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Biopolymer-Based Pectin/PVP/CNC Nanocomposites
as Sustainable Matrices for Solid Polymer Electrolyte Systems

Biopolymer-based solid polymer electrolytes (SPEs) are attractive as sustainable alternatives to petroleum-
derived systems; however, balancing mechanical integrity and chain mobility remains challenging. In this
study, cellulose nanocrystals (CNCs) were incorporated into an optimized pectin/poly(vinyl pyrrolidone)
(PVP) polyblend to elucidate their role as functional nanofillers in biopolymer-based SPE matrix design.
CNCs were introduced into the pectin/PVP (7:1, w/w) matrix at loadings of 2, 4, and 6 wt% via solution cast-
ing. FTIR and SEM analyses suggest good compatibility and homogeneous dispersion of CNCs through hy-
drogen-bond-mediated interactions. Mechanical testing shows that CNC incorporation does not function as
conventional reinforcement; instead, low to intermediate CNC contents reduce stiffness and strength while
enhancing ductility, indicating increased segmental mobility. DSC analysis reveals CNC-induced modulation
of Tg-related enthalpy relaxation without inducing crystallinity. SEM observations further confirm a continu-
ous polymer matrix with CNC-induced interfacial heterogeneity and no macroscopic phase separation. These
findings demonstrate that CNCs function as mobility-regulating nanofillers, enabling controlled tuning of
thermal-mechanical behavior, and highlight pectin/PVP/CNC nanocomposites as promising sustainable ma-
trices for future solid polymer electrolyte systems.

Keywords: biopolymers, nanocomposite, pectin, poly(vinyl pyrrolidone), cellulose nanocrystals, solid poly-
mer electrolyte, polyblend, sustainable polymer matrices

Introduction

The rapid growth of electrochemical energy storage technologies has intensified the demand for safe,
flexible, and sustainable electrolyte materials. Among various candidates, solid polymer electrolytes (SPESs)
have attracted considerable attention owing to their improved safety, mechanical integrity, and processability
compared to liquid electrolytes [1]. Conventional SPE matrices are predominantly based on petroleum-
derived polymers such as poly(ethylene oxide) (PEO) [2], poly(vinylidene fluoride) (PVDF) and its copoly-
mers [3], poly(methyl methacrylate) (PMMA) [4], and poly(vinyl alcohol) (PVA) [5], which have demon-
strated promising ion-transport capabilities when combined with lithium salts and suitable plasticizers. How-
ever, concerns regarding environmental sustainability, resource depletion, and end-of-life disposal have mo-
tivated the exploration of biopolymer-based alternatives.

Biopolymers derived from renewable resources, including polysaccharides and their derivatives, offer
inherent advantages such as biodegradability, low toxicity, and abundant functional groups capable of coor-
dinating ionic species [6—8]. Among these materials, pectin, a naturally occurring anionic polysaccharide,
has emerged as a promising host polymer due to its film-forming ability, hydrophilicity, and rich hydroxyl

4 © 2026 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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and carboxyl functionalities. Nevertheless, pristine pectin films often suffer from limited mechanical strength
and thermal stability, restricting their direct application as SPE matrices. To overcome these limitations, pol-
ymer blending, particularly with poly(vinyl pyrrolidone) (PVP), has been demonstrated as an effective strat-
egy to enhance mechanical performance and compatibility through hydrogen bonding interactions [9].

Beyond polymer blending, the incorporation of nanoscale fillers has proven to be a powerful approach
for tailoring the structure—property relationships of SPE matrices. In particular, cellulose nanocrystals
(CNCs) have attracted increasing interest as sustainable nanofillers due to their high aspect ratio, superior
mechanical stiffness, large specific surface area, and abundance of surface hydroxyl groups. Previous studies
have shown that CNCs can enhance mechanical integrity, modify polymer chain mobility, and influence die-
lectric properties, all of which are critical parameters governing ion transport in polymer electrolytes. In ad-
dition, CNCs may act as physical crosslinking points and facilitate the formation of continuous ion-
conduction pathways through polymer—filler interactions [10, 11].

Despite growing interest in CNC-containing SPE systems, most reported studies focus on synthetic pol-
ymer matrices, while biopolymer-based CNC-reinforced matrices remain relatively underexplored. In partic-
ular, systematic investigations addressing how CNC incorporation influences the mechanical, thermal, and
physicochemical properties of pectin/PVP matrices—as prerequisites for SPE applications—are still scarce.
Understanding these effects is essential for establishing design principles for sustainable SPE platforms that
balance mechanical robustness, thermal stability, and ion-hosting capability.

Therefore, in this work, CNCs were incorporated into an optimized pectin/PVP polyblend to elucidate
their role as functional nanofillers in biopolymer-based SPE matrices. Rather than focusing on ionic conduc-
tivity at this stage, this study emphasizes the structure—property relationships induced by CNC incorporation,
including mechanical behavior, thermal transitions, hydrophilicity, and microstructural homogeneity, which
collectively determine the suitability of the material as a solid polymer electrolyte matrix.

