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Synthesis, Characterization and Computational Study of Novel Copper(II) Chelate 
Complexes Ligated by Pyridyl-Containing Beta-Diketonates 

Chelate complexes of copper(II) are widely used today in various sectors of the national economy, including 
medicine and pharmacology, biotechnology and agriculture, catalysis, and materials science. Pyridyl-
�F�R�Q�W�D�L�Q�L�Q�J�� ��-diketones possess unique properties and can act as chelating ligands for metals, making them 
promising candidates for the development of metal-based pharmaceutical compounds. Therefore, the devel-
opment and discovery of new copper(II) chelate complexes are of great interest and practical significance. In 
this work, new copper(II) chelate complexes of pyridyl-containing beta-diketonates were synthesized for the 
first time. Complexation between pyridyl-�F�R�Q�W�D�L�Q�L�Q�J����-diketones and copper(II) acetate with molar ratio 2:1 
was carried out in ethanol at �D���W�H�P�S�H�U�D�W�X�U�H���Q�R�W���H�[�F�H�H�G�L�Q�J���������ž�&���I�R�U�������K�R�X�U�����Z�L�W�K���W�K�H���\�L�H�O�G���R�I���S�U�R�G�X�F�W�V��IIIa �±d 
ranging from 8.5 % to 31.3 %. The synthesized complexes were characterized using IR spectroscopy, atomic 
emission spectroscopy, and mass spectrometry, as well as DFT calculations, PASS prediction, and molecular 
docking. It was shown that all synthesized chelates exhibit biological activity as nicotinic receptor antago-
nists, with Pa values ranging from 0.821 to 0.915, and as dehydro-L-gulonate decarboxylase inhibitors, with 
Pa values exceeding 0.75. Molecular docking simulations with the alpha2 nicotinic acetylcholine receptor 
(PDB ID: 5FJV) confirmed high potential of synthesized chelates as nicotinic receptor antagonists and they 
can be recommended for further evaluation of therapeutic relevance through in vitro and in vivo studies. 

Keywords: complexation, copper, diketone, atomic emission spectroscopy, mass spectrometry, IR spectros-
copy, chelate, complex compound 

 

Introduction 

Copper chelate complexes are one of the most interesting classes of coordination compounds, since they 
are used as combustion catalysts for solid and liquid fuels, light stabilizers for various types of synthetic pol-
ymers [1], in the practice of gas chromatography [2]. Copper(II) chelate complexes are also known for their 
superoxide dismutase activity [3], as well as antibacterial, antifungal [4�±6], anti-AchE [7], and anti-
proliferative effects against cancer cells [8]. It has been observed that interest in the synthesis and investiga-
tion of copper chelate complexes has grown significantly in recent years [9�±12]. 

Copper is a crucial trace element involved in hematopoietic processes, the lack of copper exacerbates 
the lack of iron in iron deficiency anemia, causing additional depression of hemoglobin synthesis. Metal che-
lates are the most optimal form of a biogenic metal compound for the body. Thus, one study demonstrated 
the potential of a drug containing copper chelate complexes to stimulate hematopoiesis in animals [13]. 
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Some copper triketone chelates such as diacetyl isovaleryl methane are used as fungicides and insecti-
cides [1]. Also, the chelate form of copper demonstrates enhanced antimicrobial and wound-healing activity 
in therapeutic preparations compared to inorganic salts. 

�Khelate complexes of copper (II) showed anticancer activity [14]. Copper readily forms complexes with 
various bioactive organic ligands and serves as a convenient model for investigating ligand behavior with 
more expensive metals, such as platinum, palladium, etc. In turn, palladium(II) complexes can also exhibit 
biological activity [15]. There are a limited number of papers on the complexation of copper with pyridine-
containing beta-diketones. Although such ligands are highly intriguing [16] and have potential applications 
in various fields [17, 18]. 

Therefore, the aim of this work was the synthesis of new copper chelate complexes of pyridyl-
containing ��-diketonates, their characterization and computational study using the in silico approach. Meth-
ods for in silico study of the physicochemical properties and potential biological activity of newly synthe-
sized chemical compounds are now widely used due to the speed of implementation and relative low cost 
compared to in vivo and in vitro methods [19�±21]. 

Experimental 

�Kopper acetate II was obtained from LLC �³JSC REACHIM�  ́(Moscow, Russia). Ethyl alcohol was used 
as solvent [22]. 

IR spectra were recorded on an IR-microscope of �³SpecTRA TECH�  ́model �³InspectIR�  ́based on the 
IR-Fourier spectrophotometer �³Impact 400�  ́(USA). A sample of the substance was deposited onto a gilded 
plate, spread using a roller knife, positioned on a microscope stage, and analyzed using ATR spectroscopy. 
�$�Q�D�O�\�V�L�V���F�R�Q�G�L�W�L�R�Q�V���L�Q�F�O�X�G�H�G���D�Q���0�7�&���$���G�H�W�H�F�W�R�U�����D���³Si Caplugs�´���O�H�Q�V�����D���Z�D�Y�H���Q�X�P�E�H�U���U�D�Q�J�H���R�I���������±650 cm�±1, 
a resolution of 1.928 cm�±1, 64 scans, and processing using OMNIC 5.1 E.S.P software. 

Mass-spectra were recorded on a Shimadzu LC/MS-2020 device (Japan) with a RAPTOR ARC-18 100 
column (2.1 mm diameter, 0.1 mm grain, 100 mm length) using a quadrupole Electron Injection Ion 
Source (ESI) mass spectrometer. The rate of direct injection of the sample and eluate composition was 
10 ��l/min. The scan range was 20�±1000 Da. 

The atomic emission spectrum was recorded on the ICAP 7400 instrument (USA). 

Synthesis and Characterization 
To study the reaction of the complexation of pyridyl-containing beta-diketones with copper, we synthe-

�V�L�]�H�G�� ��-diketones with pyridine substituents 1-phenyl-3-(pyridin-3-yl)propane-1,3-dion (Ia), 1-phenyl-3-
(pyridin-4-yl)propane-1,3-dion (Ib), 1-(pyridin-3-yl)butane-1,3-dion (Ic) and 1-(pyridin-4-yl)butane-1,3-dion 
(Id) using the Claisen method, following a well-established procedure [23] (Figure 1). 
 

 

Figure 1 Synthesized pyridyl-containing beta-diketonates Ia-d 

The complexation of copper(II) acetate with synthesized pyridyl-containing beta-diketonates 1-phenyl-
3-(pyridin-3-yl)propane-1,3-dion (a), 1-phenyl-3-(pyridin-4-yl)propane-1,3-dion (b), 1-(pyridin-3-yl)butane-
1,3-dion (c) and 1-(pyridin-4-yl)butane-1,3-dion (d) was studied in various molar ratios of 1:1, 1:2, 2:1 (Ta-
ble 1). The best results were obtained at a molar ratio of 2:1 [24]. 
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T a b l e  1 

Chelate complexes yields at different  molar ratio 

Chelate  
complexes R1 R2 

Yield (%) at the 1,3- diketone : Cu(II) acetate molar ratio: 

1:1 1:2 2:1 
IIIa  Ph ��-Py 43 25 59 
IIIb  Ph ��-Py 55 27 61 
IIIc  Me ��-Py 35 19 36 
IIId  Me ��-Py 40 25 43 

 
We hypothesized that the formation of bis(acetylacetylacetonate) complexes was more likely, and the 

products obtained at a 2:1 ratio of 1,3-diketones to copper(II) acetate were selected as samples (Figure 2). 
The melting point was used as the comparison parameter. It was found that, for all studied ratios, both the 
melting point and the mixing sample analysis remained identical. Thus, all studied ratios yielded the same 
product, with the optimal formation conditions being a 2:1 ratio of 1,3-diketones to copper(II) acetate. Addi-
tional confirmation of the obtained samples�¶ identity was achieved through thin-layer chromatography data. 
 

  
  

  

Figure 2. Structures of synthesized chelates IIIa -d 

Synthesis of Copper Chelate Complexes IIIa -d 
To 1,3-diketones Ia-d (0.004 mol), dissolved in a minimum amount of ethyl alcohol, copper ace-

tate II  (0.002 mol) in 70 % ethyl alcohol was added. The mixture was heated 1 hour at a temperature not 
higher than 50 o�K. The color of the solution changed from brown to green during the reaction. The green pre-
cipitate was filtered and air-dried. The purity of the resulting product IIIa -d was confirmed using thin-layer 
chromatography with a hexane-ethyl acetate eluent in a 5:1 ratio. 

Bis(1-phenyl-3-(pyridin -3-yl)propane-1,3-dionate) Cu (IIIa)  
Copper acetylacetonate with beta-pyridyl moiety and phenyl substituent (IIIa) . Yield 0.6 g (59 %), 

�V�D�W�X�U�D�W�H�G�� �J�U�H�H�Q�� �S�R�Z�G�H�U���� �,�5�� �V�S�H�F�W�U�X�P���� ������ �F�P�±1: 683, 887, 968, 1039, 1149, 1323, 1422, 1595, 1655, 1672, 
3250. Mass spectrum, m/z (I, %): 511 (100) [M]+, 513 (45), 512 (20). AES ICP (Cu) 8.5 %. 
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Bis(1-phenyl-3-(pyridin -4-yl)propane-1,3-dionate) Cu (IIIb)  
Copper acetylacetonate with gama-pyridyl moiety and phenyl substituent (IIIb) . Yield 

0.62 g (61 �������� �V�D�W�X�U�D�W�H�G�� �J�U�H�H�Q�� �S�R�Z�G�H�U���� �,�5�� �V�S�H�F�W�U�X�P���� ������ �F�P�±1: 685, 747, 883, 966, 1038, 1149, 1329, 1425, 
1597, 1687, 3076. Mass spectrum, m/z (I, %): 511 (100) [M]+, 513 (45), 512 (20). AES ICP (Cu) 10.4 %. 

Bis(1-(pyridin -3-yl)butane-1,3-dionate) Cu (IIIc)  
Copper acetylacetonate with beta-pyridyl moiety and methyl substituent (IIIc ). Yield 

0.28 g (36 �������� �O�L�J�K�W�� �J�U�H�H�Q�� �S�R�Z�G�H�U���� �,�5�� �V�S�H�F�W�U�X�P���� ������ �F�P�±1: 691, 753, 1024, 1231, 1311, 1393, 1423, 1450, 
1472, 1526, 1596, 3089. Mass spectrum, m/z (I, %): 387 (100) [M]+, 389 (45), 988 (20). AES ICP (Cu) 
22 %. 

Bis(1-(pyridin -4-yl)butane-1,3-dionate) Cu (IIId)  
Copper acetylacetonate with gama-pyridyl moiety and methyl substituent (IIId) . Yield 

0.33 g (43 ���������O�L�J�K�W���J�U�H�H�Q���S�R�Z�G�H�U�����,�5���V�S�H�F�W�U�X�P�����������F�P�±1: 544, 643, 698, 725, 765, 1026, 1068, 1228, 1319, 
1399, 1421, 1452, 1480, 1521, 1588, 1591, 3085. Mass spectrum, m/z (I, %): 387 (100) [M]+, 389 (45), 
988 (20). AES ICP (Cu) 31.3 %. 

Computational Details 

DFT Calculations 
DFT calculations of copper chelate complexes IIIa -d were performed at the B3LYP/6-311++G(d, p) on 

organic (C, H, N, O, P) [25, 26] and LanL2DZ for metal (Cu(II)) [27] part basis set level of theory using 
Gaussian-16 [28]. In order to get as close as possible to the conditions of biological systems, solvation was 
taken into account in the calculations within the framework of the macroscopic polarizable continuum model 
CPCM (water) [29]. Optimization of the geometry of chelate complexes was carried out without any re-
strictions using the keywords OPT+FREQ; achieving geometry with a minimum of energy on the potential 
energy surface (PES) was confirmed by the absence of imaginary frequencies. 

Based on the results of the DFT optimization of the geometry of the studied copper chelate complexes, 
HOMO-LUMO frontier orbitals and maps of the distribution of molecular electrostatic potential (MEP) were 
constructed and analyzed using analytical methods. The obtained values of the energies of the HOMO-
LUMO orbitals were then used for calculations of such global descriptors of chemical activity [30], as: the 
ionization potential (IP), the electron affinity (EA), the energy gap �' Egap, molecular hardness (��) and soft-
ness (�1), the index of electrophilicity (�&) and nucleophilicity (�H), absolute electronegativity (�$) and chemical 
potential (��): 
 
IP = �±EHOMO,  (1) EA = �±ELUMO, (2)  (3) 

, (4)  (5) , (6) 

 (7) , (8) . (6) 
 

Visualization of DFT optimized molecular structures as well as frontier orbitals and MEPs were per-
formed using GaussView 6.0 software [31]. 

In silico Study of Biological Activity 
PASS (Prediction of Activity Spectra for Substances) program was used to predict useful biological ac-

tivity of the synthesized copper complexes IIIa -d [32�±34]. The PASS prediction, based on the molecular 
structure data, produces a list of probable activities, Pa being the probability of belonging to the �³active�  ́
class, and Pi being the probability of belonging to the �³inactive�  ́class. 

Molecular Docking Simulations 
Molecular docking was performed using AutoDock Vina and AutoDock MGL Tools 1.5.7 [35, 36]. The 

molecular structure of the protein was downloaded from the Protein Data Bank (https://www.rcsb.org). Prep-
aration of the protein molecular structure for docking included the steps of removing the native ligand and 
water molecules, protonation, and specifying the binding site. The position of the binding site was deter-
mined based on PDB data, and the following grid coordinates of the receptor active site were used: 
(x = 12.881, y = 4.486, z = �±0.184) for the structure of alpha2 nicotinic acetylcholine receptor (PDB ID: 
5FJV). The docking results were used for comparative analysis of binding affinity and intermolecular inter-
actions between the studied copper chelate complexes and the target protein. The study of intermolecular 

https://www.rcsb.org/
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interactions between the target protein and ligands was carried out using the BIOVIA Discovery Studio Vis-
ualizer 2017 [37] software. 

Results and Discussion 

We assumed that the resulting chelates have the structure IIIa -d (Scheme 1). 
 

 

Scheme 1. Possible pathways for the copper chelates formation 

The structure of the chelates was studied by IR spectroscopy. The IR spectra of chelates IIIa -d contain 
bands corresponding to phenyl and pyridyl fragments, observed in the range of 1680�±1440 cm�±1. 

At the same time, it is known that the ligands of copper acetylacetonate contain a conjugated bond sys-
tem, �±C(O)�±CH=C�±. The conjugation induces a bathochromic shift, manifesting as three bands at 1575, 
1545, 1525 cm�±1, characteristic of a quasi-aromatic metallocycle [38]. In our opinion, for compounds IIIa -d, 
the bands of stretching vibrations �±C(O)�±CH=C�± at 1575, 1545, 1525 cm�±1 are partially (for compounds 
IIIc , IIId ) or completely (for compounds IIIa , IIIb ) overlapped by stretching vibrations of the pyridine or 
phenyl fragments. 

Indeed, the DFT Calculations performed for all chelates IIIa -d showed that with methyl and pyridyl 
substituents (compounds IIIc , IIId ) the distortion of geometry at the Cu2+ ion is minimal. Whereas in the 
presence of pyridine and phenyl rings (compounds IIIa  and IIIb ) there is a distortion of geometry in one of 
the ligands. A detailed description of the DFT Calculations results is provided in the Computational Study 
section of this article. 

The next step in elucidating the structure of copper complexes was identifying the number of ligands. Alt-
hough the reaction proceeded depending on the ratio of 1,3-diketone and copper(II) acetate, the formation of 
either structure III  or IV remains possible (Scheme 1). To resolve the uncertainty regarding the formation of 
structure III  or IV in the obtained chelate complexes, a chromato-mass spectrometric study was carried out. 

The analysis revealed that the predominant compounds formed contained two molecules of a dicarbonyl 
compound per copper molecule, with molecular weights of 512 g/mol and 388 g/mol, respectively. Addition-
ally, signals corresponding to compounds with one diketone molecule per copper molecule were observed, 
with molecular weights of 226 g/mol and 288 g/mol, as presented in Table 2. 

T a b l e  2 

Results of gas chromatography-mass spectrometry analyses  

Complex R1 R2 Molecular weight, g/mol Retention time, min Peak area, % 
IIIa  ��-pyridyl Ph 512 6.32 76.8 
IIIb  ��-pyridyl Ph 512 5.99 83.0 
IIIc  ��-pyridyl �F�_ 388 7.30 91.6 
IIId  ��-pyridyl �F�_ 388 5.77 98.0 
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Additionally, sample analysis revealed that, over time, the content of chelates containing one diketone 
molecule per copper atom, with molecular weights of 226 g/mol and 288 g/mol, decreased. Simultaneously, 
the peak area of detectable compounds with molecular weights of 512 g/mol and 388 g/mol increased. This 
indirectly suggests the instability of product IV (Scheme 1) and the subsequent formation of product III  
(Scheme 1). Thus, we have demonstrated that chelates preferentially take form III . 

To confirm the amount of substance that reacted during synthesis, a study was conducted using atomic 
emission spectroscopy with inductively coupled plasma. The analysis determined the amount of copper that 
reacted with the original ��-diketone. The results of the atomic emission analysis are presented in Table 3. 

T a b l e  3 

Results of copper content analysis by the atomic emission spectroscopy 

Complex Me R1 R2 Copper content, % 
IIIa  Cu ��-pyridyl Ph 8.5 
IIIb  Cu ��-pyridyl Ph 10.4 
IIIc  Cu ��-pyridyl Me 22.0 
IIId  Cu ��-pyridyl Me 31.3 

 
In complex containing pyridine fragment and phenyl substituent amount of copper is 10.4 %, and in 

complex with methyl �V�X�E�V�W�L�W�X�H�Q�W���D�Q�G���S�R�V�L�W�L�R�Q���R�I���Q�L�W�U�R�J�H�Q���L�Q����-position is 31.3 %. This is most likely due to 
the steric and electron donor properties of the substituents. 

In the complex containing a pyridine fragment and a phenyl substituent, the copper content is 10.4 %. 
In contrast, the complex with a methyl substituent and nitrogen in the ��-position, contains 31.3 % copper. 
This difference is most likely attributed to the steric and electron-donating properties of the substituents. 

Computational Study 

DFT Calculations 
Since chelate complexes of copper pyridyl-containing beta-diketonates were synthesized for the thirst 

time, it was interesting to study their physicochemical properties and biological activity using in silico meth-
ods. First of all, the geometry of the synthesized copper complexes IIIa -d was optimized by the DFT method 
with the use of the 6-311G++(d, p) and LANL2DZ basis sets for the ligands and its complexes, respectively, 
in conjunction with the B3LYP hybrid correlation functional taking into account solvation within the frame-
work of the macroscopic solvation CPCM (water) model. Resulting geometry optimization 3D structures are 
shown in Figures 3 and S1. 
 

  
IIIa  IIIb  

  
III �k IIId  

Figure 3 Optimized 3D structures of chelate complexes IIIa -d 
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As can be seen in Figures 3 and S1, each copper atom forms a four-center bond with two bidentate 
diketone ligands in chelate complexes IIIa -d. In chelates IIIc  and IIId , the central cyclic diketonate frag-
ment with copper is almost planar, while the side pyridyl substituents have deviations from planarity of ap-
�S�U�R�[�L�P�D�W�H�O�\�������ƒ���U�H�O�D�W�L�Y�H���W�R���W�K�H���S�O�D�Q�H���R�I���W�K�H���F�H�Q�W�U�D�O���I�U�D�J�P�H�Q�W���R�I���W�K�H���F�K�H�O�D�W�H�����7�K�H���V�W�U�X�F�W�X�U�H���R�I���F�K�H�O�D�W�H�V��IIIa  and 
IIIb  is more twisted due to the presence of 4 bulky side substituents, while the central cyclic diketonate 
fragment with copper has small deviations from planarity, while the side pyridyl substituents are rotated at a 
�Z�L�G�H�U���D�Q�J�O�H���R�I���D�E�R�X�W�������ƒ�����D�Q�G���W�K�H���V�L�G�H���E�H�Q�]�H�Q�H���U�L�Q�J�V���D�U�H���U�R�W�D�W�H�G���D�W���D�Q���D�Q�J�O�H���R�I���D�E�R�X�W�������ƒ���U�H�O�D�W�L�Y�H���W�R���W�K�H���S�O�D�Q�H��
of the central fragment of the chelate. 

It should be noted that the structure of the resulting chelates is quite symmetrical, as a result of which 
compounds IIIa -d are characterized by small dipole moments of 0.2107, 0.1897, 0.0003 and 0.0004 Debye, 
respectively, which indicates a homogeneous charge distribution and a low level of polarity of the chelate 
complexes. 

Frontier Molecular Orbitals and Molecular Electrostatic Potential Map (MEP) Analysis 
Next, based on the optimized structures of synthesized copper complexes IIIa -d, the construction and 

analysis of the boundary HOMO-LUMO orbitals and Molecular Electrostatic Potential Map (MEPs) were 
performed (Figures 4, 5). 
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Figure 4. HOMO-LUMO orbital diagrams of chelate complexes IIIa -d 

As can be seen in Figure 4, the electron density on the HOMO and LUMO orbitals is localized in dif-
ferent places: LUMO is predominantly on the central cyclic diketonate copper containing fragment, while 
HOMO is more delocalized throughout the entire structure of the complex. Next, the location of electrophilic 
and nucleophilic centers in the studied complexes IIIa -d was assessed based on the analysis of the molecular 
electrostatic potential (MEP) (Figure 5). 

As can be seen in Figure 5, the negative charge in the studied complexes IIIa -d is expectedly localized 
on the oxygens of the central cyclic diketonate fragment, as well as on the nitrogen heteroatoms; the positive 
charges are concentrated on the complex-forming metal atom, as well as on the hydrogen atoms of the cyclic 
diketonate fragment. Accordingly, this allows us to assume that the nucleophilic center of the studied copper 
complexes IIIa -d is localized on the oxygen and nitrogen atoms, whereas the electrophilic center can be cor-
related with the position of the complex-forming copper atom, as well as with the position of the hydrogen 
atoms of the cyclic diketonate fragment. 
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Figure 5 Molecular electrostatic potential map (MEP) of chelate complexes IIIa -d 

Global Reactivity Indexes 
An assessment of the studied copper complexes IIIa -d global reactivity parameters was performed 

based on the calculated energy of HOMO-LUMO orbitals. The following global descriptors of chemical 
activity were assessed: ionization potential (IP), electron affinity (EA), energy gap �' Egap, molecular 
hardness (��) and softness (�1), chemical potential (��), electrophilicity (�&) and nucleophilicity (�H) indexes, 
absolute electronegativity (�$) (Table 4). 

T a b l e  4 

Global descriptors of chemical activity 

Complex IP, eV EA, eV�� �' Egap, eV ������eV �1�� eV�í�� ������eV �&����eV �0����eV�í�� �$����eV 

IIIa  6.5652 3.2904 3.2748 1.6374 0.3053 �±4.9278 7.4151 0.1348 4.9278 
IIIb  6.6210 3.3344 3.2865 1.6432 0.3042 �±4.9777 7.5392 0.1326 4.9777 
IIIc  6.6409 3.2735 3.3674 1.6837 0.2969 �±4.9572 7.2976 0.1370 4.9572 
IIId  6.7106 3.3211 3.3894 1.6947 0.2950 �±5.0158 7.4227 0.1347 5.0158 

 
As can be seen in Table 4, the studied copper complexes IIIa -d are characterized by an electron affinity 

EA of about 3.2�±3.3 eV and a fairly high ionization potential IP in the region of 6.5�±6.7 eV, which indicates 
their low reducing properties. The energy gap �' Egap at the level of 3.2�±3.3 eV indicates the chemical stability 
of the studied copper complexes IIIa �±d. The low value of molecular softness �1 at the level of 0.3 eV�í��, to-
gether with the 1.6 eV value of molecular hardness indicates the hard nature of the studied complexes IIIa -d. 
The negative value of the chemical potential �� and its value of (�±4.9)�±(�±5.0) eV confirm the stability of the 
studied copper complexes. The high level of electrophilicity index �& in the range of 7.2�±7.5 eV suggests a 
predominantly electrophilic nature of the reactivity of the studied complexes. The absolute electronegativity 
�$ of the complexes IIIa -d lies in the range from 4.9 to 5.0 eV. 
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In silico Study of Biological Activity 
Next, we used a PASS (Prediction of Activity Spectra for Substances) program to predict useful biolog-

ical activity of the synthesized copper complexes IIIa -d. This tool allows to estimate the probability of vari-
ous types of biological activity for chemical compounds based on their structural formulas using such indica-
tors as Pa �²  the probability of being active and Pi �²  the probability of being inactive. The predicted proba-
bilities of biological activity are presented in the Table 5. 

