent surface. 
Consequently, as the initial dye 
concentration increases, the driving forces 
also become stronger. Thus, in solutions 
with a high concentration of dye, the 
molecules encounter greater difficulty in 
locating binding sites on the adsorbent's 
surface [46,47].

Effect of Temperature 

g-C3N4 was employed as a nanomaterial
adsorbent for the treatment of contaminated
dyes, specifically Brilliant Blue, under
various temperature conditions (15, 25, and

40) °C and different concentrations of 1-5
mg/L of BB dye, as shown in Figure 7. The
most effective adsorption was observed at
40°C.
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Fig 7. Temperature Effect on Adsorption of BB Dye 

This is because raising the temperature 
provides the energy required for dye 
molecules to adhere to the g-C3N4 adsorbent 
surface. It is well known that physical 
adsorption is an endothermic process; as 
temperature rises, adsorption efficiency 
increases, leading to a higher removal 
percentage. Consequently, increasing the 
temperature increases the adsorption rate 

because the dye molecules have higher 
kinetic energy. This results in higher 
diffusion and adsorption rates, facilitating 
the establishment of equilibrium between 
the adsorbent, g-C3N4 , and the adsorbate, 
Brilliant Blue dye. Moreover, higher 
temperatures yielded optimal conditions for 
physical adsorption [48-50]. 

Thermodynamic Parameters 

Thermodynamic analysis was performed to 
evaluate the feasibility and spontaneity of 
the sorption process. Key thermodynamic 
parameters, including the Gibbs free energy 
change (ΔG°), enthalpy change (ΔH°), and 
entropy change (ΔS°), were determined 

using the Van’t Hoff approach [51]. The 
values of ΔH° and ΔS° were obtained from 
the slope and intercept of the linear plot of 
ln Kd versus 1/T (Figure 8), respectively, 
according to equation 3: 

ln Kd =	)*˚,	  -		).
°

,/
 (3) 
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Fig 8. Van’t Hoff’s Plot on the Removal BB Dye onto g-C3N4 Nanoparticles 

The thermodynamic parameters associated 
with adsorption from solutions offer 
significant insights into the nature and 

mechanism of the adsorption process. The 
standard Gibbs free energy change ΔG is 
computed as follows (equation 4): 

ΔG° = - RT ln K  (4) 

A negative Gibbs free energy indicates the 
viability and spontaneity of the adsorption 
process [52]. 

The thermodynamic factors presented in 
Table 1 provide essential insight into the 
nature of BB dye adsorption onto g-C3N4. 
The positive ΔH values confirm that the 
adsorption process is endothermic, consis-

tent with the observed decrease in Qmax as 
temperature increases. Moreover, the 
magnitude of ΔH 6.666 kJ mol⁻¹) is well 
below 40 kJ mol⁻¹, indicating that the 
adsorption is dominated by physisorption, 
where reversible intermolecular forces 
govern the interaction between the dye 
molecules and the adsorbent surface [53,54]. 

Table 1. Thermodynamic Factors for the Adsorption of BB onto g-C3N4 Nanoparticles 

T/K ∆Go

(kJ.mol-1) 
∆Ho

(kJ.mol-1) 
∆So

(J.K-1.mol-1) 
288 -0.8674

6.666 30.435 298 -0.647
313 -0.366

From the values of Free Gibbs Energy 
(ΔG°) in Table 1 for all temperatures (15, 

25, 40) °C are negative (-0.867, -0.647, and  
-0.366) kJ/mol. Respectively, this means the
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adsorption process is spontaneous through 
this range of temperature [55].  

A positive value of entropy ΔS° 
(30.435)kJ/K mol indicates increased 

randomness in (solid-liquid) adsorption 
systems due to structural changes in the 
surface of the adsorbent material during the 
process [49,56,57]. 

Adsorption isotherm 

To assess the distribution of the adsorbate 
from the liquid phase to the solid phase until 
equilibrium is reached under controlled 
(constant) conditions, it is essential to utilize 
an instrument for studying adsorption 
isotherms [58,59]. In this research, the 
Langmuir and the Freundlich models were 

utilized to assess the adsorption properties. 
The Langmuir isotherm postulates that 
adsorption occurs in a monolayer on a 
surface with a limited number of uniform 
sites and that there is no interaction among 
the adsorbed molecules. It can be rep-
resented as (equation 5): 

𝑄# =
0&1'%$
231'%$

  (5) 

where qe refers to the quantity of adsorbate 
that is adsorbed at equilibrium (mg /g), qmax 
signifies the maximum adsorption capacity 
achievable when monolayer coverage is 
complete (mg/g), Ce indicates the 
equilibrium concentration of the adsorbate 
present in solution (mg/L), and KL rep-
resents the Langmuir equilibrium constant, 

which is associated with the affinity for 
binding sites (L /mg) [3,60]. 

An empirical model that characterizes ad-
sorption onto heterogeneous surfaces with a 
non-uniform distribution of adsorption heat 
is the Freundlich isotherm. Its equation is as 
follows (equation 6): 

𝑞# = 𝐾4𝐶#
2/6            (6) 

The qe is the amount of adsorbate adsorbed 
at equilibrium (mg/g), KF is the Freundlich 
constant that indicates the adsorption 
capacity (mg1−1/n g−1L1/n), Ce is the 
equilibrium concentration of the adsorbate 
in solution (mg/L), and n is the hetero-
geneity factor (dimensionless), with values 
of 1 < n < 10 indicating favorable adsorption 
[61,62]. 

The results in Table 2 indicate that the ad-
sorption process occurred on a heter-
ogeneous surface and may involve multi-
layer adsorption. The Freundlich model pro-
vides the best fit to the data (R² = 0.9598), 
indicating that the surface is heterogeneous 
and that adsorption occurs at sites with 
different energies. However, the Langmuir 
model also yielded good results (R² = 
0.9544), as the difference between the two 
models is minimal.  
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Fig 9. Adsorption Models Freundlich and Langmuir Isotherms 

 
 
Figure 9 shows that the adsorption of 
Brilliant Blue dye best follows the 
Freundlich model. This indicates a hetero-
geneous distribution of adsorption sites on 
the adsorbent surface, as the increase in 

adsorption efficiency (Qₑ) with increasing 
equilibrium concentration (Ce) reflects g-
C3N4's efficiency in removing the dye at 
high concentrations [63,64]. 

 

Table 2. Adsorption Isotherm Models of the Freundlich and Langmuir 
 

Nonlinear adsorption isotherm model 
Isotherm Parameter               Dye Temperature 25°C 
Freundlich Kf 1.6.02 ± 0.044 

1/n 0.32 ± 0.022 
R2 0.9598 

Langmuir qm(mg/g) 2.88±0.023 
KL(L/mg) 0.3111± 0.0113 

R2 0.9544 

 
 
4. Conclusion 
 
The synthesized adsorbent exhibited an 
efficient adsorption performance toward the 

target pollutant, which can be attributed to 
its porous structure and the availability of 

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 143



abundant active sites that facilitate mass 
transfer and surface interactions. Adsorption 
experiments demonstrated that initial 
concentration, temperature, and adsorbent 
dose significantly influence the adsorption 
behavior, confirming the dominant role of 
electrostatic interactions and mediated 
effects. Thermodynamic analysis revealed 
negative ΔG° values, indicating that the 
adsorption process is spontaneous, while the 
positive ΔH° value confirmed its 
endothermic nature. The positive ΔS° fur-
ther suggested increased randomness at the 
solid–solution interface during adsorption. 

Overall, the results confirm that the ad-
sorption process is feasible and energetically 
favorable. These findings highlight the 
potential of the prepared material as an 
effective adsorbent for wastewater treatment 
and provide a useful basis for future 
optimization and practical applications. 
Based on the R2 value (0.9598), the data 
follows the Freundlich model. The 
adsorption behavior indicated that both 
surface chemistry and environmental 
conditions play critical roles in controlling 
removal efficiency. 
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Abstract:  In recent years, bacterial infections have increased due to resistance and rising air 
pollution. Since metronidazole is a key drug for treating many diseases, our research focused 
on the synthesis and modification of novel Schiff base derivatives of metronidazole. The 
research involved esterifying the hydroxyl group and reducing the nitro group to prepare a 
Schiff base from the corresponding ester and a chlorometronidazole derivative. Their 
structures were characterized using IR, 1H, and 13C NMR spectroscopy. Its antibacterial 
activity against Pseudomonas aeruginosa and Staphylococcus aureus was then investigated. 
Derivatives 3 showed the highest inhibition, with diameters of 21 and 25 mm, respectively. 
Furthermore, molecular docking predicted the strength and type of binding to the protein 
with (PDB ID: 3U1Y) against Pseudomonas aeruginosa and the protein with (PDB 
ID:5CDQ) against Staphylococcus aureus. Schiff base derivatives 3 showed the highest 
binding at -7.36, -9.15 kcal/mol, respectively. These results indicate that these new 
compounds are promising antibacterial agents for the future. 
 
Key Words: Metronidazole, Schiff bases, Pseudomonas aeruginosa, Staphylococcus aureus, 
docking  
 

 
1. Introduction 
 
Among the most significant global concerns 
are microbial infections, which pose a major 
threat to public health and contribute 
significantly to increased mortality world-
wide. Although many fungi, viruses, and 

parasites play a role in infections, bacteria 
are the most common cause of infectious 
disorders. Given that multidrug resistance is 
a major obstacle to combating infectious 
bacterial diseases, there is an urgent need to 
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develop new drug compounds to control 
microbial infections [1]. 

Metronidazole is a broad-spectrum antimic-
robial used clinically to treat many diseases, 
including infectious ones [2-3]. Its long-term 
use is often accompanied by numerous side 
effects [4-6], so much research focuses on 
its derivatives with novel structures and 
potential medical and pharmaceutical 
applications [7-9]. 

Schiff bases are an emerging class of 
organic compounds formed by condensation 
reactions between aromatic amines and car-
bonyl compounds (aldehydes and ketones). 
Schiff base chemistry, or imine chemistry, 
has recently gained significant traction in 
modern research, primarily due to the 
presence of the azomethine bond in their 
structure, which imparts high chemical 
stability and physicochemical properties that 
make them promising candidates for numer-

ous biological and pharmaceutical appli-
cations [10-12]. Several studies have 
indicated that metronidazole Schiff base 
compounds possess distinctive and 
significant antimicrobial properties [13-16]. 

In light of previous observations, and as an 
extension of research and reports on Schiff-
metronidazole bases, the main objective of 
this study was to develop the efficacy of 
metronidazole by combining it with a Schiff 
base to improve its pharmacological and 
biological efficacy, through modification of 
the nitro group and the hydroxyl group, as 
its combination is expected to lead to 
improved antibacterial activity against 
Pseudomonas aeruginosa; Staphylococcus 
aureus, in addition to improving its safety 
and efficacy as a novel antimicrobial agent. 
Finally, the results were strengthened by 
conducting a molecular simulation study of 
the new Schiff bases to validate the target 
compounds' activity. 

2. Materials and Methods

Chemicals and Instruments 

All chemicals and solvents were supplied by 
Aldrich. An SMP40 automated instrument 
was used to measure the melting point, and 
the results were uncorrected. Infrared spec-
tra were recorded using an FT-IR-8400S 
spectrometer at the College of Education, 
Samarra University. Proton and carbon 
nuclear magnetic resonance spectra were 
recorded using a Varian spectrometer, 400 

MHz, at Gaziantep University, Turkey, 
using d6-dimethyl sulfoxide (DMSO-d6) as 
the solvent. Thin-layer chromatography 
(TLC) was used to track reactions and deter-
mine product purity. Fluka (USA) used 0.2 
mm fluorescently activated silica gel G, and 
measurements were performed using various 
solvents. UV-Vis fluorescence at 254 nm 
was also used.  

2-(2-methyl-5-nitro-1H-imidazol-1-yl) 
ethyl benzoate (Met.b) 

Metronidazole benzoate was prepared using 
the method mentioned in the previous 
literary method [17] in a hood. Metron-
idazole (8.5 g, 0.05 mol) was carefully 

dissolved in 35 ml of pyridine, and a 
solution of benzoyl chloride (5.8 ml, 0.05 
mmol) in 15 ml of pyridine was added 
dropwise. The mixture was stirred at 25°C 
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for half an hour, then at room temperature 
overnight. The precipitate was filtered and 
washed with water. The compound was re-
crystallized in ethanol. Pale Yellow powder, 
Yield: 77%; m. p. 101-102. IR spectrum, 
(KBr, ύ=cm-1), C-H arom.: 3062, C-H 
aliph.: 2960, C=O: 1718, NO2 group: 
1523,1361. 1H NMR (400 MHz, DMSO-d6) 
δ 8.04 (s, 1H, imidazole), 7.85 (d, J = 7.2 
Hz, 2H), 7.65 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 
7.7 Hz, 2H), 4.75 (t, J = 5.4 Hz, 2H, CH2-

O), 4.65 (t, J = 9.9 Hz, 2H, CH2-N), 2.47 (s, 
3H, CH3). 13C NMR (101 MHz, DMSO) δ 
165.27 (C=O), 151.39 (C-NO2), 138.55, 
133.51, 133.12, 129.02, 128.96, 128.76, 
62.87(CH2-O), 44.69 (CH2-N), 13.88 (CH3). 
Anal. Calcd. For C13H13N3O4 (275.26): C, 
56.72; H, 4.76; N, 15.27; O; 23.25, Found 
C, 56.80; H, 4.79; N, 15.32; O; 23.29. 
LCMS: (ESI--MS, m/z) Calcd. for 
C13H13N3O4 (M-H)-: 275.26, Found: 274.31.

1-(2-chloroethyl)-2-methyl-5-nitro-1H-
imidazole (Met.Cl) 

Metronidazole-chloride was prepared using 
the method mentioned in the previous 
literature [18,19] with some  modifications. 
Metronidazole (5.2 g, 0.030 mol) was 
dissolved in SOCl2 (3 ml, 0.04 mol) with 10 
ml of chloroform, then the mixture was 
refluxed for 4 hours, and then cooled. The 
mixture was stirred at high speed in a cold 
bath at 10°C for 2 hours. A yellow 
precipitate was formed. The precipitate was 
washed with a small amount of cold ethanol 
to remove residual solvent and SOCl2. 

Dark Yellow powder, Yield: 88%; m. p. 79-
80. IR spectrum, (KBr, ύ=cm-1), C-H arom.:
3037, C-H aliph.: 2970, NO2 group:
1541,1369, C-Cl: 736. 1H NMR (400 MHz,
DMSO) δ 8.16 (s, 1H), 4.67 (t, J = 6.0 Hz,
2H), 4.01 (t, J = 5.9 Hz, 2H), 2.53 (s, 3H).
13C NMR (101 MHz, DMSO) δ 151.90 (C-
NO2), 138.38, 132.88, 50.65, 44.81, 
14.17(CH3). Anal. Calcd. For C6H8ClN3O2 
(189.60): C, 38.01; H, 4.25; Cl, 18.70; N, 
22.16; O; 16.88 Found C, 38.08; H, 4.29; Cl, 
18.79; N, 22.19; O; 16.94. LCMS: (ESI--
MS, m/z) Calcd. for C6H8ClN3O2 (M-H)-: 
189.60, Found: 188.73. 

General method of reducing the nitro 
group of metronidazole benzoate (Met.b) 
and metronidazole chloride (Met.Cl) 

Met.b or Met.Cl (0.004 mol) was dissolved 
in 25 ml of ethanol, to which (2.0 g, 0.012 
mol) of Na2S2O4 solution was added. The 
mixture was heated and stirred for 3 hours at 
40°C, then 6 ml of dilute hydrochloric acid 
(2N) was added and stirred for 3 hours. The 
mixture was cooled to room temperature, 

and the solution was neutralized with 25% 
sodium hydroxide. The product was 
extracted with (10 ml) dichloromethane 
three times, the organic layer was washed 
with water and dried with sodium sulfate, 
and the solvent was evaporated with a rotary 
evaporator to obtain a powder precipitate.  
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2-(5-amino-2-methyl-1H-imidazol-1-yl) 
ethyl benzoate 1 

Yellow powder, Yield: 77%; m. p. 101-102. 
IR spectrum, (KBr, ύ=cm-1), N-H2: 
4452,3363, C-H arom.: 3026, C-H aliph.: 
2981, C=O: 1714.1H NMR (400 MHz, 
DMSO) δ 7.94 (d, J = 8.0 Hz, 2H), 7.83 (s, 
1H, imidazole), 7.63 (t, J = 7.8 Hz, 1H), 
7.55 (s, 2H, NH2), 7.49 (t, J = 7.9 Hz, 2H), 
4.75 (t, J = 5.4 Hz, 2H, CH2-O), 4.65 (t, J = 
9.9 Hz, 2H, CH2-N), 2.46 (s, 3H, CH3). 13C 

NMR (101 MHz, DMSO) δ 167.99 (C=O), 
153.67 (C-NH2), 146.93, 135.93, 129.14, 
127.65, 127.19, 124.76, 124.56, 121.25, 
62.02(CH2-O), 46.42 (CH2-N), 16.50 (CH3). 
Anal. Calcd. For C13H15N3O2 (245.28): C, 
63.66; H, 6.16; N, 17.13; O; 13.05, Found 
C, 63.70; H, 6.19; N, 17.19; O; 13.07. 
LCMS: (ESI--MS, m/z) Calcd. for 
C13H15N3O2(M-H)-: 245.28, Found: 244.32. 

1-(2-chloroethyl)-2-methyl-1H-imidazol-
5-amine 2

Dark Yellow powder, Yield: 88%; m. p. 79-
80. IR spectrum, (KBr, ύ=cm-1), N-H2:
4433,3400, C-H arom.: 3020, C-H aliph.:
2866, C-Cl: 773. 1H NMR (400 MHz,
DMSO) δ 7.06 (s, 1H, imidazole), 4.74 (s,
2H, NH2), 4.67 (t, J = 5.9 Hz, 2H), 4.01 (t, J
= 5.9 Hz, 2H), 2.53 (s, 3H). 13C NMR (101

MHz, DMSO) δ 149.17 (C-NH2), 142.50, 
115.99, 52.87, 48.26, 14.19(CH3). Anal. 
Calcd. For C6H10ClN3 (159.62): C, 45.15; H, 
6.32; Cl, 22.21; N, 26.33, Found C, 45.18; 
H, 6.34; Cl, 22.25; N, 26.39. LCMS: (ESI--
MS, m/z) Calcd. for C6H10ClN3 (M-H)-: 
159.62, Found: 158.69. 

General method for the synthesis of Schiff 
base compounds 3-6 

Dissolve (0.002 mol) of reduced compounds 
1,2 in 25 ml of ethanol and add a (0.002 
mol) solution of (p-nitro or p-chloro)-
benzaldehyde with 3-4 drops of glacial 
acetic acid in 10 ml of ethanol. Heat the 
mixture in a reflux for 5-8 hours. The 

completion of the reaction was confirmed by 
TLC. The resulting mixture was left in a 
refrigerator, a precipitate formed, filtered, 
dried, and recrystallized in ethanol. The 
physical characteristics of Schiff bases-
metronidazole 3-6 are itemized in Table 1. 
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Table 1. The Physical Characteristics of Schiff Bases-Metronidazole 3-6 

Yield m.p°CColor Mol. Wt. 
g/mol 

Chemical Structure Compound No. 