Experimental

Materials. Pectin extracted from citrus peel, poly(vinyl pyrrolidone) (PVP, average molecular weight
40 kDa), and glycerol were purchased from Sigma-Aldrich (Merck, Germany) and used as received. Bacteri-
al cellulose (BC), in the form of nata de coco sheets, was obtained from a local commercial source and used
as the precursor for cellulose nanocrystal (CNC) isolation.

Isolation of CNC. BC pellicles were dried at 70 °C for 7 h, ground into powder, and sieved to obtain a
homogeneous particle size distribution. CNCs were isolated from BC via sulfuric acid hydrolysis under op-
timized conditions reported previously [12, 13]. Briefly, BC powder was hydrolyzed using 50 wt% sulfuric
acid at a solid-to-liquid ratio of 1:50 (m/v) at 45 °C for 45 min under continuous stirring. The reaction was
guenched by dilution with cold distilled water (1:10, v/v), followed by centrifugation at 4000 rpm for
10 min. The collected suspension was dialyzed against distilled water until pH =~ 6, sonicated for 20 min at
75 % amplitude, and freeze-dried to obtain CNC powder.

Preparation of Pectin/PVP Polyblend Films. Pectin/PVP polyblend films were prepared by the solution
casting method with minor modifications from reported procedures [9]. PVP and pectin were dissolved sepa-
rately in distilled water, combined under stirring, and plasticized with glycerol (0.5 mL). The total polymer
concentration was kept constant, while pectin/PVP weight ratios were varied at 8:0, 7:1, 6:2, and 5:3 (w/w).
The resulting solutions were degassed, cast onto plastic Petri dishes, and dried at ambient conditions to ob-
tain free-standing films.

Preparation of Pectin/PVP/CNC Nanocomposite Films. Pectin/PVP/CNC nanocomposite films were
prepared by incorporating CNCs (2, 4, and 6 wt% relative to total polymer weight) into the optimized pec-
tin/PVP matrix using solution casting. CNCs were dispersed in distilled water, stirred overnight, and
ultrasonicated prior to addition into the polymer blend. The resulting ternary mixtures were homogenized,
degassed, cast, and dried under ambient conditions to obtain free-standing nanocomposite films for charac-
terization.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spectroscopy was employed to investigate the
chemical structure, intermolecular interactions, and crystallinity of BC, CNC, and polymer films. FTIR spec-
tra of BC and CNC powders were recorded using a Bruker Alpha Il FTIR spectrometer. The samples were
prepared in the form of KBr pellets and analyzed over the wavenumber range of 4000-500 cm ™ to evaluate
changes in chemical composition induced by the acid hydrolysis process.

FTIR spectra of pectin, PVP, pectin/PVVP polyblend films, and pectin/P\VP/CNC nanocomposite films at
the optimum composition were recorded using a Shimadzu 8400 FTIR spectrometer in the frequency range
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of 4000-400 cm ™. FTIR analysis of the film samples was performed to identify functional groups, assess
changes in chemical composition, and elucidate intermolecular interactions through hydrogen bonding
within the polymer matrix.

X-ray Diffraction (XRD). XRD measurements of BC and CNC powders were carried out using a dif-
fractometer equipped with Cu Ka radiation (A = 0.154 nm). Diffraction patterns were recorded over a 20
range of 2-90° with a step size of 0.02°, operating at a generator voltage of 45 kV and a tube current of
40 mA. XRD analysis was employed to determine the crystallinity index (Cl) and crystallite size (L) of the
samples. The Cl was calculated using the Segal method [14] according to Eq. (1):

u(%):Mxloo, 1)
IZOO
where Iy is the maximum intensity of the crystalline peak at 20 = 22.5°, and |,y is the intensity of the amor-
phous region at 20 ~ 18°. The crystallite size was estimated using the Scherrer equation (Eq. (2)) [13]:

K
B cosO’

where K is the Scherrer constant (0.94), A is the X-ray wavelength, B is the full width at half maximum
(FWHM) of the diffraction peak in radians, and 6 is the Bragg angle.

Transmission Electron Microscopy (TEM). Transmission electron microscopy (TEM) was used to ex-
amine the morphology and particle size of the isolated CNCs. A drop of CNC aqueous suspension was de-
posited onto a carbon-coated copper grid and allowed to dry at ambient conditions prior to observation using
a Hitachi HT7700 TEM. Particle dimensions were statistically determined by measuring approximately 200
individual CNC particles using the ImageJ software.

Particle Size Analysis (PSA). The particle size distribution of CNCs dispersed in distilled water was de-
termined using a particle size analyser based on dynamic light scattering (DLS). Prior to measurement, the
CNC suspension was ultrasonicated for 5 min to ensure uniform dispersion. Measurements were conducted
at 25.1 °C using a refractive index of 1.30.

Scanning Electron Microscopy (SEM). The surface morphology of pectin, pectin/PVP polyblend, and
pectin/PVP/CNC nanocomposite films were examined using an EVO MA 10 scanning electron microscope.
Film samples were cut into specimens with dimensions of 2x2 c¢m? and observed at an accelerating voltage
of 15 kV with magnifications of up to x2000.