T a b l e  5 

PASS predicted biological activity potential of the complexes IIIa -d 

Pa* Pi*  Type of activity 
IIIa   

0.887 0.004 Nicotinic receptor antagonist 
0.783 0.011 Dehydro-L-gulonate decarboxylase inhibitor 
0.753 0.001 Glutamylendopeptidase II inhibitor 

IIIb   
0.890 0.004 Nicotinic receptor antagonist 
0.811 0.010 Feruloylesterase inhibitor 
0.787 0.011 Dehydro-L-gulonate decarboxylase inhibitor 

IIIc   
0.867 0.005 Gluconate 2-dehydrogenase (acceptor) inhibitor 
0.821 0.008 Nicotinic receptor antagonist 
0.800 0.009 Dehydro-L-gulonate decarboxylase inhibitor 

IIId   
0.915 0.003 Gluconate-2-dihydrogenase inhibitor (acceptor) 
0.845 0.005 Nicotinic receptor antagonist 
0.773 0.013 Dehydro-L-gulonate decarboxylase inhibitor 
where: Pa �²  the probability of being active; Pi �²  the probability of being 
inactive. 

 
As can be seen in Table 5, all comlexes IIIa -d exhibited biological activity as nicotinic receptor antag-

onists with Pa values ranging from 0.821 to 0.915, and as dehydro-L-gulonate decarboxylase inhibitors, with 
Pa values above 0.75. Nicotinic receptor antagonists inhibit acetylcholine activity at nicotinic acetylcholine 
receptors (nAChRs) and are utilized in the treatment of hypertension, nicotine dependence, neurological dis-
orders, and anesthesia. Gluconate-2-dehydrogenase inhibitor (acceptor) activity is strongly predicted for IIIc 
and IIId complexes, with high Pa values (0.867�±0.915), suggesting a role in carbohydrate metabolism and in 
the treatment of type 2 diabetes and related cardiovascular diseases. 

The analysis of the data presented in Table 5 indicates that complexes IIIa �±d exhibited the highest bio-
logically active potential as nicotinic receptor antagonists. This biologically active property of complexes 
IIIa �±d is potentially very beneficial, as according to WHO data, more than 20 �����R�I���W�K�H���Z�R�U�O�G�¶�V���S�R�S�X�O�D�W�L�R�Q��
currently uses tobacco, with 8 million people dying each year from the consequences of tobacco use, includ-
ing 1.3 million passive smokers. Therefore, the search for new nicotinic receptor antagonists is an important 
area of modern pharmacology, and we further study the inhibitory potential of complexes IIIa �±d as nicotinic 
receptor antagonists using the molecular docking approach. 

Molecular Docking Simulations 
Nicotinic receptor antagonists bind with nicotinic acetylcholine receptors (nAChRs) [39]. These recep-

tors are ion channels that perceive nicotine and acetylcholine, so their action is aimed at regulating the 
transmission of nerve impulses. Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels 
that, upon binding nicotine or acetylcholine, open, allowing sodium, potassium, and calcium ions to pass 
through the cell membrane. This results in depolarization of the cell and initiation of a signal important to the 
nervous system. nAChR antagonists block this process by preventing binding of nicotine or acetylcholine 
with the receptor. This results in the prevention of ion channel activation and, accordingly, the suppression of 
nerve signal transmission. This mechanism is used in pharmacology, for example, in drugs used to treat nico-
tine addiction or as muscle relaxants during surgery [40]. Target proteins for nicotinic acetylcholine recep-
tor (nAChR) antagonists include receptor subtypes such as: �.4��2 receptors are the most common nAChR 
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subtype in the central nervous system and have been linked to cognitive function and nicotine addiction.; �.7 
receptors �²  these receptors are involved in memory, learning and inflammatory processes, and are also a 
target for the treatment of neurodegenerative diseases [41]. 

According to the literature [42], alpha2 nicotinic acetylcholine receptor in pentameric assembly 
(PDB ID: 5FJV [43]) may act as a target protein for nicotinic acetylcholine receptor antagonists (nAChR), 
so it was used for molecular docking simulations with synthesized copper complexes IIIa -d. Bupropion [44] 
and the native ligand [43] were used as reference drugs. Molecular docking simulation of the studied copper 
complexes IIIa -d with the target alpha2 nicotinic acetylcholine receptor (PDB ID:5FJV) was performed us-
ing the AutoDock Vina program; the obtained data on the binding affinity are presented in Table 6. 

T a b l e  6 

�%�L�Q�G�L�Q�J���$�I�I�L�Q�L�W�\�����N�F�D�O���P�R�O�‡�ï�����R�I���F�R�S�S�H�U���F�R�P�S�O�H�[�H�V��IIIa -d  
with alpha2 nicotinic acetylcholine receptor (PDB ID: 5FJV) 

Ligand 
Binding Affinity,  

�N�F�D�O���P�R�O�‡�ï 

IIIa  �±8.3 
IIIb  �±8.1 
IIIc  �±6.9 
IIId  �±6.6 
Reference Drug  
Bupropion �±5.4 
Native ligand 
(1S,2S,4R)-2-(6-chloropyridin-3-yl)- 
7-azabicyclo[2.2.1]heptane 

�±5.9 

 
The data presented in Table 4 show that the studied copper complexes IIIa -d demonstrate higher bind-

ing affinity (�±8.3, �±8.1, �±6.9 and �±���������N�F�D�O���P�R�O�±1, respectively) with the alpha2 nicotinic acetylcholine recep-
tor (PDB ID:5FJV) compared to the reference drugs Bupropion (�±�������� �N�F�D�O���P�R�O�±1) and the native ligand  
(�±�������� �N�F�D�O���P�R�O�±1). It should be noted that complexes IIIa  and IIIb  interact more effectively (�±8.3,  
�±8.1 �N�F�D�O���P�R�O�‡�ï�����U�H�V�S�H�F�W�L�Y�H�O�\�����Z�L�W�K���W�K�H���D�O�S�K�D�����Q�L�F�R�W�L�Q�L�F���D�F�H�W�\�O�F�K�R�O�L�Q�H���U�H�F�H�S�W�R�U�����3�'�%���,�'��5FJV) compared to 
complexes IIIc  and IIId  (�±6.9 and �±�������� �N�F�D�O���P�R�O�±1, respectively), which may be due to a larger number of 
intermolecular interactions (Table 7). 

T a b l e  7 

Protein 5FJV �²  Ligand intermolecular interactions 

Ligand 
Conventional 

Hydrogen  
Bond 

Carbon  
Hydrogen 

Bond 

Pi-Pi 
T-shaped 

Pi-Donor Pi-Sigma Pi-Sulfur Pi-alkyl 
Pi-Pi-

Stacked 

IIIa  TRP115 
ARG49, 
ALA48 

TRP178 THR179 VAL120 MET134 ALA130 �± 

IIIb  �± �± TRP178 THR179 
ALA130, 
VAL120 

MET134 �± �± 

IIIc  �± �± �± �± �± �± VAL120, 
ALA130 

PHE129, 
TRP178 

IIId  ARG49 �± �± ALA48 
MET134, 
ALA48 

�± �± �± 

Reference Drug        

Bupropion 
GLU128, 
THR132 

�± �± �± �± �± 

ILE152, 
TYR153, 
HIS133, 
ALA151 

�± 

Native 
ligand 

TYR122, 
TRP178 

�± �± �± �± �± 

CYS221, 
CYS222, 
TYR219, 
TYR226 

�± 
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As can be seen in Table 7, ligand IIIa  forms 8 bonds with amino acids of the target protein 5FJV, in-
cluding one Conventional Hydrogen Bond with TRP115, two Carbon Hydrogen Bond with ARG49, ALA48, 
one Pi-Pi T-shaped with TRP178, Pi-Donor with THR179, Pi-Sigma with VAL120, Pi-Sulfur with MET134, 
Pi-alkyl with ALA130. Ligand IIIb  forms 5 bonds with amino acids of the target protein 5FJV, including 
one Pi-Pi T-shaped with TRP178, one Pi-Donor with THR179, two Pi-Sigma with ALA130 and VAL120, 
one Pi-Sulfur with MET134. Ligand IIIc  forms four bonds with amino acids of the target protein 5FJV, in-
cluding two Pi-alkyl with VAL120 and ALA130, two Pi-Pi-Stacked with PHE129 and TRP178. Ligand IIId  
forms 4 bonds with amino acids of the target protein 5FJV, including one Conventional Hydrogen Bond with 
ARG49, one Pi-Donor with ALA48, two Pi-Sigma with MET134 and ALA48 (Figures 6, S2-S5). 
 

  
IIIa  IIIb  

  
IIIc  IIId  

Figure 6 Visualization of protein 5FJV amino acids �²  ligand IIIa -d interactions 

As can be seen in Figures 6, S2-S5, the pi-electron systems of the pyridyl and benzene rings of the stud-
ied ligands IIIa -d actively participate in intermolecular interactions, therefore their greater number in ligands 
IIIa  and IIIb  leads to a more effective interaction of these compounds with the target protein 5FJV. 

Overall, molecular docking simulations of synthesized copper complexes IIIa -d with alpha2 nicotinic 
acetylcholine receptor (PDB ID:5FJV) showed their high potential as nicotinic receptor antagonist. Moreo-
ver, compounds IIIa  and IIIb  showed a more effective interaction with the 5FJV protein compared to com-
pounds IIIc  and IIId , may be due to the presence of a larger number of substituents with pi-electron systems. 

Conclusions 

We have obtained previously unknown chelate complexes of copper(II) with pyridyl-containing beta-
diketonates. The syntheses were carried out with different ratios of reagents, the most successful was the ra-
tio of 2:1 1,3-diketone to copper(II ) acetate. Complexation with copper(II) took place at a temperature not 
�H�[�F�H�H�G�L�Q�J���������ž�&���I�R�U�������K�R�X�U�����Z�L�W�K���W�K�H���\�L�H�O�G���R�I���S�U�R�G�X�F�W�V��IIIa �±d ranging from 8.5 % to 31.3 %. The structure of 
the newly obtained chelates has been proven by IR, atomic emission spectroscopy and mass spectrometry. 
Based on DFT B3LYP/6-311++G(d, p) /LanL2DZ CPCM (water) calculations, the non-planar structure of 
the synthesized copper chelate complexes IIIa -d was demonstrated, an analysis of the HOMO-LUMO orbit-
als and molecular electrostatic potential (MEP) was performed, global descriptors of chemical activity were 
assessed. In silico study of biological activity was carried out using the PASS Prediction and AutoDock Vina 
tools. Molecular docking simulations of synthesized copper complexes IIIa -d with alpha2 nicotinic acetyl-
choline receptor (PDB ID:5FJV) showed their high potential as nicotinic receptor antagonist. Moreover, 
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Gel-Phase Synthesis and pH-Sensitive Swelling-Structure Relationships  
of N-Carboxyethylchitosan 

The applicability of native chitosan-based compositions is constrained by their limited solubility in weakly 
alkaline and neutral media, a consequence of inherent structural features. To overcome this limitation, car-
boxyalkylation strategies such as the gel-phase Michael synthesis of N-carboxyethylchitosan (N-CEC) were 
investigated with a focus on optimizing reaction parameters to enhance yield and tailor biopolymer proper-
ties. Structural confirmation of the synthesized polymers was performed via FT-IR and SEM, while elemental 
analysis quantified the degree of substitution (DS), which correlated with temperature in the following way: 
DS = 0.96�±1.10 at 50 �ƒ�&�������������±1.12 at 60 �ƒ�&���D�Q�G�����������±1.32 at 70 �ƒ�&�� Porosity measurements indicated pore 
�V�L�]�H�V���U�D�Q�J�L�Q�J���I�U�R�P���������W�R�����������—�P���L�Q���D�O�O���V�D�P�S�O�H�V�����K�R�Z�H�Y�H�U�����W�R�W�D�O���S�R�U�R�V�L�W�\���Y�D�U�L�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\�����U�H�D�F�K�L�Q�J���D���P�D�[��
imum of 15 % at 70 �ƒC and decreasing to 4�±10 % at lower temperatures. N-CEC exhibited pH-dependent 
swelling, with minimal expansion (100�±150 %) at low pH and a 2�±3-fold increase at pH > 7, which was at-
tributed to COO�‡ group formation. These findings position N-CEC as a promising material for pH-responsive 
applications. 

Keywords: carboxyethylchitosan, biopolymer, gel-phase synthesis, derivatization, Michael reaction, 
pH-sensitive swelling, porosity, green chemistry 

 

1. Introduction 

Chitosan is a natural polymer that has garnered significant attention due to its versatile applications in 
various fields. This aminopolysaccharide is typically derived through the deacetylation of chitin, which is 
predominantly obtained from crustacean exoskeletons, including those of shrimp and crabs [1�±3]. The 
unique properties of chitosan, such as its biodegradability, low toxicity, and antimicrobial activity, make it an 
important material for various industries, particularly in biotechnology, medicine, water treatment and agri-
culture [4�±8]. �2�Q�H�� �R�I�� �F�K�L�W�R�V�D�Q�¶�V�� �P�R�V�W�� �Q�R�W�D�E�O�H�� �I�H�D�W�X�U�H�V�� �L�V�� �L�W�V�� �H�[�F�H�O�O�H�Q�W�� �E�L�R�F�R�P�S�D�W�L�E�L�O�L�W�\���� �H�Q�D�E�O�L�Q�J�� �L�W�V�� �X�V�H�� �L�Q��
various biomedical applications without provoking adverse reactions [4, 9]. This makes chitosan an ideal 
candidate for drug delivery systems, wound healing, and tissue engineering [10�±15]. Its polyelectrolyte 
properties provide the interaction with negatively charged molecules, such as DNA and RNA, making it a 
useful material for gene delivery applications [16, 17]. In addition to its primary applications, chitosan exhib-
its a wide range of other valuable properties, including anti-inflammatory, antioxidant, antimicrobial, anti-
fungal, antihyperglycemic, and antitumor activities. These characteristics make it a highly versatile com-
pound with great potential in the development of novel therapeutic agents and in improving overall quality of 
life [6, 18�±26]. 

Chitosan-based injectable hydrogels possess high potential for biomedical applications; however, their 
pH sensitivity limits their application in alkaline and neutral media [27]. To address this, chitosan polymers 
intended for practical use in vaccine delivery often require chemical modifications to improve their stability 
and solubility [28]. One of the primary strategies involves structural modification of the chitosan molecule to 
overcome its poor solubility under neutral and basic conditions [29, 30]. 
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The solubility of chitosan can be improved by introducing various functional groups, such as carbox-
ymethyl, sulfonic, or quaternary ammonium groups [28�±34]. In addition to better solubility, chitosan deriva-
tives often demonstrate superior biological activity compared to the native polymer [35]. Chitosan deriva-
tives with substituted functional groups at both the �±OH and �±NH2 reactive centers exhibit higher bactericid-
al activity against both Gram-positive and Gram-negative bacteria [36, 37]. Furthermore, quaternized chi-
tosan derivatives have demonstrated higher antifungal activity than unmodified chitosan [38]. These modifi-
cations are particularly significant in applications such as wound dressings, drug delivery systems, and tissue 
engineering, where robust antimicrobial performance is essential. Additionally, derivatization has been em-
ployed to improve the antioxidant capacity of chitosan [39, 40]. The introduction of phenolic groups, for ex-
ample, has been reported to boost both antioxidant and antitumor activities [41], opening new prospects for 
their use in cosmetics and food preservation [39, 42]. 

Another major objective of chitosan derivatization is to improve its drug delivery potential. Under acid-
ic conditions (pH < 6.5), protonated chitosan enhances the paracellular transport of peptide drugs across mu-
cosal epithelia. However, at neutral pH levels �²  such as those in the intestinal tract �²  native chitosan loses 
this absorption-enhancing ability. To overcome this limitation, a variety of chitosan derivatives have been 
developed and evaluated for performance in such physiological conditions [43, 44]. Moreover, the derivati-
zation of chitosan can introduce stimuli-responsive properties, including pH and temperature sensitivity. 
These features are especially useful in designing smart drug delivery systems that release therapeutics in re-
sponse to specific physiological conditions [45�±47]. Chitosan is also chemically modified to enhance its bio-
compatibility and reduce its immunogenicity, making it more suitable for biomedical applications such as 
tissue scaffolds [30]. �2�Y�H�U�D�O�O�����F�K�L�W�R�V�D�Q���G�H�U�L�Y�D�W�L�]�D�W�L�R�Q���V�L�J�Q�L�I�L�F�D�Q�W�O�\���H�[�S�D�Q�G�V���W�K�H���S�R�O�\�P�H�U�¶�V���I�X�Q�F�W�L�R�Q�D�O���Y�H�U�V�D�W�L�O�L��
ty and performance across medicine, biotechnology, and environmental science. Figure 1 illustrates the cor-
relation between types of derivatization and the resulting improvements in physicochemical or biological 
parameters. 
 

 

Figure 1. Influence of chitosan derivatization on its properties 

Among the carboxyalkyl derivatives carboxyethyl chitosan (CEC) has attracted increasing attention due 
to its improved characteristics, including enhanced biocompatibility and water solubility [48, 49]. Recent 
studies have further confirmed the antioxidant and antimutagenic activities of N-(2-carboxyethyl)chitosan 
(N-CEC) [50], along with its improved antibacterial properties [51]. Additionally, CEC-based fibers have 
shown great potential as scaffolds for tissue engineering, demonstrating no cytotoxicity toward L929 fibro-
blast cells [52]. CEC is synthesized through the carboxyethylation of chitosan, in which the hydroxyl and 
amino groups of chitosan are substituted with carboxyethyl moieties. Based on the substitution sites of the 
2-carboxyethyl group, CECs are generally classified into three types: O-CEC, N-CEC, and N,O-CEC [53]. 
Carboxyalkylation is typically carried out under either heterogeneous or homogeneous conditions through 
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nucleophilic substitution, addition, and addition-elimination reactions, often followed by reduction. In these 
reactions, chitosan serves as a nucleophilic polymer substrate [54, 55]. Figure 2 illustrates the synthetic 
pathways of carboxyethyl chitosan derivatives. 
 

 

Figure 2. Synthetic routes of carboxyethyl chitosan 

Herein, we investigated how gel-phase synthesis of N-CEC, as previously described in [56], influences 
the biopolymer properties and their relationship with structural features. This approach represents a highly 
efficient, cost-effective, and environmentally friendly process due to the minimal use of water and the com-
plete absence of organic solvents. Previous studies have demonstrated that temperature and reaction time are 
the key factors affecting the degree of substitution (DS) of N-CEC [56]. In the present work, we focused on 
evaluating how variations in DS influence both the yield of N-CEC and its behavior in aqueous environ-
ments, particularly in terms of porosity and pH-dependent swelling. 

2. Experimental 

Chitosan (degree of deacetylation: 85.5 %) was purchased from Orisone Chemicals Limited (China) 
and used for the gel-phase synthesis of N-CEC without further purification. Acrylic acid (type P) was sup-
plied by SIBUR LLC and was distilled prior to use. The resulting purity of acrylic acid was determined to be 
99.4 % by titration. 

2.1. Gel-phase synthesis of N-CEC 
The synthesis of N-CEC was carried out following the previously reported procedure [56], with modifi-

cations to several experimental conditions. Briefly, 1.8 mol of acrylic acid was dissolved in 160 mL of dis-
tilled water under stirring using a Scilogex OS20-S Overhead LED Digital Stirrer. Subsequently, 0.9 mol of 
chitosan was gradually added to the solution to prevent aggregation. After complete dissolution of chitosan, 
the reaction mixture was stirred for an additional 60 minutes, then transferred to a Kitfort KT-1910 Profes-
sional Series oven and incubated under various conditions to complete the carboxyethylation process. The 
specific parameters used for carboxyethylation are summarized in Table 1. 

T a b l e  1 

Sample codes 

Time, h 
Temperature, �h�K���D�Q�G���F�R�G�H 

50 60 70 
24 N-CEC 1 N-CEC 2 N-CEC 3 
48 N-CEC 4 N-CEC 5 N-CEC 6 
72 N-CEC 7 N-CEC 8 N-CEC 9 

 
After drying, the N-CEC samples were ground into particles approximately 6 mm in size and washed 

with distilled water until acrylic acid content remained constant at the level of 0.1�±0.2 %. The washed 
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N-CEC was then dried further until the moisture content reached 1-2 %, as measured using a PMB Weighing 
Moisture Analyzer (Adam Equipment Company, UK). The process yield was calculated according to Equa-
tion (1): 

 , 

where mexp is the mass of the product obtained experimentally, g; mcalc is the theoretically calculated mass of 
the product, g. 

2.2. Polymer characterization 
2.2.1. Fourier-transform infrared spectroscopy 
The Fourier-transform infrared (FT-IR) spectroscopy was carried out in triplicate using a Spectrum One 

spectrometer (PerkinElmer, USA). 
2.2.2. Degree of substitution 
The degree of substitution (DS) of N-carboxyethylchitosan was determined using a C, H, N, S automat-

ed analyzer (PE 2400, Perkin Elmer, US). The resulting DS was calculated according to Equation (2): 

 , 

where nC/nN is the atomic ratio of elements in the product and in the initial chitosan, respectively. 

2.3. Functional properties evaluation 
2.3.1. Swelling studies 
The swelling capacity of the samples was measured using a widely accepted gravimetric method, as 

previously described [57]. Aqueous buffer solutions of varying pH were used as swelling media, including: 
phosphate buffer solution pH = 3.0, buffered copper sulfate solution pH = 4.0, acetate buffer solution 
pH = 6.0, phosphate buffer solution pH = 7.0, buffer (phosphate) solution pH = 9.0 and borate buffer solu-
tion pH = 10. Prior to testing, the hydrogels were dried to constant weight; the initial dry mass was designat-
ed as Wd. The sample was then immersed in 10 mL of distilled water at a temperature of 25 �ƒ�&�� After a speci-
fied time, the sample was removed, the excess water on the surface was blotted with tissue paper, and the 
weight (Ww) was recorded. The swelling percentage (S) was then calculated according to Equation (3): 

 . 

2.3.2. Porosity 
The pore volume was determined using the liquid displacement method described in [8]. Ethanol was 

used as the displacement fluid due to its ability to infiltrate the samples without inducing swelling or struc-
tural damage. In summary, the dry sample (initial weight designated as Wd) was immersed in ethanol under 
vacuum for 30 minutes, and the weight of the sample in ethanol was recorded as Wl. The sample was then 
removed, and the surface liquid was blotted with filter paper. The weight of the wetted sample was recorded 
as Ww. The porosity was calculated according to Equation (4): 

 . 

Pore size analysis was carried out using scanning electron microscopy (SEM) with an EVO 50 micro-
scope (Zeiss, Germany). For sample preparation, the N-CEC specimens were sputter-coated with a 20 nm 
layer of copper using a JEOL JFC-1600 sputter coater (Japan) under a pressure not exceeding 8 Pa for 
40 seconds. 

2.4. Statistics 
�'�D�W�D���R�I���\�L�H�O�G�����S�R�U�R�V�L�W�\���D�Q�G���V�Z�H�O�O�L�Q�J���D�U�H���S�U�H�V�H�Q�W�H�G���D�V���P�H�D�Q���“���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�����7�K�H���G�D�W�D���D�U�H���Y�L�V�X�D�O�L�]�H�G��

using histograms and a scatter plot. Statistical analysis was performed using Past 4.15 statistical soft-
ware [58]. For data not following a normal distribution, nonparametric statistical methods, including 
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PERMANOVA, were applied. Comparison between three groups of non-normally distributed samples was 
performed using the Kruskal-Wallis test. 

3. Results and Discussion 

Each chitosan carboxyalkylation reaction mechanism strongly depends on reaction conditions, such as 
pH, temperature, and interaction time. Among these, pH has been shown to be the most critical factor for 
achieving total conversion. Typically, the reaction is carried out under acidic conditions, as the total reactivi-
ty of acrylic acid with the ammonium salt of chitosan exceeds that of acrylate with the free amino groups of 
chitosan. For instance, a pH of approximately 4.5 promotes the formation of O-carboxymethyl chitosan 
through a pathway favorable for imine formation; however, lower pH values require higher temperatures �²  
specifically, temperatures sufficient for gel formation [59]. However, under low alkaline conditions (pH = 8), 
the reaction shifts towards the formation of N-substituted derivatives [60]. The pH parameter is particularly 
important and more easily controlled when the synthesis is conducted in the liquid phase. However, due to 
the large volumes of water required for liquid-phase reactions, we opted for the gel-phase synthesis of 
N-CEC, as previously described in [56]. This method has been reported as a green and efficient approach, 
with temperature and reaction time identified as the key parameters influencing the quality of the resulting 
N-CEC. Temperature is a limiting factor for the reaction rate in carboxyethyl chitosan synthesis. It plays a 
crucial role, with effective reaction temperatures reported at 50 �ƒC [61�±64], 60 �ƒC [65�±68], and up to 
90 �ƒC [56]. The effect of reaction time on the carboxyethylation process remains a matter of debate. Earlier 
studies showed that extending the reaction duration from 48 h to 240 h increases the DS but significantly 
reduces the yield by approximately twofold [69]. Other results indicated that 40 h is sufficient to complete 
the reaction, with only a marginal increase in DS observed beyond this point [70]. To date, it is widely ac-
cepted that 48 h represents the optimal reaction time for carboxyethylation of chitosan [71]. In our study, 
N-CEC samples were synthesized via gel-phase reaction between chitosan and acrylic acid in water under 
heating. The reaction yield was calculated according to Equation (1), and the obtained results are presented 
in Figure 3. 
 