77%148-150 Yellow 378.39 3 

74%129-130 Yellow 367.83 4 

72%133-134 Yellow 292.72 5 

70%123-125 Yellow 282.17 6 

(E)-2-(2-methyl-5-((4-nitrobenzylidene) 
amino)-1H-imidazol-1-yl) ethyl 
benzoate—3 

Pale Yellow powder, Yield: 77%; m. p. 148-
150. IR spectrum, (KBr, ύ=cm-1), C-H
arom.: 3058, C-H aliph.: 2993, C=O: 1726, 
NO2 group: 1541,1375. 1H NMR (400 MHz, 
DMSO-d6) δ 9.09 (s, 1H,CH=N), 8.41 (d, J 
= 8.6 Hz, 2H), 8.16 (d, J = 8.6 Hz, 2H), 8.01 
(d, J = 7.2 Hz, 1H), 7.76 (s, 1H), 7.66 (t, J = 
7.6 Hz, 2H), 7.51 (t, J = 6.6 Hz ,2H), 4.61 (t, 
J = 19.3 Hz, 2H,O-CH2), 4.39 (t, J = 10.6 
Hz, 2H,N-CH2), 2.47 (s, 3H).13C NMR (101 

MHz, DMSO) δ 168.81(C=O), 159.51(C-
NO2), 147.13, 146.62, 145.60, 145.48, 
131.55, 131.09, 128.96, 128.80, 127.97, 
127.82, 127.51, 127.40, 125.93, 124.10, 
63.89, 46.42, 15.42.  Anal. Calcd. For 
C20H18N4O4 (378.39): C, 63.49; H, 4.80; N, 
14.81; O, 16.91, Found C, 63.51; H, 4.84; N, 
14.85; O, 16.95. LCMS: (ESI--MS, m/z) 
Calcd. for C20H18N4O4 (M-H)-: 378.39, 
Found: 377.41. 

NO2

N

N
N O

O
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ON
N

N
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(E)-2-(5-((4-chlorobenzylidene) amino)-2-
methyl-1H-imidazol-1-yl) ethyl 
benzoate—4 

Pale Yellow powder, Yield: 74%; m. p. 129-
130. IR spectrum, (KBr, ύ=cm-1), C-H
arom.: 3039, C-H aliph.: 2993, C=O: 1706,
C-Cl: 773. 1H NMR (400 MHz, DMSO) δ
8.90 (s, 1H,CH=N), 8.01 (d, J = 7.4 Hz,
2H), 7.86 (s, 1H), 7.74 (q, J = 7.9 Hz, 2H),
7.64 – 7.50 (m, 3H), 7.50 – 7.41 (m, 2H),
7.23 (s, 1H), 4.60 – 4.43 (m, 2H, CH2-O),
4.35 (d, J = 18.6 Hz, 2H, CH2-N), 2.42 (s,
3H,CH3). 13C NMR (101 MHz, DMSO) δ

165.61(C=O), 158.80, 148.44, 146.42, 
145.84, 138.41, 132.97, 132.97, 130.82, 
130.57, 129.62, 129.45, 128.86, 126.36, 
125.22, 58.48, 47.80, 15.47 (CH3). Anal. 
Calcd. For C20H18ClN3O2 (367.83): C, 
65.31; H, 4.93; Cl, 9.64; N, 11.42; O, 8.70, 
Found C, 65.34; H, 4.96; Cl, 9.69; N, 11.45; 
O, 8.74. LCMS: (ESI--MS, m/z) Calcd. for 
C20H18N4O4 (M-H)-: 367.83, Found: 366.77. 

(E)-N-(1-(2-chloroethyl)-2-methyl-1H-
imidazol-5-yl)-1-(4-nitrophenyl) 
methanimine—5 

Dark Yellow powder, Yield: 72%; m. p. 
133-134. IR spectrum, (KBr, ύ=cm-1), C-H
arom.: 3026, C-H aliph.: 2974, NO2 group:
1533,1375, C-Cl: 778. 1H NMR (400 MHz,
DMSO) δ 9.09 (s, 1H, CH=N), 8.42 (d, J =
8.7 Hz, 2H), 8.17 (d, J = 8.7 Hz, 2H), 7.10
(s, 1H), 4.41 (t, J = 7.2 Hz, 2H), 3.43 (t, J =
7.0 Hz, 2H), 2.51 (s, 3H). 13C NMR (101
MHz, DMSO) δ 159.60 (CH=N), 151.58(C-

NO2), 149.26, 141.21, 136.54, 127.54, 
127.35, 125.69, 125.50, 122.56, 50.82, 
44.11, 13.16(CH3). Anal. Calcd. For 
C13H13ClN4O2 (292.72): C, 53.34; H, 4.48; 
Cl, 12.11; N, 19.14; O, 10.93, Found C, 
53.39; H, 4.50; Cl, 12.19; N, 19.18; O, 
10.99. LCMS: (ESI--MS, m/z) Calcd. for 
C13H13ClN4O2 (M-H)-: 292.72, Found: 
291.67. 

(E)-N-(1-(2-chloroethyl)-2-methyl-1H-
imidazol-5-yl)-1-(4-chlorophenyl) 
methanimine—6 

Dark Yellow powder, Yield: 70%; m. p. 
123-125. IR spectrum, (KBr, ύ=cm-1), C-H
arom.: 3062, C-H aliph.: 2974, C-Cl: 810.
1H NMR (500 MHz, DMSO-d6) δ 8.90 (s,
1H, CH=N), 7.72 – 7.68 (m, 4H), 6.94 (s,
1H, imidazole), 4.38 (t, J = 1.0 Hz, 2H),
4.01(t, J = 1.0 Hz, 2H), 2.47 (s, 3H). 13C
NMR (101 MHz, DMSO) δ 157.83(CH=N),
146.60, 140.16, 133.53, 131.32, 128.89,
128.69, 123.19, 47.29, 44.49, 15.19(CH3).

Anal. Calcd. For C13H13Cl2N3 (282.17): C, 
55.34; H, 4.64; Cl, 25.13; N, 14.89, Found 
C, 55.39; H, 4.68; Cl, 25.16; N, 14.91. 
LCMS: (ESI--MS, m/z) Calcd. for 
C13H13Cl2N3 (M-H)-: 282.17, Found: 
281.23. the selected spectra for 1H NMR and 
13C NMR of  compound in current study 
(Met.b; and Met.Cl compounds are shown in 
Figures 1 and 2, respectively). 
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Figure 1. 1HNMR Spectra for Met.b: 2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl benzoate; 
Met.Cl: 1-(2-chloroethyl)-2-methyl-5-nitro-1H-imidazole 
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Figure 2. 13CNMR Spectra for Met.b: 2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl benzoate; 
Met.Cl: 1-(2-chloroethyl)-2-methyl-5-nitro-1H-imidazole 

Biological Evaluation 

The antibacterial activity was carried out in 
the laboratories of the Department of 
Biology/College of Education/University of 
Samarra. Pseudomonas aeruginosa, a gram-
negative bacterium, and Staphylococcus 
aureus, a gram-positive bacterium, were 
isolated from patients at Samarra General 
Hospital and diagnosed using Vitck 2. The 

agar diffusion method was used by Wells 
etching on Muller-Hinton Agar medium. 
Cork borers were drilled with equal 
dimensions to prevent overlapping of 
inhibition diameters and with a diameter of 
6 mm, to contain 0.5 ml of compound 
solutions for each hole after spreading 1.0 
ml of bacterial suspension on the medium to 
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test the sensitivity of bacteria to the prepared 
compounds at concentrations of 25, 50, and 
100 mg/ml using DMSO as a solvent. Then, 
the plates were incubated at 37°C for 24 

hours, and the results were read by 
measuring the diameter of the inhibition 
zone [20,21]. The images of the bacterial 
plates are shown in Figures 3 and 4. 

Figure 3. Inhibitory Activity of the Prepared Compounds against Pseudomonas aeruginosa 
(3: (E)-2-(2-methyl-5-((4-nitrobenzylidene) amino)-1H-imidazol-1-yl) ethyl benzoate; 4: (E)-2-
(5-((4-chlorobenzylidene) amino)-2-methyl-1H-imidazol-1-yl) ethyl benzoate; 5: (E)-N-(1-(2-

chloroethyl)-2-methyl-1H-imidazol-5-yl)-1-(4-nitrophenyl) methanimine; 6: (E)-N-(1-(2-
chloroethyl)-2-methyl-1H-imidazol-5-yl)-1-(4-chlorophenyl) methanimine) 
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Figure 4. Inhibitory Activity of the Prepared Compounds Against Staphylococcus aureus 
(3: (E)-2-(2-methyl-5-((4-nitrobenzylidene) amino)-1H-imidazol-1-yl) ethyl benzoate; 4: (E)-2-
(5-((4-chlorobenzylidene) amino)-2-methyl-1H-imidazol-1-yl) ethyl benzoate; 5: (E)-N-(1-(2-

chloroethyl)-2-methyl-1H-imidazol-5-yl)-1-(4-nitrophenyl) methanimine; 6: (E)-N-(1-(2-
chloroethyl)-2-methyl-1H-imidazol-5-yl)-1-(4-chlorophenyl) methanimine) 

In silico Studies 

Ligand preparation 

The series of synthesis metronidazole 
derivatives. The ligands were first sketched 
using ChemDraw 2020. Their two-dimen-
sional structures were then converted into 
three-dimensional structures using Chem3D. 
This allowed molecular viewing and 
structural manipulation. The 3-D structures 

were kept in the mol2 file format and then 
were converted to .pdb format with Open 
Babel. This was done to ensure that the 
structures can be used by AutoDock. 

In turn, prior to docking, all hydrogen atoms 
were introduced into the structures with the 

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 159



help of the “Add Hydrogens” option in 
AutoDock Tools (ADT). In this way, proper 
valence and adequate protonation levels 
were achieved. Next, each compound was 
protonated via the “Protonate 3D” tool in 
Discovery Studio 4.5. In this way, the 
ionization levels were adjusted according to 
the physiological conditions, namely, pH 
7.4. Moreover, this step made sure that the 
molecules had realistic charge values. Thus, 
the structures were once again saved in the 
.pdb format. Then, the ligands were process-
sed with AutoDock Tools, MGLTools, 

v1.5.7. In this step, Gasteiger partial charges 
were assigned to all atoms. 

Moreover, non-polar hydrogens were 
combined to make the calculations of the 
molecule more convenient. The definition of 
flexible and rotatable bonds with ADT 
helped the docking software to study many 
different configurations of the ligand while 
docking. The last thing to do was to save the 
structure of the ligands in the .pdbqt format, 
which is needed for docking in AutoDock 
Vina [22]. 

Receptor preparation 

We retrieved the crystal structures of target 
proteins from RCSB-PDB. Specifically, we 
selected bacterial Pseudomonas aeruginosa 
with target  LpxC enzyme (PDB ID: 3U1Y) 
and bacterial gram-positive Staphylococcus 
aureus complex structure of Moxifloxacin 
with S. aureus DNA gyrase and DNA (PDB 
ID;5CDQ) as receptors models for docking 
experiments. We chose these structures for 
their high-resolution data and co-crystallized 
ligands, which allow us to determine active 
sites with greater precision. 

The downloaded PDB file was prepared for 
docking using Discovery Studio Visualizer 
4.5 software by deleting any molecule of 
water, ion, or any other heteroatom that does 
not bind to the protein. The cocrystalized 
ligands (native cocrystals of 3U1Y, and 
cocrystals (Moxifloxacin) of 5CDQ) were 
kept temporarily to identify the active site, 
but later on deleted before performing 
docking studies. 

Further modification was done on receptors 
through AutoDock Tools (ADT) and 
MGLTools Version 1.5.7. Polar hydrogens 
were introduced to properly simulate hydro-
gen bonding. On the other hand, nonpolar 
hydrogens were combined to decrease the 
number of atoms used in computations. 
Kollman united atom charges were 
introduced in all protein atoms. These 
charges are needed in docking because they 
allow for electrostatic calculations. Active 
sites were identified based on the crystal 
structure of coexisting ligands. 

All the receptors were saved in .pdbqt 
format, which is mandatory while carrying 
out docking in AutoDock Vina. This 
technique improved the models of receptors 
for LpxC enzyme (PDB ID: 3U1Y), and 
bacteria gram-positive (PDB ID: 5CDQ) 
[23]. 

Docking Method 

Molecular docking studies were carried out 
using AutoDock Vina, which was installed 

on a computer running the Windows 10 
operating system, comprising 32 cores. This 
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analysis was aimed at predicting the most 
favorable binding mode as well as binding 
energy for the ligand-target interaction, es-
pecially focusing on grid box parameters. 
The parameters were defined using Auto-
Dock Tools (ADT). When setting the grid 
box location, the crystallographic binding 
site of the ligands was taken into account. 
Since proper conformational sampling was 
to be ensured, the size of the grid box was 
marginally adjusted. This allowed the 
flexible monomeric units of synthesized 
ligands and their free side chains sufficient 
rotational and translational freedom during 
the docking process [24]. 

The coordinates of the binding site for the 
gram-positive target protein (PDB ID: 
5CDQ) were taken from the X-ray crystal 
structure. Here, the grid box with dimen-
sions of 64 × 64 × 64 grid points at an 
interval of 0.375 Å with coordinates x = 
41.504, y = -52.516, and z = 65.034 was 

generated, thus leading to 274,625 grid 
points per grid map.  

For LpxC (PDB ID: 3U1Y), the docking 
grid box was generated around the co-
crystallized ligand binding site. The grid 
dimensions were 60 × 54 × 70 points with a 
grid spacing of 0.375 Å and center 
coordinates of x = 16.508, y = 2.197, and z 
= 24.593. Docking calculations were then 
performed using AutoDock Vina, and ten 
binding poses were generated for each 
ligand. The best binding pose of all 
generated binding poses was selected based 
on its highest binding affinity value 
(kcal/mol). Default values for scoring and 
optimization were maintained. 

The analysis and depiction of the ligand-
receptor binding interactions, which include 
hydrogen bonding, hydrophobic inter-
actions, and pi-pi stacking, were performed 
using AutoDock Tools and Discovery 
Studio 4.5 [25]. 

Visualization and interpretation of docking results 

Among the AutoDock Vina output, the 
conformations of the ligands with the lowest 
binding energies (kcal/mol) were selected. 
In order to study and visualize the specific 
binding interactions of the ligands with the 
receptors at their respective binding sites, 
Discovery Studio Visualizer (DSV; 64-bit 
Windows 10) was used. 

DSV analysis yielded various types of mol-
ecular interactions, for example hydrogen 

bond formation, hydrophobic effect, and 
metal binding, among others. Through this 
analysis, an understanding was gained about 
the nature of the ligand-receptor binding and 
the critical residues involved in such 
interactions. Interaction diagrams were 
derived from the 2D DSVs and 3D binding 
visualizations. They were originally simple 
images but were subsequently saved in .tif 
format. 

Validation of results 

The validity of the docking technique was 
evaluated by carrying out redocking experi-

ments utilizing the ligands found in the 
crystal structure of the target proteins. 
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In the case of gram-positive target (5CDQ), 
the co-crystallized ligand, namely, Moxi-
floxacin was stripped off, and it was then 
docked again back into the protein’s active 
site using the exact docking procedure that 
was applied on the metronidazole 
derivatives. DSV analysis was employed to 
precisely determine the ligand-receptor 
interaction sites, in addition to identifying 
all other types of interactions that may take 
place between the molecules, such as 
hydrogen bonding and hydrophobic 
interaction. The docking of metronidazole 
derivatives was validated by comparing their 
predicted binding mode with that of the 
reference ligand. 

The docked complex formed by the gram-
negative drug target-inhibitor (PDB ID: 

3U1Y) was first removed from its bacterial 
LpxC protein target, after which it was 
subsequently re-docked back into its active 
site region in order to reproduce the binding 
mode observed experimentally. DSV 
technique was utilized in mapping the 
interaction of the inhibitor molecule with the 
active site residues. These data served as 
controls for the validation of the docking 
process. 

This docking method employed in this 
experiment to the two sets of target proteins 
provided a good benchmark for the targets. 
In this way, an accurate prediction of the 
binding activity of the ligand under 
consideration was assured. This helped to 
ensure the accuracy of the docking results of 
the synthesized ligands [26,27]. 

3. Results and Discussion

Chemistry 

The Schiff-metronidazole target bases were 
prepared by modifying the nitro and 
hydroxyl groups in metronidazole by 
converting it to the corresponding ester and 
chloro derivative, then reducing the nitro 
group using Na2S2O4 as a mild reducing 
agent, as following the previous method 

research [22], to prepare an amine group to 
enter the Schiff reaction with a 4-nitro or 4-
chlorobenzaldehyde, where the condensation 
reaction took place in an acidic medium of 
acetic acid and by refluxed to obtain Schiff 
bases 3-6, as shown in Scheme 1. 

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 162



Scheme 1. Synthesis of the Schiff Bases-Metronidazole Target Compounds 3-6 

This reaction is carried out via the common 
mechanism for preparing Schiff bases, 
where first, the nucleophilic addition reac-
tion of the amine to the carbonyl group of 
the aldehyde takes place after protonation 
with the acid as a catalyst for the carbonyl to 

increase its electrophilicity, and second, the 
elimination step by removing the water 
molecule and removing the acid proton to 
obtain the target Schiff bases 3-6, as shown 
in Scheme 2. 
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Scheme 2. Mechanism Synthesis of the Schiff-Metronidazole 3-6 

FTIR spectroscopy was used to characterize 
the precursor 1,2 the reduced Metronidazole. 
The spectra showed: disappearance of the 
bands of the –NO2 group at about (1541-
1361) cm-1, two absorption bands appeared 
due to the asymmetric and symmetric 
stretching of -NH2 at about 3452-3363 cm-1, 

and this confirms reduction of the Nitro 
group. Also, the 1H & 13C-NMR spectra 
confirmed the appearance of a proton signal 
for the amine group NH2 at 7.55,4.74 ppm 
and a signal at 153.67,149.17 ppm for the 
carbon attached to it (Figure 5). 
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. 
Figure 5. FT-IR Spectra for Met.b: 2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl benzoate; 

Met.Cl: 1-(2-chloroethyl)-2-methyl-5-nitro-1H-imidazole; 1: 2-(5-amino-2-methyl-1H-imidazol-
1-yl) ethyl benzoate; 6) (E)-N-(1-(2-chloroethyl)-2-methyl-1H-imidazol-5-yl)-1-(4-

chlorophenyl) methanimine 

The structures of Schiff bases-metronidazole 
derivatives were identified and confirmed by 
FTIR spectroscopy. The spectra showed the 
disappearance of the two amine stretch 
bands and the appearance of a medium-
intensity stretch band of the azomethine 
bond, which overlaps with the aromatic C=C 
stretch bands of the compounds at 1500-
1600 cm-1. As for the 1H & 13C-NMR 

spectra, the azomethine proton signal 
appeared at 8.90, 9.09 ppm, in addition to 
the appearance of the methyl signal at 2.42-
2.51 ppm, the triple signals duo to -CH2-
CH2- at about 3.43-4.61 ppm, and the 
aromatic protons appeared in the range of 
6.94-8.42 ppm, while the carbonyl carbon of 
the corresponding 3,4 ester derivative 
appeared at 168.81, 165.61 ppm.
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Biological Activity 
 
To explore the antibacterial activity of the 
newly synthesized homologues, Schiff bases 
3-6 were tested against Pseudomonas 
aeruginosa, a gram-negative bacterium, and 
Staphylococcus aureus, a gram-positive 
bacterium. These bacteria were carefully 
selected because they cause common and 
serious human diseases, exhibit resistance to 
many known antibiotics, are easy to culture, 
and exhibit antibacterial properties. 
 