Tensile Test. The mechanical properties of the films, including tensile strength, elongation at break, and
Young’s modulus, were evaluated using a Textechno Favigraph I-PI-067 tensile testing instrument. Tensile
tests were performed at a crosshead speed of 6.0 mm min under dry conditions at room temperature. Prior
to testing, all films were cut into rectangular specimens with a width of 3 mm and a gauge length of 50 mm.

Differential scanning calorimetry (DSC). The glass transition temperature (T4) and enthalpy relaxation
change (AHeisx) Of the films were investigated by DSC using a NETZSCH DSC 214 Polyma instrument un-
der a nitrogen atmosphere. Film specimens were hermetically sealed in aluminum DSC pans and heated from
25 t0 250 °C at a heating rate of 10 °C min .

Results and Discussion

)

The successful formation of cellulose nanocrystals (CNCs) from bacterial cellulose (BC) was confirmed
through a combination of FTIR, XRD, TEM, and particle size analysis (PSA). These complementary tech-
niques collectively verify that the acid hydrolysis process effectively transformed bulk cellulose into
nanoscale crystalline domains.

FTIR spectra of bacterial cellulose (BC) and cellulose nanocrystals (CNC) exhibit the characteristic ab-
sorption bands of cellulose, including the broad O—H stretching vibration in the range of 3300-3400 cm*,
C—H stretching near 2900 cm™*, and C—O—C stretching vibrations between 1000 and 1150 cm™* (Fig. 1). The
preservation of these characteristic bands after sulfuric acid hydrolysis indicates that the fundamental chemi-
cal structure of cellulose remains intact and that no significant chemical modification of the cellulose back-
bone occurs during CNC isolation [13].

Compared to BC, CNC shows a noticeable reduction in the intensity and breadth of the O—H stretching
band, which can be attributed to the preferential removal of disordered cellulose domains containing loosely
hydrogen-bonded hydroxyl groups. A decrease in the intensity of the CH, bending vibration at approximate-
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ly 1430 cm™ is also observed for CNC. Rather than being interpreted as a direct indicator of crystallinity,
this change reflects a reduction in flexible and amorphous chain segments resulting from the selective disso-
lution of amorphous regions during acid hydrolysis [15].

No new absorption bands appear in the CNC spectrum, confirming that sulfuric acid hydrolysis selec-
tively removes amorphous cellulose without altering the intrinsic cellulose framework. FTIR analysis pro-
vides qualitative evidence for the elimination of disordered domains while preserving the cellulose back-
bone, thereby supporting the successful formation of cellulose nanocrystals. Quantitative assessment of
crystallinity is therefore more appropriately derived from X-ray diffraction analysis, as discussed in the sub-
sequent paragraphs.

Transmittance, %
%
Intensity, a.u

N-H amide:
CH, sym. bending
C-0 stretching

-OH stretching
-CH, stretching

absorbed -OH

o
o
-
[=g
j=1
o

T T T T
4000 3500 3000 2500 2000

15 500 20 40
Wavenumber, cm™' 20, degree
Figure 1. FTIR Spectra of BC and CNC Figure 2. X-ray diffractogram of BC and CNC

XRD patterns of BC and CNC exhibit characteristic reflections of cellulose I, with diffraction peaks ap-
pearing at 20 ~ 14-17° and a dominant peak at 26 = 22-23°, corresponding to the (110), (110), and (200)
crystallographic planes (Fig. 2). The preservation of these diffraction features after sulfuric acid hydrolysis
confirms that the native cellulose I crystalline structure remains unchanged during CNC isolation. Compared
to BC, the diffraction pattern of CNC displays sharper and more intense crystalline reflections, particularly
for the (200) plane, indicating a higher degree of structural ordering. This observation is consistent with the
preferential removal of amorphous cellulose domains during acid hydrolysis, resulting in the enrichment of
crystalline regions within the CNC structure [13, 16].

In addition to changes in crystallinity, the crystallite size, estimated using the Scherrer equation, shows
an apparent increase after hydrolysis. The increase in crystallite size suggests that acid hydrolysis effectively
removes disordered regions surrounding the crystalline domains, leading to more well-defined and coherent
crystalline segments [17, 18]. The calculated values of crystallinity index (Eq. 1) and crystallite size (Eq. 2)
for both BC and CNC are summarized in Table 1.

Importantly, no additional diffraction peaks or phase transformations were observed after hydrolysis,
confirming that the acid treatment selectively removes disordered regions without altering the intrinsic crys-
talline form of cellulose. These XRD results provide quantitative evidence supporting the FTIR findings,
demonstrating that sulfuric acid hydrolysis effectively converts bacterial cellulose into cellulose nanocrystals
with higher crystallinity while maintaining the cellulose | crystal structure.

Table 1
Crystallinity index (Cl) and crystallite size (L) of BC and CNC

Sample Cl,% L,go, NM
BC 62 4.93
CNC 80 5.48

The morphology and size characteristics of the isolated CNCs were analyzed using TEM and PSA to
provide complementary information on their physical dimensions. TEM images (Fig. 3a) show that the
CNC:s exhibit a rod-like (needle-shaped) morphology, which is typical for nanocrystalline cellulose obtained
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via sulfuric acid hydrolysis. The nanocrystals appear well separated, indicating effective removal of the
amorphous regions of bacterial cellulose and the release of individual crystalline domains.