 

Figure 3. N-CEC yield depending on temperature and reaction time. *p<0.05 Kruskal-Wallis test 

A significant effect of both temperature and reaction time on N-CEC yield was observed (two-way 
PERMANOVA, F(2, 26) = 866,590, p < 0.01 for temperature; F(2, 26) = 128,440, p < 0.01 for reaction 
time). As shown in Figure 3, the yield reaches nearly 100 % at 70 �ƒC after both 48 and 72 hours, with no sta-
tistically significant difference between these time points. Nevertheless, we hypothesized that the quality of 
the resulting N-CEC polymers may also depend on reaction conditions, potentially affecting the structural 
and functional properties of the final product. For all synthesized samples (coded NCEC-1 to NCEC-9), the 
FT-IR and SEM analyses yielded consistent results, confirming the successful modification of chitosan. 

3.1. Fourier-Transform Infrared Spectroscopy 
The FT-IR spectra of chitosan and N-CEC are presented in Figure 4. In the spectrum of N-CEC, absorp-

tion bands are observed at 2927, 1775, 1734, 1658, 1561, and 1419 cm�‡1, which are indicative of successful 
functionalization of chitosan with 2-carboxyethyl groups. 
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Figure 4. FT-IR spectra of Chitosan and N-CEC 

3.2. Degree of substitution 
Polysaccharides modification has a high impact on their physicochemical properties, improving solubil-

ity, ion-exchange capacity and adsorption [72]. In particular, the introduction of acidic groups into chitosan 
increases its anionic properties, enabling variable charge density along the biopolymer chain, which in turn 
leads to pH-dependent behavior [36]. This broadens the diversity of available raw materials and allows for 
the customization of biopolymer properties according to specific application requirements. Therefore, it is 
essential to characterize the degree of derivatization, and various analytical approaches have been reported 
for this purpose including nuclear magnetic resonance [60], elemental analysis [73], ultraviolet-visible and 
Fourier-transform infrared spectra [74]. In the present study, we investigated the degree of substitution (DS), 
which reflects the average number of 2-carboxyethyl groups per repeating unit (Table 2). 

T a b l e  2  

Elemental analysis results 

Sample 
Element content, % Degree of 

substitution �K �G N 
N-CEC 1 40.30 6.75 5.04 0.96 
N-CEC 2 39.21 6.81 4.70 1.10 
N-CEC 3 40.39 6.76 4.99 1.00 
N-CEC 4 42.21 6.73 4.74 1.12 
N-CEC 5 42.03 6.84 5.06 1.08 
N-CEC 6 39.87 6.66 4.82 1.07 
N-CEC 7 40.52 6.75 4.66 1.23 
N-CEC 8 42.56 6.63 5.00 1.16 
N-CEC 9 42.22 6.86 4.73 1.32 
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The data presented in Table 2 indicate a clear correlation between the DS and the reaction conditions. 
The DS ranges from 0.96 to 1.10 at 50 �ƒC, from 1.07 to 1.12 at 60 �ƒC and from 1.16 to 1.32 at 70 �ƒC. These 
values are in agreement with previously reported data, with only minor deviations [56], and confirm the re-
producibility of the synthesis, which is critical for future process development. 

3.3. Porosity 
Modifying porosity allows the improvement of mechanical stability and structure of biopolymers. The 

distribution of void space within the compositions can be effectively controlled by adjusting the degree of 
cross-linking, which in turn correlates with the degree of substitution of the starting polymer [75]. An in-
crease in pore size enhances the pH-sensitive properties of chitosan hydrogels [64]. One of the most relevant 
examples is swelling, a critical factor for hydrogel performance in drug delivery applications [76]. Addition-
ally, high porosity provides a large surface area for drug loading, while the presence of interconnected pores 
allows for controlled release of therapeutic agents [77]. In tissue engineering, pores and channels formed 
within the hydrogel matrix facilitate cell migration and proliferation into damaged tissue, ultimately support-
ing the regeneration or replacement of malfunctioning organs [78]. Proper porosity also contributes to opti-
mal mechanical strength, elasticity, and structural stability of chitosan-based hydrogels [79]. The porosity 
characteristics of carboxyethylchitosan biopolymers synthesized in the present study are presented in Fig-
ure 5. 
 

 

Figure 5. Porosity of N-CEC dependence on the reaction conditions. *p < 0.05 Kruskal-Wallis test 

Based on the results presented in Figure 5, a significant effect of both temperature and reaction time on 
the porosity of N-CEC was observed (two-way PERMANOVA, F(2, 26) = 2,162, p < 0.01 for temperature; 
F(2, 26) = 227,360, p < 0.01 for reaction time). The data indicate that reaction temperature exerts a stronger 
influence on N-CEC porosity than reaction time. Samples synthesized at 70 �ƒC exhibited porosity values ex-
ceeding 15 %, whereas those prepared at lower temperatures showed porosity in the range of 4�±10 %, with 
no clear correlation to reaction time. This effect is likely attributed to a higher DS at elevated temperatures, 
which results in the incorporation of a greater number of �±COOH groups into the biopolymer structure. The 
increased presence of carboxylic groups enhances the potential for interchain cross-linking, thereby contrib-
uting to the formation of a more porous network (Figure 6) [80]. 
 

 

Figure 6. Cross-linking of N-CEC polymer chains occurring within the synthesis 
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Therefore, mild reaction conditions may lead to the formation of a slightly cross-linked polymer net-
work; however, this assumption requires further comprehensive investigation. 

Regarding pore size, N-CEC hydrogels were analyzed in both dried and swollen states. The results, pre-
sented in Figures 7a and 7b, respectively, demonstrate that the N-CEC hydrogel exhibits a layered internal 
�V�W�U�X�F�W�X�U�H���Z�L�W�K���G�L�V�W�L�Q�F�W���S�R�U�R�V�L�W�\�����Z�L�W�K���S�R�U�H���V�L�]�H�V���U�D�Q�J�L�Q�J���I�U�R�P���������W�R���������×�—�P�� 
 

  
a 

  
b 

Figure 7. Representative SEM pictures of N-CEC in dried (a) and swollen (b) states 

3.4. pH-Sensitive swelling 
Swelling behavior is a key characteristic of biopolymers and is influenced not only by their internal 

structure, but also by external factors such as the pH and ionic strength of the surrounding medium. Previous 
studies have shown that carboxymethylchitosan (CMC) exhibits good ionic and pH sensitivity in aqueous 
solution, which has been attributed to the presence of amino groups in its side chains [81]. In addition, tem-
perature-sensitive swelling of CMC-based hydrogels has been reported, with an increase in swelling ob-
served within the temperature range of 5�±55 �ƒC. This effect has been explained by the formation of addition-
al hydrogen bonds and cross-links at lower temperatures, leading to more rigid and robust structures that are 
less permeable to water [82]. Overall, swelling is a highly responsive parameter, and understanding its un-
derlying mechanisms is essential for predicting the performance of biopolymers and their compositions. The 
experimental data on the pH-sensitive swelling of N-CEC biopolymers synthesized under various reaction 
conditions are presented in Figure 8. 
 



Gel Phase Synthesis and pH-Sensitive Swelling-Structure Relationships �«  

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 27 

 
a 

 
b 

 
c 

Figure 8. Swelling of N-CEC biopolymers under various pH for the samples synthesized  
at the temperature of 50 �ƒC, 60 �ƒC and 70 �ƒC, within a). 24 h, b). 48 h, c). 72 h. *p<0.05 Kruskal-Wallis test 

Figure 8 demonstrates that the swelling behavior of N-CEC is strongly dependent on the pH of solution. 
According to two-way PERMANOVA analysis: at 24 hours, F(2, 53) = 827,360 p < 0.01 and  
F(5, 53) = 835,110 p < 0.01, accordingly; at 48 hours, F(2, 53) = 171,6100 p < 0.01 and F(5, 53) = 1,049,000 
p < 0.01; at 72 hours, F(2, 53) = 521,560 p < 0.01 and F(5, 53) = 1,024,200 p < 0.01). All N-CEC samples 
exhibited limited swelling under acidic conditions, while a notable 2�±3-fold increase was observed starting 
from pH 7, with maximum swelling reaching 450 % for biopolymers synthesized at 70 �ƒC for 72 hours. To 
better interpret these results, the effects of cross-linking and pH should be considered. Cross-linking is 
known to significantly influence both swelling behavior and other properties of hydrogels by affecting the 
molecular weight [83]. In some systems, a lower degree of cross-linking provides greater network flexibility 
and increased hydrodynamic free volume, allowing the polymer chains to retain more solvent, which leads to 
increased swelling [84]. However, in our case, the high porosity of the samples synthesized at 70 �ƒC suggests 
a higher degree of cross-linking, which would typically limit swelling. This apparent contradiction indicates 
that pH plays a more dominant role in swelling than cross-linking density under these conditions. Similar 
observations were reported in [85], where enhanced swelling was attributed to the deprotonation of carbox-
ylic acid (�±COOH) groups to carboxylate (�±COO�±) anions, resulting in electrostatic repulsion between poly-
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mer chains. This is consistent with the nature of the gel-phase synthesis, in which amino groups of chitosan 
are partially substituted by carboxyethyl groups. Interestingly, the unexpectedly high swelling observed for 
samples synthesized at 50 �ƒC for 24 hours can be explained by a lower DS. This results in a larger number of 
free amino groups, which are protonated at low pH, allowing the hydrogel to swell. As pH increases, depro-
tonation of amino groups occurs, reducing repulsion between chains and leading to partial shrinking of the 
network [86, 87]. In summary, a higher degree of substitution in N-CEC synthesized at 70 �ƒC ensures a com-
bination of enhanced porosity and swelling, compared to mild synthetic conditions. 

Conclusions 

The present study demonstrates the successful synthesis of N-carboxyethylchitosan via an eco-friendly 
Michael addition protocol, with systematically varied reaction conditions ranging from 24 h to 72 h and from 
50 �ƒC to 70 �ƒC. The resulting yield was strongly dependent on both time and temperature, increasing from 
20 % at 50 �ƒ�&�����������K�����D�Q�G���W�R������ % under optimized conditions. Structural studies of biopolymer samples were 
performed using FT-IR, SEM, and elemental analysis, which revealed a direct correlation between reaction 
temperature and the degree of substitution. Notably, higher synthesis temperatures produced samples with 
improved porosity (up to 15 %) and a uniform pore size distribution of 50�±�������×�—�P�����7�K�H���V�Z�H�O�O�L�Q�J���E�H�K�D�Y�L�R�U���R�I��
N-CEC was found to be highly pH-sensitive. Under acidic conditions, swelling was limited to 100�±150 %, 
whereas under alkaline conditions it increased 2�±3-fold, reaching a maximum of 450 % for the sample syn-
thesized at 70 �ƒ�&�� �I�R�U�� ������ �K�R�X�U�V���� �7�K�L�V�� �S�K�H�Q�R�P�H�Q�R�Q�� �L�V�� �O�L�N�H�O�\�� �D�W�W�U�L�E�X�W�D�E�O�H�� �W�R�� �W�K�H�� �G�H�S�U�R�W�R�Q�D�W�L�R�Q�� �R�I���±COOH 
groups to �±COO�‡ anions, resulting in electrostatic repulsion between polymer chains. These findings high-
light the potential of controllable N-CEC synthesis to achieve tunable structural and functional properties, 
reinforcing its applicability in the design of advanced pH-responsive biomaterials. 
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Double-Loaded Liposomes Encasing Umbelliferone  
in Hydroxypropyl -��-Cyclodextrin Inclusion Complexes: Formulation,  

Characterisation and Investigation of Photoprotective Activity 

Double-loaded liposomes are a system in which a drug is incorporated in the vesicle lipid layers after aqueous 
phase inclusion complexation to form a drug-in-cyclodextrin-in phospholipid vesicles complex. Umbellifer-
one (UMB) is a naturally occurring coumarin used as a photoactive agent because of its UV light absorption 
ability. In this study, the double loading (DL) technique was used to encapsulate �³UMB in hydroxy propyl-��-
cyclodextrin (HP-��-CD)-in-liposomes (UMB-�&�'�/�3���´���� �7�K�L�V���O�H�G���W�R���W�K�H���F�U�H�D�W�L�R�Q���R�I�� �³�G�R�X�E�O�H-loaded liposomes 
encasing UMB in HP-��-CD (DL-UMB-�&�'�/�3���´�����V�S�H�F�L�I�L�F�D�O�O�\���G�H�Y�H�O�R�S�H�G���W�R���F�R�P�E�L�Q�H���W�K�H���S�R�Z�H�U���R�I���V�R�O�X�E�L�O�L�V�D��
tion of HP-��-CD with the sustained release characteristics of phospholipid vesicles to improve solubility and 
dissolution profile. HP-��-CD and UMB inclusion complexes prepared by different methods were character-
ized by FTIR spectroscopy, DSC, saturation solubility, x-ray diffractometry, and scanning electron microsco-
py. DL-UMB-CDLP was developed using a thin film/lipid hydration method and a Box-Behnken design and 
was assessed by TEM, in-vitro diffusion studies and biological evaluation. The optimized DL-UMB-CDLP 
formulation demonstrated promising results, indicating the development of a stable composition. Animals 
treated with the DL-UMB-CDLP gel and exposed to the immediate irradiation protocol proved the UMB�¶s 
ability to protect against UV-induced oxidative damage based on the amount of antioxidant enzymes estimat-
ed to be present in rat skin. 

Keywords: Umbelliferone, double-loaded liposome, inclusion complex, photoprotective activity, photoactive 
agent, irradiation protocol, drug-in-cyclodextrin, drug-in-phospholipid 

 

Introduction 

Numerous studies have been established on different plant secondary metabolites for their medicinal 
properties and general health-promoting potential using phytochemical and phytopharmacological research. 
However, their limited solubility in lipophilic solvents and hydrolytic instability at various physiological pH 
levels restrict their topical and oral absorption through the lipoidal biological membrane, which can be over-
come by their structural modifications, phospholipid complexation, as well as the use solubility and bioavail-
ability modifiers [1]. 

Cyclodextrins (CDs) are cyclic oligosaccharides derived from starch and their abridged cone shape with 
hydrophobic cavity and exterior hydrophilic surface allows them to form inclusion complexes with lipophilic 
drugs, which is a crucial factor to enhance their solubility and stability. Moreover, modified CDs, such as 
2-hydroxypropyl-�.�������J CD, enhances drug-binding abilities and solubility [2]. 

Liposomes, phospholipid vesicles, serve as a drug delivery strategy to enhance loading capacity, stabil-
ity, sustained-release pattern and encapsulation of hydrophilic and lipophilic molecules resulting in better 
bioavailability [3]. There are situations where the molecule or molecules to be trapped are incompatible with 
the vesicles formation, and the addition of lipophilic molecules to vesicle lipid bilayers can negatively affect 
the bilayer development and ultimately their stability. In therapy, increasing phospholipid levels to support 
higher drug concentrations may not be possible for obvious reasons [4, 5]. McCormack and Gregoriadis [6] 
developed a drug-in-cyclodextrin-in phospholipid vesicle system, also known as double-loading (DL) of the 
drug, by incorporating a drug into the vesicle lipid layers following aqueous phase inclusion complexation 
[6, 7]. Several reports employing DL of curcumin [2], lycopene [5], paclitaxel [8], quercetin [9], etc., in 
��-CD have confirmed their enhanced stability and bioavailability. 
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Acute and long-term inflammatory alterations such as erythema, immunosuppression, photoaging, and 
carcinogenesis are caused by exposure to ultraviolet (UV) radiation, which also damages the skin clinically 
and histologically [10�±12]. Extrinsic ageing or photoaging (a term describing skin aging caused by cumula-
tive solar UV radiation) is a complex biological process that affects the skin�¶s structural integrity and physio-
logical activity. Long-term exposure of the skin to solar UV radiation increases free radicals and reactive 
oxygen species (ROS), triggering signaling pathways and facilitating inflammatory reactions through in-
flammatory cytokines like tumor necrosis factor (TNF-�.�����D�Q�G���L�Q�W�H�U�O�H�X�N�L�Q�V�����,�/�����R�I���W�\�S�H�V���������,�/-1) and 6 (IL-6) 
�>�����Å�����@����Furthermore, oxidative stress is also caused by high levels of ROS. The redox equilibrium cannot 
be maintained in this situation due to the inadequacy of natural antioxidant defence systems such as the en-
zymes superoxide dismutase and catalase. Consequently, excess ROS are associated with the skin aging pro-
cess and have harmful effects on the body [16�±18]. 

The use of dermatological preparations with UV filters is considered the most effective cosmetic strate-
gy to counteract the negative effects of UV radiation [19, 20]. However, they are useless in providing com-
plete protection due to their failure to tackle the biochemical processes leading to UV-induced tissue damage 
[12]. Furthermore, concerns about the ecological and human safety of filters are pushing the scientific com-
munity to look for new options [21, 22]. Plant-derived anti-inflammatory and radical scavengers are proven 
as promising photoprotective agents against UVA-UVB radiation damage [23, 24]. 

Umbeliferone (UMB), 7-OH hydroxycoumarin, is a yellowish-white crystalline compound found abun-
dantly in plants, belongs to the Apiaceae family and a few other species, such as Hieracium pilosella (Aster-
aceae) and Hydrangea macrophylla (Hydrangeaceae) [25]. A hydroxyl group of UMB interact with phospha-
tidylcholine�¶s polar choline group to form a UMB-phospholipid complex. Since UMB offers the necessary 
qualities, the current study formulates it as a UMB-in-cyclodextrin-in phospholipid complex (UMB-CDLP) 
to enhance its solubility, permeability, antioxidant activity, and decisive photoprotective action. The main 
goal was to protect UMB from oxidation, heat and light. It has been suggested that this complex formation 
stabilizes the trapped molecule against various chemical attacks [6, 7]. The aim of this study was to create a 
UMB-in-CD-in-phospholipid vesicles that would combine the sustained-release pattern of phospholipid ves-
icles with the solubilizing �D�E�L�O�L�W�\���R�I����-CD. Further, the study extends toward incorporating DL-UMB-CDLP 
into a semi-solid vehicle to design a final gel formulation for topical application. 

Experimental 

Materials 
UMB was purchased fromTokyo Chemical Industry (TCI), and its purity was >98 %. A gratis sample of 

Phospholipon@90H (PL90H) was acquired from Lipoid Germany. The cholesterol used was of analytical 
grade and was supplied by Molychem, Mumbai. The ethanol used was of laboratory grade. The other rea-
gents and chemicals were all analytical grade. The assay kits for antioxidant marker enzyme estimation were 
purchased from Elabscience USA. 

Methodology 

Preparation of UMB-��-CD Molecular Inclusion Complexes 
Four different methods were used to prepare the UMB-��-CD molecular inclusion complex. 
Physical Mixture Method 
The necessary molar ratios (1:1, 1:2, and 1:3) of hydroxy propyl-��-cyclodextrin (HP-��-CD) and drug 

UMB were weighed and combined separately in a mortar by trituration for 5 min. After passing through a 
#40 sieve, the mixtures were kept in an airtight container until they were needed again [26]. 

Kneading Method 
Precisely weighed molar amounts of each HP-��-CD were mixed with a moistening agent consisting of 

distilled water and ethanol (1:1). Molar amounts of the drug were added with continuous grinding. The con-
sistency of the pastes was maintained during the 1 hour grinding process using the required amount of mois-
tening agent. Finally, these pastes were dried for 24 hours at 55 �ƒ�&���L�Q���D���K�R�W���D�L�U���R�Y�H�Q�����$�I�W�H�U���S�D�V�V�L�Q�J���W�K�H���G�U�L�H�G��
pastes through sieve #40, the leftover mass was gathered and kept in airtight containers until needed 
again [27, 28]. 
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Solvent Evaporation Method 
Distilled water was used in this method to dissolve the drug and HP-��-CD. The resultant mixture was 

vacuum evaporated at 55 �ƒ�&�� �V�W�L�U�U�L�Q�J�� �I�R�U�� ������ �K�R�X�U�V�� �W�R���R�E�W�D�L�Q���D�� �S�X�U�H�� �V�R�O�X�W�L�R�Q���� �$�I�W�H�U�� �E�H�L�Q�J�� �G�U�L�H�G���� �W�K�H���P�D�W�H�U�L�D�O��
was pulverised to a powder and run through a sieve #40 [26]. 

Co-Evaporation Method 
To obtain a solid powdered inclusion complex, this technique involves separately dissolving the drug 

and HP-��-CD in two mutually miscible solvents, such as ethanol and water, respectively, mixing the two 
solutions to create a molecular dispersion of the drug and complexing agents, and then vacuum evaporating 
the solvent. After stirring the mixture for an entire day, it was vacuum evaporated at 55 �ƒ�&�� After being pul-
verised, the dried mass was run through a sieve #40 [2, 27, 28]. 

Optimization of UMB-��-CD Molecular Inclusion Complex 
The percent yield was determined to find the best inclusion complex method and was estimated using 

the following formula: 

 . 

Drug content was estimated with the help of the reported methods using UV spectrophotometer at 
345.5 nm. The detailed procedures are presented in the Supplementary Materials file [29]. 

Dissolution Studies 
Each inclusion complex sample equivalent to 10 mg of UMB was subjected to a dissolution test using 

Dissolution Test Apparatus USP (Type�±II). A comparable dissolution test was performed using 10 mg of 
pure UMB as a control. The dissolution medium had a volume of 500 mL and consisted of PBS 7.4. The ap-
paratus was operated after adding an inclusion complex equivalent to 10 mg of UMB to the dissolution me-
�G�L�X�P�����3�%�6���������������7�K�H���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���K�H�O�G���D�W���������“�������� �ƒ�&���Z�K�L�O�H���W�K�H���V�W�L�U�U�L�Q�J���V�S�H�H�G���Z�D�V���V�H�W���D�W���������U�S�P����5 mL 
aliquots from the dissolution medium were removed �X�V�L�Q�J���D�������������—�P���P�H�P�E�U�D�Q�H���I�L�O�W�H�U�����8�V�W�D�U���/�%�����8�6�$�����D�W��������
3, 5, 7, 10, 12, 15, 20, 25, 30, 45, and 60 min. An equal volume of the freshly prepared dissolution medium 
was then added. Spectrophotometric measurements using a UV-visible spectrophotometer (Shimadzu, 
UV-2700) of UMB concentrations at 324.5 nm were performed using the standard curve�¶s regression equa-
tion generated in the same medium. Three duplicates of each experiment were performed and the mean value 
was determined [28]. 

Characterisation of Optimized UMB-��-CD Molecular Inclusion Complex 
�7�K�H���S�K�\�V�L�F�R�F�K�H�P�L�F�D�O���F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q���>�������������������Å�����@���R�I���Whe plain drug, PL90H, cholesterol, HP-��-CD, 

physical mixture (PM) and inclusion complex was carried out using various techniques such as FT-IR anal-
yses (FTIR spectrophotometer IR Affinity-1S, Shimadzu), saturation solubility analysis, Differential Scan-
ning Calorimetry (DSC) analysis (TA Instruments, Q20, USA), X-ray diffraction (XRD) analysis (D2 Phas-
er, Bruker AXS, USA), Scanning electron microscopy (SEM) (JEOL Mode Japan JSM 639OLV) at Univer-
sity Science Instrumentation Center (USIC), Goa University, Goa. The detailed procedures for all the anal-
yses are given in the Supplementary Materials file. 