Hybrid metronidazole Schiff bases 3-6 were 
selected to test their antibacterial activity 
against Pseudomonas aeruginosa and 
Staphylococcus aureus. The tested 
compounds showed good activity against 
both bacterial species compared to 
metronidazole and metronidazole benzoate, 
as measured by zones of inhibition. 
Derivatives 3 and 4 showed the best 

inhibition against Pseudomonas aeruginosa 
at 100 mg/ml (21 and 20 mm), respectively, 
outperforming metronidazole (15 mm). 
Furthermore, compounds 3, 4, and 5 showed 
good activity against Staphylococcus aur-
eus: (25, 23, and 22 mm), respectively, at 
100 mg/ml compared to the reference 
antibiotic, metronidazole. Conversely, it was 
found that compound 3 achieved the highest 
inhibition even at a concentration of 25 
mg/ml. This relates to the structure-activity 
relationship, as compound 3 contains a nitro 
group at the para position in the phenyl ring, 
which enhances the electronic properties for 
binding to the bacterial protein. 
 
Figures 6 and 7 and the attached images of 
the plates illustrate the bacterial activity of 
both types. 

 
 

 
Figure 6. Inhibitory Activity of the Prepared Compounds Against Pseudomonas aeruginosa 

3 4 5 6 Met.b St.
25mg/µl 18 9 9 8 15
50mg/µl 19 11 10 9 16 15
100mg/µl 21 20 12 10 18
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Figure 7. Inhibitory Activity of the Prepared Compounds Against Staphylococcus aureus 

Molecular Docking 

Molecular docking studies of synthesized 
metronidazole derivatives compounds 
against various bacterial targets indicated 

promising interactions, as indicated by the 
docking scores, are shown in Table 2. 

Table 2. The Physical Characteristics of Schiff Bases-Metronidazole 3-6 

3 4 5 6 Met.b St.
25mg/µl 20 9 12 9 14
50mg/µl 24 10 13 10 15 16
100mg/µl 25 23 22 16 20

0
5
10
15
20
25
30

Biological activity of Staphylococcus aureus 

25mg/µl 50mg/µl 100mg/µl

Name 2D Structure Dock score 
interaction 
energy for 
bacteria 
(gram-

positive) 
kcal/mol 
pdb code 

5CDQ 

Dock score 
interaction 
energy for 
bacteria 
(gram-

negative) 
kcal/mol 
pdb code 

3U1Y 
Positive 

control (co-
crystal ligand 
Moxifloxacin) 
(pdb:5CDQ ) 
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For compound 3, the gram-positive bacterial 
target with a PDB ID of 5CDQ yielded a 
docking score of -9.15 kcal/mol, indicating 
strong interactions. Attractive charge, p-
anion bonds were observed with amino acids 
ARG A:122, PTR A:123, and GLU D:477, 
along with extended bonding with nucleo-

tide DT E:8. Hydrophobic interactions (p-p 
stacked, p-Alkyl) with nucleotides, in-
cluding DG E:2009, DA F:2013, and DC 
F:2012, help stabilize the complex and 
increase its affinity for the active site, as 
shown in Figure 8. 

Met.Cl -5.81 -4.86

Met.b 
-7.09 -6.67

N N

NO2

Cl

N N

NO2

O

O

A 
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Figure 8. (A) 2D Interactions of Compound 3 Inside 5CDQ Target, (B) 3D Interactions of 
Compound 3 Inside 5CDQ Target 

For the gram-negative bacterial target (PDB 
ID: 3U1Y), compound 3 showed a favorable 
docking score of -7.36 kcal/mol, indicating 
good binding affinity toward the active site. 
Structural analysis revealed that the 
benzene–nitro moiety formed conventional 
hydrogen bonds with THR B:190 and PHE 
B:191. Additionally, the ligand exhibited π–
cation, π–anion, and electrostatic attractive 
interactions with ASP B:241, which col-
lectively enhanced binding stability. 
Hydrogen bonding occurred between 

carbonyl group of ester bridge with LYS 
B:142. A metal-acceptor and attractive 
charge interaction with the catalytic Zn²⁺ ion 
further stabilized the binding, further π- π 
stacked with PHE B:160 and additional 
hydrophobic interactions with amino acids, 
including THR B:60, THR B:61, ILE B:158, 
LYS B:261, HIS B:264 and ALA B:265, 
help stabilize the complex and increase its 
affinity for the active site, as shown in 
Figure 9. 

B 

A 
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Figure 9. (A) 2D Interactions of Compound 3 Inside 3U1Y Target, (B) 3D Interactions of 
Compound 3 Inside 3U1Y Target 

In the pose for compound 4, the gram-
positive bacterial target showed a docking 
score of -8.13 kcal/mol against PDB ID 
5CDQ, with important interactions invol-
ving hydrogen bonding with DA F:2013, as 
well as three π-cation bonds with nucleo-

tides DT E:8, DG E:2009, DC F:2012. Also, 
it showed π-anion interaction with the amino 
acid GLU D:477. Furthermore, the complex 
is stabilized by hydrophobic interactions 
with DT E:8, DG E:2009, and DA F:2013, 
as illustrated in Figure 10.  

A 

B 
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Figure 10. (A) 2D Interactions of Compound 4 Inside 5CDQ Target, (B) 3D Interactions of 
Compound 4 Inside 5CDQ Target 

For the gram-positive bacterial target (PDB 
ID: 3U1Y), although no direct coordination 
with the Zn²⁺ ion was detected, compound 4 
demonstrated multiple stabilizing non-co-
valent interactions within the active site. The 
carbonyl and ester oxygen atoms formed 
hydrogen bonds with LYS B:142 and LYS 
B:238, respectively. The ionized pyrazole 
NH group established hydrogen bonding 
interactions with THR B:6 and THR B:61, 
while the imine nitrogen atom exhibited an 
attractive electrostatic interaction with ASP 

B:241. Additionally, the benzene ring 
participated in a π–anion interaction with 
ASP B:241, whereas π–π stacking inter-
actions were observed between the aromatic 
rings of compound 4 and PHE B:160 and 
PHE B:191, contributing to the stabilization 
of the ligand–protein complex. Furthermore, 
hydrophobic interactions with amino acids, 
including ILE B:158, HIS B:237, LYS 
B:261, and ALA B:265, help stabilize the 
complex and increase its affinity for the 
active site, as shown in Figure 11.  

A 

B 
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Figure 11. (A) 2D Interactions of Compound 4 Inside 3U1Y Target, (B) 3D Interactions of 
Compound 4 Inside 3U1Y Target 

5. Conclusion

This research was designed to develop new 
antibacterial agents via Schiff bases from 
metronidazole, which showed a significantly 
more inhibitory effect than metronidazole 
against Staphylococcus aureus and 
Pseudomonas aeruginosa. Compound 3 
gave the highest inhibition of both types of 
bacteria at a diameter of 21,25 mm, 
respectively, at a concentration of 100 
mg/ml. Also, in the docked study, the 
compound 3 has the best binding site from 
metronidazole derivatives for both protein 
targets, where for bacteria Staphylococcus 

aureus (gram-positive), pdb code 5CDQ, 
and for bacteria Pseudomonas aeruginosa 
(gram-negative), pdb code 3U1Y.This is 
attributed to the presence of electron pairs of 
the nitrogen atom in azomethine, as well as 
the presence of the electron-withdrawing 
nitro group in the para position, which gives 
the compound high electronic properties due 
to resonance and conjugation, thus 
enhancing the binding to bacterial proteins. 
These conclusions afford an insight into the 
expansion and optimization of more 
effective antibacterial Schiff bases. 
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Abstract:  This study investigates the selective nitric acid oxidation of methylated 
anthracenes (2-methylanthracene and 9-methylanthracene) isolated from pyrolysis tar, 
focusing on reaction mechanisms and structure-reactivity relationships. Tar fractions in the 
290–360°C boiling range were separated by fractional distillation, yielding anthracene 
derivatives with defined compositions. Target compounds were purified through solvent 
extraction and recrystallization techniques, followed by structural confirmation using FT-IR, 
1H and 13C NMR spectroscopy, and GC-MS analysis. The isolated 2-methylanthracene and 
9-methylanthracene were subsequently subjected to nitric acid oxidation in acetic acid
medium under controlled temperatures (100–130°C). The oxidation pathway proceeds via
radical intermediates, initiated by NO2• and NO3• species generated from nitric acid
decomposition, leading to stepwise transformation of the methyl substituent into
corresponding carboxylic acid functionalities. Experimental results demonstrate that reaction
temperature and time significantly influence product yield, with optimal conditions observed
at 120°C and 1.5 h, achieving maximum yields of 72.1% for 9-anthracenecarboxylic acid and
70.5% for the 2-isomer. At higher temperatures, competing side reactions, including over-
oxidation and partial ring degradation, reduce selectivity. Spectroscopic data confirms
successful conversion of methylanthracenes into anthracene carboxylic acids, consistent with
proposed mechanistic pathways. The findings provide insight into the reactivity of methyl-
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substituted polycyclic aromatic hydrocarbons and highlight an efficient approach for 
valorization of coal tar-derived feedstocks into high-value aromatic carboxylic acids. 

Key Words: Pyrolysis tar, methylanthracenes, polycyclic aromatic hydrocarbons (PAHs), 
anthracene derivatives, structure-reactivity relationship, coal tar valorization  

1. Introduction

Anthracene is a polycyclic aromatic 
hydrocarbon (PAH) composed of three lin-
early fused benzene rings and has long at-
tracted considerable attention from chemists 
and materials scientists due to its unique 
structural and electronic properties [1]. 
Owing to its extended π-conjugated system, 
anthracene and its derivatives exhibit re-
markable photochemical and photophysical 
characteristics, including strong fluo-
rescence, charge transport behavior, and the 
ability to form supramolecular gel-like 
assemblies [2]. These properties make 
anthracene-based compounds highly attract-
tive as functional organic materials. 

Anthracene derivatives are widely 
investigated as important organic building 
blocks because of their favorable photo-
physical and electrochemical properties, 
ease of structural modification, and early 
demonstrated electroluminescent behavior 
[3,4]. As a result, they have found promising 
applications in organic light-emitting diodes 
(OLEDs), organic field-effect transistors 
(OFETs), optical and electronic switches, 
scintillation detectors for high-energy pho-
tons and particles, and functional materials 
incorporated into mesophases, polymers, 
films, and crystalline systems [5,6]. Further-
more, increasing global interest in hydrogen-
based energy technologies has stimulated 
new investigations into the potential use of 
anthracene derivatives in magnesium 
hydride systems [7]. Meng et al. also 
reported anthracene-oligomer-based semic-
onductors with high field-effect mobility 

and excellent operational stability, further 
demonstrating the technological importance 
of anthracene-containing materials [8]. 

In addition to their technological relevance, 
anthracene derivatives have attracted 
significant interest because of their 
pronounced biological activity, particularly 
their interactions with tumor cell lines. Their 
planar conjugated structure facilitates 
effective interaction with DNA base pairs, 
which is closely related to their biological 
effects and potential pharmaceutical appli-
cations [9]. The structural versatility of the 
anthracene framework also enables the syn-
thesis of numerous functional derivatives 
with tunable physicochemical and biological 
properties. 

More broadly, polycyclic aromatic 
hydrocarbons (PAHs) constitute an 
important class of compounds in modern 
materials science and organic electronics 
[10]. PAHs are considered promising 
precursors for the bottom-up synthesis of 
structurally defined nanocarbon materials 
and graphene-like architectures [11-13]. 
Their unique optical and electronic pro-
perties additionally provide significant op-
portunities for biological and optoelectronic 
applications [14]. However, despite their 
technological value, many PAHs are 
recognized as hazardous environmental 
pollutants generated by anthropogenic 
activities, and their carcinogenic nature has 
motivated extensive research into PAH 
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removal and transformation technologies 
[15]. 

Coal tar is a complex by-product formed 
during the high-temperature carbonization 
and gasification of coal for the production of 
coke and gaseous fuels [16,17]. It is 
generally obtained as a dark brown or black 
viscous liquid or semi-solid material with a 
characteristic odor, formed together with 
aqueous ammoniacal liquor during cooling 
of volatile products generated in coal 
processing [16]. With the increasing devel-
opment of coal gasification technologies as 
alternative energy sources, the generation of 
coal-derived by-products such as coal tar, 
sulfur compounds, ammonium sulfate, and 
crude benzol has become an important en-
vironmental concern [17]. 

Coal tar is an exceptionally complex mixture 
containing hundreds of organic compounds, 
many of which possess significant industrial 
value [18]. Its composition includes 
aromatic hydrocarbons such as benzene, 
toluene, xylene, naphthalene, anthracene, 
and related polycyclic aromatic hydro-
carbons (PAHs), as well as phenolic and 
nitrogen-containing heterocyclic compounds 
[18,19]. These substances are widely used as 
raw materials and intermediates in the 
production of synthetic fibers, engineering 
plastics, dyes, pharmaceuticals, preserv-
atives, perfumes, pesticides, resins, and 
other industrial chemicals [19]. Because of 
this chemical diversity, coal tar is 
considered an important feedstock for the 
recovery of high-value aromatic compounds. 

Despite its industrial significance, coal tar 
and coal tar residues (CTR) are recognized 

as hazardous environmental pollutants due 
to their high content of toxic and carcin-
ogenic PAHs [20,21]. The migration and 
distribution of coal tar contaminants in water 
systems are influenced by interfacial 
molecular diffusion and the high viscosity of 
the tar phase, which significantly affects 
mass-transfer processes [19-21]. Con-
sequently, considerable attention has been 
devoted to the development of efficient 
technologies for PAH removal, separation, 
and valorization. 

Recent studies have demonstrated the 
potential of microwave-assisted extraction 
for reducing priority PAH content in coal tar 
residues [22]. In addition, increasing interest 
has been directed toward the selective 
isolation of valuable compounds from coal 
tar for the preparation of advanced carbon 
materials and functional resins [23]. Various 
carbonaceous adsorbents, including chars 
produced from biomass pyrolysis and 
activated using CO2 or steam, have also 
been investigated for tar removal from syn-
gas streams [24,25]. The physicochemical 
properties and applicability of such chars 
strongly depend on their mineral com-
position and heavy metal content [26]. 

In this work, methylanthracenes were iso-
lated from coal tar-derived fractions and 
structurally characterized using FT-IR, 
NMR, and GC-MS techniques. Their se-
lective nitric acid oxidation to anthra-
cenecarboxylic acids were investigated with 
emphasis on reaction mechanism and the in-
fluence of temperature and time on product 
yield and selectivity. 
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2. Materials and Methods

All chemicals and reagents used in this 
study were of analytical grade purity (hydro-

chloric acid, methanol, isopropyl alcohol, 
and toluene). 

Method for the Isolation of 2-
Methylanthracene 

For the purpose of isolating anthracene and 
its derivatives required for this scientific 
research, a tar-derived sample in the boiling 
range of 290-360°C was separated under 
atmospheric pressure into two fractions 
based on boiling point: 290-330°C and 335-
360°C. 

From the 330-360°C fraction, 700 mL was 
collected and transferred into a 1000 mL 
flask together with 3-4 g of boiling chips, 
followed by distillation setup. The temp-

erature was gradually increased at a rate of 
10-15°C per minute. The obtained samples
were further identified as anthracene, 2-
methylanthracene, and 9-methylanthracene
crystals based on their solubility in solvents
and melting point characteristics. It was
determined that the fraction consisted of
approximately 38-40% phenanthrene, 15-
18% anthracene, 2-3.5% 2-methylan-
thracene, 3-4% 9-methylanthracene, and 28-
30% phenanthrene derivatives and other
compounds (Table 1).

Table 1. Compounds Obtained from the Tar Product (Temperature Range: 330-360°C) 

№ Compound name Melting point 
(°C) 

Boiling point 
(°C) 

Component 
fraction (%) 

1 Phenanthrene 99-101 335-345 38-40
2 Anthracene 215-218 335-345 15-18
3 2-Methylanthracene 204-205 345-360 2-3
4 9-Methylanthracene 77-99 345-360 3-4
5 Unidentified product 345-360 28-30

The IR spectra of the compounds were 
recorded using FT-IR 2000 System 
(PerkinElmer) and Bruker Invenio S-2021 
spectrometers in the range of 4000-400 cm-1. 

1H NMR spectra were recorded on a 
Unity+600 (Varian) spectrometer operating 
at 600 MHz using CD3OD, CDCl3, DMSO-
d6, and pyridine-d5 as solvents. Tetrameth-

ylsilane (TMS) was used as an internal stan-
dard for 1H NMR measurements. In 13C 
NMR spectra, the chemical shift of the sol-
vent was used as the reference standard. 

Initially, it was established that 2-methy-
lanthracene is readily soluble in ethanol; 
therefore, technical ethanol was used as the 
solvent. The raw material was first heated 
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with technical ethanol to 40°C. After dis-
solution, the mixture was filtered, allowing 
separation from anthracene and phenan-
threne derivatives. The obtained filtrate was 
then cooled to room temperature. The 
filtered mass was treated with 10% sulfuric 
acid to adjust the pH to 2-3 and filtered 
again, followed by neutralization with 10% 
sodium hydroxide solution to pH 7-8 and 
subsequent filtration. 

The resulting 2-methylanthracene crystals 
were further purified by recrystallization 

from ethanol and by distillation to remove 
residual solvent. The product was dried at 
room temperature for 3 hours. The mass of 
the obtained 2-methylanthracene crystals 
was 19 g, corresponding to 2.7% of the total 
fraction. 

The obtained 2-methylanthracene was iden-
tified as a light-yellow compound with a 
melting point of 203-204°C and a boiling 
point of 357°C. 

Method for the Isolation of 9-
Methylanthracene 

After the separation of 2-methylanthracene 
from the “tar product”, the remaining frac-
tion was used for the isolation of 9-methyl-
anthracene. First, the mixture was heated to 
65-70°C. According to the literature data,
the melting points of related compounds are
as follows: 2-methylphenanthrene (57°C), 3-
methylphenanthrene (63°C), 4-
methylphenanthrene (53.5°C), while 9-
methylanthracene has a melting point of 77-
79°C. Since the melting points of the above
phenanthrene derivatives are lower than that
of 9-methylanthracene, this difference was

used for separation. The mixture was 
therefore filtered at 70°C to isolate 9-
methylanthracene. 