Quantitative analysis based on TEM images (Figs. 3b and 3c) reveals that the CNCs possess an average
length of 714 + 12 nm and an average diameter of 31 + 0.2 nm, resulting in a high aspect ratio (L/D) of
~ 23. Such a high aspect ratio is a defining characteristic of cellulose nanocrystals and is indicative of their
rigid, anisotropic nature. These dimensions confirm that the hydrolysis process successfully produced
nanocrystals rather than nanofibrillated or microcrystalline cellulose.

The particle size distribution obtained from PSA measurements (Fig. 3d) shows an average particle di-
ameter of 80 = 22 nm, which is larger than the diameter determined by TEM. This difference is expected, as
PSA based on dynamic light scattering measures the hydrodynamic diameter of particles in suspension,
which is influenced by solvation layers, particle orientation, and possible interparticle interactions. In con-
trast, TEM provides direct measurements of the physical dimensions of individual nanocrystals in the dry
state.

While TEM analysis shows a Gaussian distribution (Fig. 3c) corresponding to the actual geometric di-
mensions of CNCs, the DLS-derived number distribution exhibits a positively skewed profile (Fig. 3d). This
difference arises from the hydrodynamic nature of DLS measurements and the anisotropic morphology of
CNCs, and therefore a Gaussian distribution is not necessarily expected for DLS data.

The combined TEM and PSA results consistently confirm the formation of well-defined cellulose
nanocrystals with nanoscale dimensions and high aspect ratio, validating the effectiveness of sulfuric acid
hydrolysis in converting bacterial cellulose into CNCs.

Average = 714 £ 12 nm

a5} /A
20 4

Frequency, %

0 T T 1 T T l
200 300 400 SO0 600 700 800 900 1000 1100 1200

Length, nm
(b)
30 35
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25 A 304
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204 -
® I 5 ¥
g g 29
§ 154 H]
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Figure 3. (a) TEM image of CNCs, (b) length and (c) diameter distribution of CNCs
based on TEM, (d) diameter distribution of CNCs obtained from PSA

The mechanical properties of pectin/PVP polyblend films with different compositions were systemati-
cally evaluated to identify an optimal matrix for subsequent CNC incorporation. As summarized in Table 2,
the mechanical response of the films shows a noticeable dependence on the PVVP content, reflecting the bal-
ance between intermolecular interactions and plasticization effects. Neat pectin films (8:0) exhibit moderate
tensile strength but limited flexibility, indicative of a relatively stiff and brittle polysaccharide network.
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The incorporation of a small amount of PVP (7:1, w/w) leads to an observable improvement in overall
mechanical performance, characterized by simultaneous enhancement of tensile strength and elongation at
break. This synergistic behavior can be attributed to strong intermolecular hydrogen bonding between the
hydroxyl groups of pectin and the carbonyl groups of PVP, which promotes good miscibility and efficient
stress transfer while preserving sufficient chain mobility. Similar structure—property relationships have been
reported for polysaccharide/PVP blends, where optimal PVP content maximizes mechanical performance
through hydrogen-bond-driven miscibility without excessive plasticization [19].

Table 2
Mechanical properties of pectin and pectin/PVP blend films
Pektin/PVVP composition, Film thickness, Tensile strength, Elongation at break, Young’s modulus,

wiw um Mpa % MPa

8:0 101+4 27.9+4.3 13.4+23 222.4 +96.0
7:1 93+4 30.5+5.7 175+28 1702.4 +£93.1
6:2 106+ 6 27.1+64 152+16 1944 + 67.4
5:3 100+ 2 28.6 +5.7 129+27 112.1+45.8

At higher PVP contents (6:2 and 5:3), the mechanical properties deteriorate, as evidenced by reduced
tensile strength, elongation at break, and modulus. In this system, the plasticization effect is primarily at-
tributed to PVP (40 kDa), which enhances chain mobility by disrupting pectin—pectin interactions. However,
at higher PVP contents, excessive incorporation leads to over-plasticization, where the disruption of cohesive
pectin—pectin interactions becomes dominant [20, 21]. This results in reduced intermolecular cohesion and
weakened mechanical integrity, indicating a balance between plasticization and structural weakening of the
polymer network [22]. Consequently, the pectin/PVP composition of 7:1 (w/w) provides the most balanced
combination of strength and flexibility and was therefore selected as the optimum matrix for CNC incorpora-
tion. Figure 4 displays a photograph of pectin, pectin/PVP, and pectin/PVP/CNC films.

—

Figure 4. Photograph of (a) pectin, (b) pectin/PVP (7:1), and (c) pectin/PVP/CNC 6 % films

The effect of CNC incorporation on the mechanical properties of the optimized pectin/PVP (7:1, wiw)
matrix was evaluated at CNC loadings of 2, 4, and 6 wt% (Tab. 3). The neat pectin/PVP film (0 % CNC)
exhibits a relatively high tensile strength and Young’s modulus with moderate elongation at break, indicating
a mechanically robust polyblend network.