Formulation Development of DL-UMB-CDLP- QbD Approach 
DL-UMB-CDLP was prepared using film/lipid hydration methodology and the quality-by-

design (QbD) approach. The required lipids (PL90H : cholesterol) were taken in different molar ratios (5:5, 
7:3, 9:1) along with C5 complex (Table S3) equivalent to 100 mg of UMB and dissolved in ethanol. The ob-
tained organic solvent was slowly removed using a rotary evaporator at 37 �ƒ�&���“���� �ƒ�&�����7�K�H���O�L�S�L�G���I�L�O�P���G�H�S�R�V�L�W��
�H�G���R�Q���W�K�H���I�O�D�V�N�¶�V���L�Q�Q�H�U���Z�D�O�O�V���Z�D�V���K�\�G�U�D�W�H�G���E�\���D�G�G�L�Q�J���������P�/���R�I���3�%�6�����S�+���������������7�K�H���R�E�W�D�L�Q�H�G���O�L�S�R�V�R�P�H���V�X�V�S�H�Q��
sion was subjected to stirring on a magnetic stirrer for 3 hours at the required RPM (600, 800, 1000 rpm) and 
then probe was sonicated for 10s on and 5s off pulse for 5 min at 40 % amplitude. Subsequently, centrifuga-
tion (15000 rpm, 4 �ƒ�&�����D�Q�G���������P�L�Q�����Z�D�V���S�H�U�I�R�U�P�H�G���W�R���V�H�S�D�U�D�W�H���W�K�H���S�H�O�O�H�W���I�U�R�P���W�K�H���V�X�V�S�H�Q�V�L�R�Q�����7�K�H���O�L�S�R�V�R�P�D�O��
suspension was stored in glass vials [5]. 
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T a b l e  1 

Coded level and Real values for each factor under study for DL-UMB-CDLP formulations 

Variables 
Level 

�±1 0 +1 
Independent Real Values 
PL90H : Cholesterol (X1) 5:5 7:3 9:1 
Lipid : Drug (X2) 1:1 2:1 3:1 
Stirring Speed (X3) 600 800 1000 
Dependent: Entrapment Efficiency and Particle Size 

 
StatEase Inc's Design Expert software (version 10) was used for the design experiments. Three factors 

and three levels of Box-Behnken design were used to carry out the optimization. This study employed a 33 
randomised full factorial design employing PL90H : Cholesterol ratio (X1), Lipid : Drug ratio (X2), and stir-
ring speed (X3) to determine the effect of those three independent factors on entrapment efficiency and parti-
cle size (Table 1). Three levels, numbered +1, 0, and �±1, were used to test each component. F-statistics were 
utilised to assess the response [34]. Variables in the model were deemed significant if their p-values were 
higher than 0.05. The association between the responses and independent variables was ascertained utilising 
two-dimensional contour plots [5]. 

Evaluation of the DL-UMB-CDLP 

Entrapment Analysis 
An indirect method of entrapment analysis was carried out to calculate the entrapment efficiency of a 

drug. The entrapment efficiency was determined after centrifugation of DL-UMB-CDLP suspension at 
15000 rpm, at 4 �ƒ�&�� �I�R�U���������P�L�Q���� �$���V�R�O�Y�H�Q�W���L�Q���Z�K�L�F�K���W�K�H�� �G�U�X�J���L�V���K�L�J�K�O�\�� �V�R�O�X�E�O�H�����E�X�W���W�K�H���F�R�P�S�O�H�[���L�V�� �Q�R�W���� �Z�D�V��
used to separate the unentrapped drug fraction. The free drug was estimated by UV analysis. Based on the 
absorbance range, the formulation batches were dispersed in 10 mL of ethanol; further dilutions were made 
in PBS 7.4. The UV absorbance was determined at 324.5 nm for DL-UMB-CDLP [25, 35]. The formula giv-
en below was used to assess entrapment efficiency: 

 . 

Particle Size and Zeta Potential Analysis 
The prepared liposomal complex�¶s particle size was determined using photon correlation spectroscopy 

�Z�L�W�K���G�\�Q�D�P�L�F���O�L�J�K�W���V�F�D�W�W�H�U�L�Q�J���R�Q���D���=�H�W�D�V�L�]�H�U�Š���Q�D�Q�R�����0�D�O�Y�H�U�Q�����=�6�8�������������I�L�W�W�H�G���Z�L�W�K���D�������P�:���+�H�O�L�X�P-Neon 
laser with an output wavelength of 633 nm. Measurements were made with a runtime of at least 40 to 80 s, at 
�D�� �����ƒ�� �D�Q�J�O�H���� �D�Q�G�� �D�W������ �ƒ�&�� Smoluchowski�¶s equation was used to determine the zeta potential based on the 
electrophoretic mobility of liposomes [36]. 

Differential Scanning Calorimetry (DSC) Analysis 
One of the most well-known calorimetric techniques for studying solid-phase interactions of drugs with 

polymers is DSC. The optimized formulation and pure drug samples were heated in aluminum pans with flat 
bottoms between 70 �ƒ�&���D�Q�G�������� �ƒ�&���D�W���D���F�R�Q�V�W�D�Q�W���U�D�W�H���R�I������ �ƒ�&���S�H�U���P�L�Q�X�W�H���E�\���H�P�S�O�R�\�L�Q�J���D�O�X�P�L�Q�D���D�V���D���U�H�I�H�U��
ence standard in a differential scanning calorimeter [28]. 

Photomicroscopy 
A droplet was covered with a cover slip and set on a slide after the formed complex was suspended in 

distilled water. The photomicrographs were obtained using a microscope (Model: DM 2500, Leica Microsys-
tems, Germany) under 20X magnification. The study was conducted using an optical microscope equipped 
with a camera [37]. 

Transmission Electron Microscopy (TEM) 
A TECNAI 12 G2 TEM was used for the TEM analysis, a versatile 120 kV TEM suitable for all sam-

�S�O�H�V�����6�X�U�I�D�F�H���P�R�U�S�K�R�O�R�J�\���Z�D�V���G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���7�(�0���� �$���G�L�O�X�W�L�R�Q���R�I���������—�/���R�I���W�K�H���V�D�P�S�O�H���L�Q�������P�/���G�L�V�W�L�O�O�H�G��
�Z�D�W�H�U���Z�D�V���P�D�G�H�����D�Q�G�������—�/���R�I���W�K�H���V�D�P�S�O�H���Z�D�V���F�R�D�W�H�G���R�Q���D���F�R�S�S�H�U-carbon grid and dried under an IR lamp for 
5 min. Negative staining was performed with phosphotungstic acid, dried and analysed under TEM [37, 38]. 
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In Vitro Drug Release Study 
The in vitro drug release was carried out using the dialysis bag technique. To eliminate preservatives, 

distilled water was used to soak the dialysis membrane at room temperature, rinsed with distilled water once 
more, and then soaked in phosphate buffer saline (PBS) of pH 7.4. A dialysis bag (dialysis membrane-110, 
molecular weight cut off 12000) was filled with 1 mL of DL-UMB-CDLP suspension, equivalent to 10 mg 
of the drug. The bag was then hermetically sealed and submerged in 50 mL of PBS (pH 7.4) and ethanol in a 
4:1 ratio. Using a magnetic stirrer, the medium was continuously stirred at 150 rpm while maintaining a tem-
�S�H�U�D�W�X�U�H���R�I���������“�������� �ƒ�&���D�Q�G���U�H�S�O�D�F�L�Q�J���D�������P�/���V�D�P�S�O�H���D�W���V�S�H�F�L�I�L�H�G���L�Q�W�H�U�Y�D�O�V���W�R���P�D�L�Q�W�D�L�Q���W�K�H���V�L�Q�N���F�R�Q�G�L�W�L�R�Q�����8�9��
spectrophotometric analysis using a UV-visible spectrophotometer (Shimadzu, UV-2700) at 324.5 nm meas-
ured the released drug. Lastly, Zero order, First order, Higuchi�¶s equation, and Peppas-Korsmeyer four mod-
els were employed to evaluate the kinetics of the drug release [5]. 

Preparation of DL-UMB-CDLP Liposomal Gel 
Four batches of the gel formulations were prepared by varying the concentration of Carbopol 934 from 

1.0 %, 1.5 %, 2.0 % and 2.5 % for batch B1, B2, B3 and B4, respectively. Distilled water was used to soak 
the proper amount of Carbopol 934 for the entire night. In a beaker, 10 mL of distilled water was utilised to 
dissolve methyl and propylparaben (0.1 % and 0.01 %, respectively), and Carbopol 934P was added while 
being constantly stirred. The optimized formulation of DL-UMB-CDLP (1.0 %) was introduced into the 
mixture. Polyethylene glycol (PEG) 400 (2.5 %) was later added to the dispersion and mixed with triethano-
lamine to form a gel. Glass ointment bottles were used to hold the prepared gel, which was then kept at room 
temperature (Table S1 in the Supplementary Materials file) [37]. 

Evaluation of Gel 

pH, Visual Inspection, Homogeneity and Grittiness 
The pH of each gel was measured using a pH meter. The results were recorded after two minutes of 

dipping the electrode in a gel at 27 �ƒ�&��[39]. Visual assessments were conducted on all prepared gel batches 
to assess their organoleptic qualities, such as color, texture, consistency, and physical appearance [40]. Every 
gel formulation was tested by rubbing a tiny amount of the gel on the back of the hand and pressing it be-
tween the thumb and index finger [41]. Every batch of prepared gel was examined under a microscope to 
check for the presence of particles [42]. 

In Vitro Diffusion Study of Gel 
The Franz-diffusion cells were used in the in vitro release investigation. The dialysis membrane was 

immersed in phosphate buffer (pH:6.8) for the entire night. 1g of gel was applied to the donor compartment, 
and 50 mL of phosphate buffer pH 6.8 was added to the receptor compartment. To maintain homogeneity, 
the mixture was constantly stirred �D�W�����������U�S�P���X�V�L�Q�J���D���P�D�J�Q�H�W�L�F���V�W�L�U�U�H�U���D�W���������“�������� �ƒ�&���D�Q�G���U�H�S�O�H�Q�L�V�K�H�G���Z�L�W�K���D��
5 mL sample with an equal amount of freshly prepared buffer to maintain the sink condition, followed by 
spectrophotometric analysis at 324.5 nm [37]. 

Stability Studies 
Stability assessments in this study were conducted at 4 �ƒ�& �“�� �ƒ�& / 45 %RH, room temperature  

(25 �ƒ�& �“���� �ƒ�& /65 %RH), and 40 �ƒ�& �“���� �ƒ�& /75 %RH for a specified duration ranging from 0 days to 30 days 
to 90 days for the optimized formulations. The liposomal suspension was stored in 20 mL sealed vials. Peri-
odically, samples were taken out and examined for zeta potential, polydispersity index (PDI), and particle 
size. Analysis was done on the optimized DL-UMB-CDLP gel formulation�¶s pH, drug content, drug release, 
and viscosity. ANOVA was used for statistical analysis and validation of this data [43]. 

Biological Evaluation 

Animals 
To evaluate the UV-protective properties of the double-loaded liposomal formulation as a gel, healthy 

Wistar rats weighing 150�±200 g, both male and female, were acquired from the central animal house and 
housed under standard conditions (20�±25 �ƒ�&�� �������±65 % RH). During the seven days before the experiment, 
the rats were acclimated to their new surroundings in plastic cages with readily accessible water ad libitum 
and rat feed. They were also kept at the proper humidity and temperature. All the experiments were conduct-
�H�G�� �S�H�U�� �W�K�H�� �,�Q�V�W�L�W�X�W�L�R�Q�D�O�� �$�Q�L�P�D�O�� �(�W�K�L�F�D�O�� �&�R�P�P�L�W�W�H�H�¶�V�� �V�W�D�Q�G�D�U�G�� �J�X�L�G�H�O�L�Q�H�V�� ���$�S�S�U�R�Y�D�O�� �Q�R����
GCP/IAEC/2023/12) [25, 39]. 
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Ex Vivo Skin Permeation 
The rat skin was prepared for ex vivo permeation studies using a Franz diffusion cell (Perme Gear 

Standard Jacketed Franz cell USA) as per the reported method [25]. The rat skin was placed on the Franz 
diffusion cell in the proper orientation, with the dermal side confronting the receptor compartment filled with 
buffer and the stratum corneum side towards the donor compartment. Using a magnetic stirrer, the cell was 
�F�R�Q�W�L�Q�X�R�X�V�O�\���V�W�L�U�U�H�G���D�W���������“�������� �ƒ�&����Following that, 1 mL of the optimized DL-UMB-CDLP gel preparation 
and the standard UMB gel (0.1 %) that had been prepared in a similar way were applied evenly to the skin in 
the donor compartment. After specified intervals, 1 mL sample was withdrawn from the receptor compart-
ment by maintaining the sink condition and analysed spectrophotometrically at 324.5 nm. A comparison was 
made between the double-loaded liposomal gel�¶s skin penetration and the plain gel [25, 30]. 

Primary Skin Irritation Studies 
Wistar albino rats (n = 6) were used in the skin irritation investigation of the prepared formulation. A 

4 cm2 area was marked after each rat�¶s back hairs were clipped off with a trimmer. Rats (n = 6) were allocat-
ed at random to one of three categories: Group I: Control (received no drug in gel base), Group II: received 
UMB treatment in gel base and Group III: treated with optimized DL-UMB-CDLP loaded gel. The control 
and gel formulations were used for seven days in a row. Before administering each dose, the rat skin was 
cleansed, and for seven days, it was observed for any reactions, including erythema and edema [39, 44, 45]. 

Assessment of the Photoprotective Capacity of the Optimized DL-UMB-CDLP Gel Against UV Expo-
sure 

The UV lamp (Philips, India; TL 128 W, 315�±400 nm; peak radiation at 370 nm) was used. A trimmer 
shaved a defined region on the rat�¶�V���G�R�U�V�D�O���V�X�U�I�D�F�H�������î�����F�P2). To find and eliminate rats exhibiting aberrant 
hair growth or a reaction to depilation, the rats were monitored for 48 h. Rats in this study were exposed to 
UVA for 20 min (610 mJ/cm2; 4.42 times MED). 

The experimental rats were divided into six groups (G1�±G6). The rats�¶ marked shaved area was covered 
with a thin, even layer of gel formulation. Animals in the control (G1) and UVA-irradiated (G2) groups re-
ceived a placebo gel formulation. The UMB1 (G3) and UMB2 (G4) groups were given a standard UMB gel 
that contained 0.1 % medication. DL-UMB-CDLP gel, which includes a liposomal formulation equal to 
0.1 % drug, was applied to the DL-UMB-CDLP1 (G5) and DL-UMB-CDLP2 (G6) groups. After topical ap-
plication, the UVA-irradiated, UMB1 and DL-UMB-CDLP1 groups were immediately exposed to UV radia-
tion for seven consecutive days. Following a 4 hours topical treatment, the G4 and G6 groups were subjected 
to UV light for 7 days (Table S2 of the Supplementary Materials file). All the rats were sacrificed using the 
�F�H�U�Y�L�F�D�O���G�L�V�O�R�F�D�W�L�R�Q���P�H�W�K�R�G���R�Q���W�K�H���H�L�J�K�W�K���G�D�\�����7�K�H���V�N�L�Q�¶�V���8�9-exposed area was quickly removed in ice-cold 
saline, followed by homogenate preparation at 0.1 M PBS (pH 7.4) [25]. 

Estimation of Antioxidant Marker Enzymes in Cutaneous Tissue 
The rat skin (2�î3 cm2) was cleaned in ice cold saline and sliced into small pieces, followed by immedi-

ate homogenisation. Further, a 10 % w/v skin tissue homogenate supernatant was obtained by centrifugation 
and assayed using kits of Elabscience US per reported methods for the estimation of the antioxidant marker 
enzymes reduced glutathione (GSH), superoxide dismutase (SOD), thiobarbituric acid reactants (TBARS), 
lipid peroxidation (LPO) and catalase (CAT) [24, 25]. 

Statistical Analysis 
�(�[�F�H�S�W���I�R�U���W�K�H���H�V�W�L�P�D�W�L�R�Q���R�I���D�Q�W�L�R�[�L�G�D�Q�W���H�Q�]�\�P�H���O�H�Y�H�O�V���L�Q���U�D�W���V�N�L�Q�����Z�K�L�F�K���Z�D�V���G�R�Q�H���X�V�L�Q�J���P�H�D�Q���“���V�W�D�Q�G��

�D�U�G���H�U�U�R�U���R�I���P�H�D�Q�V�����6�(�0�������D�O�O���G�D�W�D���Z�H�U�H���S�U�H�V�H�Q�W�H�G���D�V���P�H�D�Q���“���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�����6�'�������*�U�D�S�K�3�D�G���3�U�L�V�P���V�R�I�W��
ware was used to conduct the statistical analysis, using a one-way analysis of variance (ANOVA) and Dun-
nett�¶s post hoc test. The mean differences were deemed significant when the p-value was less than 0.05. 

Skin Histopathology 
After being fixed in 10 % buffered formalin, skin specimens were processed and paraffin-embedded. 

�$�G�G�L�W�L�R�Q�D�O�� �S�D�U�D�I�I�L�Q�� �V�H�F�W�L�R�Q�V�� ������ ���P���� �Z�H�U�H�� �W�D�N�H�Q�� �D�Q�G�� �D�Q�D�O�\�V�H�G�� �X�Q�G�H�U�� �D�� �P�L�F�U�R�V�F�R�S�H�� �D�I�W�H�U�� �E�H�L�Q�J�� �V�W�D�L�Q�H�G�� �Z�L�W�K��
hematoxylin and eosin to check for skin tissue disfigurement during the experiment [46]. 

Results and Discussion 

Percent Yield 
The percent yield of an inclusion complex is a useful metric for evaluating the efficiency of the prepara-

tion method and the strength of the host-guest interaction. Table S3 of the Supplementary Materials file dis-
�S�O�D�\�V���W�K�H���I�L�Q�G�L�Q�J�V���R�I���W�K�H���S�H�U�F�H�Q�W���S�U�D�F�W�L�F�D�O���\�L�H�O�G���V�W�X�G�L�H�V�����,�W���Z�D�V���I�R�X�Q�G���W�K�D�W���W�K�H���S�U�H�S�D�U�H�G���L�Q�F�O�X�V�L�R�Q���F�R�P�S�O�H�[�¶�V��
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practical yield ranged between 86.67 �“�������� and 95.65 �“�������� %. In C5, a higher yield for the UMB inclusion 
complex was demonstrated using the kneading method in a 1:2 ratio. The technique used to prepare molecu-
lar inclusion complexes is reproducible, as evidenced by low coefficient of variance (CV) values (<1.0 %) in 
the percentage yield [47]. 

Assay or Drug Content Estimation 
Determining the amount of drug present in an inclusion complex through assay or drug content estima-

tion is essential for comprehending its characteristics and uses. This is significant because the inclusion 
complex might exhibit different properties, like enhanced solubility or bioavailability, than the pure drug. All 
12 formulations�¶ actual drug contents are displayed in Table S3 of the Supplementary Materials file. It was 
discovered that the drug content of the prepared inclusion complex ranged from 77.37�“���������� �W�R 
98.34�“�������� %, demonstrating the use of current techniques to prepare inclusion complexes with high content 
uniformity. In C5, the highest percentage of drug content was discovered to be 98.34�“�������� %. 

In Vitro Dissolution Studies 
When a drug forms a complex with another molecule, such as cyclodextrin, in vitro dissolution studies 

of inclusion complexes measure how quickly the drug dissolves compared to the drug itself. These investiga-
�W�L�R�Q�V���D�L�G���W�R���G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���F�R�P�S�O�H�[�D�W�L�R�Q���V�S�H�H�G�V���X�S���W�K�H���G�U�X�J�¶�V���U�D�W�H���R�I���G�L�V�V�R�O�X�W�L�R�Q�����Z�K�L�F�K���L�V���F�U�L�W�L�F�D�O���W�R���L�W�V��
efficacy and absorption. Inclusion complexes were prepared successfully, and the perfect combination for 
increasing the drug dissolution characteristics of the drug in comparison with its pure form was determined. 
Compared to pure drug, inclusion-complex drug release was faster. After 7 min, the cumulative percentage 
of drug released for C5 was 98.9 �“�������� %, whereas the cumulative percentage for pure drug UMB was 22.10 
�“������ %. The dissolution rate of UMB from all inclusion complexes (apart from C7 and C10) was significant-
ly higher than that of pure UMB, according to the in vitro release study in Table S4 of the Supplementary 
Materials file. 

According to the in vitro drug release profile, formulation C5, which contains HP-��-CD (1:2 ratio), ex-
hibited a higher dissolution rate than the other formulations. 

Characterisation of Optimized UMB Inclusion Complex 

Saturation Solubility Studies 
The solubility of optimized inclusion complex (C5) in PBS 7.4 was 33.04 mg/mL, which was approxi-

mately 6.5 times higher than pure drug UMB (5.09 mg/mL). UMB entrapment in the HP-��-CD cavity is one 
aspect of the host-guest interaction that may be responsible for the drug�¶s increased solubility. 

Fourier Transform Infrared Analysis (FT-IR) 
IR studies are indicative of any interaction between ligand and guest molecules. FT-IR spectrum of op-

timized inclusion complex C5 showed major peaks at 3315 cm�±1 (O-H stretch) and 2922.60 cm�±1 (C�±H 
stretch) in which the hydroxyl group showed a broad peak along with the absence of the C=O group, indicat-
ing the formation of strong bonds between -OH group of HP-�Ú-CD and drug in complex (Figure 1A). 

DSC Analysis 
It is an effective method for describing inclusion complexes, providing information on their properties 

and formation. The formation of a complex and the efficiency of the interaction between the host and guest 
�P�R�O�H�F�X�O�H�V���F�D�Q���E�H���D�V�F�H�U�W�D�L�Q�H�G���E�\���H�[�D�P�L�Q�L�Q�J���W�K�H���F�R�P�S�O�H�[�¶�V���W�K�H�U�P�D�O���W�U�D�Q�V�L�W�L�R�Q�V�����:�K�H�Q���W�K�H���'�6�&���W�K�H�U�P�R�J�U�D�P���R�I��
UMB is compared with that of the UMB inclusion complex (Figure 1B, 1C), it was observed that the 
thermogram of UMB inclusion complex showed a wide peak showing an endothermic peak at 82.68 �ƒ�&���D�Q�G��
the endothermic peak at 123.13 �ƒ�&���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���8�0�%���Z�D�V���Q�R�W���Y�L�V�L�E�O�H���L�Q�G�L�F�D�W�L�Q�J���F�R�P�S�O�H�W�H���H�Q�F�D�S�V�X�O�D�W�L�R�Q��
of drug in HP-�Ú-CD. 

XRD Analysis 
Understanding the structure and formation of an inclusion complex can be gained through XRD 

analysis. To ascertain the type of inclusion and validate the complex formation, researchers can compare the 
�F�R�P�S�O�H�[�¶�V���G�L�I�I�U�D�F�W�L�R�Q���S�D�W�W�H�U�Q�V���W�R���W�K�R�V�H���R�I���W�K�H���L�Q�G�L�Y�L�G�X�D�O���K�R�V�W���D�Q�G���J�X�H�V�W���P�R�O�H�F�X�O�H�V�����7�K�H���;�5�'���S�D�W�W�H�U�Q�V���R�I���S�X�U�H��
UMB and the C5 are represented in Figures 1D and 1E. The XRD spectra of UMB showed strong reflections 
�D�W�� �D�U�R�X�Q�G�� ���������ƒ���� �����������ƒ���� �D�Q�G�� �����ƒ���� �L�Q�G�L�F�D�W�L�Q�J�� �L�W�V�� �F�U�\�V�W�D�O�O�L�Q�H�� �Q�D�W�X�U�H���� �+�R�Z�H�Y�H�U���� �W�K�H�� �S�H�D�N�� �L�Q�W�H�Q�V�L�W�L�H�V�� �Zere 
somewhat diminished in the XRD spectrum of C5. The peak position (angle of diffraction) and the absence 
�R�I�� �V�H�S�D�U�D�W�H���� �G�L�V�W�L�Q�F�W�� �S�H�D�N�V�� �L�Q�G�L�F�D�W�H�� �W�K�H�� �F�R�P�S�O�H�[�¶�V�� �D�P�R�U�S�K�R�X�V�� �Q�D�W�X�U�H���� �$�� �G�L�I�I�U�D�F�W�R�J�U�D�P�� �R�I�� �W�K�H�� �F�R�P�S�O�H�[��
revealed the disappearance of most of the sharp peaks of the drug (crystalline nature), confirming complex 
formation with a greater amorphous nature of the inclusion complex than the free molecules [25]. 



Double-Loaded Liposomes Encasing Umbelliferone �«  

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 41 

 

Figure 1. (A) FT-IR Spectra overlay of UMB, optimized batch of DL-UMB-CDLP and C5;  
(B) DSC thermograph of optimized DL-UMB-CDLP; (C) DSC thermograph overlay of UMB, C5, PL90H,  

Cholesterol and optimized DL-UMB-CDLP. (D, E) XRD diffractogram of UMB and C5 

 

 

Figure 2. (A, B�����6�(�0���L�P�D�J�H�V���R�I���8�0�%���D�W�������������î���D�Q�G�����������î������C, D) SEM images of C5 �D�W�������������î���D�Q�G�����������î���� 
(E) Microscopic image of the optimized DL-UMB-CDLP. (F, G, H) TEM images of optimized DL-UMB-CDLP 



Verekar, R.R., Shaikh, Sh.B.M. et al.  