For purification, 9-methylanthracene was re-
crystallized from toluene. The compound 
was then isolated from toluene by evap-
oration. The obtained 9-methylanthracene 
crystals were dried in open air for 3 hours. 
The mass of the obtained 9-methyl-
anthracene crystals, determined using an 
analytical balance, accounted for 3.56% of 
the total fraction (23.1 g). 
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3. Results and Discussion

IR spectroscopic analysis (Figure 1) showed 
a characteristic absorption band at 3049.70 
cm-1 corresponding to aromatic C-H stretch-

ing vibrations, confirming the presence of an 
aromatic ring. 

Figure 1. IR Spectrum of 9-Methylanthracene 

The absorption bands at 2919.41-2862.91 
cm-1 are attributed to C-H stretching vib-
rations of the CH3 group, indicating the
presence of a methyl substituent in the mole-

cule. The bands observed at 1620.06-
1447.85 cm-1 correspond to C=C stretching 
vibrations of the aromatic ring system. 

Figure 2. 1H NMR Spectrum of 2-Methylanthracene 
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Figure 3. 13C NMR Spectrum of 2-Methylanthracene 

1H and 13C NMR spectra were recorded 
(Figures 2 and 3). The 1H NMR spectrum 
(600 MHz, CDCl3) showed signals at δ 8.39 
(t, J = 2.11 Hz, 1H), 8.27 (t, J = 1.99 Hz, 
1H), 7.98 (ddd, J = 5.82, 3.42, 2.50 Hz, 2H), 
7.95 (dt, J = 8.60, 2.10 Hz, 1H), 7.55-7.49 
(m, 4H), and 2.50 (s, 3H). These signals are 
characteristic of aromatic protons of the 
anthracene framework, while the singlet at δ 
2.50 (3H) corresponds to the methyl group. 

GC-MS analysis showed a molecular ion 
peak at m/z: theoretical = 192.00, observed 
[M]⁺ = 192.00, which is in full agreement

with the molecular formula of 2-
methylanthracene (C15H12). 
The 13C NMR spectrum (150 MHz, CDCl3) 
exhibited signals at δ 135.11, 132.12, 
131.96, 131.44, 130.45, 128.38, 128.25, 
128.19, 127.70, 126.44, 126.04, 125.79, 
125.32, and 21.41 ppm, corresponding to 
aromatic carbon atoms and the methyl 
carbon, respectively. 

The obtained crystals of 9-methylanthracene 
were yellow in color, and the melting point 
was found to be 76-78°C. The structure was 
confirmed by 1H NMR spectroscopy (Figure 
4). 
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Figure 4. Chromatographic Parameters of the Initial Fraction Sample 

The results of the mass spectral analysis 
showed that the obtained fraction contains 
several compounds valuable for industrial 
applications. 

1H NMR (600 MHz, CDCl3) δ 8.34 (t, J = 
2.19 Hz, 1H), 7.98-7.91 (m, 4H), 7.54-7.47 

(m, 4H), 3.09 (s, 3H). 13C NMR (150 MHz, 
CDCl3) δ 131.46, 130.54, 129.74, 129.15, 
125.47, 125.38, 125.22, 124.99, 15.63. m/z 
(GC-MS): theoretical = 192.00, observed = 
[M]⁺ 192.00 (Figures 5).

Figure 5. Chromatographic-Mass Spectrum of 9-Methylanthracene 

The chemical shift values in the 1H NMR 
spectrum (ppm) depend on the electron 
density around the protons. As electron 
density decreases, deshielding increases and 
the chemical shift value shifts to higher 
ppm. Protons in aromatic rings typically 
appear in the range of 7-9 ppm. This is 
associated with the deshielding effect caused 
by the circulating π-electron cloud of the 
aromatic system. 

Multiplet signals arise due to spin–spin 
coupling between neighboring protons. The 
coupling constant (J) reflects the strength of 
interaction between adjacent protons. Due to 
the symmetry of the anthracene molecule, 
equivalent protons give rise to identical 
signals in the spectrum. 
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1H NMR Spectrum of 9-Methylan- 
thracene 

Aromatic protons usually appear as 
multiplets because protons in aromatic rings 
are coupled with each other through multiple 
neighboring interactions. Since these pro-
tons are located close to each other within 
the aromatic system, their signals become 
complex and often appear as overlapping 
multiplet patterns. 

The 9-methylanthracene molecule contains a 
total of 12 hydrogen atoms: 9 hydrogen 
atoms are located on the aromatic rings, 

while 3 hydrogen atoms belong to the 
methyl (-CH3) group. In the anthracene 
framework, the aromatic protons exhibit 
signals corresponding to their different 
chemical environments, but due to strong 
spin-spin coupling, they generally appear as 
multiplets. 
As shown in Figure 6, several signals are 
observed in the range of 7.50-8.34 ppm, 
which correspond to aromatic protons. 
These signals are characteristic of the 
anthracene aromatic system. 

Figure 6. ¹H NMR Spectrum of 9-Methylanthracene 

The methyl group protons typically resonate 
in the 3-4 ppm region. In this spectrum, a 
singlet signal observed at around 3.09 ppm 
corresponds to the protons of the methyl 
group. This singlet appearance is due to the 
absence of coupling with neighboring 
protons. 

The solvent signal (CDCl3) appears at 7.24 
ppm, which is typical for deuterated chloro-
form commonly used as an NMR solvent. 

The synthesis reactions of the corresponding 
acids from 2- and 9-methylanthracene were 
investigated in this work. Initially, 9-methyl-
anthracene was dissolved in acetic acid and 
subjected to oxidation using nitric acid, 
leading to the formation of the corres-
ponding carboxylic acid. 

The reaction equation and mechanism for 
the oxidation of 9-methylanthracene using 
nitric acid are presented below (equation 1): 
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 (1) 

Nitric acid initially oxidizes the methyl 
group (-CH3) at the 9-position of 9-
methylanthracene to a hydroxymethyl group 
(-CH2OH). Due to the stability of the 
anthracene ring system, the methyl 
substituent at the 9-position is relatively 

reactive and therefore susceptible to 
oxidation. 

Nitric acid (HNO3) decomposes to generate 
reactive nitrogen oxide species (e.g., NO2, 
NO3) that act as radical oxidizing agents 
(equation 2) [24]. 

         (2) 

The NO2• radical formed during the 
decomposition of nitric acid can react with 
atmospheric oxygen to generate the NO3• 
radical (as shown in reaction 7). The 
resulting NO3• radical initiates the oxidation 
process by abstracting hydrogen atoms from 
the methyl group of 9-methylanthracene, 
thereby promoting successive oxidation 
steps and overall reaction progression. 

In the initial stage, the NO2• radical, due to 
its relatively high stability and reactivity, 
interacts with molecular oxygen to form 
NO3•. The formed NO3• species then abs-
tracts a hydrogen atom from the methyl 
group of 9-methylanthracene (equation 3), 
leading to the formation of a methyl 
anthracenyl radical. 

        (3) 

In the second step, after the formation of the 
9-methylanthracene radical (RCH2•), it
reacts with molecular oxygen (O2) present in

the reaction medium (equation 4), leading to 
the formation of an intermediate peroxide 
radical (C14H9-CH2OO•). 

+ 6 HNO3
CH3COOH

- 4H2O; 6NO2

CH3 COOH

1. 2HNO3 NO2+ + NO3-  +  H2O

2. NO2+  +  NO3-  N2O5

3. N2O5  NO3  +  NO2

4. HNO3  +  NO2  HNO2  +  NO3

5. HNO3  +  HNO2  2NO2 +  H2O

6. 2NO3  2NO2  +  O2

. .

. .

.

. .

7. 2NO2 + O2 2NO3
. .

.

.
+ NO3 + HNO3

CH3 CH2
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     (4) 

Here, R represents 9-methylanthracene. 

     (5) 

In the subsequent step, the peroxide radical 
reacts with methyl anthracene (equation 5), 
resulting in the formation of a hydro-
peroxide (C14H9-CH2OOH) and regeneration 
of the methyl anthracenyl radical. The newly 
formed methyl anthracenyl radical then re-
enters the reaction cycle by reacting again 

with molecular oxygen in the second step, 
thereby propagating the oxidation process. 

In this step, the hydroperoxide (C14H9-
CH2OOH) first reacts with the NO3• radical 
(equation 6) to form a peroxide radical 
(C14H9-CH2OO•). 

       (6) 

In the subsequent stage, this intermediate 
undergoes further transformation leading to 
the formation of a carbonyl group (C14H9-
CHO), which represents an oxidized alde-
hyde intermediate in the reaction pathway. 

The final stage of the reaction involves the 
oxidation of the carbonyl group (-CHO) to a 
carboxyl group (-COOH). In this step, the 
NO3• radical acts as an oxidizing agent and 
converts the carbonyl intermediate into the 
corresponding carboxylic acid, completing 
the overall oxidation process (equation 7). 

.

+ O2

.
CH2 CH2O2

.

++

.
CH2OO CH3 CH2OOH CH2

+ HNO3
NO3

.CH2OOH CH2OO

.

+ HNO3
NO3

.
CH2OOH

CHO

.

CH2O
.

CH2O

NO3
.

+ HNO3

.
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          (7) 

The IR spectrum (Figure 7) of the syn-
thesized 9-anthracenecarboxylic acid shows 

characteristic absorption bands confirming 
its structure. 

Figure 7. IR Spectrum of 9-Anthracenecarboxylic Acid 

The band observed at 3053.19 cm-1 cor-
responds to asymmetric stretching vibrations 
of aromatic C-H bonds in the ring system. A 
broad absorption in the range of 2618.43-
2757.29 cm-1 is attributed to the O-H 
stretching vibration of the carboxylic acid 
group. 

The strong absorption band at 1705.52 cm-1 
is characteristic of the C=O stretching 
vibration of the carbonyl group. Absorption 
bands in the region of 1559.57-1526.15 cm-1 
are assigned to C=C stretching vibrations of 
the aromatic ring. In addition, the bands 

observed at 1292.86-1254.28 cm-1 cor-
respond to C-O stretching vibrations, typical 
for carboxylic acid derivatives. 

The chemical shift values in the 1H NMR 
spectrum (ppm) depend on the electron 
density of protons. A decrease in electron 
density leads to increased deshielding, re-
sulting in higher chemical shift values. 
Protons in aromatic rings typically appear in 
the range of 7-9 ppm, which is associated 
with the deshielding effect of the aromatic 
π-electron cloud (Figure 8). 

.
NO3+ + NO2

CHO COOH
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Figure 8. 1H NMR Spectrum of 9-Anthracenecarboxylic Acid 

Multiplet signals arise due to spin–spin 
coupling between neighboring protons. The 
coupling constant (J) reflects the strength of 
interaction between adjacent protons. Owing 
to the symmetry of the anthracene molecule, 
equivalent protons produce identical signals. 

Aromatic protons generally appear as 
multiplets because they are strongly coupled 
with each other within the aromatic system. 
Since these protons are located in close 
proximity, their signals overlap, resulting in 
complex multiplet patterns. 

The 9-anthracenecarboxylic acid molecule 
contains 9 aromatic protons distributed over 
three fused aromatic rings, as well as one 
carboxylic acid proton (-COOH). The 

aromatic proton signals are observed in the 
range of 7.52-8.96 ppm, corresponding to 
the aromatic system. 
The carboxylic acid proton typically appears 
in the 10-13 ppm region as a singlet, since it 
does not couple with neighboring protons. In 
the recorded spectrum, a signal at 11.52 ppm 
corresponds to the -COOH proton. The 
solvent signal (CDCl3) is observed at 7.260 
ppm, which is characteristic for deuterated 
chloroform used in NMR spectroscopy. 

In the 13C NMR spectrum, the compound 
contains 15 carbon atoms. Carboxyl carbon 
signals are generally observed in the range 
of 170-185 ppm, while aromatic carbons 
appear in the 110-160 ppm region.  
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Figure 9. 13C NMR Spectrum of 9-Anthracenecarboxylic Acid 

In the spectrum shown in Figure 9, the 
signal at 170.097 ppm corresponds to the 
carbonyl (C=O) carbon atom. Signals in the 
range of 125.61-131.54 ppm are attributed to 
aromatic carbon atoms. The solvent signal 
(CDCl3) appears at 77.160 ppm. 

Based on the above spectral data, it can be 
concluded that the obtained spectra are 
consistent with the structure of 9-
anthracenecarboxylic acid. The synthesis of 
2- and 9-anthracenecarboxylic acids was
carried out at 100-130°C with a reaction

time of 1-1.5 hours. During the synthesis 
process, the effects of reaction time, 
temperature, and solvent nature on the 
product yield were investigated. 

To study the influence of temperature on the 
product yield, a series of experiments were 
performed. 2- and 9-methylanthracene were 
used as starting materials, nitric acid as the 
oxidizing agent, and acetic acid as the 
solvent. The results of the experiments are 
presented in Table 2. 
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Table 2. Effect of Temperature and Reaction Time on the Yield of 9-
Anthracenecarboxylic Acid Synthesis 

Temperature,°C Reaction time, h Product yield, % 
9-AKK 2-AKK

100 

0.5 26.3 19.2 
1.0 30.5 26.4 
1.5 38.1 32.6 
2.0 40.4 37.5 

110 

0.5 32.6 25.7 
1.0 38.2 31.3 
1,5 42.4 37.1 
2.0 51.9 43.4 

120 

0.5 49.0 45.3 
1.0 63.9 57.9 
1.5 72.1 70.5 
2.0 70.3 69.2 

130 

0.5 51.3 48.8 
1.0 59.1 46.4 
1.5 63.2 41.2 
2.0 60.8 39.7 

Based on the analysis of the results, it was 
observed that increasing the temperature 
from 100 to 130°C leads to an increase in 
the yield of both 2- and 9-anthracene-
carboxylic acids. At 100°C with a reaction 
time of 1.5 hours, the yield of 9-anthra-
cenecarboxylic acid was 38.1%, while the 
yield of 2-anthracenecarboxylic acid was 
32.6%. At 120°C, the yields increased to 
72.1% and 70.5%, respectively. This 
behavior can be explained by the acceler-
ation of nitric acid decomposition at ele-
vated temperatures, resulting in an increased 
concentration of reactive species that 
facilitate the oxidation of 2- and 9-methyl-
anthracene. 

However, when the temperature was raised 
to 130°C and above, side reactions began to 

occur, including further oxidative trans-
formations and partial degradation of the 
aromatic ring system, which negatively 
affected the product yield. 

In addition, it should be noted that the 
formation mechanisms and identification of 
by-products were not investigated in this 
study. The decrease in product yield at 
higher nitric acid concentrations is mainly 
attributed to the formation of nitro 
derivatives of 2- and 9-methylanthracene as 
well as partial ring cleavage reactions. Con-
versely, reducing the nitric acid concen-
tration results in insufficient generation of 
reactive species (NO2•, NO3•), which are 
necessary for the oxidation process, as 
reported in the literature. 
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4. Conclusion

This work demonstrates an efficient strategy 
for the separation and valorization of 
polycyclic aromatic hydrocarbons (PAHs) 
from coal tar-derived fractions, highlighting 
their potential as a valuable chemical feed-
stock. Two key intermediates, 2-methyl-
anthracene and 9-methylanthracene, were 
successfully isolated from high-boiling coal 
tar fractions and comprehensively charact-
erized using FT-IR, 1H and 13C NMR, and 
GC-MS techniques, confirming their 
structural purity and identity. Subsequent 
selective oxidation using nitric acid in acetic 
acid medium enabled their transformation 
into corresponding anthracene carboxylic 
acids under controlled conditions. 

The oxidation process was found to proceed 
via a radical pathway involving NO2• and 
NO3• species, with reaction efficiency 
strongly dependent on temperature and 

reaction time. Optimal conversion was 
achieved at 120°C and 1.5 h, providing the 
highest product yields, while higher 
temperatures promoted undesirable side 
reactions and reduced selectivity. These 
findings clearly demonstrate a direct 
correlation between molecular structure, 
reaction conditions, and oxidation behavior 
of methyl-substituted anthracenes. 

Overall, the study provides new insights into 
the structure–reactivity relationships of 
PAHs under oxidative conditions and offers 
a practical approach for converting coal tar-
derived aromatic hydrocarbons into high-
value functionalized carboxylic acids. This 
contributes to both the sustainable utilization 
of coal tar resources and the development of 
advanced aromatic building blocks for 
material and chemical applications. 
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Abstract:  Castor oil, a valuable vegetable oil extracted from the seeds of the castor bean 
(Ricinus communis), has attracted significant attention due to its wide-ranging benefits. It 
serves numerous industrial and medicinal purposes. In this study, the total composition of 
fatty acid and biological analysis of castor seed oil obtained using water and hexane as 
extractants was determined. The oils were transesterified via methanolysis to obtain fatty 
acid methyl esters, subjected to Gas Chromatography-Mass Spectroscopy (GC-MS) analysis, 
and analysed for its in vitro anti-inflammatory potential. Eleven fatty acids were identified in 
the water-extracted oil: ricinoleic acid (83.51%), linoleic acid (7.13%), elaidic acid (4.62%), 
palmitic acid (2.23%), stearic acid (1.51%), linolenic acid (0.64%), oleic acid (0.90%), cis-
11-eicosenoic acid (0.70%), palmitoleic acid (0.63%), ricinic acid (0.28), and lauric acid
(0.09%). The hexane-extracted oil afforded 9 fatty acids which include: ricinoleic acid
(72.43%), linoleic acid (8.76%), ricinic acid (8.40%), elaidic acid (6.17%), palmitic acid
(3.65%), stearic acid (1.69%), oleic acid (1.38%), linolenic acid (0.67%), lauric acid (0.21%)
and myristic acid (0.09%). The ricinoleic acid was found to be the major fatty acid in both
oils. In vitro assessment of the ability of the oil to inhibit albumin denaturation, a dose-
dependent activity which was comparable to the reference drug, indomethacin, was
demonstrated. The high concentration of ricinoleic acid present in the oil is considered the
primary contributor to its observed anti-inflammatory properties.

Key Words: Fatty acid, castor seeds, anti-inflammatory, cosmetic formulation, FAME, GC-
MS  
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1. Introduction

Natural plant oils have gained increasing 
attention in modern skincare due to their 
rich lipid content and ability to enhance skin 
hydration, barrier function, and overall 
health [1]. Lipids serve a central role in 
skincare due to their ability to enhance skin 
hydration, support barrier integrity, and 
deliver bioactive compounds beneficial to 
skin health [2]. The effectiveness of any 
plant oil in cosmetic applications is largely 
determined by its fatty acid composition, as 
fatty acids influence the emolliency, absorp-
tion rate, stability, oxidative resistance, and 

compatibility of oil for different skin types 
[3]. Fatty acid profiling serves as a scientific 
tool for assessing the quality, stability, and 
suitability of oils used in skincare form-
ulations [4]. 