Table 3
Mechanical properties of pectin/PVP/CNC films

CNC composition, % | Film thickness, um | Tensile strength, Mpa | Elongation at break, % | Young’s modulus, MPa
0 93+4 30.5+5.7 175+ 2.8 1702.4 +93.1
2 105+ 14 10.2+0.3 17.7+5.9 117.6 + 61.8
4 117 +2 9.2+1.8 245+6.2 59.4+15.4
6 108 + 4 13.8+25 15.0+3.4 123.0+51.0

Upon CNC addition, a pronounced reduction in tensile strength and modulus is observed, particularly at
2-4 wt% CNC. At 2 wt% CNC, tensile strength decreases to 10.2+0.3 MPa and modulus to
117.6 + 61.8 MPa, while elongation remains comparable to the CNC-free film. At 4 wt% CNC, the film
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shows the highest ductility with elongation increasing to 24.5 + 6.2 %, accompanied by the lowest modulus
(59.4 £ 15.4 MPa) and reduced tensile strength (9.2 = 1.8 MPa). This trend suggests that, within this loading
range, CNC incorporation does not act as a conventional reinforcing filler; instead, it likely disrupts the co-
hesive pectin—-PVP network and introduces interfacial regions that facilitate chain mobility, resulting in a
more compliant and extensible film [23].

Interestingly, at 6 wt% CNC, the tensile strength partially recovers to 13.8 + 2.5 MPa and the modulus
increases to 123.0 = 51.0 MPa, while elongation decreases to 15.0 = 3.4 %. The partial recovery at higher
CNC loading may indicate the onset of a more effective filler contribution, potentially due to increased fill-
er—matrix contacts and the formation of a percolated rigid phase that restricts deformation. Nevertheless, the
overall decrease in strength and stiffness compared to the neat polyblend implies that CNC dispersion state
and interfacial compatibility dominate the mechanical response of the nanocomposites.

FTIR spectroscopy was employed to elucidate the intermolecular interactions within the pectin/PVP
matrix and to examine the effect of CNC incorporation on the chemical environment of the polymer films
(Fig. 4). The spectrum of neat pectin (Fig. 5a) exhibits a broad O—H stretching band centered at ~3406 cm ",
characteristic of extensive hydrogen bonding in polysaccharide networks. The absorption near 2924 cm™
corresponds to C—H stretching, while the band at ~1626 cm™ is associated with asymmetric stretching of
carboxylate groups. The strong absorption in the range of 1000-1150 cm™ originates from
C-O-C and C-O stretching vibrations of the polysaccharide backbone [24].

Pure PVP (Fig. 5b) shows a distinct absorption band at ~1659 cm ™, attributed to the C=0 stretching of
the pyrrolidone ring (amide 1), along with C—H stretching around 2955 cm™ and characteristic bands in the
1280-1300 cm* region corresponding to C—N stretching. These features confirm the presence of carbonyl
groups capable of acting as strong hydrogen-bond acceptors [25].
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Figure 5. FTIR spectra of (a) pectin, (b) PVP, (c) pectin/PVP, (d) pectin/PVP/CNC 2 %,
(e) pectin/PVP/CNC 4 %, and (f) pectin/P\/P/CNC 6 %

Upon blending pectin with PVP (Fig. 5¢), noticeable spectral changes are observed in the O-H stretch-
ing region. The broad O—H band of neat pectin centered at ~3406 cm™* (Fig. 4a) shifts to a higher wave-
number (~3418 cm™) in the pectin/PVP film and becomes narrower and sharper. This blue shift and band
narrowing suggest a more uniform hydrogen-bonding environment and a redistribution of hydroxyl interac-
tions, consistent with reduced heterogeneity of the polysaccharide hydrogen-bond network upon PVP incor-
poration [26]. In parallel, the carbonyl stretching band of PVP around ~1659 cm™ (Fig. 4b) shifts to
~1645 cm* in the polyblend (Fig. 4c), indicating specific interactions between the PVP carbonyl groups and
pectin hydroxyl/carboxyl functionalities. Together, these spectral changes support good polymer—polymer
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compatibility mediated by hydrogen bonding, which is consistent with the improved mechanical balance ob-
served for the pectin/PVP (7:1) matrix.

Following CNC incorporation into the pectin/PVP matrix (Fig. 5d-f), further systematic changes are ob-
served in the O—H stretching region. Compared to the pectin/PVP film, the O—H band remains centered in
the range of ~3416-3418 cm* but becomes slightly broader with increasing CNC content, reflecting the in-
troduction of additional hydroxyl groups from the CNC surface into the hydrogen-bonding network. Unlike
the pectin/PVP blend, where the O—H band is relatively narrow and sharp, the presence of CNC reintroduces
a degree of heterogeneity in hydrogen bonding due to polymer—CNC and CNC-CNC interactions [26].

In addition, subtle variations are detected in the CH, bending region (~1430-1440 cm™) and the C-O
stretching bands around 1039-1065 cm™ upon CNC addition. These changes indicate physical interactions
between CNC and the polymer matrix rather than the formation of new covalent bonds. The absence of new
absorption bands across all CNC loadings confirms that CNC functions as a physically interacting nanofiller,
primarily through hydrogen bonding.