42 Eurasian Journal of Chemistry. 2025. Vol. 30, No. 2(118) 

SEM 
This method is applied to the analysis of the surface morphology of inclusion complexes. Observing 

changes in the particle morphology relative to the individual components makes it possible to ascertain 
whether the inclusion complex has been successfully formed. The SEM images of the pure drug UMB and 
C5 �D�W�������������î���D�Q�G�����������î���P�D�J�Q�L�I�L�F�D�W�L�R�Q���D�U�H���G�H�S�L�F�W�H�G���L�Q���)�L�J�X�U�H�����$�±2D. UMB particles were observed to be 
crystalline individual particles, whereas the C5 �F�R�P�S�O�H�[�¶�V�� �L�U�U�H�J�X�O�D�U�� �V�K�D�S�H�� �D�Q�G�� �U�R�X�J�K�� �V�X�U�I�D�F�H�� �P�R�U�S�K�R�O�R�J�\��
indicated complete conversion into a complex. The drug particles remained dispersed and physically ad-
sorbed on the surface of HP-��-CD and showed homogeneity, signifying the inclusion of complex for-
mation [32]. 

Formulation Development of DL-UMB-CDLP 
The results shown in Table S5 of the Supplementary Materials file were obtained for the formulation 

development batch for 15 formulations of DL-UMB-CDLP. The batches prepared showed that factors such 
as PL90H : cholesterol ratio, Lipid : drug ratio and stirring speed significantly affected the formulated dou-
ble-loaded liposomes�¶ entrapment efficiency. 

Use of Design of Experiments (DoE) for Process Optimisation 
DoE is a structured and organised way to determine the relationship among various factors that effect 

the output of a process. A 33 factorial design was used to understand the effect of three independent varia-
bles: PL90H: cholesterol Ratio (A), Lipid: drug ratio (B), and stirring speed (C). Table S5 of the Supplemen-
tary Materials file lists the specifics of the 15 batches that were completed in triplicate. It was found that the 
vesicles�¶ entrapment efficiency elevated as the PL90H: cholesterol ratio shifted from 5:5 to 7:3, and as the 
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���F�K�R�O�H�V�W�H�U�R�O���L�Q�F�U�H�D�V�H�G�����W�K�H���Y�H�V�L�F�O�H�V�¶���S�D�U�W�L�F�O�H���V�L�]�H���U�H�G�X�F�H�G�� Batches with the greatest PL90H: 
cholesterol ratio had greater entrapment efficiencies, whereas higher cholesterol levels caused lower entrap-
ment. This may be because cholesterol in the lipid bilayer has displaced UMB [48]. 

Factorial Design for Entrapment Efficiency 
The results show that the p-values of the model for entrapment efficiency were less than 0.001, indicat-

ing its significance. In this case, A, B, and C represented the formulation�¶s constituent parts, and the equation 
showed how each of them quantitatively affected the variables. The following equation was obtained: 
 %EE = 98.90 �± 0.7400A �± 0.3975B �± 0.2025C �± 0.5375AB �±  
 �± 1.99AC �± 0.3025BC �± 1.91A2 + 0.6511B2 �± 2.75C2 

 

Figure 3. (A) The response surface plot and contour plots based on all the responses for DL-UMB-CDLP.  
(B, C) Contour plots based on the entrapment efficiency and particle size for DL-UMB-CDLP.  

(D, E) Particle size and zeta potential analysis of the optimized batch 
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According to the equation above, the PL90H: cholesterol concentration (A) had a positive coefficient, 
meaning it had a beneficial effect on the entrapment efficiency, whereas the concentration of cholesterol (B) 
had a negative coefficient, meaning it had a negative effect. P values of 0.05 indicate high significance of the 
regression coefficients. The contour plots shown in Figures 3A�±3C schematically illustrates the response 
values. By altering the concentrations of the PL90H and cholesterol, these plots can be used to predict the 
system�¶s entrapment efficiency. 

Factorial Design for Particle Size 
The �U�H�V�X�O�W�V���V�K�R�Z���W�K�D�W���W�K�H���P�R�G�H�O�¶�V���S-value for particle size was 0.00004, indicating its significance. 
Optimization 
The formulation was optimized using the desirability function, taking into account PS at the minimum 

constraint and EE% at the maximum constraint. Numerical optimization predicted an optimal formulation 
with a lipid to drug ratio of 1.514:1, a PL90H to cholesterol ratio of 6.506:3.494, and a stirring speed of 
813.8 rpm (coded values). �7�K�H���D�Q�W�L�F�L�S�D�W�H�G���U�H�V�X�O�W�V�� �Z�H�U�H�� �D�� �S�D�U�W�L�F�O�H�� �V�L�]�H�����3�6���� �R�I�� ���������������“���������� �Q�P�� �D�Q�G���D�Q���H�Q��
trapment efficiency (EE) of 99.19 �����“�������������Z�L�W�K���D���F�R�U�U�H�V�S�R�Q�G�L�Q�J���G�H�V�L�U�D�E�L�O�L�W�\���R�I�����������������7�K�H���L�P�S�U�R�Y�H�G���I�R�U�P�X��
�O�D�W�L�R�Q���Z�D�V���F�U�H�D�W�H�G���H�P�S�L�U�L�F�D�O�O�\���W�R���Y�D�O�L�G�D�W�H���W�K�H���P�R�G�H�O�����7�K�H���P�H�D�V�X�U�H�G���3�6���D�Q�G���(�(���Y�D�O�X�H�V���Z�H�U�H�����������������“�����������Q�P��
�D�Q�G���������������“�������� %, respectively. The percentage bias for PS and EE was determined to be 2.49 % for PS and 
0.51 % for EE. These results confirm that the experimental values closely match the predicted outcomes with 
minimal bias, indicating the adequacy and reliability of the optimization model. 

The optimized batch was DL-UMB-CDLP with a entrapment efficiency of 98.75 �����“���������� %, indicating 
successful entrapment �R�I���8�0�%���L�Q�W�R���Y�H�V�L�F�O�H�V���D�Q�G���D���S�D�U�W�L�F�O�H���V�L�]�H���R�I�����������������“�������������Q�P�� 

Evaluation of the optimized DL-UMB-CDLP Formulation 

Zeta Potential Analysis 
Zeta potential is another crucial metric frequently used to evaluate the liposomes�¶ stability. The speci-

ficity and particle size distribution proved that the preparation method offers good homogeneity to double-
loaded nanoparticles, and PL90H concentration plays a crucial role in the stability of formulations. The zeta 
potential of optimized batch was found to be �±�����������“�����������P�9�����7�K�X�V�����W�K�H���O�L�S�R�V�R�P�D�O���I�R�U�P�X�O�D�W�L�R�Q���L�V���F�R�Q�V�L�G�H�U�H�G��
�V�W�D�E�O�H�����I�X�U�W�K�H�U���U�H�V�W�U�D�L�Q�L�Q�J���W�K�H���F�K�D�U�J�H�G���S�D�U�W�L�F�O�H�V�¶���D�J�J�U�H�J�D�W�L�R�Q�����7�K�H���S�D�U�W�L�F�O�H���V�L�]�H���D�Q�G���]�H�W�D���S�R�W�H�Q�W�L�D�O���D�Q�D�O�\�V�L�V���U�H��
sults of the optimized formulations of DL-UMB-CDLP are depicted in Figures 3D and 3E. 

A polydispersity index (PDI) value of the optimized DL-UMB-CDLP formulation was found to be 
���������“�������������F�R�Q�I�L�U�P�L�Q�J���P�R�Q�R�G�L�V�S�H�U�V�H���S�D�U�W�L�F�O�H�V���Z�L�W�K���E�H�W�W�H�U���K�R�P�R�J�H�Q�H�L�W�\�����/�R�Z�H�U���3�'�,���Y�D�O�X�H�V���V�K�R�Z���D���E�H�W�W�H�U���S�D�U��
ticle size homogeneity. 

DSC Analysis 
The DSC thermogram of UMB was compared with that of double-loaded liposomal formulations. The 

optimized formulation of DL-UMB-CDLP thermogram exhibits a single peak at 102.38 �ƒ�&���� �Z�K�L�F�K�� �G�L�I�I�H�U�V��
from the UMB peak. It is evident that the initially observed UMB peak vanishes from the thermogram of the 
corresponding liposomal formulation, and the endotherm is seen to be broadened and slightly shifted to a 
lower temperature. Thus, it can confirm that the liposomal formulation is formed. 

Photomicroscopy 
This analysis provides a powerful toolkit for visualizing and characterizing double-loaded liposomes. 

The microscopic images showed the presence of spherical structures of the complex. Figure 2E represents 
that liposomes are circular or slightly off-circular, with relatively thick edges. Lipid vesicles can be created 
without cholesterol, but the formed structures will be destroyed easily. Thus, it is quite clear from the images 
that cholesterol stabilizes the PL90H layers in the liposomes. 

TEM 
TEM analysis is used to visualise the morphology and size of double-loaded liposomes, revealing their 

spherical shape and variations in size. Since TEM analysis had a high spatial and atomic resolution, it was 
utilized to ascertain the internal and structural characteristics. The TEM verified the presence of spherical 
liposome vesicles (Figure 2F�±2H). TEM analysis disclosed the development of homogenous unilamellar, 
discrete and almost spherical structures of liposomes [49]. 

In Vitro Drug Release Study 
These studies seek to determine the overall effectiveness of the liposomal system, comprehend the re-

lease profile of the medications, and evaluate the effect of formulation on drug release kinetics. The drug 
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release plays a vital role in drug performance. The in vitro drug release study of UMB liposomes was carried 
out in a 4:1 ratio of PBS 7.4: Ethanol at 37 �ƒ�&���X�V�L�Q�J���W�K�H���G�L�D�O�\�V�L�V���P�H�W�K�R�G�����7�K�H���U�H�O�H�D�V�H���V�W�X�G�\���Z�D�V���F�D�U�U�L�H�G���R�X�W��
for 5 hours. The release rate of the DL-UMB-CDLP was significantly different (p < 0.05) compared to 
�8�0�%���� �7�K�H�� �U�H�O�H�D�V�H�� �S�U�R�I�L�O�H�� �R�I�� �I�U�H�H�� �8�0�%�� �V�K�R�Z�H�G�� ������������ �“�������� % after 5 hours. The release profile of UMB 
�I�R�U�P�X�O�D�W�L�R�Q�V�� �V�K�R�Z�H�G�������������“�������� % after 5 hours (Figure 4A). The release profile of the liposomal suspen-
sion showed a biphasic response with a comparatively significant burst effect followed by a slower release 
rate. This burst effect and its rate vary depending on the type of liposome and lipid concentration. Some-
times, the addition of cholesterol reduces the initial release rate. Our observation of the sustained manner of 
drug release is due to the phospholipid complex�¶s slow drug diffusion [50, 51, 52]. 

Evaluation of Gel 

pH, Visual Inspection, Homogeneity, Grittiness 
Gel evaluation ensures these formulations�¶ safety, efficacy, and quality, affecting their effectiveness and 

patient acceptability. Each prepared topical gel formulation ranged between 6.5 and 6.8 (Table S6 of the 
Supplementary Materials file), a safe range to apply to the skin. The color, texture, consistency, and appear-
ance of the prepared gel formulations were visually inspected. Every prepared formulation had a smooth, 
viscous texture and a buff color. There was no alteration in the toughness of formulation for all the prepared 
formulations during application to the skin. No grainy particles and lumps were observed on the slide under 
microscopic examination. 

In Vitro Diffusion Study of Gel 
This study gives researchers a better understanding of how a drug will act in the body by simulating 

drug release and penetration through a barrier, such as the skin, under carefully monitored conditions. This 
aids in developing and optimising topical gels and other drug delivery systems for increased safety and effec-
tiveness. In vitro release profile of optimized DL-UMB-CDLP loaded gels containing different concentra-
tions of Carbopol is shown in Figure 4B; the cumulative release of the control gel was found to be 
�����������“�������� % at the end of 24 hours. Meanwhile, in the liposomal gel, B1, B2, B3, and B4 were found to be 
�����������“�������� ������ �V�������������“�������� ������ �������������“�������� ���� �D�Q�G�� �����������“�������� %, respectively. A significant difference 
(p < 0.05) was observed between the drug release retardation shown by UMB loaded gel and optimized DL-
UMB-CDLP loaded gels. Since formulation B2 demonstrated the highest percentage of cumulative drug re-
lease, it was selected as the most optimal. 
 

 

Figure 4. (A) In vitro drug release profile of pure drug UMB and optimized DL-UMB-CDLP. (B) In vitro drug diffu-
sion profile of optimized DL-UMB-CDLP loaded gel. (C) Graphical representation of % cumulative drug permeation of 

optimized DL-UMB-CDLP loaded gel formulation and UMB loaded gel using rat skin 
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Kinetic Modelling of Optimized Gel 
Model fitting of the permeation profile of drug from the UMB loaded gel and optimized DL-UMB-

CDLP loaded gel was performed using Zero order, First order, Higuchi and Korsmeyer�±Peppas models, 
which exhibited R2 values of 0.9933, 0.8199, 0.9793 and 0.9962, respectively. Based on the highest coeffi-
cient of correlation, the best fit was shown by Korsmeyer�±Peppas model (R2 = 0.9962) and the value of per-
meation coefficient (n) for the drug and complex was obtained to be 0.5 < n < 1. This indicates a non-Fickian 
pattern of drug release, i.e. a combination of drug diffusion and matrix erosion. The simple Korsmeyer-
Peppas model describes drug release from a polymeric system, also called the �³Power law� .́ Some release 
mechanisms, including the diffusion of the vehicle into the matrix, the matrix�¶s swelling, and the matrix�¶s 
dissolution, are simultaneously described by the Korsmeyer-Peppas model. The developed liposomal gel has 
a dual action: ethanol causes skin disruption, and the vesicle action leads to the drug release [31]. 

Stability Study 
Stability study assesses how a pharmaceutical formulation�¶s efficacy, safety, and quality are preserved 

over time under various handling and storage conditions. Determining the product�¶s shelf life, ideal storage 
conditions, and suitable packaging is an essential step in the process. The study helps ensure that the medica-
tion will maintain its potency, purity, and other quality characteristics throughout its anticipated use. The 
stability studies of the optimum formulation showed that the liposomal formulation�¶s drug content and en-
trapment efficiency did not significantly decrease over 30 and 90 days. The results are shown in Tables S7 
and S8 of the Supplementary Materials file. Changes in pH were noted, which slightly reduced with time. 
Maximum changes were observed in formulations stored at room temperature and 40 �ƒC. Therefore, the for-
mulations can be stored at 4 �ƒC. 

Biological Evaluation 

Ex Vivo Skin Permeation Studies 
These studies are crucial for understanding drug delivery, evaluating the efficacy of formulations, and 

predicting how substances will interact with the skin. The comparative results of the cumulative release per-
centage of the pure drug UMB-loaded gel and the optimized DL-UMB-CDLP gel through the skin are shown 
in Figure 4C. The cumulative release of the pure drug UMB-loaded gel �Z�D�V���������������“�������� % at the end of 24 
hours. Meanwhile, in DL-UMB-CDLP gel, �W�K�H���F�X�P�X�O�D�W�L�Y�H���U�H�O�H�D�V�H���Z�D�V���������������“�������� % at the end of 11 hours. 
When comparing the optimized DL-UMB-CDLP gel to the traditional UMB-loaded gel, the drug release 
value after 24 hours was significantly higher (p < 0.05), indicating a notable improvement in release rate. 
The presence of phospholipid constituents, which altered the skin layer and improved drug penetration, may 
have contributed to the enhanced penetration of the optimized DL-UMB-CDLP gel. In contrast, this type of 
interaction was absent from the conventional UMB-loaded gel. The prepared optimized DL-UMB-CDLP gel 
was better at facilitating drug penetration and sustained release of UMB, according to this ex vivo study con-
ducted for 24 hours [53]. 

Primary Skin Irritation Studies 
This test is crucial for determining the potential of a substance to cause irritation or damage to the skin. 

The prepared gel formulation was found safe when its skin-irritating effect was assessed. No erythema or 
edema was seen in any formulation after seven days of study. Additionally, the finer gel matrix mesh of Car-
bopol 934P prevents droplets from penetrating into the deeper layers of the skin, reducing skin irritation. 

Histopathological Analysis of the Skin for Skin Irritancy Testing 
A skin irritancy test was done to check vehicle compatibility with the skin and confirm if the DL-UMB-

CDLP gel formulation caused any dose toxicity. Figure 5A�±5C displays the findings of the skin's histopatho-
logical examination. In this group, 2 (G2), a plain drug-loaded gel, showed mild dermal congestion and in-
flammatory infiltration. In contrast, gel vehicle (G1) and the optimized gel formulation (G3) showed no his-
tological changes in the skin. Microscopic images show that the vehicle gel base (G1) and the DL-UMB-
CDLP gel (G3) are compatible with skin as they do not cause any epidermal changes in the rat skin. 
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Legend on the figure Bn: (DC) �²  Microscopy-Dermal Congestion, (DII) �²  Dermal Inflammatory Infiltratio 

Figure 5. Photomicrographs of histological sections of the rat skin for skin irritancy testing.  
(A) G1 �²  Gel base. (B) G2 �²   Placebo. (C) G3 �²  Optimized DL-UMB-CDLP loaded gel 

Assessment of the Photoprotective Capacity of the Optimized DL-UMB-CDLP Gel Against UV Expo-
sure 

Rats that underwent this procedure but did not receive UMB treatment (G2 group) exhibited oxidative 
damage due to the UV irradiation model we used in our study. Decreased activity of CAT, GSH, and SOD 
indicates depletion of the endogenous antioxidant system, and an increase in the TBARS marker, a marker 
that sets the lipid peroxidation index, was used to confirm oxidative damage (Figure 6). The effects on indi-
vidual markers in different groups are depicted in Figure S3 of the Supplementary Materials file. CAT, GSH, 
and SOD activities significantly recovered in animals that were exposed to the same irradiation protocol and 
received immediate UV treatment following the application of DL-UMB-CDLP gel formulation. These ani-
mals also showed no signs of lipid peroxidation (low TBARS value), comparable to the outcomes of the non-
�L�U�U�D�G�L�D�W�H�G�� �F�R�Q�W�U�R�O�� ���*������ �J�U�R�X�S���� �7�K�H�V�H�� �I�L�Q�G�L�Q�J�V�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�H�� �8�0�%�¶�V�� �D�E�L�O�L�W�\�� �W�R�� �S�U�R�W�H�F�W�� �D�J�D�L�Q�V�W�� �R�[�L�G�D�W�L�Y�H��
damage caused by UV radiation and are associated with its antioxidant activity, which has already been elu-
cidated in previous studies [24, 54, 55]. 
 

 

Figure 6. Effect of UV exposure on the antioxidant enzymes CAT, GSH, SOD, LPO and TBARS  
One-�Z�D�\���$�1�2�9�$���I�R�O�O�R�Z�H�G���E�\���'�X�Q�Q�H�W�W�¶�V���S�R�V�W���K�R�F���W�H�V�W���� 

�'�D�W�D���U�H�S�U�H�V�H�Q�W�V���P�H�D�Q�“�6�'�������Q = 6), *p < 0.01, **p < 0.001, and.***p < 0.0001 vs G2 
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Histopathological Analysis of the Skin for Photoprotective Activity 
Skin histopathological analysis is important for assessing photoprotective activity because it allows re-

searchers to determine how UV radiation and protective agents affect the cellular and structural integrity of 
the skin. This analysis helps determine whether a substance or product can reduce or prevent the harmful 
effects of UV radiation on the skin. The microscopic images are shown in Figure 7. The histopathological 
analysis of the skin in the UV irradiated control group (G2) showed mild dermal congestion, stratum 
corneum degeneration, fibrosis and dermal inflammatory infiltration. Fibrosis and hyperkeratosis were ob-
served in the UMB 1 gel group (G3), whereas the UMB 2 gel group (G4) showed stratum corneum degenera-
tion. This study indicates that the vehicle gel base is compatible with the skin, and the DL-UMB-CDLP gel 
(with immediate UV exposure) did not cause any epidermal changes in the rat skin compared to the UV-
irradiated control group [14]. 
 

 
Legend on the microscopy figures: (DC) Dermal Congestion, (DII) Dermal inflammatory infiltration,  

(STD) Stratum corneum degeneration, (FB) Fibrosis, (HK) Hyperkeratosis 

Figure 7. Photomicrographs of histological sections of the rat skin for photoprotective activity:  
(A) G1-Gel base; (B) G2- UV Irradiated control; (C) G3- UMB 1 gel; (D) G4- UMB 2 gel;  

(E) G5- DL-UMB-CDLP 1 gel; (F) G6- DL-UMB-CDLP 2 gel 

Conclusions 

The current work is a novel way to improve UMB�¶s poor bioavailability and low aqueous solubility by 
complexing it with ��-CD and then delivering the drug via liposomal delivery (DL-UMB-CDLP). The UMB-
��-CD complex was successfully encapsulated in double-loaded liposomes using the thin-film hydration tech-
nique, PL90H, and cholesterol. The impact of independent variables on entrapment efficiency and particle 
size was examined using the 33 full factorial design. The research findings suggest that the DL-UMB-CDLP 
may be helpful for the sustained release of UMB, a poorly soluble drug. Additionally, it was concluded that 
the formulation may increase UMB�¶s solubility and prolong its release for improved therapeutic efficacy. In 
conclusion, the optimized formulation DL-UMB-CDLP loaded gel presented physicochemical characteristics 
suitable for topical application and shielded the animal�¶s skin from UVA and UVB radiation damage. 



Verekar, R.R., Shaikh, Sh.B.M. et al.  

48 Eurasian Journal of Chemistry. 2025. Vol. 30, No. 2(118) 

UMB�¶s antioxidant and anti-inflammatory qualities and capacity to absorb UV radiation may be linked to the 
photoprotective effect. 
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Investigation of Physical and Chemical Properties of Thermosetting Copolymers  
of Polyethylene Glycol Maleate with Acrylic Acid During their �³Cold�  ́Curing  

The paper presents information on the study of physical and chemical properties of solutions of polyethylene 
glycol maleate in acrylic acid and products of their �³cold�  ́curing. The weight-average molecular weight of 
the initial polyethylene glycol maleate was established using the GPC method. The value of the degree of un-
saturation of both the initial unsaturated polyester and copolymers based on it was determined using the bro-
mide-bromate method. The dynamic viscosity of the polymer-monomer mixture of polyester and acrylic acid 
was established using viscometry. The density of the stock solutions was analyzed using the pycnometric 
method and the density of the cured products was determined using the hydrostatic method. The total volume 
shrinkage of the copolymers was calculated from the obtained density values. The composition of the copol-
ymers was analyzed/studied with the help of HPLC. The degree of swelling of the cured products was also 
calculated by gravimetric method, and their identification was carried out using IR- and 1�G�� �1�0�5-
spectroscopy. The surface topography of cured copolymers was investigated by SEM. The results obtained 
indicate to the possibility of controlling the properties of cured unsaturated polyester by varying the initial 
composition of polymer-monomer mixture depending on its purpose and obtaining on its basis the polymer 
matrix for the manufacture of bulk products with good physical and chemical properties. 

Keywords: �X�Q�V�D�W�X�U�D�W�H�G�� �S�R�O�\�H�V�W�H�U���� �³�F�R�O�G�´�� �F�X�U�L�Q�J���� �G�H�Q�V�L�W�\���� �Y�L�V�F�R�V�L�W�\���� �W�R�W�D�O�� �Y�R�O�X�P�H�W�U�L�F�� �V�K�U�L�Q�N�D�J�H���� �K�\�G�U�R�S�K�R�E�L��
city, thermosetting polymers, bulk products 

 

Introduction 

Nowadays, thermosetting polyester binders are widely used in various industrial fields due to their good 
performance properties, including stability and resistance to negative external influences [1�±3]. In particular, 
in the automotive industry the thermosetting polyester binders are used for the production of high-strength 
composites and coatings, as well as in the production of adhesive compositions that provide strong and dura-
ble bonding of various materials [4]. In the aerospace industry, they are used to create lightweight and strong 
structural materials that must withstand extreme operating conditions such as high temperatures and strong 
mechanical loads [5, 6]. 

In addition, thermosetting polyester binders play an important role in the production of construction ma-
terials [7, 8]. They are used as polymer binders for bulk products such as concretes [9�±11] and construction 
mixtures to improve their strength properties as well as increase their resistance to environmental influ-
ences [12, 13]. Polyester binders are also actively used for the production of modern high-quality insulation 
materials, which are used in the construction and electrical industries for protection against high tempera-
tures and corrosion [14, 15]. 
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One of the important directions in the development of thermosetting polyester binders is the creation of 
polymers with unique combinations of properties that can be adapted to specific technological processes. 
This is achieved by introducing various additives and fillers into the polymer structure, which make it possi-
ble to adjust its mechanical, thermal and chemical properties depending on the requirements of the final 
product. In particular, the addition of minerals, carbon fibers or other materials can significantly increase the 
strength and resistance of polymers to the negative effects of the external environment [16�±18]. 