Ricinus communis (castor) seed oil, the 
major source of the triglyceride, triricinolein 
(Figure 1), is a widely used natural lipid 
having been recognized in traditional 
medicine, pharmaceuticals, and cosmetic 
applications. 

Figure 1. Structure of Castor Oil (Triglyceride: Triricinolein)

Extracted from the seeds of the castor plant, 
it is known for its high viscosity, glossy 
texture, and beneficial skin properties [5]. 
Castor oil is particularly unique because it 
contains an exceptionally high proportion of 
ricinoleic acid, a hydroxylated fatty acid 
responsible for its strong moisturizing, anti-
inflammatory, and antimicrobial effects [6]. 
These characteristics make it a promising 
ingredient for developing skincare formul-
ations targeted at improving skin hydration, 
soothing irritation, and enhancing skin 
barrier integrity. Castor bean oil, among all 
vegetable oils, is distinctive because of its 

high level of ricinoleic acid (over 85%), 
which is a fatty acid consisting of 18 
carbons, a double bond between C9 and 
C10, and a hydroxyl group attached to C12 
[7]. Despite its extensive use, scientific eval-
uation of its fatty acid composition remains 
important to ensure consistency, detect 
adulteration, and optimize its application in 
evidence-based skincare products [8]. Hy-
drogenated castor oil and castor acids with 
melting points higher than the non-hydro-
genated material are used in cosmetics [7]. 
The hydrogenated form is solid and has no 
harmful effect on the skin, so it is used as 
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emulsifying agent in skin creams [9]. Castor 
oil is used as an emulsifier and non-ionic 
solubilizer which is produced by mixing 
ethylene oxide and castor oil [10]. Pomace is 
castor residue. It has a high amount of 
nitrogen and is used as animal feed and as 
organic fertilizer without any reported major 
harmful effects [11]. The leaves are used as 
food for silkworms and the stalks are used 
for fuel purpose in India [12]. 

Fatty acid profiling of Ricinus communis 
seed oil is essential for understanding its 
functional attributes and optimizing its use 
in formulation science [13]. It is performed 
using gas chromatography, provides detailed 

information on the lipid makeup of castor oil 
by identifying the types and proportions of 
fatty acids present. This analysis is vital 
because variations in fatty acid composition 
can arise due to differences in seed quality, 
geographic origin, and extraction methods 
[14]. Although castor oil has been widely 
utilized for various purposes, there is still 
limited research linking its lipid profile 
directly to the formulation performance of 
specific skincare products. This calls for a 
need to further investigate how Ricinus 
communis (Castor) seed oil composition 
influences formulation stability, absorption, 
and functional benefits when applied to the 
skin. 

2. Experimental

Chemicals and Materials 

The solvents and reagents used were 
analytical grade and were obtained from 
Sigma-Aldrich Chemical Limited and 
British Drugs House Chemical Ltd (BDH). 
These include methanol, ethanol, water, n-
hexane, diethylether, hydrochloric acid, 
potassium hydroxide solution, phenolph-
thalein indicator, glycerine and tocopherols. 

Other materials such as virgin coconut oil, 
shea butter, honey, emulsifier, and beeswax 
were obtained locally in high quality. Castor 
seeds (Ricinus communis) were obtained 
from a farm in Ilorin South Local Gov-
ernment Area, Ilorin, Kwara State, Nigeria 
(Figure 2).  
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c d 

Figure 2. a – Fresh Castor Fruit; b - Dried Castor Fruit; c - Castor Seeds; d - Extracted 
Castor Oil 

The plant sample was identified as Ricinus 
communis and documented in the herbarium 
at the Department of Plant Biology, Univer-
sity of Ilorin, Ilorin Nigeria. The seeds were 

obtained by removing the castor shaft and 
the castor coat, then air-dried for 24 hours 
and pulverized using electric blender. For 
the water extraction, the sample was roasted 
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at moderate temperature for moisture reduc-
tion, easier pulverization and improved oil 

yield before it was pulverized. 

Solvent Extraction of Castor Seed Oil 

The pulverized castor seed was extracted 
cold with n-hexane for 5 days. The extract 
was then concentrated using rotary evap-

orator. The oil obtained was kept in a cool 
place for further analysis. 

Aqueous Extraction of Castor Seed Oil 

Water was added to the roasted pulverized 
castor seeds and was mixed thoroughly to 
disperse the paste until a runny consistency 
was obtained, after which it was heated for 
50 minutes to loosen the oil from the thick 
paste. The paste was then strained to remove 

the castor seed residue, and the runny paste 
was then poured into a container with a 
fitted lid. It was placed in a freezer for 48 
hours to allow the oil to separate out. The oil 
was collected over the aqueous paste and 
kept in a cool place for further work. 

Transesterification 

Castor seed oil (1 g) obtained via solvent 
extraction was treated with 100 mL of 0.1 M 
methanolic potassium hydroxide, which was 
then poured into a round bottom flask and 
refluxed for 30 minutes to hydrolyze and 
convert the lipid into methyl esters. The 
methyl ester formed was extracted with n-

hexane and diethylether and washed with 
water in a separating funnel. It was allowed 
to settle down to form two distinct layers. 
The upper layer (Organic layer) was 
distilled, and the resulting oil was recovered. 
The process was repeated for the water ex-
tracted oil. 

Determination of the Physicochemical 
Properties of Ricinus communis (Castor Seed) Oil 

Both extracted oils were subjected to physi-
cochemical evaluations following standard 
procedure [13]. 

Acid Value Test 

The acid value of the oil samples was de-
termined by titration method. Castor seed oil 

(0.5 g) was dissolved in 50 mL solvent of 
equal volume of diethylether and ethanol.  
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The solution was titrated with standardized 
0.1 M potassium hydroxide solution using 
phenolphthalein indicator. The acid value 

was calculated using the formula (equation 
1):

Acid value = 56.1 × M × V 
 W (1)  

where:  
M= molarity of standard potassium hydro-
xide KOH  

V= volume (mL) of standardized 0.1M po-
tassium hydroxide consumed by sample  
W= weight (g) of Castor sample. 

Saponification Test 

Castor seed oil (0.5 g) was weighed into a 
conical flask and 25 mL of methanolic po-
tassium hydroxide was added. The solution 
was connected to a reflux condenser and 
boiled gently on a steam bath for 30 
minutes. The hot solution was titrated 

against 0.5 M hydrochloric acid using phe-
nolphthalein indicator to the end point when 
the pick colour disappeared. The sap-
onification value was calculated using the 
formula (equation 2): 

SV = 56.1 × M × (VB - VT) 
 W  (2)  

where:  
SV= Saponification value  
VB = volume (mL) of 0.5 M hydrochloric 
acid required to titrate blank 

VT = volume (ml) of 0.5 M hydrochloric 
acid required to titrate sample 
M = molarity of hydrochloric acid solution  
W = Weight (g) of samples in used. 

Formulation of Skin Care Cream 

The recipes for the preparation of the 
organic cream contain components which 
included natural bee wax, emulsifier, honey, 
shea butter, virgin coconut oil, tocopherols 
and glycerine. First, the bee wax, emulsifier, 
honey, shea butter, virgin coconut oil, 
tocopherols, and glycerine was melted inside 
a beaker on a hotplate, which was followed 
by the addition of the hexane-extracted 
castor seed oil. The hexane-extracted castor 
seed oil was selected as a result of the 
presence of higher amounts of ricinoleic 

acid. The procedure was repeated using 
different amounts of castor seed (Ricinus 
communis) oil. The mixtures were poured 
into different containers for cooling, solid-
ification and storage. 

The recipe (Table 1), indicated above, 
presents seven samples to systematically 
investigate the influence of castor oil 
concentration on the overall performance of 
a semi-solid topical formulation. In all 
samples, the quantities of wax, emulsifier, 
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honey, shea butter, virgin coconut oil, 
tocopherols, and glycerine were kept con-
stant, while the amount of castor oil was 
progressively increased from 0.5 g (Sample 
A) to 10.0 g (Sample G). This controlled

approach allows for a clear evaluation of the 
specific contribution of castor oil to the 
physicochemical and functional character-
istics of the formulation. 

Table 1. Formulation (Recipe) of Skin Care Cream from Castor Seed Oil 

Wax (0.5 g) was included to impart 
structural rigidity and enhance the consis-
tency of the formulation, while the emul-
sifier (1.0 g) ensured the formation and 
stability of the oil–water interface. Honey 
(0.2 g) and glycerine (1.0 g) served as 
humectants, promoting moisture retention 
and contributing to the hydrating properties 
of the formulation. Shea butter (0.5 g) and 
virgin coconut oil (0.5 g) acted as 
emollients, improving skin conditioning and 
barrier function. Tocopherols (0.1 g) were 
incorporated as antioxidants to enhance 
oxidative stability and protect the lipid 
components from degradation. 

Castor oil was selected as the variable 
component due to its high viscosity, ricin-
oleic acid content, and well-documented 
emollient and occlusive properties. The 
gradual increase in castor oil concentration 
across Samples A–G was expected to 
significantly influence the rheological 
behaviour, spreadability, and sensory 
attributes of the formulations. At lower 

concentrations (Samples A–C), the formu-
lations are anticipated to exhibit lower 
viscosity, improved spreadability, and a 
lighter skin feel. Intermediate concentrations 
(Samples D–E) are likely to provide a 
balance between emolliency and acceptable 
sensory properties. In contrast, higher castor 
oil levels (Samples F–G) are expected to 
produce thicker, more occlusive formu-
lations, which may enhance moisturization 
but could negatively impact spreadability 
and user acceptability. 

Furthermore, increasing the oil phase with-
out a corresponding increase in emulsifier 
concentration may affect emulsion stability, 
particularly in formulations with high castor 
oil content. This variation is critical for de-
termining the maximum castor oil concen-
tration that can be incorporated without 
compromising formulation stability. The 
formulation design enables a systematic 
assessment of the role of castor oil in mod-
ulating the physical, functional, and aesthet-
ic properties of the topical system, thereby 
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facilitating the identification of an optimal composition for the intended application. 

Gas Chromatography Mass Spectroscopy  
Analysis 

The FAME obtained was subjected to Gas 
Chromatography-Mass Spectroscopy Sys-
tem with a GC, (Shimadu GC-2010) and S 
model (Shimadu MS-QP 2010). Fatty acid 
standards were first injected, and the 
calibration was kept for further analysis. 
Carrier gas (He) was used. Temperature was 
first maintained isothermally and then 
programmed to rise from 60 to 280°C. The 

flowrate was adjusted to 0.8 mL/min. The 
mass range of the mass spectrometer oper-
ates at 70eV ionisation energy and FAMES 
was identified by comparing the retention 
time with those of the authentic standard and 
further confirmed by comparing the mass 
fragmentation pattern with those of NIST 
library. 

Anti-inflammatory Evaluation: Albumin  
Denaturing Inhibition Assay 

The extracted castor seed oil was subjected 
to biological analysis (protein albumin 
denaturation). The reaction mixture (5 mL) 
of each of the formulations comprised of 0.2 
mL of eggs albumin, 2.8 mL of phosphate 
buffered saline (PBS, pH 6.4) and 2 mL of 
varying concentration of extracts. A similar 
volume of double distilled water served as a 
control. Then, the mixture was incubated at 

37°C in an incubator for about 15 mins and 
then heated at 70°C for 5 mins. After 
cooling, their absorbance was measured at 
660 nm by using a pure blank. Diclofenac 
sodium (standard drug) was used as a 
reference drug and treated as such for the 
determination of absorbance. The percent-
age inhibition of protein denaturation was 
calculated by the formula (equation 3): 

% Inhibition = Absorbance of control- Absorbance of Sample X 100 
Absorbance of Control  (3) 

Indomethacin was used as standard drug. 

3. Results and Discussion

Result of Physicochemical Properties of 
Ricinus communis Seed Oil 

The physicochemical parameters of the 
water and hexane-extracted oils are as 
presented in Table 2. 
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Table 2. Physicochemical Parameters of the Extracted Ricinus communis Seed Oils 

The physicochemical properties of castor oil 
vary significantly based on the extraction 
method employed. The comparison between 
virgin extracted and solvent extracted 
samples highlights differences in colour, 
yield, transesterification efficiency, and 
chemical indices. Water-extracted castor oil 
exhibits a brown coloration, while solvent 
extracted oil is pale yellow. The darker 
colour of the water-extracted oil may be 
attributed to the presence of natural 
pigments, residual seed coat materials, or 
higher levels of impurities retained during 
mechanical extraction. Solvent extraction 
produces lighter-coloured oils due to more 
efficient removal of pigments and 
impurities. Water-extracted extraction pro-
duced a higher yield (14.8%) compared to 
solvent extraction (4.99%). This suggests 
that adopted water extraction method is 
more effective in recovering oil from castor 
seeds under the conditions used. The lower 
yield from solvent extraction may be 
attributed to incomplete penetration of the 
solvent or losses during recovery. However, 
the solvent extracted oil showed a higher 
transesterification percentage (37%) com-

pared to water-extracted oil (12%). This 
indicates that solvent-extracted oil is more 
amenable to conversion into biodiesel or 
other esters, possibly due to lower impurity 
levels and better accessibility of triglyc-
erides to catalysts. 

Both oils exhibit similar saponification 
values (167 mg KOH/g for water-extracted 
vs. 168.5 mg KOH/g hexane-extracted). 
This suggests that the average molecular 
weight of fatty acids in both oils is 
comparable, and the extraction method does 
not significantly alter the fundamental 
triglyceride composition. Virgin oil has a 
higher acid value (3.93 mg KOH/g) 
compared to solvent oil (2.81 mg KOH/g). 
A higher acid value indicates greater free 
fatty acid content, which may result from 
hydrolysis during mechanical extraction or 
storage. The hexane extraction appears to 
produce oil with lower free fatty acid 
content, which is advantageous for industrial 
applications such as biodiesel production, 
where high acid values can interfere with 
transesterification.
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Gas Chromatography Mass Spectroscopy  
Analysis for Fatty Acid 

The two transesterified castor oils were 
subjected to GC-MS analysis. The fatty acid 

profile of each of the extracted oil are shown 
in Table 3. 

Table 3. Fatty Acid Profile of Water- and Hexane-Extracted Castor Seed Oil 

S/N Fatty Acid RT 
(mins) 

%Composition 
Water-Extracted Oil 

%Composition 
Hexane-Extracted Oil 

1 Lauric acid 12.76 0.09 0.21 
2 Palmitic acid 18.32 2.23 3.68 
3 Myristic acid 15.68 - 0.09 
4 Linoleic acid 20.34 7.13 10.02 
5 Linolenic acid 20.39 0.64 - 
6 Elaidic acid 20.45 4.62 6.17 
7 Oleic acid 20.52 0.90 1.38 
8 Stearic acid 20.82 1.51 1.60 
9 Ricinoleic acid 22.90 83.51 72.43 
10 Cis-11-Eicosenoic 

acid 
23.18 0.70 - 

11 Ricinic acid 23.72 0.28 8.40 
12 Palmitoleic acid 25.28 0.71 - 

The fatty acids profile obtained from the 
GC-MS fragments reveals a distinctive 
composition dominated by ricinoleic acid 
(83.51%). This exceptionally high propor-
tion is characteristic of castor oil and con-
firms the identity of the sample. Ricinoleic 
acid (commercial source of a hydroxylated 
fatty acid) is well-documented for its diverse 
pharmacological and industrial applications, 
including anti-inflammatory, antimicrobial, 
and laxative properties, as well as its role in 
the production of bio-based polymers, 
lubricants, and biodiesel. Its predominance 
in the sample emphasis the unique chemical 
nature of castor oil compared to other 
vegetable oils. Linoleic acid (7.13%) and 
elaidic acid (4.62%) represent the next most 
abundant fatty acids. Linoleic acid is an 
essential polyunsaturated fatty acid which 
contributes nutritional value and plays a role 

in maintaining membrane fluidity and cel-
lular signalling. Elaidic acid, which is a 
trans isomer of oleic acid, is less common in 
natural oils but its presence here may reflect 
specific metabolic or processing pathways. 
Together, these fatty acids add functional 
diversity to the oil. 

Palmitic acid (2.23%), stearic acid (1.51%), 
and oleic acid (0.90%) are minor com-
ponents that contribute to the saturated and 
monounsaturated fractions of the oil. 
Although present in small amounts, these 
fatty acids influence the physicochemical 
properties of the oil, including oxidative 
stability and melting behaviour. Trace 
amount of lauric, linolenic, cis-11-
eicosenoic, ricinic, and palmitoleic acids 
(<1%) further highlight the chemical 
complexity of the sample. The overall 
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profile demonstrates that castor oil is highly 
specialized, with ricinoleic acid as its 
defining component. Unlike common edible 
oils such as soybean or sunflower oil, which 
are rich in linoleic or oleic acids, castor oil’s 
composition makes it more suitable for 
pharmaceutical and industrial applications 
than for widespread dietary use. The role of 
seed and seed oil in food and as dietary 
supplement cannot be overemphasized [15-
17]. 

The presence of essential fatty acids, albeit 
in smaller proportions, suggests some 
nutritional relevance, but the oil’s primary 
value lies in its bioactive and functional 
properties. 

The fatty acids profile (Table 3) obtained 
from the GC-MS fragments of solvent-
extracted castor seed oil revealed ricinoleic 
acid as the major constituent with amount, 
72.43%. Ricinoleic acid (a hydroxylated 
C18 fatty acid) is unique among vegetable 
oils and is primarily responsible for the oil’s 
distinctive physicochemical and biological 
properties. Its abundance explains the wide 
industrial and pharmaceutical applications of 
castor oil, including its use in lubricants, 
coatings, cosmetics, and as a bio-based 
feedstock. Medicinally, ricinoleic acid is 

associated with anti-inflammatory, anti-
microbial, and laxative activities, making it 
the defining constituent of castor oil. 

Secondary components include linoleic acid 
(10.02%) and ricinic acid (8.4%), both 
present in appreciable amounts. Linoleic 
acid contributes nutritional value and plays a 
role in maintaining membrane fluidity and 
cellular signaling. Ricinic acid adds 
chemical diversity, which may influence the 
oil’s functional properties. Elaidic acid 
(6.17%) also appears in notable proportion, 
reflecting unsaturation and potential 
structural isomerization during extraction or 
processing. Minor fatty acids such as 
palmitic (3.65%), stearic (1.6%), and oleic 
(1.38%) acids contribute to the saturated and 
monounsaturated fractions of the oil. 
Despite the lower component, they still 
enhance oxidative stability and influence 
melting behaviour. Trace levels of lauric 
(0.21%) and myristic acid (0.09%) further 
highlight the chemical complexity and 
significance of the oil. However, their 
biological contributions are likely limited. 
This composition distinguishes castor oil 
from other vegetable oils, reinforcing its 
specialized role in medicine, cosmetics, and 
industry rather than as a conventional 
dietary fat. 