The evolution of the hydrogen-bond-related bands provides a molecular-level explanation for the me-
chanical behavior of the nanocomposite films. At low to intermediate CNC loadings, the redistribution and
partial heterogenization of hydrogen bonds weaken the original pectin—-PVP cohesive network, resulting in
reduced tensile strength and modulus but enhanced ductility. At higher CNC content, the increased density of
polymer—CNC interactions contributes to partial restriction of chain mobility, which is consistent with the
observed recovery in mechanical stiffness. The FTIR results corroborate that hydrogen-bond-mediated inter-
actions govern the balance between mechanical compliance and rigidity in the pectin/PVP/CNC
nanocomposites.

The DSC thermograms of pectin, pectin/PVP, and pectin/PVP/CNC films (Fig. 6) exhibit two distinct
thermal events. The dominant thermal transition is a broad endothermic peak observed in the range of ~70-
100 °C, which is assigned to enthalpy relaxation (AHax) related to the glass transition region, strongly influ-
enced by the release of bound water and the rearrangement of hydrogen-bonded polymer chains. A second-
ary endothermic event observed at higher temperatures (~210-240 °C) is associated with further molecular
relaxation or the onset of structural rearrangement prior to thermal degradation, rather than crystalline melt-

ing.

=
(e)
£ (d)
=
E
=
S | T T e
g | . S
\///_\\\—_—__ (a)
!:-:.In ][IH:I ]‘.IrI:l .?'IZIH:I 2590

Temperature,“c

Figure 6. Thermogram DSC of (a) pectin, (b) pectin/PVP, (c) pectin/P\VP/CNC 2 %,
(d) pectin/PVP/CNC 4 %, and (e) pectin/PVP/CNC 6 % films

Quantitative DSC parameters derived from the thermograms (Fig. 6) are summarized in Table 4, includ-
ing the apparent glass transition temperature (Tg) and AHrax. It should be noted that, in hydrophilic biopoly-
mer systems, the reported T, values correspond to the temperature region of enthalpy relaxation rather than a
classical baseline step change, due to the strong influence of bound water and hydrogen-bond rearrange-
ment [27, 28].

Neat pectin exhibits a Ty-related relaxation at 78.9 °C with a relatively high AHax 0f 308.3 J g‘l, indi-
cating a rigid polysaccharide network with limited segmental mobility and a high degree of internal stress
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stored during film formation. Upon blending with PVP, the T, shifts to a higher temperature (82.5 °C), while
AH ek decreases substantially to 225.5 J g*. This reduction in relaxation enthalpy suggests a more homoge-
neous and dynamically equilibrated polymer network, consistent with hydrogen-bond-driven miscibility be-
tween pectin and PVP and the improved mechanical balance observed for the polyblend.

Table 4
Thermal properties of pectin, pectin/PVP, and pectin/PVP/CNC

Data Pectin | Pectin/PVP Pectin/PVP/CNC 2 % Pectin/PVP/CNC 4 % Pectin/PVVP/CNC 6 %

T, °C 78.9 82.5 76.3 84.4 86.5
AHeim JIg | 308.3 225.5 188.4 324.9 318.8

The incorporation of CNC further modulates the thermal relaxation behavior. At 2 wt% CNC, the T,
decreases to 76.3 °C, accompanied by a pronounced reduction in AH s (188.4 J g ™). This combination indi-
cates enhanced chain mobility and reduced structural constraints, which can be attributed to the disruption of
the pectin/PVP hydrogen-bond network by polymer—CNC interfacial interactions. Such behavior is con-
sistent with the increased ductility observed in mechanical testing at low CNC loading.

At higher CNC contents (4 and 6 wt%), T, shifts progressively to higher temperatures (84.4 and
86.5 °C, respectively), while AH ey increases to 324.9 and 318.8 J g*. The increase in T, reflects partial re-
striction of polymer chain motion due to the higher density of polymer—-CNC interactions, whereas the ele-
vated AHsx indicates the development of a more heterogeneous hydrogen-bonding network with increased
stored relaxation energy. This trend correlates with the partial recovery of mechanical stiffness at higher
CNC loading [29].

Scanning electron microscopy was employed to examine the surface morphology of neat pectin, pec-
tin/PVP polyblend, and pectin/PVP/CNC nanocomposite films (Fig. 7). The SEM micrograph of neat pectin
shows a relatively rough and heterogeneous surface, characterized by irregular features and micro-scale un-
dulations. This morphology reflects the rigid and highly hydrogen-bonded polysaccharide network of pectin,
which is consistent with its limited ductility and higher brittleness observed in mechanical testing.

@) (b)
Figure 7. SEM image of (a) pectin, (b) pectin/PVP, (c) pectin/PVP/CNC films

In contrast, the pectin/PVP (7:1) polyblend film exhibits a smoother and more homogeneous surface
morphology with no visible phase separation. The absence of distinct domains or cracks indicates good mis-
cibility between pectin and PVP, which can be attributed to strong intermolecular hydrogen bonding between
the hydroxyl groups of pectin and the carbonyl groups of PVP. This homogeneous morphology corroborates
the FTIR evidence of polymer—polymer interactions and explains the improved mechanical balance of
strength and flexibility in the polyblend film.