Thermosetting polyester binders themselves contain unsaturated bonds in their structure, which provide 
reactivity and polymerization ability [19]. As a result of the crosslinking reaction, a three-dimensional mesh 
structure is formed, which significantly increases the mechanical and thermal characteristics of the material 
and contributes to increasing their resistance to aggressive chemical media. The structure of unsaturated pol-
yesters, consisting of repeating units, allows modifying the properties of polymers by changing the ratio of 
the monomers and using different curing methods. This opens up opportunities for the creation of the materi-
als with specified characteristics, which is especially important in the context of modern requirements to ma-
terials. 

The modification of thermosetting polyester materials for improving their properties is great im-
portance. Modern developments in the field of thermosetting binders are aimed at creating polymers with 
improved resistance to ultraviolet radiation, increased mechanical strength and improved adhesion to various 
surfaces. This makes it possible to expand the field of application of the materials based on thermosetting 
polyester binders in such innovative industries as the production of electronic components, biomaterials, and 
nanocomposites [4, 7, 13, 14]. 

To date, the most studied are the curing reactions of unsaturated polyesters with styrene [20] and methyl 
methacrylate to obtain rigid polymeric materials with good performance properties [21]. However, there is 
no information in literature on the use of unsaturated carboxylic acids as a solvent-curing agent in the curing 
of polyester binders in order to obtain the filler products based on them. 

In our previously published article, we investigated the properties of polyethylene(propylene)glycol-
fumarate curing products to determine the possibility of using them as a polymer matrix of hermetic materi-
als [22, 23]. This paper presents data on the study of physicochemical properties of both initial solutions of 
polyethylene glycol maleate (p-EGM) in acrylic acid (AA) and cured products based on them. The presented 
studies will allow us to evaluate the suitability of this binary system of p-EGM�±AA as thermosetting polyes-
ter binders for the production of filler products with minimal inclusion of mineral additives. 

Experimental 

The following reagents (�³Sigma-Aldrich� )́ were used in this study: 
�± ethylene glycol and maleic anhydride (co-reagents for the synthesis of initial p-EGM), and zinc chlo-

ride (catalyst for the polycondensation reaction) in the first step; 
�± in the second step, acrylic acid was used as a solvent to prepare solutions of p-EGM in unsaturated 

carboxylic acid; 
�± �³cold�  ́curing of the above solutions was carried out in the presence of an initiating system consisting 

of benzene peroxide (BP, initiator) and dimethylaniline (DMA, activator). Dioxane was used as a solvent. 
All reagents used were purchased from �³�6�L�J�P�D-�$�O�G�U�L�F�K�´. The purity of the reagents used was 99.95 %, 
therefore they were used without additional purification. 

The initial unsaturated polyester �²  polyethylene glycol maleate �²  was obtained by polycondensation 
of ethylene glycol (dioatomic alcohol) and maleic anhydride (dicarbonic anhydride) with a small excess of 
the first co-reagent. Zinc chloride was used as a catalyst, which allowed the process to be carried out at a re-
duced temperature 150�±160 �ƒ�&�� The reaction flow was monitored by determining the acid number until the 
value of 30�±40 units was reached, as well as measuring the volume of water released as a result of polycon-
densation [20]. The molecular weight of the synthesized p-EGM was determined using GPC on a 
VISCOTEK 270 DUAL DETECTOR MALVERN. The studies were carried out using dust-free dioxane. 
The measured molecular weight was approximately 1232 Da (MW). The polyester yield was 98 %. 

The degree of unsaturation of the synthesized p-EGM was determined by bromide-bromate method, 
which was 89 % [20]. 

Further, solutions of p-�(�*�0���L�Q���D�F�U�\�O�L�F���D�F�L�G�����:�:�����R�I���G�L�I�I�H�U�H�Q�W���P�D�V�V���F�R�P�S�R�V�L�W�L�R�Q���Z�H�U�H���S�U�H�S�D�U�H�G�����a������������
mass.%, ~70:30 mass.%, ~80:20 mass.%, respectively. After preparation of the solutions, their dynamic vis-
cosity at 293 K was determined. The studies were carried out on a vibrating viscometer SV-10. Additionally, 
the viscometer is equipped with a VT3 liquid thermostat, which allows to maintain the temperature set dur-
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ing the experiment. The density of these solutions (ISO 1675:1985 (GOST 18329-2014)) was determined 
using a pycnometer. 

Further, curing was carried out at 293 K in the analyzed solutions after introducing an optimized �³cold�  ́
curing initiating system (1.0 % : 0.15 % of the polymer-monomer mixture mass) [23]. The obtained p-EGM�±
AA copolymers were washed with dioxane in order to get rid of the residues of unreacted mixture. The ob-
tained mother liquors were examined by HPLC, from which the actual compositions of the synthesized co-
polymers were calculated. The yield of the copolymers was also determined gravimetrically [20]. 

Identification of the curing products was carried out using IR and NMR spectroscopy, in particular to 
determine the presence of functional groups. The degree of unsaturation of the analyzed copolymers was also 
determined by bromide-bromate method. For IR study, potassium bromide tablets were fabricated and ana-
lyzed on an FSM 1201 spectrometer. NMR analysis was carried out on a DX-90M instrument [21]. 

The total volumetric shrinkage of the copolymers was calculated on the basis of the obtained values of 
densities of solutions and cured products, respectively [23]. 

The surface topography of the cured polymers was studied by SEM on a MIRA 3 high-performance mi-
croscope (TESCAN) with a 5.0 kV high-voltage (HV) detector. The SE detector was used to acquire images 
at 57.6-57.7 kx magnification with composite contrast, which allows imaging with very detailed object struc-
ture at the nanometer level. The field �R�I�� �Y�L�H�Z�� �Z�D�V�� ���������� �Q�P�� �D�Q�G�� �W�K�H�� �L�P�D�J�H�� �U�H�V�R�O�X�W�L�R�Q�� �Z�D�V�� ���������î���������� �S�L�[��
els [22]. 

The hydrophobicity of cured products was established by gravimetric method. Studies of the degree of 
swelling were carried out by keeping a sample (~0.3 g) of the test samples in water (T = 20 �ƒ�&�����S�+���������I�R�U��������
hours. The calculation was carried out according to the formula: 

 , 

where m �²  the mass of the swollen sample, g; m0 �²  mass of dry sample, g. 

Results and Discussion 

Bulk-type polymer products are becoming increasingly in demand as they are characterized by their 
versatility and good performance advantages, allowing them to be used in various fields of industries. They 
are actively used in various spheres, including construction industry, automotive and shipbuilding, electronic 
industry, consumer products and other industries. 

One of the main reasons for their popularity is the possibility of manufacturing the polymer bulk mate-
rials on their basis. At the same time, the casting method allows to observe strict parameters when manufac-
turing such products of non-standard or complex geometry. One of the most promising compounds for the 
production of bulk goods are the unsaturated polyesters of various compositions, the curing of which in the 
presence of an initiating system of optimized composition allows to make the process of production of the 
final product economically profitable. For this purpose, we synthesized an initial unsaturated polyester �²  
polyethylene glycol maleate �²  by polycondensation reaction. Figure 1 schematically represents the reaction 
of synthesis: 
 

 

Figure 1. Polyethylene glycol maleate link formation 
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Solutions of p-EGM with AA of different concentrations were prepared and their density and viscosity 
were determined. The results obtained are presented in Table 1. 

 

T a b l e  1 

Physical and chemical properties of stock solutions of p-EGM (M1) with AA ( M2), T = 293K 

Composition of prepared solution, mass.% Dynamic viscosity value (��), 
�P�3�D���V 

Solution density value (�!), g/�km3 

M1 M2 

58.48 41.52 294.3�“��.1 1.2069�“��.060 
70.22 29.78 576.5�“��.2 1.2202�“��.061 
79.51 20.49 736.8�“��.3 1.2412�“��.061 

 
Analyzing the data in Table 1, a good correlation between the content of unsaturated polyester in solu-

tion and the values of their dynamic viscosity and density is observed. In particular, at the minimum content 
of p-�(�*�0�� ���a������ �P�D�V�V�������� �L�Q�� �W�K�H�� �V�R�O�X�W�L�R�Q���� �W�K�H�� �P�L�Q�L�P�X�P�� �Y�D�O�X�H�V�� �R�I�� �L�W�V�� �G�\�Q�D�P�L�F�� �Y�L�V�F�R�V�L�W�\�� �������������� �P�3�D���V���� �D�Q�G��
density (1.2069 g/cm3) are observed. On the contrary, the maximum content of unsaturated polyester 
(~80 mass.%) �F�R�U�U�H�V�S�R�Q�G�V�� �W�R�� �W�K�H�� �P�D�[�L�P�X�P�� �Y�D�O�X�H�� �R�I�� �G�\�Q�D�P�L�F�� �Y�L�V�F�R�V�L�W�\�� �������������� �P�3�D���V���� �D�Q�G�� �G�H�Q�V�L�W�\��
(1.2412 g/cm3), which is a consequence of high viscosity characteristics of p-EGM. As a result, with increas-
ing p-EGM content in the solution, an increase in such parameters as viscosity and density of this solution is 
observed. 

Figure 2 graphically shows the relationship between the dynamic viscosity and density of these solu-
tions in dependence on the p-EGM content in them. 
 

 
Figure 2. Dependence of dynamic viscosity and density of initial solutions of p-EGM�±AA  

on the content of p-EGM in them 
 

�³�&�R�O�G�´���F�X�U�L�Q�J�� �R�I�� �W�K�H���V�\�Q�W�K�H�V�L�]�H�G�� �S�R�O�\�H�W�K�\�O�H�Q�H���J�O�\�F�R�O���P�D�O�H�D�W�H�� �Z�L�W�K���D�F�U�\�O�L�F�� �D�F�L�G���Z�D�V�� �F�D�U�U�L�H�G�� �R�X�W���L�Q���W�K�H��
presence of an initiating system consisting of benzoyl peroxide (initiator) and dimethylaniline (activator). 
The reaction was carried out at a temperature of 293 K. Schematically, the radical copolymerization reaction 
is presented in Figure 3. 
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where RI �²  initiator radical 

Figure 3. Copolymer structural fragments of the p-EGM�±AA 

Insoluble net polymers were obtained as a result of the reaction. The obtained solutions in dioxane were 
analyzed by HPLC, which allowed to establish the true composition of the obtained copolymers. The results 
of HPLC-analysis are presented in Table 2: 

T a b l e  2 

Dependence of copolymer composition and some of their parameters  
on the composition of the initial mixtures of p-EGM (M 1) with AA (M 2) 

Composition of the initial solution, 
mass.% 

Composition of the copolymers, 
mass.% Yield, % Degree of unsaturation, % 

M1 M2 m1 m2 
58.48 41.52 57.44 42.56 91.5 37.7 
70.22 29.78 68.18 31.82 90.2 42.4 
79.51 20.49 77.36 22.64 89.4 54.8 

 
The obtained copolymers were transferred into Petri dishes and dried under vacuum in a desiccator at 

30 �ƒ�&�� After establishing constant mass, the yield of the copolymers was calculated. The obtained data is also 
presented in Table 2. Analysis of the yield values of p-EGM copolymers with AA indicates an increase as 
the content of unsaturated polyester in the initial solutions decreases. The degree of unsaturation of the cured 
copolymers was determined by bromatometry, which correlates well with the p-EGM content in the initial 
reaction mixture. The degree of unsaturation of the cured products is in direct dependence on the content of 
unsaturated polyester (p-EGM) in the reaction mixture. 

The products were identified using IR and NMR spectroscopy. Figure 4 shows the IR spectra of the ini-
tial p-EGM and its copolymers with AA of the compositions of 57.44:42.56 mass.% and 
77.36:22.64 mass.%. The analysis of the obtained IR spectrum of unsaturated polyester reveals characteristic 
peaks in the 1570�±1590 cm�±1 range, indicating the presence of unsaturated double bonds in p-EGM. The 
peaks between 1400�±1440 cm�±1 correspond to the ether group. 

Similar absorption bands, but of lower intensity, are present in the IR spectra of the cured products. 
This confirms the presence of some amount of unsaturated bonds that have not reacted. Also, peaks at 
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1715 cm�±1, 1742 cm�±1, 3439 cm�±1 and 1711 cm�±1, 1736 cm�±1 and 3432 cm�±1 are present in both IR-spectra of 
the cured products, respectively, indicating the presence of �±COOH carboxyl groups [24]. 
 

 

Figure 4. IR spectra of the initial p-EGM and p-EGM�±AA copolymers 

The 1H NMR spectrum (Fig. 5) of the p-EGM-AA copolymer shows a pronounced multiplet expressed 
by signals in the range of 1.14-1.31 ppm. The appearance of the multiplet signal in this range confirms the 
presence of protons of methylene groups Ha in the polymer linkage, which are bound to oxygen atoms. The 
presence of multiplet signals in the ranges of 2.94�±3.05 ppm and 3.65�±4.42 ppm indicates the presence of 
protons of simple and ester methine and methylene groups of aliphatic series (Hb and Hc). In the range of 
5.06�±5.23 ppm there is a signal of comparatively lower intensity than in the range of 6.63�±6.85 ppm where a 
signal of high intensity corresponding to a considerable amount of ethylene protons Hd in the copolymer 
structure appears. The separation of ethylene protons into two multiplet signals is due to their cis- and par-
tially trans-orientation, with neighboring functional groups also having an influence. The high signal intensi-
ty in the range of 5.06�±5.23 ppm indicates the dominance of cis-isomerism, confirming the structure of 
p-EGM. Similarly, the 1H NMR spectrum of the original p-EGM is dominated by ethylene proton signals 
corresponding to cis-isomerism. The fixation of ethylene protons on the 1H NMR spectrum, determined at 
the multiplet in the range of 6.68�±6.85 ppm, indicates the presence of more electronegative atoms (neighbor-
ing oxygen atoms) in comparison with the protons of the multiplet in the region of 5.06�±5.23 ppm [25]. 
 

  
Figure 5. 1H NMR-spectra of initial p-EGM and p-EGM�±AA copolymers (77.36:22.64 mass.%) 
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�³�&�R�O�G�´�� �F�X�U�L�Q�J�� �R�I�� �S-EGM was carried out in mass without solvent, due to which the total volumetric 
shrinkage of the final product is insignificant. To obtain numerical values of this index, the density of the 
cured unsaturated polyester was determined using the hydrostatic method. The obtained values of density 
and, accordingly, the calculated volumetric shrinkage, are given in Table 3. 

T a b l e  3 

Dependence of copolymer properties on mass composition of p-EGM�±AA, PB + DMA (1 % + 0.15 %), T = 293K 

Composition of initial solution, mass.% 
�'�H�Q�V�L�W�\�����!������g/cm3 Volume shrinkage, % Swelling degree, % 

p-EGM AA 

57.44 42.56 �������������“���������� 9.3 144.6 
68.18 31.82 1.325���“���������� 8.6 127.9 
77.36 22.64 1.33�����“���������� 7.3 78.4 
100 0 1�����������“���������� 4.4 12.8 

 
Analysis of the density values of the synthesized p-EGM-AA copolymers and the dynamic viscosity 

and density values of p-EGM solutions in AA shows their good correlation. Thus, the maximum content of 
p-EGM (79.51:20.49 mass.%) in the initial solution leads to a cured product (77.36:22.64 mass.%) with a 
higher density of 1.3489 g/cm3. According to the values of the densities of the solutions of p-EGM in AA 
and the obtained cured copolymers, their total volume shrinkage indices were calculated depending on the 
composition of the initial reaction mixture. Based on the data obtained, it was found that this parameter does 
not exceed 10 %, while the lowest total volume shrinkage is observed for the solution with the maximum 
p-EGM content (79.51:20.49 mass.%). This parameter, not exceeding 10 %, corresponds to low shrinkage, 
which characterizes these solutions as suitable raw materials for the production of bulk products [1, 12]. 

Further, the degree of water sorption by synthesized copolymers was determined by gravimetric meth-
od. The results are also presented in Table 3. The data obtained indicate a low moisture absorption index, 
which defines these compounds as hydrophobic. At the same time, the minimum sorption capacity is ob-
served for the copolymer with the highest unsaturated polyester content. 

The surface topography of the initial p-EGM and its copolymers with AA was analyzed using SEM, 
with the results presented in Figure 6 [26]. 
 

   
p-EGM (100 mass.%) p-EGM�±AA (60:40 mass.%) p-EGM�±AA (80:20 mass.%) 

Figure 6. SEM-images of the initial p-EGM and p-EGM-AA copolymers 

SEM images of the initial polyether confirm its low porosity. On the contrary, in the SEM images of the 
p-EGM�±AA copolymers, it can be seen that the formation of a porous mesh structure is observed as a result 
of the curing of the unsaturated polyester with acrylic acid. Comparing SEM images of copolymers with 
minimum (57.44:42.56 mass.%) and maximum (77.36:22.64 mass.%) content of p-EGM, it should be noted 
that a greater number of pores and their larger size is observed in the copolymer with a lower content of un-
saturated polyether. This correlates well with the results of gravimetric analysis to establish the moisture ab-
sorption capacity of the cured copolymers. In particular, the polymers having a more porous structure 
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(p-EGM�±AA composition 57.44:42.56 mass.%) show greater moisture adsorption capacity in contrast to 
compounds with a high content of unsaturated polyester (the composition of p-EGM�±AA is  
77.36:22.64 mass.%), which have less pronounced porosity. Regarding the initial unsaturated polyester, it 
should be noted that this compound is hydrophobic, which is confirmed by the almost complete absence of 
pores on SEM-images and gravimetric analysis, which showed a swelling degree of 12.8 %. 

Conclusions 

Analyzing the obtained results of studying the physicochemical properties of solutions of polyethylene 
glycol maleate in acrylic acid of various composition, as well as cured copolymers on their basis, we can 
conclude that their use in the manufacture of filler products with a minimum content of mineral bulk fillers is 
promising. In particular, the dependence of the increase in such indicators as density and viscosity of the ana-
lyzed solutions on the content of unsaturated polyester in their composition was demonstrated. Thus, an in-
crease in the unsaturated polyester content in the initial solutions promotes an increase in their dynamic vis-
cosity and density. At the same time, cured products with a high content of p-EGM show higher density and 
degree of unsaturation. 

The analysis of the total volume shrinkage index as well as swelling of cured products shows a similar 
correlation of these indicators on the content of unsaturated polyester in composition of the copolymers. 
Thus, the degree of swelling of cured products decreases with increasing p-EGM content. In general, studies 
of the degree of swelling showed a low moisture sorption capacity of the synthesized copolymers, which al-
lows us to attribute these cured products to hydrophobic polymers. Taking into account that acrylic acid in 
the initial solution was used simultaneously as a solvent and hardener, the cured solutions had low volumet-
ric shrinkage values (more than 10 %). 

Obtained values are important parameters for polymer solutions that can be used to produce fill prod-
ucts for the construction industry. In particular, the production of polymer tiles. Because of this, the most 
preferable composition with the optimal complex of physical and chemical properties (including high hydro-
phobicity) for the manufacture of bulk products is the solution of p-EGM�±AA (~80:20 mass.%). 
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Effect of Activating Agent and Temperature Conditions on the Electrochemical 
Performance of Rice Husk-Based Activated Carbon in Supercapacitors 

This study investigates the electrochemical properties of activated carbon (AC) derived from rice husk, focus-
ing on the influence of activation conditions using NaOH and KOH at temperatures of 650 �ƒ�&���� ������ �ƒ�&���� �D�Q�G��
850 �ƒ�&�� The results demonstrate that RH-AC/KOH activated at 750 �ƒ�&���H�[�K�L�E�L�W�V���W�K�H���K�L�J�K�H�V�W���F�D�S�D�F�L�W�D�Q�F�H���U�H�W�H�Q��
tion (159�Å���������)���J�±1) and superior electrochemical performance, attributed to its optimized microporous struc-
ture and enhanced electrical conductivity. These properties make it an excellent candidate for electrode mate-
rial in supercapacitors. Electrochemical evaluations, including cyclic voltammetry (CV), galvanostatic 
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS), confirm that RH-AC/KOH ac-
tivated at 750 �ƒ�&�� �G�H�O�L�Y�H�U�V�� �W�K�H�� �K�L�J�K�H�V�W�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�\���� �V�W�D�E�O�H�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�F�U�R�V�V�� �D�� �Z�L�G�H�� �Y�R�O�W�D�J�H�� �U�D�Q�J�H��
(0.6�Å1.5 �9�������D�Q�G���W�K�H���O�R�Q�J�H�V�W���G�L�V�F�K�D�U�J�H���G�X�U�D�W�L�R�Q�����$���F�R�P�S�D�U�L�V�R�Q���R�I���W�K�H���V�S�H�F�L�I�L�F���F�X�U�U�H�Q�W���F�K�D�Q�J�H�����¨�6�F�����D�W���O�R�Z���S�R��
tentials (0.6�Å1.0 V) for the four samples AC/NaOH at 850 �ƒ�&�� �D�Q�G�� �5�+-AC/KOH at 750 �ƒ�&���� ������ �ƒ�&���� �D�Q�G��
850 �ƒ�&���V�K�R�Z�V���W�K�H���I�R�O�O�R�Z�L�Q�J���W�U�H�Q�G�����������������!���������������!���������������!���������������P�$���J�±1. At higher potentials (1.2�±1.5 V), 
�W�K�H�� �¨�6�F�� �Y�D�O�X�H�V�� �I�R�O�O�R�Z�� �W�K�H�� �R�U�G�H�U���� ������������ �§�� ������������ �!�� ������������ �!�� ������������ �P�$���J�±1. These findings identify RH-
AC/KOH activated at 750 �ƒ�&�� �D�V�� �D�� �K�L�J�K�O�\�� �S�U�R�P�L�V�L�Q�J�� �H�O�H�F�W�U�R�G�H�� �P�D�W�H�U�L�D�O�� �I�R�U�� �Q�H�[�W-generation supercapacitors, 
offering unique energy storage capacity, stability, and long-term durability. 

Keywords: activated carbon, rice husk, chemical activation, thermal post-treatment, electrical properties, elec-
trical conductivity, supercapacitors, electrode material, energy storage 

 

Introduction 

Activated carbon (AC) is widely used in energy storage applications, particularly in supercapacitors and 
batteries, due to its high surface area, good electrical conductivity, and relatively low cost [1, 2]. AC can be 
prepared through several methods, including physical activation (using gases such as CO2, H2, or CH4) and 
chemical activation (using agents like ZnCl2, NaOH, KOH, or H3PO4). Chemical activation typically in-
volves thermal treatment of a carbon precursor with an activating agent at temperatures ranging from 450 to 
�������×�ƒ�&�����7�K�L�V���P�H�W�K�R�G���R�I�I�H�U�V���G�L�V�W�L�Q�F�W���E�H�Q�H�I�L�W�V���F�R�P�S�D�U�H�G���W�R���S�K�\�V�L�F�D�O���D�F�W�L�Y�D�W�L�R�Q���>���@�����7�K�H���U�H�V�X�O�W�L�Q�J���S�R�U�R�X�V���V�W�U�X�F��
ture, which includes micro-, meso-, and macropores, makes activated carbon a suitable material for a wide 
range of industrial and environmental applications [4]. Numerous studies have investigated the influence of 
processing conditions on the physicochemical properties of AC derived from biowaste sources such as rice 
husk and walnut shells. Some of these studies have even developed predictive models for estimating AC per-
�I�R�U�P�D�Q�F�H�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �>���Å���@���� �1�H�Y�H�U�W�K�H�O�H�V�V���� �W�K�H�U�H�� �U�H�P�D�L�Q�V�� �V�L�J�Q�L�I�L�F�D�Q�W�� �S�R�W�H�Q�W�L�D�O�� �W�R�� �R�S�W�L�P�L�]�H�� �E�L�R�Z�D�V�W�H-
derived AC synthesis methods and explore new applications. Recently, increasing attention has been given to 
the use of such materials in supercapacitors and hydrogen storage systems. Depending on the energy storage 
mechanism, supercapacitors (SCs) utilizing AC can be categorized into three main types: electric double-
layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors, which combine features of the first 
two [9]. As research progresses, supercapacitor technology is considered one of the most promising and effi-
cient solutions for next-generation energy storage devices [10, 11]. 