Anti-inflammatory Evaluation 

Albumin denaturation is a widely accepted 
in vitro model for evaluating anti-inflam-
matory potential, as protein denaturation is a 
key event in inflammatory processes. Figure 
3 illustrates the percentage inhibition of al-

bumin denaturation by Ricinus communis 
(castor seed) oil and its formulated cream 
compared to the standard anti-inflammatory 
drug, indomethacin. 
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Figure 3. Inhibition (%) of Albumin Denaturation by Castor Seed Oil and the Formulated 
Products 

The result revealed that 10 g castor oil 
showed inhibition levels comparable to in-
domethacin, suggesting that castor oil at 
high concentrations possesses significant 
anti-inflammatory potential. This highlights 
the possibility of castor oils serving as 
alternatives to conventional synthetic drugs. 
Samples with castor oil concentrations 3.0 
and 5.0 g castor exhibited a noticeable 
inhibition, reinforcing the dose-dependent 
trend. However, lower concentrations at 0.5 
g and 1.0 g were largely ineffective. This 
suggested that therapeutic efficacy of castor 
oil may only be achieved at higher doses. 

The results indicate that both the crude 
castor oil and the formulated cream exhibit 
substantial inhibitory effects on albumin 
denaturation, suggesting strong anti-inflam-
matory properties. The inhibition percent-
ages were comparable to, and in some cases 
approached, those of indomethacin, high-

lighting the therapeutic relevance of castor 
oil-based formulations. The high activity can 
be attributed to the presence of ricinoleic 
acid, the major fatty acid identified in the 
GC-MS analysis, which is known for its 
anti-inflammatory and analgesic properties. 

The dose-response relationship observed is 
consistent with pharmacological principles, 
where increased concentrations enhance bio-
logical activity until a plateau is reached. 
While high-dose castor oil shows promise 
and potential safety. A clear dose-dependent 
trend is observed across most samples, with 
inhibition increasing with increasing 
concentration. This aligns with pharma-
cological principles and underscores the im-
portance of optimizing dosage for thera-
peutic applications. The findings suggest 
that the oil is a promising candidate for 
natural anti-inflammatory cosmetic form-
ulations. 
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4. Conclusion

The study successfully characterized the 
chemical constituents of Ricinus communis 
oil and demonstrated its potential for 
cosmetic and therapeutic applications. 
Through transesterification, the oil was 
converted into fatty acid methyl esters 
(FAME) and formulated into a cosmetic 
cream. GC-MS analysis revealed 11 distinct 
compounds in both water- and hexane-
extracted oils, with ricinoleic acid identified 

as the predominant component. Notably, 
both the raw oil and the formulated cream 
exhibited significant anti-inflammatory 
activity, comparable to the standard drug 
indomethacin. These findings highlight 
Ricinus communis oil as a promising natural 
resource for developing anti-inflammatory 
cosmetic formulations and suggest its 
potential role in pharmaceutical and cosme-
ceutical industries. 
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Abstract:  In this study, unsaturated polyester (UPE) was reinforced with novolac resin in 
various quantities (0.5%–5.0%) and the mechanical and thermal characteristics of the 
composites were examined. Novolac was prepared by condensation of phenol and 
formaldehyde in the presence of an acid and ground to a uniform powder and extruded in the 
form of test pieces in combination with UPE. The mechanical properties of the composites 
were tested, and the composites were characterized by FTIR, TGA, DSC and SEM 
techniques. It is observed from the results that mechanical properties are at their highest at 
1% novolac ratio with its optimum values of modulus (~830 MPa), compressive strength 
(~120 MPa), hardness (~86 Shore-D) and impact resistance (~1.7 kJ/m²). The appropriate 
ratio was determined to be 2.5% for maximizing thermal stability and stiffness at high 
temperature (up to 50°C, doubling the modulus to ~1900 MPa), which was confirmed by 
analytical methods such as FTIR (confirmation of chemical crosslinking), SEM (observation 
of surface texture and particle dispersion), and TGA/DSC (measurement of glass transition 
temperature, Tg). Finally, the addition of 1 to 2.5% novolac resin improves the mechanical 
and thermal properties of UPE composites, making them suitable for various industrial 
applications. 

Key Words: Thermal stability, thermal properties of unsaturated polyester, novolac, 
reinforced of polymers  

1. Introduction

Composite materials are sophisticated engi-
neering systems composed of two or more 
materials with different chemical and 
physical properties, mechanically bonded 
without fusion to produce a single material 
with enhanced functionality compared to the 

original materials used in its manufacture 
[1,2]. A composite material typically con-
sists of two main components: a substrate, 
which is the bonding material that holds the 
other materials together and protects them 
from various external factors, and reinforce-
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ment, which is embedded in the substrate in 
the form of fibers, molecules, or sheets to 
bear the main mechanical loads [3]. Recent 
research efforts focus on developing 
sustainable composite materials based on 
natural fibers and biodegradable materials, 
as well as improving manufacturing meth-
ods to make them more economical [4-6]. 
Polyesters, in general, are synthetic poly-
mers with a multi-purpose basic structure 
and consist of ester groups in the main 
chains of macromolecules. Polyesters are 
characterized by high tensile strength, ex-

ceptional stiffness, and resistance to abra-
sion and creep under static loads [7,8]. 
These materials also exhibit moderate elast-
icity, with elongation at break ranging from 
15% to 30%, depending on the polyester 
type and the heat treatment used [9-11]. 
Therefore, they are suitable for use in 
various fields, such as textiles [12,13], 
packaging [14] and engineering applications 
[15]. Regarding thermal properties, unsat-
urated polyesters exhibit different thermal 
characteristics due to the formation of cross-
links during heat treatment (Figure 1) [16].

Figure 1. The Structure of Unsaturated Polyesters Resin [17] 

Novolac resins are an important class of 
thermoplastic phenol-formaldehyde poly-
mers, prepared via an acid-catalyzed con-
densation reaction between phenols and 
formaldehyde in a molar ratio of less than 
one [17]. The term "novolac" is derived 
from Latin and Swedish origins meaning 
"new varnish," reflecting its historical use as 
an alternative to natural varnishes such as 

cobalt resin [18]. These resins are 
characterized by a linear or partially 
branched structure, with methylene bridges 
(-CH₂-) forming between aromatic rings at 
ortho and para positions. The degree of 
branching depends on the reaction 
conditions and the ratio of monomers 
(Figure 2) [19]. 
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Figure 2. Structure of Novolac Resin [20] 

Structurally, the polymer chain in novolac 
resins terminates upon complete formal-
dehyde consumption, resulting in a thermo-
plastic material incapable of self-cross-
linking without the addition of an external 
crosslinking agent [21]. Novolac resins 

possess unique physical and chemical pro-
perties that make them suitable for precision 
engineering applications. These properties 
include an amorphous solid state at room 
temperature, a ductility range of 65–105°C, 
and solubility in polar organic solvents such 
as alcohols and acetone [21]. 

2. Experimental

Materials 

Base material 

The base material was unsaturated polyester 
resin from the Turkish company (AKPA 
KIMYA). It is a transparent, viscous liquid 

at room temperature and is a type of 
thermosetting polymer widely used in 
industrial applications. 

The reinforcing materials 

The reinforcement material is a 
formaldehyde resin (novolac). Phenol-
formaldehyde polymer is prepared in an 
acidic medium with an excess of phenol, 
requiring a hardening agent such as 

hexamine to complete the polymerization 
and hardening process. 

In a glass flask, the following quantities of 
reagents were added: 2 g of phenol, 2.5 mL 
of formaldehyde, 1 mL of hydrochloric acid, 
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and 5 mL of glacial acetic acid. The flask 
was covered to prevent the evaporation of 
volatile substances, and the solution was 
then heated gradually with continuous 

stirring for five minutes until the reaction 
was complete and a pink, solidified polymer 
was obtained (Figure 3). 

Figure 3. The Prepared Novolac 

The resulting precipitate was then washed 
several times with distilled water to remove 
impurities and unreacted reagents and 
allowed to dry completely at room temper-
ature. After complete drying, the polymer 

was ground using a grinder and mortar and 
then sieved through a standard sieve with 75 
µm openings to obtain a pure powder with 
uniform particle size [23], as shown in the 
Figure 4. 

Figure 4. Ground and Sieved Novolac 

Sample preparation 

After preparing the Novolac, it was mixed 
with polyester in specific weight 
percentages (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 
3.0%, 3.5%, 4.0%, 4.5%, 5.0%). Samples 

for mechanical property testing were then 
prepared by manual molding according to 
the requirements of each type of test [24], as 
shown in the Figure 5. 
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Figure 5. Casting Molds and Resulting Samples for Mechanical Properties Tests 

3. Results and Discussion

The modulus of elasticity of unsaturated 
polyester resin (UPE) reinforced with 
varying proportions of novolac resin was 
measured. The results showed a significant 
increase in stiffness with the addition of 
novolac, peaking at 1% and 2.5% 
(approximately 830 MPa), respectively. 
However, slight fluctuations were then 

recorded, with a sharp decrease observed 
once the novolac content exceeded 3.5%. 
This indicates that the reinforcer ratio is 
optimal, and that excessive reinforcement 
may lead to phase separation or the 
formation of agglomerates, potentially 
weakening the polymer network [25]. 

Figure 6. Modulus of Elasticity of Unsaturated Polyester Resin (UPE) (a) reinforced with 
varying percentages of novolac resin; (b) pure polyester and the polyester reinforced with 2.5% 

novolac under the influence of temperatures 

The modulus of elasticity of pure polyester 
was also compared with polyester reinforced 
with 2.5% novolac under the influence of 

different temperatures (Figure 6), and it was 
found that the reinforced polyester had a 
significant advantage as the modulus of 
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elasticity doubled to about 1900 MPa at 
50°C and remained stable at 150°C, while 
the unreinforced polyester showed less 
stability and lower values, confirming the 
role of novolac material in increasing 
crosslinking density and enhancing the 
thermal and mechanical stability of the 
composite material [26]. 

The compressive strength of unsaturated 
polyester resin (UPE) that had been 
reinforced with different percentages of 
novolac resin was determined. The samples 
recorded a considerable improvement, 
which reached their maximum of 1% 
(around 120 MPa) then gradually reduced 
with the percentage reaching 5%. This 

implies that the best reinforcement per-
centage will be 1% since further rein-
forcement may result in agglomeration or 
phase separation, which will make the 
structure weak. 

In the comparison of the thermal behavior of 
pure polyester to the sample that was 
reinforced with 2.5 percent novolac, pure 
polyester demonstrated the reduction in 
strength with increasing temperature 
whereas the reinforced sample demonstrated 
a peak in strength at low temperature 
(25°C), then decreased its strength very fast, 
making it to be lower than the pure polyester 
at high temperatures (150°C), as shown in 
Figure 7 [20]. 

Figure 7. Compressive Strength of Unsaturated Polyester Resin (UPE) (a) reinforced with 
varying percentages of novolac resin; (b) pure polyester and the polyester reinforced with 2.5% 

novolac under the influence of temperatures 

The Shore-D hardness properties of 
unsaturated polyester resin (UPE) reinforced 
with varying percentages of novolac resin 
were investigated. The hardness value 
gradually increased, reaching a maximum at 
1% (approximately 86 Shore-D), indicating 
increased crosslinking at this percentage. 
The hardness then decreased with increasing 
novolac content, reaching its lowest value at 
5%. This decrease is attributed to phase 

segregation or heterogeneity of the polymer 
mixture [27]. 

The hardness was also compared as a 
function of temperature for pure polyester 
and the sample reinforced with 2.5% 
novolac. The reinforced sample exhibited 
better hardness readings across the 
temperature range, demonstrating the effect 
of novolac on enhancing the material's 
thermal stability and resistance to rapid 
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softening. The hardness peaked at 
approximately 93 Shore-D at 50°C and 
continued to decrease with increasing 

temperature [28], reaching its lowest value 
below 150°C, as shown in Figure 8.

Figure 8. Shore-D Hardness of Unsaturated Polyester Resin (UPE) (a) reinforced with 
varying percentages of novolac resin; (b) pure polyester and the polyester reinforced with 2.5% 

novolac under the influence of temperatures 

The impact resistance of pure unsaturated 
polyester (UPE) resin reinforced with 
varying percentages of novolac resin was 
studied. We observed an improvement in 
impact resistance, reaching a peak at 1% 
(approximately 1.7 kJ/m²), indicating that 
this percentage enhances the material's 

energy absorption capacity. However, 
increasing the novolac percentage beyond 
this point resulted in an overall decrease in 
resistance, with a sharp drop at higher 
percentages (4–5%). This is typically 
attributed to increased polymer network 
fragility or heterogeneity in the mixture. 

Figure 9. Shore-D Hardness of Unsaturated Polyester Resin (UPE) (a) reinforced with 
varying percentages of novolac resin; (b) pure polyester and the polyester reinforced with 2.5% 

novolac under the influence of temperatures 
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Regarding the thermal behavior of impact 
resistance between pure polyester and the 
sample reinforced with 2.5% novolac 
(Figure 9): pure polyester showed high 
sensitivity to temperature, rising sharply to a 
peak at 50°C before decreasing again, while 
the reinforced sample showed remarkable 
stability and consistency in shock resistance 
values across the thermal range (from 0 to 
150°C) without being greatly affected by the 
rise in temperature, although its values were 
lower than the peak achieved by pure 
polyester at 50°C. 

The chemical structures of the neat 
(unreinforced) unsaturated polyester and the 
sample containing 2.5% novolac were 
compared by Fourier Transform Infrared 
(FTIR) spectroscopy (Figure 10). Direct 
comparison shows that the incorporation of 
novolac leads to significant changes in the 
structure, as evidenced by the appearance of 
a number of new distinct peaks in the 
reinforced sample that are absent or very 
weak in the neat UPE spectrum. 

Figure 10. FTIR Spectrum of (a) Pure Unsaturated Polyester and (b) Unsaturated 
Polyester Containing 2.5% Novolac 

Especially, new peaks at 1651.07 cm⁻¹ and 
1579.70 cm⁻¹ are present in the aromatic 
region in the reinforced sample, which are 
attributed to C=C aromatic bond stretching. 
The formation of these new peaks confirms 

that highly aromatic novolac rings are 
successfully incorporated into the polyester 
matrix. Moreover, new absorption bands are 
observed in the lower wavenumber region at 
1124–1039 cm⁻¹ that are not present in the 
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neat resin. The appearance of these new 
peaks is ascribed to the formation of 
chemical crosslinking between the polyester 
and novolac networks. 

Also, a strong peak at 3458.37 cm⁻¹ due to 
O-H bond stretching of phenolic hydroxyl
groups of the novolac is clearly observed in
the reinforced sample but less intense in the
pure polyester. Both the spectra show high
peaks at 1716.65 cm⁻¹ (C=O bond
stretching) and 1255.66 cm⁻¹ (C-O bond
stretching). However, the reinforced sample
shows noticeable variation in the intensity
and shape of these peaks as compared to the
neat sample which further indicates changes
and increased density in the polymer
network.

The thermogravimetric analysis (TGA) 
curve of a 1% novolac-reinforced sample 
during heat treatment at different 
temperatures shows that the sample starts 

with a slight weight loss at 72.9°C, which is 
due to the evaporation of moisture and 
residual solvents. This gradual weight loss 
continues up to 107.3°C, where the initial 
thermal decomposition of the short polymer 
chains and less stable components takes 
place. The weight loss of the curve starts to 
be significant at 232.3°C, which corresponds 
to the beginning of the main stage of the 
thermal decomposition of the unsaturated 
polyester network where hydrogen bonds 
and weaker crosslinks between the ester and 
the polymer chains are starting to break. The 
rate of weight loss is still high up to 
339.5°C. Essentially, the major degradation 
of the organic polymer backbone is 
complete. The residual mass at 346.47°C is 
indicative of the char or inorganic matter 
content of the sample, which is negligible 
(~0.000 mg), suggesting the high purity and 
near complete thermal volatilization of the 
organic components in the reinforced 
polymer (Figure 11). 

Figure 11. Thermogravimetric Analysis (TGA) and Differential Thermal Scanning Curve 
DSC 

The variations of heat flux with temperature 
are shown in the Differential Scanning 

Calorimetry (DSC) curves. The direct com-
parison of the neat (unreinforced) unsatur-
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ated polyester with the novolac-reinforced 
sample clearly shows a significant thermal 
enhancement. The (Tg) of the novolac-
reinforced sample shifts significantly to 
72.9°C with base line. This comparative 
increase in the glass transition temperature 
confirms the role of the novolac addition to 
increase the stiffness and crosslinking 
densities in the polymer network. The higher 
degree of cross linking restricts the move-
ment of the polymer chains and therefore, 
more thermal energy is required to change 
from glassy state to rubbery state. One can 
observe a relative stability of the curve in 

the interval between 107.3°C and 232.3°C 
where the material is in a stable glassy state. 
The curve begins to decline slowly at 
approximately 232.3°C, indicating the 
beginning of the endothermic decomposition 
processes, decreasing to 339.5°C where the 
primary thermal degradation takes place 
[29] (Figure 11).

The morphology of the pure unsaturated 
polyester and the novolac-reinforced sample 
is clearly different, as seen in Figure 12, 
which were obtained by scanning electron 
microscopy (SEM).

Figure 12. Scanning Electron Microscopy (SEM) of (a) Pure Unsaturated polyester and (b) 
Unsaturated Polyester Containing 2.5% Novolac 

The surface of the pure material is relatively 
smooth and homogenous, which suggests a 
single-phase polymer structure without sep-
arate phases. The novolac-reinforced sample 
is, however, found to have a distinctively 
heterogeneous morphology. The novolac 
particles are seen as bright white phases, and 
their size and shape range from small 
spheres to irregular masses, all dispersed 
throughout the polyester matrix. The 
novolac particles are clearly visible in the 
image, and the matrix is the UPE. The 
novolac particles are clearly visible in the 
image, while the matrix is the UPE. In 

addition, the surface of the reinforced 
sample is more rugged than the pure sample. 
Although this phase-separated morphology 
and the resulting mechanical interlocking 
and stress transfer are advantageous at 
optimal concentrations (e.g., 2.5%), the 
inherent heterogeneity typically found in the 
SEM micrographs demonstrates that at 
higher concentration (e.g., >3.5%), these 
separated phases have a tendency to 
agglomerate, creating stress concentration 
points and compromising the strength of the 
polymer network [30]. 
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4. Conclusion

The present work successfully proved that 
the novolac resin incorporation into the 
unsaturated polyester (UPE) significantly 
improved the mechanical and thermal 
properties, while the optimal performance is 
highly dependent on the novolac concen-
tration. The most significant results demon-
strate that the 1% novolac composition 
exhibits the best ambient mechanical 
performance with maximum values of 
approximately 830 MPa for modulus of 
elasticity, 120 MPa for compression 
strength, 86 Shore-D for hardness and 1.7 
kJ/m2 for impact resistance. The optimum 
value was determined to be 2.5% novolac 
ratio for higher thermal stability 
requirements. At this level, the composite 
modulus of elasticity was doubled to around 
1900 MPa at 50°C and showed a very high 
stability up to 150°C. The composite also 
exhibited an exceptional high temperature 
hardness with a maximum of 93 Shore-D at 

50°C. The higher glass transition temp-
erature (Tg) is attributed to the enhanced 
crosslinking density and the formation of 
new chemical bonds between the phenolic 
hydroxyl groups of novolac and the ester 
groups of the polyester, which is responsible 
for the superior performances confirmed by 
analytical techniques like FTIR, TGA, DSC 
and SEM. The material had a melting point 
of 72.9°C and showed a delayed thermal 
decomposition. However, it was conclu-
sively found that the novolac content beyond 
3.5% leads to phase separation and particle 
agglomeration which disrupts the stress 
transfer and degrades the mechanical pro-
perties. In summary, these novolac-rein-
forced UPE composites, especially at the 
optimal ratios of 1% to 2.5%, are highly 
suitable for demanding industrial appli-
cations that require high mechanical strength 
and thermal stability, such as mold making, 
automotive parts, and electrical insulators. 