Upon incorporation of CNC into the pectin/PVP matrix, the surface morphology shows noticeable
changes. The pectin/PVP/CNC nanocomposite films display a slightly roughened surface compared to the
polyblend, with fine granular features uniformly distributed across the surface. No large CNC agglomerates
or phase-separated regions are observed, indicating a reasonably good dispersion of CNC within the polymer
matrix. The increased surface roughness is attributed to the presence of CNC and polymer—CNC interfacial
regions, which disrupt the smooth polymer surface while maintaining overall film integrity.

The evolution of surface morphology with CNC incorporation is consistent with the observed mechani-
cal and thermal behavior. The introduction of CNC-induced interfacial heterogeneity contributes to enhanced
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ductility at lower CNC loadings and partial recovery of stiffness at higher CNC content, as well as to the
modulation of segmental mobility evidenced by DSC analysis. From the perspective of solid polymer elec-
trolyte matrices, the absence of macroscopic defects and the presence of a continuous polymer phase are es-
sential for maintaining electrode—electrolyte contact and mechanical stability during operation.

The combined FTIR, DSC, SEM, and mechanical analyses reveal a coherent structure—property mecha-
nism governing the behavior of the pectin/PVP/CNC nanocomposites. FTIR results demonstrate that the sys-
tem is dominated by hydrogen-bond-mediated interactions, where blending pectin with P\VVP reorganizes the
original polysaccharide network into a more homogeneous matrix, while CNC incorporation introduces addi-
tional hydroxyl-rich interfacial domains without forming new covalent bonds. These molecular interactions
directly influence chain dynamics, as evidenced by DSC, where the Ty-related enthalpy relaxation and its
evolution with CNC content reflect a tunable balance between segmental mobility and structural constraint.
SEM observations further confirm that this balance is achieved through good matrix continuity and uniform
CNC dispersion, with no macroscopic phase separation or agglomeration that could compromise mechanical
integrity. Consequently, the mechanical response of the films transitions from a rigid and brittle behavior
(neat pectin) to an optimized combination of strength and ductility (pectin/PVP), followed by a CNC-
modulated response in which low filler loading enhances compliance while higher loading restores stiffness.

The confirmed formation of cellulose nanocrystals with well-defined morphology and nanoscale dimen-
sions provides a robust nanofiller platform for tailoring the structure and properties of pectin/PVP matrices.
The combined results from FTIR, DSC, SEM, and mechanical analysis consistently demonstrate that CNC
incorporation modulates hydrogen-bond interactions, segmental mobility, and microstructural homogeneity
in a composition-dependent manner. At intermediate CNC loadings, enhanced chain mobility contributes to
improved ductility, while higher CNC contents partially restore stiffness and mechanical integrity without
inducing crystallinity. This tunable balance between flexibility and structural stability highlights the ability
of CNC to regulate the intermolecular network of the polymer matrix. These findings establish a clear struc-
ture—property relationship and indicate that the pectin/PVP/CNC system represents a promising platform for
further development of functional biopolymer-based materials, including future exploration in solid polymer
electrolyte systems.

Conclusions

This study demonstrates that pectin/PVP/CNC nanocomposites constitute a tunable biopolymer plat-
form whose structural interactions and thermal-mechanical responses can be systematically tailored through
controlled CNC incorporation. The results show that hydrogen-bond-mediated interactions govern the organ-
ization of the polymer network, enabling modulation of segmental mobility, relaxation behavior, and me-
chanical integrity without inducing crystallinity or phase separation. The optimized balance between compli-
ance and stiffness, together with preserved amorphous character and thermal stability, highlights the suitabil-
ity of the pectin/PVP/CNC system as a sustainable matrix for solid polymer electrolytes. These findings pro-
vide a mechanistic basis for the rational design of bio-based electrolyte matrices and open pathways for fur-
ther optimization through salt incorporation and electrochemical performance evaluation. Future work will
focus on lithium salt incorporation to evaluate the electrochemical window, ionic conductivity, and cycling
stability of the pectin/PVVP/CNC-based solid polymer electrolytes.
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Design and Synthesis of Novel Molecular Switches Functionalized
with a Viologen Unit Based on Copper(ll) Bis(ethyl 4-chloroacetoacetate) Complex

Viologen-based molecular switches have attracted significant attention due to their reversible redox proper-
ties and promising applications in electronic and sensing devices. This study focuses on the design and devel-
opment of novel chemically and electrochemically responsive molecular switches constructed through non-
covalent n—dimerization of viologen radicals within copper(Il) B-diketone complexes in solution. Initially, the
bidentate O, donor ligand ethyl 4-chloroacetoacetate were coordinated to copper(ll) to afford the base com-
plexes CuECl, respectively. Subsequent axial coordination of CuECI with the neutral ligand 4,4'-bipyridine
(bpy) led to the corresponding functionalized viologen system: CUEV*-CI". Moreover, Sy2 nucleophilic sub-
stitution reactions of CUECI with bpy, afforded the additional complex CUEV*-CI". A total of eleven com-
plexes were successfully synthesized and comprehensively characterized using FT-IR, LC-mass spectrome-
try, TGA, DTA, DSC, XRD, EDS, and UV-visible absorption spectroscopy, along with electrochemical and
reduction studies. Finally, chemical and electrochemical reduction of the viologen unit in, CUEV*-CI™ pro-
duced intra and intermolecular n-dimers of the resulting viologen radicals. Additionally, interactions of
CuECI with bpy was examined in DMF solution, and the absorption spectra of these mixtures were compared
with those of the corresponding adduct complexes.