Despite their advantages, ACs also have certain limitations, including increased internal resistance and 
�U�H�G�X�F�H�G�� �S�R�Z�H�U�� �R�X�W�S�X�W�� �L�Q�� �H�Q�H�U�J�\�� �V�W�R�U�D�J�H�� �G�H�Y�L�F�H�V�� �>�����Å�����@���� �0�R�U�H�R�Y�H�U���� �S�U�R�G�X�F�L�Q�J�� �K�L�J�K-quality ACs often re-
quires high-temperature pyrolysis and strong chemical activating agents, such as acids or bases, which can 
have harmful environmental effects [15, 16]. However, the rapid charging and discharging capacity of super-

https://doi.org/10.31489/2959-0663/2-25-3
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2959-0663/2-25-3
mailto:zhazira.supiyeva@kaznu.kz


Effect of Activating Agent and Temperature Conditions �«  

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 63 

capacitors gives them a significant advantage over traditional batteries. From this perspective, one of the key 
challenges lies in supporting high-speed electric motors, such as those used in electric vehicle engines and 
specialized equipment. Consequently, biowaste-derived ACs have attracted strong interest from scientists 
and companies as a promising electrode material for supercapacitor production. In recent years, numerous 
agricultural by-products have been investigated as sustainable precursors for ACs production, including co-
�F�R�Q�X�W�� �V�K�H�O�O�V���� �F�R�U�Q�� �F�R�E�V���� �O�L�J�Q�R�F�H�O�O�X�O�R�V�L�F�� �E�L�R�P�D�V�V���� �Z�D�O�Q�X�W�� �V�K�H�O�O�V���� �D�Q�G�� �S�H�D�Q�X�W�� �V�K�H�O�O�V�� �>�����Å�����@���� �7�K�H�V�H�� �E�L�R�P�D�V�V��
sources are typically rich in carbon and exhibit a high potential for porosity development, both of which are 
critical for electrochemical energy storage applications. While abundantly available, walnut shells and corn 
cobs tend to produce ACs with irregular pore size distributions and limited mesoporosity, restricting ion 
transport in supercapacitor systems [21, 22]. In contrast, rice husk (RH) is particularly advantageous due to 
its intrinsic high silica content, which acts as a natural template promoting hierarchical pore formation during 
activation [23]. Furthermore, RH-derived ACs have consistently demonstrated higher surface areas, better 
electrical conductivity, and enhanced electrochemical performance compared to other biomass-derived car-
bons [24]. Importantly, Kazakhstan produces a substantial amount of RH as agricultural waste, especially in 
rice-producing regions, making it a readily available and cost-effective resource for value-added conversion 
into energy storage materials [25]. 

In addition to carbonization temperature and the type of chemical activating agent, several other exper-
imental parameters play an important role in tailoring the structural and electrochemical properties of ACs 
[26, 27]. Factors, namely activation time, heating rate, precursor particle size, and the atmosphere during 
carbonization significantly influence porosity, specific surface area, and conductivity, key characteristics that 
determine ACs performance in applications such as supercapacitors. For instance, prolonged activation time 
can promote pore development but may also lead to pore collapse if overextended [28]. Similarly, slower 
heating rates favor more uniform pore structures and higher surface areas [29], while smaller precursor parti-
cles have been associated with enhanced textural properties and ion accessibility [30]. Moreover, the carbon-
ization atmosphere (such as nitrogen gas, steam, or CO2) affects both the physical and chemical properties of 
the carbon surface, with steam activation often introducing functional groups that improve wettability and 
electrochemical performance [31, 32]. Therefore, the synergistic optimization of all these conditions is es-
sential to maximize the performance of biomass-derived ACs [33]. This is assessed through rate capability 
�W�H�V�W�V�����U�D�Q�J�L�Q�J���I�U�R�P�����������W�R���������$�Â�J�±1) and long-term stability tests, including voltage floating (100 hours at a 
cell voltage of 2.7 V) [34]. In our previous studies [35, 36], we compared various thermal treatment methods 
for synthesizing activated carbon from walnut shells, with the goal of optimizing production processes [5, 7]. 
To achieve the best electrochemical performance from electrodes, fine-tuning and optimization, especially 
for activated carbon-based electrodes, are essential. In this study, two activation agents, NaOH and KOH, 
were used to produce activated carbons at a temperature of 850 �ƒ�&�����$�I�W�H�U���F�R�Q�G�X�F�W�L�Q�J���D���F�R�P�S�D�U�D�W�L�Y�H���D�Q�D�O�\�V�L�V����
it was found that KOH was the more effective agent. As a result, additional tests at 650 �ƒ�&���D�Q�G�������� �ƒ�&���Z�H�U�H��
performed, and the resulting carbons were evaluated as electrodes in supercapacitors. Ultimately, the com-
�S�D�U�D�W�L�Y�H���D�Q�D�O�\�V�L�V���U�H�Y�H�D�O�H�G���W�K�D�W���$�&���D�F�W�L�Y�D�W�H�G���Z�L�W�K���.�2�+���D�W���������×�ƒ�&���G�H�O�L�Y�H�U�H�G���W�K�H���E�H�V�W���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���S�H�U�I�R�U��
mance among all tested samples. 

This study presents a comprehensive investigation into the optimization of rice husk-derived activated 
carbon for use in supercapacitor electrodes, with a particular focus on the effects of activation temperature 
�����������������������D�Q�G���������×�ƒ�&�����D�Q�G���F�K�H�P�L�F�D�O���D�F�W�L�Y�D�W�L�Q�J���D�J�H�Q�W�V�����1�D�2�+���D�Q�G���.�2�+�������7�K�H���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���S�H�U�I�R�U�P�D�Q�F�H��
of the synthesized carbons was systematically compared across the tested temperatures. The findings provide 
�Y�D�O�X�D�E�O�H�� �L�Q�V�L�J�K�W�V�� �L�Q�W�R�� �W�K�H�� �R�S�W�L�P�D�O�� �D�F�W�L�Y�D�W�L�R�Q�� �F�R�Q�G�L�W�L�R�Q�V���� �G�H�P�R�Q�V�W�U�D�W�L�Q�J�� �W�K�D�W�� �D�F�W�L�Y�D�W�L�R�Q�� �Z�L�W�K�� �.�2�+�� �D�W�� �������×�ƒ�&��
yields the most favorable results for enhancing supercapacitor efficiency. Future work will involve cycling 
�V�W�D�E�L�O�L�W�\�� �D�Q�G�� �F�D�S�D�F�L�W�D�Q�F�H�� �U�H�W�H�Q�W�L�R�Q�� �W�H�V�W�L�Q�J�� �X�Q�G�H�U�� �H�[�W�H�Q�G�H�G�� �Y�R�O�W�D�J�H�� �U�D�Q�J�H�V�� ���E�H�\�R�Q�G�� �������×�9������ �Z�L�W�K�� �W�K�H�� �J�R�D�O�� �R�I��
further improving the long-term performance and reliability of supercapacitor devices. 

Experimental 

Materials 
Rice husk (RH) was sourced from the Kyzylorda Region, Kazakhstan. The activation agents, sodium 

hydroxide (NaOH), potassium hydroxide (KOH) with 98 % purity, Carbon black (�K65, Timcal C-NERGY 
Imerys), and polytetrafluoroethylene (PTFE, 60 % dispersion in water) were purchased from Sigma-Aldrich 
�&�K�H�P�L�F�D�O���&�R�������8�6�$�����D�Q�G���X�V�H�G���Z�L�W�K�R�X�W���I�X�U�W�K�H�U���S�X�U�L�I�L�F�D�W�L�R�Q�����1�L�W�U�R�J�H�Q���J�D�V�����������������Z�W�������S�X�U�L�W�\�����³�,�N�K�V�D�Q���7�H�F�K��
�Q�R�*�D�V�´���/�W�G�������$�O�P�D�W�\�����.�D�]�D�N�K�V�W�D�Q�����Z�D�V���X�V�H�G���I�R�U���W�K�H���V�H�F�R�Q�G���F�D�U�E�R�Q�L�]�D�W�L�R�Q���V�W�H�S���D�W�������� �ƒ�&���Z�L�W�K���D���K�H�D�W�L�Q�J���U�D�W�H��
of 7.5�±8 �ƒ�&�Â�P�L�Q-1. Gas activation was carried out under N2 �D�W�P�R�V�S�K�H�U�H���D�W���D���I�O�R�Z���U�D�W�H���R�I�����������P�/�Â�P�L�Q�±1. Dis-
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�W�L�O�O�H�G���Z�D�W�H�U�����U�H�V�L�V�W�L�Y�L�W�\���§�����Å�������0�
 ���F�P�����D�Q�G���G�H�L�R�Q�L�]�H�G���Z�D�W�H�U�����'�,�����U�H�V�L�V�W�L�Y�L�W�\���•�������������0�
 ���F�P�����Z�H�U�H���S�U�H�S�D�U�H�G��
in-�K�R�X�V�H���D�Q�G�� �X�V�H�G�� �I�R�U�� �Z�D�V�K�L�Q�J�� �D�Q�G�� �V�\�Q�W�K�H�V�L�V�� �S�U�R�F�H�G�X�U�H�V���� �(�W�K�D�Q�R�O�� �Z�D�V�� �S�X�U�F�K�D�V�H�G�� �I�U�R�P�� �³�/�D�E�R�U�I�D�U�P�D�´�� �/�/�3����
Almaty, Kazakhstan. 

Methods 
Synthesis of RH-Based Activated Carbon 
Activated carbon was synthesized from rice husk using NaOH and KOH as activating agents under var-

ious high-temperature treatment conditions. Initially, the rice husk was thoroughly washed multiple times 
with distilled water to remove dirt and surface impurities. After cleaning, it was dried to a constant mass and 
�V�X�E�M�H�F�W�H�G���W�R���S�U�H�O�L�P�L�Q�D�U�\���F�D�U�E�R�Q�L�]�D�W�L�R�Q���D�W���������×�ƒ�&�����“�����×�ƒ�&�����I�R�U�����×�K�R�X�U���X�Q�G�H�U���D���Q�L�W�U�R�J�H�Q���D�W�P�R�V�S�K�H�U�H���W�R���S�U�H�Y�H�Q�W��
oxidation [11, 12]. Chemical activation was carried out at 850 �ƒ�&�� ���“���� �ƒ�&���� �I�R�U�����×�K�R�X�U���X�Q�G�H�U���Q�L�W�U�R�J�H�Q���I�O�R�Z����
For post-thermochemical activation, the carbonized rice husk was mixed with KOH powder and thermally 
�W�U�H�D�W�H�G���L�Q���D�L�U���D�W���������×�ƒ�&�����������×�ƒ�&�����D�Q�G���������×�ƒ�&���I�R�U�����×�K�R�X�U�V���W�R���H�Q�V�X�U�H���I�X�O�O���L�P�S�U�H�J�Q�D�W�L�R�Q���R�I���W�K�H���F�D�U�E�R�Q���V�W�U�X�F�W�X�U�H���E�\��
molten KOH. Both sodium hydroxide (NaOH) and potassium hydroxide (KOH) were used as activating 
agents, with a precursor-to-activating agent mass ratio of 1:4. After activation, the resulting samples were 
washed with hot distilled water until a neutral pH (6-7) was achieved, ensuring the removal of residual alkali. 
�7�K�H���P�D�W�H�U�L�D�O�V���Z�H�U�H���W�K�H�Q���G�U�L�H�G���D�W���������×�ƒ�&���I�R�U�������×�K�R�X�U�V�����7�K�H���G�U�L�H�G���D�F�W�L�Y�D�W�H�G���F�D�U�E�R�Q���Z�D�V���J�U�R�X�Q�G���D�Q�G���V�X�E�M�H�F�W�H�G��
to a second carbonization step at 500 �ƒ�&�� �I�R�U�������� �P�L�Q�X�W�H�V���X�Q�G�H�U���D�Q���D�U�J�R�Q���D�W�P�R�V�S�K�H�U�H���� �Z�L�W�K���D���K�H�D�W�L�Q�J�� �U�D�W�H�� �R�I��
7.5-8 �ƒ�&���P�L�Q�±1, following the procedure described previously [5, 36]. The resulting RH-AC samples pre-
pared by this method were used in the fabrication of a supercapacitor cell, as described in the next section. 

Electrode Fabrication and Electrochemical Tests 
A symmetrical two-electrode system was employed, in which both the working and counter electrodes 

were fabricated from the same activated carbon material derived from rice husk. Additionally, the superca-
pacitor cell was equipped with an Ag/AgCl reference electrode and a stainless steel current collector. To pre-
pare the activated carbon electrodes (Carbon/C65/PTFE), a composite mixture was formulated consisting of 
�����×�Z�W�������D�F�W�L�Y�D�W�H�G���F�D�U�E�R�Q���S�R�Z�G�H�U�������×�Z�W�������F�D�U�E�R�Q���E�O�D�F�N�����&���������D�V���D���F�R�Q�G�X�F�W�L�Y�H���D�G�G�L�W�L�Y�H�����D�Q�G�����×�Z�W�������S�R�O�\�W�H�W�U�D��
fluoroethylene (PTFE, 60 % dispersion in water), resulting in a 90:5:5 weight ratio. The components were 
thoroughly mixed and ground using an agate mortar and pestle until the solvent fully evaporated. The result-
�L�Q�J�� �P�L�[�W�X�U�H�� �Z�D�V�� �G�U�L�H�G�� �R�Y�H�U�Q�L�J�K�W�� �L�Q�� �D�� �Y�D�F�X�X�P�� �R�Y�H�Q�� �D�W�� �������×�ƒ�&�� Afterwards, disc-�V�K�D�S�H�G�� �H�O�H�F�W�U�R�G�H�V�� �������×�P�P��
�G�L�D�P�H�W�H�U�����Z�H�U�H���S�X�Q�F�K�H�G���I�U�R�P���W�K�H���I�R�U�P�H�G���V�K�H�H�W�����\�L�H�O�G�L�Q�J���D���I�L�Q�D�O���W�K�L�F�N�Q�H�V�V���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\���������×��m [37]. 

T a b l e  1 

Rice husk-based activated carbon (RH-AC) electrodes 

AC 
Mass values of AC combinations 

Carbon, g C65, g PTFE, g 
NaOH �²  850 �ƒ�& 0.2547 0.0151 0.0141 

RH �²  650 �ƒ�& 0.2893 0.0163 0.0162 
RH �²  750 �ƒ�& 0.2793 0.0155 0.01506 
RH �²  850 �ƒ�& 0.2909 0.0161 0.0165 

 
The electrochemical performance of RH-AC in a supercapacitor was evaluated using cyclic voltamme-

try (CV), galvanostatic charge-discharge (GCD) measurements, and electrochemical impedance spectrosco-
py (EIS). The CV measurements were carried out within a voltage range of 0.6�±1.5 V at various scan rates. 
�*�&�'�� �W�H�V�W�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �D�W�� �D�� �F�R�Q�V�W�D�Q�W�� �F�X�U�U�H�Q�W�� �R�I�� �������×�$���J�±1 to determine specific capacitance and energy 
�G�H�Q�V�L�W�\�� �D�W�� �G�L�I�I�H�U�H�Q�W�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�L�H�V���� �Z�L�W�K�� �D�� �S�R�W�H�Q�W�L�D�O�� �F�X�W�R�I�I�� �R�I�� ���×�P�9���� �(�,�6�� �D�Q�D�O�\�V�L�V�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �D��
VMP-3 multichannel potentiostat/galvanostat (BioLogic Instruments, France) over a frequency range of 
�������×�P�+�]���W�R���������×�N�+�]���W�R���L�Q�Y�H�V�W�L�J�D�W�H���F�K�D�U�J�H���W�U�D�Q�V�I�H�U���U�H�V�L�V�W�D�Q�F�H���D�Q�G���L�R�Q���G�L�I�I�X�V�L�R�Q���S�U�R�S�H�U�W�L�H�V���>�����@�����(�O�H�F�W�U�R�F�K�H�P��
ical studies were carried out using VSP-300 electrochemical workstations. The CV curves were recorded 
�Z�L�W�K�L�Q���D�������9���S�R�W�H�Q�W�L�D�O���Z�L�Q�G�R�Z�����Z�K�L�O�H���*�&�'���W�H�V�W�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���D�W���D���F�R�Q�V�W�D�Q�W���F�X�U�U�H�Q�W���R�I�����������$���J-1. Imped-
ance measurements were conducted in the 100 kHz�±10 mHz frequency range with a potential amplitude of 
1.5 V. The specific capacitance was calculated from GCD curves using the following equation: 

 , (1) 
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where C ���)���J�í��) is the specific capacitance; I ���$�����L�V���W�K�H���G�L�V�F�K�D�U�J�H���F�X�U�U�H�Q�W�����¨t ���V�����L�V���W�K�H���G�L�V�F�K�D�U�J�H���W�L�P�H�����¨V (V) 
is the potential window; m (mg) is the total mass of two electrodes. 

Specific capacitance from the CV curve was calculated using the following equation: 

  (2) 

Here, C ���)���J�‡�ï���� �U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �V�S�H�F�L�I�L�F�� �F�D�S�D�F�L�W�D�Q�F�H���� �P�� ���P�J���� �G�H�Q�R�W�H�V���W�K�H�� �W�R�W�D�O���P�D�V�V�� �R�I�� �E�R�W�K���H�O�H�F�W�U�R�G�H�V����
v ���P�9���V�‡�ï�����L�V���W�K�H���V�F�D�Q���U�D�W�H����I (A) refer to the discharge current, and Vb and Va correspond to the upper and 
lower voltage limits in the cyclic voltammetry (CV) test [38]. 

Result and Discussion 

Characterization of RH-based AC in a Supercapacitor System 
The microstructural characteristics of carbon materials derived from rice husks after thermochemical 

activation were extensively examined in our previous study [35]. The SEM micrographs of RH-AC revealed 
a well-developed porous architecture within the carbon matrix, formed through carbonization and graphitiza-
tion at 750 �ƒ�&���� �I�R�O�O�R�Z�H�G�� �E�\�� �.�2�+-assisted thermochemical activation at 850 �ƒ�&���� �7�K�H�� �U�H�V�X�O�W�L�Q�J�� �P�D�W�H�U�L�D�O�� �H�[��
hibited a uniform distribution of macropores across the surface. The specific surface area of the rice husk-
�G�H�U�L�Y�H�G���D�F�W�L�Y�D�W�H�G���F�D�U�E�R�Q���U�H�D�F�K�H�G�����������×�P2���J�±1, enhancing its suitability for electrochemical applications [36]. 
Building upon these prior findings, the present study investigates the electrochemical performance of RH-
based activated carbons (RH-ACs) in a supercapacitor system, with a particular focus on specific capacitance 
behavior across a voltage range of 0.6�±�������×�9�� �D�W���Y�D�U�\�L�Q�J�� �V�F�D�Q���U�D�W�H�V���� �7�K�H���L�Q�I�O�X�H�Q�F�H�� �R�I�� �D�F�W�L�Y�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V����
particularly the choice of chemical activator (KOH vs. NaOH) and activation temperatures (650 �ƒ�&���������� �ƒ�&����
and 850 �ƒ�&������ �L�V�� �H�Y�D�O�X�D�W�H�G��using CV, GCD, and EIS to determine the optimal RH-AC materials for use as 
suitable cathodes in supercapacitors. 

Figure 1 presents CV results of two electrodes (2E) in SC systems fabricated using four activated car-
bon samples: AC/NaOH at 850 �ƒ�&�� ���E�O�D�F�N������ �5�+-AC/KOH at 650 �ƒ�&�� ���U�H�G������ �5�+-AC/KOH at 750 �ƒ�&�� ���E�O�X�H������
and RH-AC/KOH at 850 �ƒ�&�����J�U�H�H�Q������ �6�S�H�F�L�I�L�F�� �F�D�S�D�F�L�W�D�Q�F�H�� �Z�D�V�� �H�Y�D�O�X�D�W�H�G���D�F�U�R�V�V���Y�R�O�W�D�J�H�� �U�D�Q�J�H�V�� �I�U�R�P�� �������� �W�R��
1.5 V to assess charge storage efficiency and ion transport properties.  
 

 

Figure 1. CV results showing (a) specific capacitance and (b) coulombic efficiency of 2E-type electrodes  
based on AC/NaOH and RH-AC/KOH samples activated at different temperatures,  

measured across a voltage range of 0.6�±�������×�9���D�W���D���V�F�D�Q���U�D�W�H���R�I�����×�P�9���V 

Figure 1(a) shows that AC/NaOH sample activated at 850 �ƒ�&���H�[�K�L�E�L�W�H�G���D���V�W�D�E�O�H���D�Q�G���J�U�D�G�X�D�O�O�\���L�Q�F�U�H�D�V��
�L�Q�J���F�D�S�D�F�L�W�D�Q�F�H�����U�D�Q�J�L�Q�J���I�U�R�P�����������W�R���������×�)���J�±1�����H�[�F�H�S�W���I�R�U���D���V�O�L�J�K�W���G�L�S���D�W���������×�9�����������×�)���J�±1), suggesting a well-
developed pore structure. In contrast, RH-�$�&���.�2�+���D�F�W�L�Y�D�W�H�G���D�W���������×�ƒ�&���G�L�V�S�O�D�\�H�G���D���V�K�D�U�S���G�H�F�U�H�D�V�H���L�Q���F�D�S�D�F�L��
�W�D�Q�F�H�� �I�U�R�P�� �������� �W�R�� �������×�)���J�±1, likely due to insufficient activation and poor electrical conductivity. RH-
AC/KOH at 850 �ƒ�&���V�K�R�Z�H�G���W�K�H���O�R�Z�H�V�W���F�D�S�D�F�L�W�D�Q�F�H�������������W�R�����������)���J�±1), attributed to excessive pore widening 
and reduced availability of effective charge storage sites. The RH-AC/KOH at 750 �ƒ�&���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�H���E�H�V�W��
capacitance retention (159 to 165 �)���J�±1), based on the microporosity and conductivity, making it the most 
effective cathode material for supercapacitor applications. Figure 1(b) illustrates the coulombic efficiency of 
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four different AC samples in a supercapacitor system. The performance of each sample is analyzed based on 
capacitance retention as a function of voltage variation within the range of 0.6 to 1.5 V. The efficiency of 
each sample was evaluated across the voltage range, showing a gradual decline. At the initial voltage of 
0.6 V, the efficiencies of AC/NaOH at 850 �ƒ�&�� �D�Q�G�� �5�+-AC/KOH at 650 �ƒ�&���� ������ �ƒ�&���� �D�Q�G�� ������ �ƒ�&�� �Z�H�U�H�� �D�O�O��
close to 100 %. By the final voltage of 1.5 V, the efficiency values were approximately 98.6 %, 100 %, 
96.7 %, and 100 %, respectively. The RH-AC/KOH at 750 �ƒ�&���G�L�V�S�O�D�\�H�G���V�O�L�J�K�W�O�\���O�R�Z�H�U���H�I�I�L�F�L�H�Q�F�\���F�R�P�S�D�U�H�G��
to the other samples at 1.5 voltage. 

The CV curves of two electrode (2E) cells with AC/NaOH at 850 �ƒ�&�� �D�Q�G�� �5�+-AC/KOH at 650 �ƒ�&����
750 �ƒ�&�����D�Q�G�������� �ƒ�&�����P�H�D�V�X�U�H�G���X�S���W�R�����������9���L�Q�������P�R�O���/�±1 Li 2SO4 electrolyte, are shown in Figure 2 (a, b, c, and 
d), respectively. As shown in Figure 2(a), the CV curves of AC/NaOH at 850 �ƒ�&���H�[�K�L�E�L�W���F�D�S�D�F�L�W�D�Q�F�H���W�U�D�F�H�V��
with a specific current (Sc) ranging from �±�������������W�R���������������P�$���J�±1 in the lower potential region (0.6�±1.0 V), 
while in the higher potential region (1.2�±1.5 V), the specific current varies from �±���������W�R���������������P�$���J�±1. The 
�V�S�H�F�L�I�L�F�� �F�X�U�U�H�Q�W���F�K�D�Q�J�H�� ���¨�6�F���� �D�W�� �O�R�Z�� �D�Q�G�� �K�L�J�K�� �Y�R�O�W�D�J�H�V�� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �D�V�� ������������ �D�Q�G�� ������������ �P�$���J�±1, respec-
tively. Figure 2(b) presents the CV curves of RH-AC/KOH at 650 �ƒ�&�����V�K�R�Z�L�Q�J���F�D�S�D�F�L�W�D�Q�F�H���W�U�D�F�H�V���Z�K�H�U�H���W�K�H��
specific current increases from �±�������������W�R���������������P�$���J�±1 in the low potential region. At higher potentials, the 
specific current varies from �±���������W�R���������������P�$���J�±1�����7�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���¨�6�F���Y�D�O�X�H�V���I�R�U���O�R�Z���D�Q�G���K�L�J�K���S�R�W�H�Q�W�L�D�O�V��
�Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �W�R�� �E�H�� ������������ �D�Q�G�� ������������ �P�$���J�±1, respectively. Similarly, as shown in Figure 2(c), the CV 
curves of RH-AC/KOH at 750 �ƒ�&���H�[�K�L�E�L�W���V�S�H�F�L�I�L�F���F�X�U�U�H�Q�W���Y�D�U�L�D�W�L�R�Q�V���I�U�R�P���±135.7 to 133.5 �P�$���J�±1 in the low 
potential region and from �±������������ �W�R�������������� �P�$���J�±1 �L�Q���W�K�H�� �K�L�J�K�H�U���S�R�W�H�Q�W�L�D�O���U�H�J�L�R�Q���� �7�K�H���¨�6�F�� �Y�D�O�X�H�V�� �I�R�U���W�K�H�V�H��
�Y�R�O�W�D�J�H���U�D�Q�J�H�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���D�V���������������D�Q�G���������������P�$���J�±1, respectively. In Figure 2(d), the cyclic voltamme-
try (CV) curves for the RH-AC/KOH sample at 850 �ƒ�&���V�K�R�Z���W�K�D�W���W�K�H���V�S�H�F�L�I�L�F���F�X�U�U�H�Q�W���U�D�Q�J�H�V���I�U�R�P���±88.4 to 
�������������P�$���J�±1 at lower potentials and from �±106.4 to 141.4 �P�$���J�±1 at higher potentials. 
 