5. References

1. Bhong M, Khan TK, Devade K,
Krishna BV, Sura S, Eftikhaar HK,
Thethi HP, Gupta N. Review of
composite materials and applica-
tions. Mater. Today: Proc., 2023.

2. Sai MKS. Review of composite
materials and applications. Int. J. Latest
Trends Eng. Technol., 2016, 6(3), 129-
135.

3. Chauhan AK, Singh A, Kumar D,
Mishra K. Properties of composite
materials. In: Composite Materials,
CRC Press, 2021, pp 61-78.

4. 
Egbo MK. A fundamental review on
composite materials and some of their
applications in biomedical engineer-
ing. J. King Saud Univ., Eng.

Sci., 2021, 33(8), 557-568. 
5. Narayana KJ, Burela RG. A review of

recent research on multifunctional
composite materials and structures with
their applications. Mater. Today: Proc.,
2018, 5(2), 5580-5590.

6. Sharma AK, Bhandari R, Sharma C,
Dhakad SK, Pinca-Bretotean C.
Polymer matrix composites: A state of
art review. Mater. Today: Proc., 2022,
57, 2330-2333.

7. Darie-Niță RN, Râpă M, Frąckowiak S.
Special features of polyester-based
materials for medical applications.
Polymers, 2022, 14(5), 951.

8. Masuelli MA. Introduction of fibre-
reinforced polymers—polymers and

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 218



composites: concepts, properties and 
processes. In: Fiber Reinforced Poly-
mers: The Technology Applied for 
Concrete Repair, IntechOpen, 2013. 

9. Isa MT, Ahmed AS, Aderemi BO, Taib
RM, Mohammed-Dabo IA. Effect of
fiber type and combinations on the
mechanical, physical and thermal
stability properties of polyester hybrid
composites. Composites, Part B, 2013,
52, 217-223.

10. Ezeh EM. Advances in the
development of polyester resin
composites: A review. World J.
Eng., 2026, 23(1), 97-117.

11. Kumar S, Prasad L, Patel VK, Kumar
V, Kumar A, Yadav A, Winczek, J.
Physical and mechanical properties of
natural leaf fiber-reinforced epoxy
polyester composites. Polymers, 2021,
13(9), 1369.

12. Hansen S, Atwood KB. Polyester
fibers. In: Kirk‐Othmer Encyclopedia
of Chemical Technology, Wiley, 2005.
https://doi.org/10.1002/0471238961.16
15122508011419.a01.pub2

13. Wang S, Salmon S. Progress toward
circularity of polyester and cotton
textiles. Sustainable Chem., 2022, 3(3),
376-403.

14. Massa DJ. Polyester materials and
properties. Polyester Films, 2023, 19-
46.

15. Mangaraj S, Yadav A, Bal LM, Dash
SK, Mahanti NK. Application of
biodegradable polymers in food
packaging industry: A comprehensive
review. J. Packag. Technol. Res., 2019,
3(1), 77-96.

16. Ezeh EM. Advances in the
development of polyester resin
composites: A review. World J.
Eng., 2026, 23(1), 97-117.

17. Islam MN, Ar-Rashid H, Islam F,
Karmaker N, Koly FA, Mahmud J,
Keya KN, Khan RA. Fabrication and

characterization of E-glass fiber 
reinforced unsaturated polyester resin 
based composite materials. Nano Hy-
brids Compos., 2019, 24, 1-7. 

18. Șucu T, Shaver MP. Inherently
degradable cross-linked polyesters and
polycarbonates: resins to be cheer-
ful. Polym. Chem., 2020, 11(40), 6397-
6412.

19. Laoubi K, Hamadi Z, Benyahia AA,
Serier A, Azari Z. Thermal behavior of
E-glass fiber-reinforced unsaturated
polyester composites. Composites, Part
B, 2014, 56, 520-526.

20. Kodrić M, Đorđević D, Tarbuk A,
Islam S, Čorak I, Đorđević S, Motaleb
KA. Chemical modification of
polyester knitted fabric with ultrasound
to improve hydrophilicity and wetta-
bility. Fibers Polym., 2025, 26(7),
2937-2945.

21. Ketema A, Worku A. Review on
intermolecular forces between dyes
used for polyester dyeing and polyester
fiber. J. Chem., 2020, 2020(1),
6628404.

22. Saeed JKM, Sulyman EZ, Al-Ahmady
KK. Improving mechanical and thermal
properties of unsaturated polyurea by
adding copper(ιι)oxide nanoparticles.
Ochrona przed Korozją, 2025, (68)7,
206-214.

23. Sulyman EZ, Abed AG, Younis AQ.
Gravimetric and differential thermal
analysis and activation energy studies
of unsaturated polyester using date
seeds powder and walnut shells. Int. J.
Res. Pharm. Sci., 2019, 10(4), 3811-
3821.

24. Sulyman EZ, Sulyman NZ. Preparation
of polymeric composites from poly-
propylene and palm fronds and the
study of some of their physical proper-
ties. Baghdad Sci. J., 2020, 17(3),
0772-0772.

25. Doyle L, Weidlich I. Moisture uptake

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 219



and effects of hygrothermal exposure 
on closed-cell semicrystalline poly-
ethylene terephthalate foam. Polym. 
Degrad. Stab., 2022, 202, 110009. 

26. Sulyman EZ, Hamid AS, Thaer AH.
Preparation of polymeric aggregate of
unsaturated poly ester with sawdust and
studying its physical and mechanical
properties. Int. J. Res. Pharm. Sci.,
2019, 10(3), 2280-2289

27. Kumar A, Patil PB, Pinjari DV. Eco-
friendly adhesives for wood panels:
Advances in lignin, tannin, protein, and
rubber-based solutions. J. Adhes. Sci.
Technol., 2025, 39(17), 2628-2669.

28. Doyle L, Weidlich I. Moisture uptake
and effects of hygrothermal exposure
on closed-cell semicrystalline poly-
ethylene terephthalate foam. Polym.
Degrad. Stab., 2022, 202, 110009.

29. Tian Q, Krakovský I, Yan G, Bai L, Liu
J, Sun G, Rosta L, Chen B, Almásy L.
Microstructure changes in polyester
polyurethane upon thermal and humid
aging. Polymers, 2016, 8(5), 197.

30. Hemadi EK, Al-Ahmady KK, Sulyman
EZ. Improving mechanical and thermal
properties of unsaturated polyester resin
by adding automotive glass waste.
Ochrona przed Korozją, 2024, (10),
294-305.

© The AIC 2026. All rights reserved. Volume 97 Number 1 | The Chemist | page 220



Study of the Mechanical and Thermal Properties of Unsaturated 
Polyester Reinforced with Different Proportions of Aluminum Foil 
Waste 

Noor Sadeeq Yahya, Ebtehag Zaki Sulyman 

Department of Chemistry, College of Education for Women, University of Mosul, Mosul, Iraq 
(E-mail: noor.24gep50@student.uomosul.edu.iq; ebthalim@uomosul.edu.iq) 

Abstract:  The aim of the study is to examine the impact of the aluminum foil flakes waste 
as the filler to strengthen the composite in terms of mechanical and thermal characteristics of 
unsaturated polyester resin (UPR) composite. The material that was used as the matrix 
material was unsaturated polyester resin (Camehvar Resins, CE-80, Turkey) with the density 
of about 1.2 g/cm3, cured by using methyl ethyl ketone peroxide (MEKP) at a ratio of 0.6 
g/100 g resin. Foams made of aluminum were added in different concentrations (04.5 wt.%), 
to research its effect on compressive strength, impact resistance, Shore-D hardness, modulus 
of elasticity and thermal conductivity at temperatures of 7°C to 150°C. It was shown that the 
addition of aluminum flake waste greatly increased the composite properties, and optimal 
reinforcement percentage was found to be 2.5%. Since compressive strength, impact 
resistance and Shore-D hardness, modulus of elasticity, and hardness were measured at this 
concentration, the compressive strength was up to 126.4 MPa, impact resistance was up to 
1.69 kJ/m2, Shore-D hardness was up to 93.5 and the modulus of elasticity was up to 1669 
MPa. There was also significant improvement in thermal conductivity to 3.7 × 10⁻⁴ W/m at 
150°C in the reinforced composite than 2.95 x 10⁻⁴ W/m in pure UPR. On top of the 2.5% 
optimum, the property degradation was evident as a result of particle agglomeration and bad 
interfacial bonding. The use of such methods as FTIR, SEM, EDX, TGA and DSC allowed 
us to determine that reinforcement was done by physical interactions but did not change the 
chemical structure of the polymer, and the use of particles of aluminum enhanced thermal 
stability and served as impediments to the movement of polymer chains. 

Key Words: Unsaturated polyester resin, composite materials , reinforcement materials of 
polymers, mechanical properties of Unsaturated polyester resin , thermal conductivity of 
polymers  
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1. Introduction

The composite materials, based on unsat-
urated polyester resin (UPR), have been 
widely used because of the good com-
bination of mechanical performance, ease of 
processing and cost-effectiveness. The UPR 
has a satisfactory mechanical strength and a 
good chemical resistance, making it an ideal 
matrix for reinforced composite systems 
[1,2]. It has been demonstrated that mech-
anical properties like tensile strength, com-
pressive resistance and hardness can be 
significantly improved when metallic fillers, 
particularly aluminum particles or flakes, are 
added to polymeric matrices. Aluminum 
fillers are very rigid and thermally stable, 
which allows better transfer of load between 
the reinforcement and the matrix [3,4]. 
Aluminum reinforcement effectiveness is 
strongly influenced by particle size, shape 
and quality of dispersion in the polymer 
matrix [5,6]. Aluminum particles restrict the 
movement of polymer chains, thus in-
creasing the stiffness of the polymer chains. 
This improved the material's ability to 
withstand deformation stress. Furthermore, 
the enhanced interfacial bonding between 
the aluminum fillers and polyester matrix 
prevents crack propagation, thereby 
increasing the fracture resistance [7-9]. 
However, excessive use of filler contents 
can lead to agglomeration of particles which 
can create stress concentration zones that 
affect negatively the mechanical perform-
ance of the composite [10-12]. 

To evaluate such mechanical improvements 
in a comprehensive manner, it is necessary 
to define clearly certain parameters. Hard-
ness, usually defined as the resistance of a 
material to localized plastic deformation 
(especially indentation or scratching of the 
surface), is an important measure of the 
durability of a composite surface. Shore 

hardness is highly relevant for polymeric 
composites where a durometer measures the 
depth of an indentation under a given load, 
thus providing a quick, non-destructive and 
standardized measurement of surface stif-
fness that is particularly sensitive to the 
addition of stiff metallic fillers such as 
aluminum . Moreover, the Young’s modulus 
is employed to measure the composite 
overall stiffness, and it is also defined as the 
specific modulus, defined as the ratio of 
tensile stress to tensile strain in the linear 
elastic deformation region. The direct incor-
poration of aluminum flakes influences the 
Young’s modulus by limiting the mobility of 
the polymer chains and consequently, en-
hancing the resistance of the material to 
elastic deformation under applied forces. 

In addition to the mechanical improvements, 
the thermal behavior of UPR composites is 
also highly affected by the aluminum 
reinforcement . In the composite structure, 
aluminum particles act as heat-dissipating 
elements, which slows down the thermal 
degradation and improves the overall 
thermal stability. The temperature window 
relevant for the aluminum powder spans 
from the processing and curing temperatures 
(approx. 25°C to 120°C) to the thermal 
degradation testing thresholds (up to 600°C 
or 800°C). The entire range is thermally 
stable with the aluminum powder without 
phase change because of its melting point of 
about 660°C. In contrast, the thermal 
degradation of unsaturated polyester matrix 
is generally observed in the temperature 
range 200°C to 450°C. Previous thermo-
gravimetric analysis (TGA) results indicated 
that the aluminum-filled polyester com-
posites exhibited higher decomposition 
onset temperatures than the neat polyester 
resin [13-16]. The optimal filler concen-
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tration that provides the mechanical im-
provements without losing the structural 
homogeneity is a key factor to determine the 
overall performance of these composites 
[17–19]. It has been indicated that the 
moderate aluminum loading yields the best 
mechanical and thermal properties, while the 
excessive loading may result in the loss of 
the composite integrity due to the poor 
dispersion of the fillers [20-23]. 

The present work investigates the effect of 
waste aluminum foil flake powder on mech-
anical and thermal properties of unsaturated 

polyester composites. To assess these 
properties, several composite samples were 
prepared with different concentrations of the 
aluminum waste powder, and a series of 
mechanical and thermal tests were carried 
out. The main objective of this study is to 
find the optimum filler loading that im-
proves the performance as well as support 
sustainable recycling of aluminum waste. 
The results of this study will contribute to 
the development of high performance, cost 
effective and environment friendly 
composite materials. 

2. Matrix Material

The Base Material and Hardener 

Unsaturated polyester resin (UPR) was 
chosen as the base material in this study due 
to its suitable viscosity, high compatibility 
with reinforcing fillers, and ability to harden 
at room temperature without requiring high 
temperatures. Thanks to these properties, 
unsaturated polyester resin can be used in 
the production of polymer-based composite 
materials. 

The unsaturated polyester resin used in this 
study was low viscosity, with an approx.-

imate density of 1.2 g/cm³. This resin was 
manufactured by Kamivar Resins (CE-80, 
Turkey). Methyl ethyl ketone peroxide 
(MEKP), a transparent hardener, was used 
as a liquid resin hardener at a rate of 0.6 
g/100 g of resin. The hardening process 
began after approximately thirty minutes at 
room temperature, where the resin gradually 
transformed into a gel-like substance. It was 
then poured into molds to fully harden. 

Reinforcement Material 

Aluminum foil waste was ground using an 
industrial mill. It was then sieved using a 
200-mesh sieve with a size of 75 microns to

obtain a perfectly pure and fine powder, as 
shown in Figure 1. 
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Figure 1. Powder of Aluminum Foil Flask Waste 

Preparation Method 

Several molds were designed and 
manufactured with dimensions and shapes 
suitable for the requirements of the 
equipment used to study mechanical 
properties such as tension, impact, 
compression, etc. The mold walls were 
coated with petroleum jelly to allow for the 
removal of samples from the molds after 
hardening without damage. The molds were 
fixed horizontally on a glass base covered 
with greaseproof paper to prevent the 
samples from sticking to the base and to 
obtain dimensionally symmetrical samples. 

A quantity of unsaturated polyester was 
weighed for all the molds, and a hardener 
was added at a rate of 2%. The mixture was 
stirred slowly for 2-3 minutes, then the 
polymer was poured into the molds and left 
to harden for 24 hours at room temperature. 
The process was repeated for each 
percentage of aluminum powder added. To 
study the effect of heat treatment on the 
prepared samples, the samples were 
subjected to different temperatures (150, 50, 
25, and 7°C) for 24 hours (Figure 2). 

Figure 2. (a) The Casting Molds; (b) The Samples After Removal from the Molds 
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3. Results and Discussion

The graph shows how the content of 
aluminum foil flake waste powder on the 
compressive strength of unsaturated poly-
ester is influenced (Table 1 and Figure 3). 

The compressive strength attains great 
heights of about 92 MPa, then reaches a 
peak of about 127 MPa at 2.5% aluminum 
power. 

Figure 3. Compressive Strength of Unsaturated Polyester (UPR) Before Reinforcement 
(pure sample) and After Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

The strength then decreases gradually with 
an increase in the powder content. This is 
explained by the fact that incorporation of 
fine particles of aluminum increases the 
capability of the material to resist stresses 
caused by even distribution of the metal 
particles in polymer and also, due to the 

development of effective chemical and 
physical bonds. But after the optimum 
percent (2.5), the particles are agglutinated 
and agglomerated, breaking the internal 
composition of the composite material and 
hence, compromising its compressive 
strength [24]. 
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Table 1. Compressive Strength of Unsaturated Polyester (UPR) Before (pure sample) and 
After Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

Percentage of reinforcement 
materials (%) 

Compressive resistance (MPa) 
(UPE + Aluminum foil flakes waste) 

0 92 
0.5 109 
1 108.2

1.5 115.6 
2 117.2 

2.5 126.4
3 104.4

3.5 102.5
4 96.8

4.5 101.2

The graph is a comparison between the 
compressive strength of pure unsaturated 
polyester (UPE) and the composite material 
that is reinforced with 2.5% aluminum foil 
flakes waste in a vast temperature span 
(Table 2 and Figure 4). The curves clearly 

show that the mechanical properties of both 
materials are negatively affected by increas-
ing temperature, with compressive strength 
gradually decreasing as the temperature 
rises. 

Figure 4. Compressive Strength of Unsaturated Polyester Before and After Reinforcement 
at Different Temperatures 

However, the composite sample exhibits 
significantly higher performance and ef-

ficiency than the pure sample at all 
measured temperatures. The composite also 
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displays a high compressive strength of 
approximately 130 MPa at lower 
temperatures, compared to 100 MPa for the 
pure sample. At temperatures up to 150°C, 
the reinforced sample exhibits a higher value 
(approximately 80 MPa) than the pure 
sample, whose strength drops to approx.-
imately 64 MPa. This superior mechanical 
performance of the composite material at 
high temperatures is attributed to the 
effectiveness of the aluminum foil as a more 

thermally stable reinforcing material than 
the polymer matrix. This foil withstands 
some of the pressures that have been 
introduced and prevents the movement of 
polymer chains in the form of a chain of 
material due to thermal energy, thus slowing 
down the softening process of the material, 
increasing the structural integrity of the 
material up to high thermal and mechanical 
loading [25]. 

Table 2. Compressive Strength of Unsaturated Polyester Before and After Reinforcement 
at Different Temperatures 

Temperature (°C) Compressive strength (MPa) 
Pure UPE  UPE+2.5% Aluminum foil flakes waste 

7 99.7 130 
25 92 126.4
50 86 98 

150 63.7 80 

The graph illustrates the relationship 
between the percentage of aluminum foil 
powder added to unsaturated polyester and 
the impact resistance of the devices, meas-
ured in kJ/m² (Table 3 and Figure 5). The 
impact resistance value starts at approx.-

imately 1.5 kJ/m² for the pure material 
(without the addition), then gradually in-
creases with increasing powder content, 
reaching a peak of approximately 1.69 kJ/m² 
at a 2.5% aluminum powder concentration. 