         

          

Figure 2. CV curves at 2 mV/s of 2E cell with AC/NaOH at 850 �ƒ�&����a)  
and RH-AC/KOH at 650 (b), 750 (c) 850 �ƒ�&����d) activated electrodes in different voltages 

�7�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���F�K�D�Q�J�H�V���L�Q���V�S�H�F�L�I�L�F���F�X�U�U�H�Q�W�����¨�6�F�����D�U�H���������������P�$���J�±1 �D�Q�G���������������P�$���J�±1, respectively. 
A comparison of �û�6�F�� �Y�D�O�X�H�V�� �D�W�� �O�R�Z�� �Y�R�O�W�D�J�H�V�� �D�P�R�Q�J�� �W�K�H�� �I�R�X�U�� �V�D�P�S�O�H�V���� �Q�D�P�H�O�\�� �$�&���1�D�2�+�� �D�W�� �������×�ƒ�&�� �D�Q�G��
RH-�$�&���.�2�+�� �D�W�� �������×�ƒ�&���� �������×�ƒ�&���� �D�Q�G�� �������×�ƒ�&�� �U�H�Y�H�D�O�V�� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �W�U�H�Q�G���� ������������ �!�� ������������ �!�� ���������� > 
> �����������×�P�$���J�±1. Similarly, in the high voltage range, the �û�6�F�� �Y�D�O�X�H�V�� �I�R�O�O�R�Z�� �W�K�H�� �R�U�G�H�U���� ������������ �§�� ������������ �!�� 
> 314.6 > �����������×�P�$���J�±1. From these results, it is evident that the electrode density of AC/NaOH at 850 �ƒ�&���L�V��
significantly higher. Among the RH-AC/KOH samples, the one treated at 750 �ƒ�&���H�[�K�L�E�L�W�V���W�K�H���K�L�J�K�H�V�W���F�X�U�U�H�Q�W��
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density, comparable to that of AC/NaOH at 850 �ƒ�&�����7�K�H�V�H���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���U�H�V�X�O�W�V���L�Q�G�L�F�D�W�H���W�K�D�W���5�+-AC/KOH 
at 750 �ƒ�&���D�F�K�L�H�Y�H�V���W�K�H���K�L�J�K�H�V�W���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\�����V�L�J�Q�L�I�\�L�Q�J���V�X�S�H�U�L�R�U���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���S�H�U�I�R�U�P�D�Q�F�H�� 

Figure 3 shows the galvanostatic charge-discharge (a), and electrochemical impedance (b) of AC/NaOH 
���(���F�H�O�O���D�W���D���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���R�I�����������$���J�±1 in different voltage ranges at 850 �ƒ�&�����)�L�J�X�U�H���� (a) shows a triangular 
shape within the voltage range of 0.6�±1.5 V, which suggests nearly ideal capacitive behavior, as is typical of 
double-layer capacitors. The initial voltage drop during discharge, which occurs between 259 and 531 sec-
onds, appears minimal. A total discharge duration of 272 seconds indicates low internal resistance and excel-
lent conductivity of the electrode materials. The longest discharge time is observed at 1.5 V, with a maxi-
mum discharge time of 671 seconds exhibiting the highest stored charge value between 671 and 1342 sec-
onds. At higher voltages (1.4 V and 1.5 V), the charge-discharge curves remain linear with a right angle, in-
dicating good electrode stability even under elevated voltage conditions. Additionally, the charge-discharge 
curves are symmetrical and consist of straight lines, showing consistent growth as the voltage increases from 
0.6 to 1.5 V. Figure 3(b) demonstrates the Nyquist Plot (EIS) at different voltages (0.6�±1.5 V). The shift in 
charge transfer resistance (Rct) at lower voltages 0.6�±1.0 shows the same 0.6 �
  and low Equivalent Series 
Resistance (Rs) 0.27 �
 . The small semicircle at high frequencies corresponds to the charge transfer resistance 
(Rct) at the electrode/electrolyte interface [36]. According to the specified parameters, the Rct values for the 
three voltages in 1.2 V, 1.4 V, and 1.5 V gradually increase to 0.73 �
 , 1.21 �
 , and 2.05 �
 , respectively. Cor-
respondingly, the Rs values are 0.32 �
 , 0.41 �
 , and 0.56 �
 , respectively. A larger semicircle at higher volt-
ages (1.4 V and 1.5 V) is attributed to an increase in Rct. The highest change in charge transfer resistance 
(�ûRct) is 1.49 �
 , which is possibly due to reduced ionic conductivity at higher voltages compared to lower 
voltage ranges. The ECI measurement results (Fig. b) suggest that the enhanced Rct values of AC/NaOH 2E 
cells reflect a notable alteration in the porous structure that facilitates easier electrolyte diffusion. 
 

 

Figure 3. GCD (a) and EIS (b�����F�X�U�Y�H�V���R�I���W�K�H���$�&���1�D�2�+�����(���F�H�O�O���D�W���D���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���R�I�����������$���J�±1  
in different voltage ranges at 850 �ƒ�& 

Figure 4 shows the charge-discharge behavior and electrochemical impedance of a 2E cell with RH-AC 
treated with KOH at 650 �ƒ�&���������� �ƒ�&�����D�Q�G�������� �ƒ�&���D�W���D���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���R�I�����������$���J�±1, across various voltage lim-
its. Figure 4(a) shows that the initial voltage drop during discharge, occurring between 248 and 498 seconds, 
�L�V���P�L�Q�L�P�D�O�����0�R�U�H�R�Y�H�U�����W�K�H���W�R�W�D�O���G�L�V�F�K�D�U�J�H���G�X�U�D�W�L�R�Q�����¨T) of 250 seconds suggests low internal resistance and 
excellent conductivity of the electrode materials. The longest discharge time is notably observed at 1.5 V, 
�U�D�Q�J�L�Q�J�� �I�U�R�P�� �������� �W�R�� ���������� �V�H�F�R�Q�G�V���� �Z�L�W�K�� �D�� �P�D�[�L�P�X�P�� �G�X�U�D�W�L�R�Q�� �R�I�� ���¨T) 561 seconds, indicating the highest 
stored charge value. However, the GCD properties of RH-AC/KOH at 650 �ƒ�&�� �D�U�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �O�R�Z�H�U�� �W�K�D�Q��
those of AC/NaOH 2E at 850 �ƒ�&�� Furthermore, at higher voltages (1.4 V and 1.5 V), the charge-discharge 
curves deviate from linearity; a curved line reduces symmetry rather than a right angle. In contrast, its stabil-
ity declines as the voltage increases from 1.2 to 1.5 V. Figure 4(d) presents the Nyquist plot of RH-AC/KOH 
at 650 �ƒ�&���� �$�W���O�R�Z�� �Y�R�O�W�D�J�H�V�� ���������±1.0 V), the charge transfer resistance (Rct) and equivalent series resistance 
(Rs) remain similar, with values of 2.86 �
  and 0.47 �
 , respectively. As the voltage increases to 1.2 V, 1.4 V, 
and 1.5 V, the Rct values rise uniformly to 3.5 �
 , 5.2 �
 , and 7.16 �
 , respectively. Similarly, the Rs values 
increase to 0.56 �
 , 0.72 �
 , and 0.84 �
 . The most significant increase in charge transfer resistance is ob-
served at the highest voltage (1.5 V), reaching 7.16 �
  due to the formation of a large semicircle. 
 



Mukhametgazy, N., Temirkulova, K.M. et al.  

68 Eurasian Journal of Chemistry. 2025. Vol. 30, No. 2(118) 

 

Figure 4. GCD (a, b, c), and EIS (d, e, f) of the RH-�$�&���.�2�+�����(���F�H�O�O���D�W���D���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���R�I�����������$���J�±1  
with different voltages at 650, 750, and 850 �ƒ�&�����U�H�V�S�H�F�W�L�Y�H�O�\ 

Figure 4(b) shows the GCD performance of RH-AC/KOH activated at 750 �ƒ�&�����7�K�H��initial voltage drop 
during discharge is minimal and occurs within the time frame of 251 to 505 seconds. Additionally, the total 
�G�L�V�F�K�D�U�J�H���G�X�U�D�W�L�R�Q�����¨T) of 254 seconds suggests that the electrode materials have low internal resistance and 
excellent conductivity. Furthermore, the longest discharge time of 604 seconds is recorded at 1.5 V from 620 
to 1224 seconds, directly reflecting the highest stored charge. Meanwhile, under comparable conditions, the 
GCD behavior of RH-AC/KOH activated at 750 �ƒ�&�� �Z�L�W�K�� �.�2�+�� �U�H�P�D�L�Q�V�� �Q�R�W�D�E�O�\�� �K�L�J�K�H�U�� �W�K�D�Q�� �W�K�D�W�� �R�I�� �W�K�H��
RH-AC/KOH sample activated at 650 �ƒ�&�����)�X�U�W�K�H�U�P�R�U�H�����D�W���H�O�H�Y�D�W�H�G���Y�R�O�W�D�J�H�V�������������9���D�Q�G�����������9�������W�K�H���F�K�D�U�J�H-
discharge curves exhibit a linear profile, maintaining symmetry between the charge and discharge lines. Fig-
ure 4(e) presents the Nyquist plot for RH-AC/KOH at 750 �ƒ�&�����$�W���O�R�Z���Y�R�O�W�D�J�H�V�����������±1.2 V), the charge trans-
fer resistance (Rct) and equivalent series resistance (Rs) are similar, with values of 0.89 �
  and 0.26 �
 , respec-
tively. As the voltage increases to 1.4 V and 1.5 V, the Rct values rise slightly to 0.98 �
  and 1.1 �
 , respec-
tively, forming a semicircle with a small radius, indicating that the electrochemical impedance of electrodes 
does not increase significantly. Meanwhile, the Rs values remain constant at 0.26 �
  throughout the tested 
voltage range of 0.6�±1.5 V. Additionally, the conduction resistance exhibits minimal variation, ranging from 
0.89 �
  to 1.1 �
  across the entire voltage range, consistently forming a distinct semicircle. Notably, the max-
imum change in charge transfer resistance (�ûRct) is only 0.21 �
 , which further confirms the stability of the 
system. 
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As can be seen in Figure 4(c), the initial voltage drop during discharge is minimal and occurs between 
�������������D�Q�G�����������V�H�F�R�Q�G�V�����0�R�U�H�R�Y�H�U�����W�K�H���W�R�W�D�O���G�L�V�F�K�D�U�J�H���G�X�U�D�W�L�R�Q�����¨T) of 301.6 seconds indicates low internal 
resistance and excellent conductivity of the electrode materials. Notably, the longest discharge time is ob-
served at 1.5 �9�����H�[�W�H�Q�G�L�Q�J���I�U�R�P�����������W�R�����������V�H�F�R�Q�G�V�����7�K�L�V���P�D�[�L�P�X�P���G�L�V�F�K�D�U�J�H���G�X�U�D�W�L�R�Q�����¨T) of 484 seconds 
is directly proportional to the highest charge storage capacity. Furthermore, at higher voltages (1.4 V and 
1.5 V), the charge-discharge curves exhibit a linear profile, maintaining symmetry between the charge and 
discharge lines. Figure 4(f) shows the RH-AC/KOH Nyquist plot at 850 �ƒ�&�� As the voltage increases to 0.6 V 
and 1.5 V, the equivalent series resistance (Rs) and charge transfer resistance (Rct) values become similar at 
all six voltages. They �L�Q�F�U�H�D�V�H���V�O�L�J�K�W�O�\���W�R�������������
���D�Q�G�������������
�����U�H�V�S�H�F�W�L�Y�H�O�\�����L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���W�K�H���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O��
resistance of the electrodes is very low and forming a semicircle with a very small radius. It is worth noting 
�W�K�D�W�� �W�K�H�� �P�D�[�L�P�X�P�� �F�K�D�Q�J�H�� �L�Q�� �F�K�D�U�J�H�� �W�U�D�Q�V�I�H�U�� �U�H�V�L�V�W�D�Q�F�H�� ���û�5ct���� �L�V�� �R�Q�O�\�� ���������� �
���� �F�R�Q�I�L�U�P�L�Q�J�� �W�K�D�W�� �W�K�H��
conductivity of the system is very low. 
 

 

Figure 5. GCD versus 2E cell with RH-AC treated at 650, 750, and 850 �ƒ�&���D�W���D���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���R�I�����������$���J�±1  
versus voltage: (a) 0.6 V, (b) 0.8 V, (c) 1.0 V, (d) 1.2 V, (e) 1.4 V, and (f) 1.5 V 

Figure 5 demonstrates the galvanostatic charge-discharge behavior of a 2E cell containing RH-AC 
treated at 650 �ƒ�&���������� �ƒ�&�����D�Q�G�������� �ƒ�&���D�W���D���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���R�I�����������$���J�±1 and over a wide range of voltage. Fig-
ure 5(a, b and c) shows the charge-discharge voltage variations for the RH/KOH sample treated at 850 �ƒ�&��
(blue line) at voltages of 0.6 V, 0.8 V, and 1.0 V, which were 189 V, 246 V, and 306 V, respectively. These 
values indicate significantly lower capacitance than the other two samples, which were treated at 650 �ƒ�&���D�Q�G��
750 �ƒ�&���� �:�L�W�K�L�Q��the lower voltage range (0.6�±1.0 �9������ �W�K�H�� �G�L�V�F�K�D�U�J�H�� �Y�R�O�W�D�J�H�� �F�K�D�Q�J�H�� �Y�D�O�X�H�V�� ���¨V) for the 
RH-650 �ƒ�&���D�Q�G���5�+-750 �ƒ�&���V�D�P�S�O�H�V��remained consistent across figures a, b, and c�����)�X�U�W�K�H�U�P�R�U�H�����W�K�H���¨V val-
ues increased in the following order: 247 V < 326 V < 391 V for RH-650 �ƒ�&���D�Q�G�������� V < 326 V < 400 V for 
RH-750 �ƒ�&�����U�H�V�S�H�F�W�L�Y�H�O�\�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����Z�K�H�Q���D�Q�D�O�\�]�L�Q�J���W�K�H���J�U�D�S�K�V���L�Q���)�L�J�X�U�H��������d, e, and f), it is evident 
that at relatively high voltages (1.2 V, 1.4 V, and 1.5 V), the charge-discharge curves are more widely 
spaced. Specifically�����W�K�H���G�L�V�F�K�D�U�J�H���Y�R�O�W�D�J�H���F�K�D�Q�J�H�V�����¨V) increased in the order of 372 V < 444 V < < 525 V 
for RH-850 �ƒ�&���������� V < 520 V < 556 V for RH-650 �ƒ�&�����D�Q�G�������� V < 558 V < 607 V for RH-750 �ƒ�&�����7�K�H�V�H��
�U�H�V�X�O�W�V�� �L�Q�G�L�F�D�W�H�� �W�K�D�W���W�K�H�� �¨�9�� �Y�D�O�X�H�V�� �I�R�U���5�+-850 �ƒ�&�� �Z�H�U�H�� �W�K�H�� �O�R�Z�H�V�W���D�F�U�R�V�V�� �D�O�O���Y�R�O�W�D�J�H�� �W�H�V�W�V���� �D�Q�G�� �W�K�H�� �F�K�D�U�J�H-
�G�L�V�F�K�D�U�J�H���L�Q�W�H�U�V�H�F�W�L�R�Q���D�Q�J�O�H���I�R�U�P�H�G���D�Q���D�F�X�W�H���D�Q�J�O�H�����0�H�D�Q�Z�K�L�O�H�����W�K�H���G�L�V�F�K�D�U�J�H���Y�R�O�W�D�J�H���F�K�D�Q�J�H�V�����¨V) for RH-
650 �ƒ�&���D�Q�G���5�+-750 �ƒ�&���I�R�O�O�R�Z�H�G���D���V�L�P�L�O�D�U���L�Q�F�U�H�D�V�L�Q�J���W�U�H�Q�G�����$�G�G�L�W�L�R�Q�D�O�Oy, as the voltage increased from 1.2 V 
to 1.5 V, the charge-discharge curves for RH-650 �ƒ�&�� ���E�U�R�Z�Q�� �O�L�Q�H���� �E�H�F�D�P�H�� �P�R�U�H�� �D�U�F-shaped, while the dis-
charge voltage gradually decreased. In contrast, the RH-750 �ƒ�&�� ���U�H�G�� �O�L�Q�H���� �G�L�V�S�O�D�\�H�G�� �W�K�H�� �O�D�U�J�H�V�W�� �G�L�V�F�K�D�U�J�H��
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�Y�R�O�W�D�J�H�� �F�K�D�Q�J�H�� ���¨V) of 481 V < 558 V < 607 V, forming larger, symmetrical triangles and maintaining a 
steady increase. 

Figure 6 illustrates the pronounced impact of activation temperature on the pore structure of 
RH-�$�&���.�2�+���H�O�H�F�W�U�R�G�H�V�����$�W���������×�ƒ�&�����)�L�J��������a)), the RH-AC electrode exhibits a predominantly microporous 
�V�W�U�X�F�W�X�U�H���� �Z�L�W�K�� �P�L�F�U�R�S�R�U�H�V�� �����������Å���×�Q�P���� �D�F�F�R�X�Q�W�L�Q�J�� �I�R�U�� ���������� % of the total porosity, along with a notable 
�I�U�D�F�W�L�R�Q���R�I���V�P�D�O�O���P�H�V�R�S�R�U�H�V�������Å�����×�Q�P�����F�R�P�S�U�L�V�L�Q�J������������ %. Figure 6(b) shows that increasing the activation 
temperature to 750 �ƒ�&���O�H�D�G�V���W�R���D���F�O�H�D�U���V�K�L�I�W���L�Q���S�R�U�H���G�L�V�W�U�L�E�X�W�L�R�Q�����P�L�F�U�R�S�R�U�R�V�L�W�\���G�H�F�U�H�D�V�H�V���W�R������������ %, while 
mesoporosity increases to 40.58 %. This trend reflects progressive pore widening, which is attributed to 
�P�R�U�H�� �L�Q�W�H�Q�V�H�� �.�2�+�� �D�F�W�L�Y�D�W�L�R�Q�� �D�W�� �K�L�J�K�H�U�� �W�H�P�S�H�U�D�W�X�U�H�V���� �)�X�U�W�K�H�U�P�R�U�H���� �D�W�� �������×�ƒ�&�� ���)�L�J���� ����c)), the RH-AC/KOH 
electrode undergoes a dramatic structural transformation, with mesopores dominating at 89.98 % and mi-
cropores nearly disappearing to 0.04 %. This suggests that excessive activation at this temperature may lead 
to overdevelopment of mesopores and potential pore collapse. These results demonstrate the temperature-
dependent tunability of the pore network, whereby elevated temperatures promote the formation of meso-
pores that enhance ion transport. However, this enhancement may come at the expense of a reduced specific 
surface area. This highlights the importance of optimizing activation conditions to achieve a balanced pore 
structure for optimal electrochemical performance. 
 

 
 a) b) c) 

Figure 6. Pore volume distribution maps for RH-AC/KOH at 650 (a), 750 (b), and 850 �ƒ�&����c) activated electrodes 

This analysis confirms that the RH-�������×�ƒ�&���V�D�P�S�O�H���H�[�K�L�E�L�W�V���V�W�D�E�O�H���D�Q�G���K�L�J�K���F�D�S�D�F�L�W�D�Q�F�H���D�F�U�R�V�V���D���E�U�R�D�G��
�Y�R�O�W�D�J�H�� �U�D�Q�J�H���� �1�R�W�D�E�O�\���� �L�W�� �P�D�L�Q�W�D�L�Q�V�� �V�X�S�H�U�L�R�U�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�W�� �D�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�\�� �R�I�� �������×�$���J�±1 under voltages 
�K�L�J�K�H�U���W�K�D�Q���������×�9�����G�H�P�R�Q�V�W�U�D�W�L�Q�J���V�X�S�H�U�L�R�U���G�H�V�L�U�D�E�O�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���I�R�U���H�Q�H�U�J�\���V�W�R�U�D�J�H���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���V�X�S�H�U��
capacitors. 

Conclusions 

Cyclic voltammetry (CV) tests reveal the electrochemical behavior of activated carbon samples, with 
RH-AC/KOH synthesized at 750 �ƒ�&�� �G�H�P�R�Q�V�W�U�D�W�L�Q�J�� �W�K�H�� �K�L�J�K�H�V�W���F�D�S�D�F�L�W�D�Q�F�H�� �U�H�W�H�Q�W�L�R�Q�� ���������±�������� �)���J�±1). This 
superior performance is likely due to its optimized microporosity and enhanced conductivity, making it the 
most effective cathode material for supercapacitors. Electrochemical analysis, including galvanostatic 
charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS), further confirms that 
RH-AC/KOH at 750 �ƒ�&���D�F�K�L�H�Y�H�V���W�K�H���K�L�J�K�H�V�W���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���D�Q�G���P�D�L�Q�W�D�L�Q�V���V�W�D�E�O�H���S�H�U�I�R�U�P�D�Q�F�H���D�F�U�R�V�V���D���Y�R�O�W��
age range of 0.6�±1.5 V, exhibiting the longest discharge duration. Comparing the specific current change 
(�ûSc) at low potentials (0.6�±1.0 V) among four samples of AC/NaOH at 850 �ƒ�&�� �D�Q�G�� �5�+-AC/KOH at 
650 �ƒ�&���� ������ �ƒ�&�� �D�Q�G�� ������ �ƒ�&�� �U�H�Y�H�D�O�V�� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �W�U�H�Q�G���� ������������ �!�� ������������ �!�� ������������ �!�� ������������ �P�$���J�±1. At higher 
potentials (1.2�±���������9�������W�K�H���¨�6�F���Y�D�O�X�H�V���I�R�O�O�R�Z���W�K�H���R�U�G�H�U�����������������§���������������!���������������!���������������P�$���J�±1. These results 
indicate that the AC/NaOH sample at 850 �ƒ�&�� �S�R�V�V�H�V�V�H�V�� �W�K�H��highest electrode density. However, the 
RH-AC/KOH sample treated at 750 �ƒ�&�� �H�[�K�L�E�L�W�V�� �W�K�H�� �K�L�J�K�H�V�W�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�\���� �F�R�P�S�D�U�H�G�� �W�K�H�� �R�W�K�H�U�� �5�+-AC 
samples modified at different temperatures. Overall, the electrochemical data highlight the RH-AC/KOH 
sample treated at 750 �ƒ�&���D�V���W�K�H���P�R�V�W���H�I�I�L�F�L�H�Q�W���H�O�H�F�W�U�R�G�H���P�D�W�H�U�L�D�O�����,�W���G�H�O�L�Y�H�U�V���V�W�D�E�O�H�����K�L�J�K���F�D�S�D�F�L�W�D�Q�F�H���D�F�U�R�V�V��
�G�L�I�I�H�U�H�Q�W�� �Y�R�O�W�D�J�H�� �O�H�Y�H�O�V�� �D�Q�G�� �P�D�L�Q�W�D�L�Q�V�� �V�X�S�H�U�L�R�U�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�W�� �D�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�\�� �R�I�� �������� �$���J�±1 above 1.5 V. 
The excellent electrochemical properties of rice husk-derived activated carbon synthesized at 750 �ƒ�&���X�Q�G�H�U��
score its strong potential as an advanced electrode material for supercapacitor energy storage. Its optimized 
porosity, improved electrical conductivity, and superior charge retention ensure high capacitance stability 
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over a broad voltage range. These attributes not only enhance energy storage efficiency but also indicate 
long-term durability and performance reliability, making it a promising candidate for next-generation super-
capacitor applications in sustainable energy systems. 
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