Figure 5. Impact Resistance of Unsaturated Polyester (UPR) Before (pure sample) and 
After Reinforcement by Different Weights of Aluminum Foil Flakes Waste, at 25°C 
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Beyond this optimum percentage, the value 
drops significantly to approximately 1.29 
kJ/m² at a 4.5% concentration. This rise in 
the impact resistance up to 2.5% is due to 
the fact that the fine aluminum particles are 
capable of absorbing impact energy and 
spreading the stress uniformly throughout 
the polymer structure. This avoids the 
formation of cracks and increases the life of 
the composite material. These particles also 
serve as mechanical barriers and prevent 

crack growth and enhance the energy 
storage capacity and resistance to damage of 
the material. The downward arrow at the 
higher percentage is because of the greater 
concentration that results in the 
concentration of particles, formation of 
clusters that are crack initiation centers, loss 
of impact resistance, and reduction in 
overall structural performance of the 
material [26].

Table 3. Impact Resistance of Unsaturated Polyester (UPR) Before (pure sample) and After 
Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

Percentage of reinforcement 
materials (%) 

Impact resistance (kJ/m²) 
(UPE + Aluminum foil flakes waste) 

0 1.5 
0.5 1.531
1 1.56

1.5 1.6
2 1.64

2.5 1.69
3 1.5

3.5 1.38
4 1.43

4.5 1.29

The comparative graph illustrates the impact 
resistance behavior of pure unsaturated 
polyester (Pure UPE) and a composite 
material reinforced with 2.5% aluminum foil 

flakes waste over a wide temperature range, 
from room temperature to 150°C (Table 4 
and Figure 6).  
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Figure 6. Impact Resistance of Unsaturated Polyester Before and After Reinforcement at 
Different Temperatures 

The curves show that both materials also 
have an initial rise in impact resistance at 
lower temperatures and the composite 
material has its peak operational efficiency 
at about 1.7 kJ /m 2, while the pure material 
reaches approximately 1.5 kJ/m². However, 
the composite material consistently 
outperforms the pure material at all 
temperature points. When impact resistance 
reaches its peak, the impact resistance of 
both materials begins to gradually decrease 
with increasing temperature. The impact 
resistance of the composite material drops to 
approximately 1.52 kJ/m², while that of the 

pure material drops to approximately 1.38 
kJ/m² at 150°C. This is because the high 
mechanical properties of the composite 
material result from the placement of the 
aluminum foil flakes waste, which enhances 
the material's ability to absorb and dissipate 
impact energy and prevents the propagation 
of micro-cracks in the polymer matrix. 
Furthermore, the heat softens the polymer 
matrix after reaching peak resistance, 
reducing the efficiency of the bonds and 
consequently decreasing the material's 
durability and ability to withstand impact 
loads [27]. 

Table 4. Impact Resistance of Unsaturated Polyester Before and After Reinforcement at 
Different Temperatures 

Temperature 
(°C)

Impact resistance (kJ/m2) 
Pure UPE  waste UPE+2.5% Aluminum foil flakes  

7 1.42 1.43
25 1.5 1.69
50 1.47 1.65

150 1.38 1.52
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Figure 7. Hardness (Shore-D) of Unsaturated Polyester (UPR) Before Reinforcement (pure 
sample) and After Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

The graph illustrates the relationship between the 
percentage of aluminum foil flakes waste powder 
added to the unsaturated polymer and the Shore-
D hardness value (Table 5 and Figure 7). The  
hardness value of the pure material (without the 
additive) starts at approximately 83, then 
gradually and steadily increases with increasing 
powder content, reaching a peak of around 93.5 
at a 2.5% addition rate. Another important 
observation is that beyond this optimum 
percentage, there is a sharp and sudden drop in 
the hardness value to approximately 76 at a 4.5% 

addition rate. This is attributed to a 2.5% 
improvement in hardness due to the stiffness of 
the aluminum particles relative to the polymer 
matrix. The particles restrict the movement of the 
polymer chains, thus improving the surface's 
resistance to scratching and deformation. The 
sharp drop beyond the optimum percentage can 
be attributed to the effect of particle aggregation, 
where the material becomes homogeneous and 
the interfacial bond between the filler and the 
matrix weakens, creating weak areas and 
resulting in reduced hardness [28]

Table 5. Hardness (Shore-D) of Unsaturated Polyester (UPR) Before (pure sample) and 
After Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

Percentage of reinforcement 
(% materials)

Hardness (Shore-D)
UPE  +  Aluminum foil flakes waste 

0 83 
0.5 85.7
1 85.9

1.5 89.5 
2 90.5

2.5 93.5
3 89.3

3.5 84.5
4 82.2

4.5 76.3
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The behavior of two materials (pure 
unsaturated polyester (UPE) and a com-
posite material containing 2.5% alum-inum 
foil flakes waste, in terms of material 

stiffness (measured in Shore-D), over a 
temperature range from room temperature to 
150°C (Table 6 and Figure 8), is plotted in a 
comparative graph. 

Figure 8. Hardness (Shore-D) of Unsaturated Polyester Before and After Reinforcement at 
Different Temperatures 

The curves clearly show that the composite 
material significantly outperforms the pure 
material in maintaining its stiffness when 
exposed to heat. Although the pure sample 
exhibits changes in values at low 
temperatures (a decrease followed by an 
increase up to 50°C), a sharp and sudden 
drop in stiffness is observed after exceeding 
50°C, reaching a minimum value of 
approximately 75 Shore-D at 150°C. The 
composite sample, on the other hand, is 
remarkably stable, reaching a maximum 
value of approximately 94 Shore-D at 50°C, 
followed by a gradual and moderate 
decrease to stabilize at approximately 86–87 

Shore-D at 150°C. This is because the 
presence of solid aluminum foil flakes waste 
acts as a physical barrier, limiting the 
movement of the polymer chains. In this 
case, the thermal energy that would 
normally increase the movement of the 
polymer chains is limited, thus slowing 
down the thermal softening process. In 
contrast, high temperatures in the pure 
material temporarily separate the polymer 
chains and promote their movement, causing 
the polymer to rapidly lose its hardness and 
scratch resistance at temperatures above 
150°C [29].  
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Table 6. Hardness (Shore-D) of Unsaturated Polyester (UPR) Before (pure sample) and 
After Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

This graph illustrates the relationship be-
tween the added reinforcement percentage 

and the modulus of elasticity, measured in 
megapascals (MPa) (Table 7 and Figure 9). 

Figure 9. Modulus of Elasticity of Unsaturated Polyester (UPR) Before (pure sample) and 
After Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

The modulus of elasticity starts at 
approximately 800 MPa for the pure 
material (without reinforcement), then 
gradually increases, and then significantly, 
with increasing reinforcement percentage, 
reaching a maximum value of approximately 
1700 MPa at a reinforcement percentage of 
about 2.5%. The modulus of elasticity then 
gradually decreases after this optimum 
percentage, reaching approximately 1100 
MPa at a reinforcement percentage of 4.5%. 

The significant increase in the modulus of 
elasticity up to 2.5% is attributed to the high 
stiffness of the reinforcement material 
(aluminum foil flakes waste) compared to 
the polymer matrix, which enhances the 
material's resistance to elastic deformation 
under stress. These solid particles contribute 
to increasing the rigidity of the composite 
material, as it can withstand a large 
proportion of the load placed upon it, and 
reduce the maximum deformation of the 

Temperature (°C)
Hardness (Shore-D) 

Pure UPE UPE+2.5% Aluminum foil flakes waste
7 88.5 91.5

25 83 93.5
50 90.83 94

150 74.83 86.6
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polymer matrix. This decrease from the 
optimal ratio is attributed to the increased 
concentration, which leads to the clumping 
of particles and the lack of good homo-
geneous distribution, resulting in weak areas 

in the internal structure, in addition to a 
decrease in the efficiency of stress transfer 
between the filler and the matrix, and thus 
the overall modulus of elasticity [30].

Table 7. Modulus of Elasticity of Unsaturated Polyester (UPR) Before (pure sample) and 
After Reinforcement by Aluminum Foil Flakes Waste, at 25°C 

Percentage of reinforcement 
(% materials)

Modulus of elasticity (MPa)
UPE + Aluminum foil flakes waste 

0 810 
0.5 875
1 1258

1.5 1425 
2 1469

2.5 1669
3 1459

3.5 1380
4 1220

4.5 1080

The following comparative graph illustrates 
the modulus of elasticity (stiffness) behavior 
of pure unsaturated polyester (Pure UPE) 
and a composite material reinforced with 

2.5% aluminum foil flakes waste at 
temperatures ranging from room 
temperature to 150°C (Table 8 and Figure 
10).  

Figure 10. Modulus of Elasticity of Unsaturated Polyester Before and After Reinforcement 
at Different Temperatures 
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The curves clearly demonstrate the 
significant mechanical advantage of the 
composite material compared to the pure 
material at all tested temperatures. The 
modulus of elasticity of the composite starts 
at a high value of approximately 1750 MPa, 
nearly double that of the pure material, 
which starts at around 950 MPa. The values 
of both samples gradually decrease with 
increasing temperature, reaching approx.-
imately 1300 MPa for the composite and 
around 650 MPa for the pure material at 
150°C. This marked superiority in the 
modulus of elasticity of the composite is 
attributed to the rigidity of the aluminum 

foil flakes waste, which significantly 
enhances the material's strength, thus 
improving its resistance to elastic 
deformation under loads. The foil also 
restricts the movement of the polymer 
chains, even at high temperatures. This 
gradual decrease in values with increasing 
temperature can be explained by the fact that 
time and temperature cause the polymer 
matrix to soften thermally, as the polymer 
chains gain additional kinetic energy, thus 
reducing the overall stiffness of the material. 
However, the addition of metal fillers 
reduces this decrease and preserves the 
properties of the composite material [31]. 

Table 8. Modulus of Elasticity of Unsaturated Polyester Before and After Reinforcement at 
Different Temperatures 

Temperature (°C) Modulus of elasticity (MPa)

Pure UPE UPE +2.5% Aluminum foil flakes waste 

7 940 1745 
25 810 1669
50 820 1560

150 640 1300

This graph compares the thermal 
conductivity, in watts/m² × 10⁻⁴, of pure un-
saturated polyester (UPE) and a composite 
material made of pure unsaturated polyester 
reinforced with aluminum foil powder (UPE 
+ aluminum foil powder) over a temperature

range from room temperature to 150 °C 
(Table 9 and Figure 11). The curves clearly 
show that the composite material has sig-
nificantly higher thermal conductivity values 
than the pure material at all tested temp-
eratures.
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Figure 11. Thermal Conductivity of Unsaturated Polyester Before and After 
Reinforcement at Different Temperatures 

At room temperature, the thermal conduct-
ivity of the reinforced composite is approx-
imately 2.8 × 10⁻⁴ W/m², compared to 2.5 × 
10⁻⁴ W/m² for the pure material. This 
variation rises up to 150 o C where the 
thermal conductivity of the composite 
material has attained about 3.7 x 10⁻⁴ W/m, 
in contrast to 2.95 x 10⁻⁴ W/m in the pure 
material. This massive enhancement in the 
thermal conductivity of the composite can 
be explained by the fact that the aluminum 
foil flakes waste is metallic in nature and has 
a far greater thermal conductivity compared 

to the polymer matrix which is an insulator. 
This foil serves as a heat conductor in the 
material and makes the thermal energy flow 
through the polymer material easier. More-
over, the thermal conductivity was higher 
with high temperature simply because the 
thermal activity of the molecules is also 
higher, thereby improving the transfer of 
energy. The composite material has en-
hanced thermal performance thus being app-
licable in applications that need effective 
heat dissipation [32]. 

Table 9. Thermal Conductivity of Unsaturated Polyester Before and After Reinforcement 
at Different Temperatures 

Temperature (°C) 
Thermal conductivity (w/m)*10⁻⁴ 

UPE UPE + Aluminum foil flask waste 
7 2.52 2.8 

25 2.79 3.09 
50 2.83 3.28 

150 2.95 3.7 
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The Fourier transform infrared (FTIR) 
spectrum reveals characteristic absorption 
peaks for the chemical structure of pure 
unsaturated polyester and the sample 
reinforced with 2.5% aluminum foil flakes 

waste powder (Figure 12). The peaks at 
2926–2958 cm⁻¹ represent the tensile 
vibrations of the CH bonds, while a high 
peak at 1716–1732 cm⁻¹ is found in the 
carbonyl (C=O) group of the ester group. 

Figure 12. Fourier Transform Infrared (FTIR) Spectrum of (a) Pure Unsaturated Polyester 
and (b) Sample Reinforced with 2.5% Aluminum Foil Flakes Waste Powder 

Other peaks are found at 1253 cm⁻¹ for the 
C–O bond, at 1448–1456 cm⁻¹ for the 
bending vibrations of the C–H bonds, in the 
region of 1068–1124 cm⁻¹ for the C–O–C 
bonds, and finally, the spectrum at 707–879 
cm⁻¹ is attributed to the aromatic rings. 
Comparing the two spectra, it is clear that 
the main absorption peaks are exactly the 
same in both the pure sample and the 
composite material, and no new peaks were 
observed, indicating that the addition of 
aluminum foil flakes waste powder did not 
change the chemical composition of the 
polymer, and that the reaction was carried 

out through physical interactions between 
the filler and the polymer matrix without 
changing the structural integrity of the 
material [33]. 

The distribution of aluminum particles in the 
polymer structure was investigated using 
scanning electron microscopy (SEM) images 
of an unsaturated polyester structure rein-
forced with aluminum foil flakes waste 
powder (Figure 13). The images show the 
size of the aluminum particles distributed 
across the entire surface of the material. 
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Figure 13. Scanning Electron Microscopy (SEM) Images of an Unsaturated Polyester 
Structure Reinforced with Aluminum Foil Flakes Waste Powder 

The particle size distribution was 
statistically analyzed to predict the lateral 
distribution, with an average particle size of 
1.09 µm and a standard deviation of 0.32, 
falling within the range of approximately 0.6 
µm to 1.8 µm. It is also indicated in the 
images that there are changes in the 

distribution of the particles, hence the 
agglomeration in some regions, which can 
influence the mechanical properties of the 
composite material. Moreover, the contact 
between the polymer matrix and the 
particles of aluminum can be observed, 
which is essential to transfer stress and 
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increases mechanical properties. The 
observation that the particles were partially 
homogeneous will enhance the level of 
reinforcement and the overall mechanical 
performance of the composite material [34]. 

Energy-Dispersive X-ray spectroscopy 
(EDX) analysis of unsaturated polyester 
reinforced with 2.5% aluminum foil flakes 
waste powder can be used to determine the 
elemental composition of the composite 
material (Figure 14).  

Figure 14. Energy-Dispersive X-ray Spectroscopy (EDX) of Unsaturated Polyester 
Reinforced with 2.5% Aluminum Powder 

The results show three main components: 
carbon (C) at  49.60% wt. and 56.58% 
atomic mass, oxygen (O) at 48.20% wt. and 
41.27% atomic mass, and nitrogen (N) at 
2.20% wt. and 2.15% atomic mass. The high 
percentages of carbon and oxygen indicate 
that the unsaturated polyester is a chemical 
compound composed of hydrocarbon chains 
and oxygen-containing ester groups. Trace 
amounts of nitrogen may be present, which 
could be explained by impurities or 
additives introduced during the 
manufacturing process. It should also be 
noted that the low aluminum content at the 

time of analysis may be due to the low 
percentage of aluminum added (2.5%), 
which may be below the detection threshold 
of the instrument used [35]. 

The thermogravimetric analysis (TGA) 
curve shows the thermal properties of 
unsaturated polyester reinforced with 2.5% 
aluminum foil flakes waste powder over a 
temperature range up to 350°C (Figure 15). 
The curve exhibits remarkable thermal 
stability up to the starting point at 156.0°C, 
where the composite begins to experience 
gradual weight loss. 
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Figure 15. Thermogravimetric Analysis (TGA) and Differential Thermal Scanning (DSC) 
Curves of Unsaturated Polyester Reinforced with 2.5% Aluminum Foil Flakes Waste 

Powder 

The thermal decomposition process can be 
divided into three main stages: the first stage 
(41–156.5°C), characterized by slight 
weight loss due to moisture evaporation and 
solvent residue; the second stage (156–
318.8°C), the main thermal decomposition 
stage, where significant weight loss occurs 
due to the dissociation of polymer chains 
and the destruction of ester groups; and the 
final stage, completed at the endpoint 
(318.8°C). The results show that the final 
residue mass was 0.000 mg at 348.73°C, 
indicating complete decomposition of the 
organic material. This is because the 
presence of aluminum molecules in the 
composite material gives it relative thermal 
stability. These molecules serve as a thermal 
barrier and slow down the transfer of heat 
and restrict the movement of the polymer 
chains. This, respectively, postpones the 
breakdown of thermal degradation and 

increases the thermal resistance of the 
composite material. The differential thermal 
scanning (DSC) curve demonstrates the 
change in the heat flux (DSC/mW) of the 
composite material as a function of the 
temperature, which implies the physical and 
thermal transformations that take place in 
the composite material. The point where the 
curve starts is 41.0°C, the glass transition 
temperature (Tg) of the composite material, 
the point at which the material changes into 
a not-so-solid, more flexible and elastic one. 
Heat flux changes were recorded at 
approximately 314.8°C (the endpoint) 
between the main thermal and chemical 
decomposition reactions of the polymer. The 
overall shape of the curve indicates relative 
thermal stability within the intermediate 
temperature range (50–150°C), after which 
the heat flux gradually decreases as the 
temperature approaches the decomposition 
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region. The presence of aluminum mole-
cules in the polymer structure influences the 
heat flux behavior. It impedes the movement 
of polymer chains and alters the degree of 

glass transition, but it improves the thermal 
and mechanical properties of the composite 
material when exposed to different operating 
conditions [36].

4. Conclusion

The current paper indicates that waste in the 
form of aluminum foil flakes reinforcing 
filler is a highly appropriate material in 
improving the mechanical and thermal 
characteristics of unsaturated polyester resin 
(UPR) composites, with the best concen-
tration of reinforcement being 2.5 wt.%. 
Compressive strength (increasing by a factor 
of 2.2), impact resistance (1.5 to 1.69 
kJ/m2), Shore-D hardness (83 to 93.5), and 
modulus of elasticity (810 to 1669 MPa) at 
25°C and increased thermal conductivity 
values (3.7 x 103 W/m at 150°C versus 2.95 
x 103 W/m, unreinforced matrix) were 
significantly improved at this. The 
enhancements in high temperature (7°C-

150°C) can be explained by the high rigidity 
and thermal stability of aluminum flakes 
which serve as an effective coating with 
regard to inhibiting the mobility of polymer 
chains and slowing down the process of 
thermal softening. The techniques of charac-
terization, such as FTIR, SEM, EDX, TGA, 
and DSC, proved the fact that the 
reinforcement took place mainly because of 
physical interactions without changing the 
chemical structure of the polyester matrix, 
and agglomeration of the particles above the 
optimal loading percentage led to a decrease 
in the properties due to the lack of strong 
bonds between the particles and concen-
tration sites. 
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