Keywords: molecular switches, viologen, dimerization, copper(ll) complexes, 4,4-bipyridine, ethyl 4-
chloroacetoacetate, B-diketone, bidentate ligand

Introduction

The magnetic behavior of n-radical systems is inherently governed by their aggregation state. In the
paramagnetic regime, these radicals predominantly exist as discrete m-mers bearing unpaired electrons,
which results in a measurable magnetic moment. In contrast, strong intermolecular interactions promote
n-dimerization, leading to complete spin pairing and consequently, the loss of paramagnetism. This reversi-
ble paramagnetic—diamagnetic transition, extensively documented in viologen and tetrathiafulvalene deriva-
tives, is a hallmark of radical n-systems and constitutes a key topic in contemporary supramolecular and ma-
terials chemistry [1, 2].

Viologens are a family of organic salts derived from 4,4'-bipyridyl with the general formula
(CsHiNR),™. They are best known for their intensely colored blue derivatives and their facile, reversible re-
dox behavior. Upon one-electron reduction, viologens are converted into highly colored radical monocations,
typically exhibiting violet hues, and can undergo multiple reversible color changes upon successive reduc-
tion and oxidation cycles. The term “viologen” was first introduced by Michaelis in 1933 after observing the
emergence of a violet coloration resulting from the one-electron reduction of 1,1'-dimethyl or 4,4'-
bipyridinium salt (DMV?*), leading to the generation of a radical cation dimer [3, 4].

A molecular switch is defined as a molecule capable of reversibly interconverting between at least two
(or more) stable states under the influence of external stimuli such as thermal, chemical, electrical, or optical
inputs. In this context, viologen radical cations display intense coloration and high molar absorptivity, at-
tributed to intramolecular charge transfer between the +1 and neutral nitrogen centers. In aqueous media, for
instance, the blue methyl viologen radical cation can shift to a purple color at higher concentrations. Upon
heating, the purple solutions revert to blue, and this color change is fully reversible. Such dimerization of
viologen radicals in water is widely recognized [5-7].

The present study was designed with two primary objectives. First, to synthesize and characterize the
copper(Il) complex of (CuECI) and its corresponding bipyridine terminal to investigate the formation of the
viologen-based complex CUEV™-CI", obtained by combining CUECI with a propylene-spacer viologen (V™).

16 © 2026 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Second, particular attention was given to monitoring the redox-induced n-dimerization of the CuEV"-CI
complex by chemical and electrochemical reduction.

Experimental

Instruments

FT-IR spectra of the metal complexes were recorded on KBr pellets using a SHIMADZU FT-IR Affini-
ty analytical apparatus (Japan) over the range 150-4000 cm*. UV—Visible absorption spectra were obtained
in 1 cm quartz cuvettes using a PG Instruments T90+ spectrophotometer (UK) in the wavelength range of
200-900 nm. Thermal stability of the complexes was investigated by thermogravimetric analysis (TGA) us-
ing an SDT Q600 V20.9 thermal analyzer (TA Instruments, USA). Powder X-ray diffraction (XRD) patterns
were collected on a PANalytical diffractometer (Netherlands) with Cu Ka radiation (A = 1.5406 A). Molecu-
lar ions were analyzed using an Agilent 5973 Network LC—mass spectrometer (USA) operating in electron
ionization (EI) mode at 70 eV. Electrochemical properties were examined by cyclic voltammetry (CV) using
a PARSTAT 4000 electrochemical workstation (Princeton Applied Research, USA) under an argon atmos-
phere at room temperature.

Chemical Reagents

All chemical reagents and solvents were of analytical grade and used as received without further purifi-
cation. The following compounds were purchased from Energy Chemical (China): ethyl 4-chloroacetoacetate
(98 %); Hyper Chem (China): 4,4'-bipyridine (98 %) and Zn powder (99.9 %); Inter-chimiques (France):
methyl iodide (99.9 %); Thomas Baker (India): copper(ll) acetate monohydrate (99 %) and acetone (99 %);
Alpha Chemika (India): methanol (99.7 %) and dichloromethane (99.8 %); Loba Chemie (Belgium): ethanol
(99.8 %), acetonitrile (99.5 %), N,N-dimethylformamide (99.8 %), and hydrochloric acid (37 %); Scharlau
(Spain): ethyl acetate (99.9 %); Romil (UK): benzene (99.7 %) and hexane (99 %); and Merck (Germany):
dimethyl sulfoxide (DMSO, 99 %).

Methods of Synthesis
Synthesis of CUECI Complex

A solution of ethyl 4-chloroacetoacetate (2 mL, 14.8004 mmol, 2 eq) dissolved in MeOH (1 mL) was
added dropwise over 10 min with stirring to a solution of copper(ll) acetate monohydrate (1.344 g,
7.4 mmol, 1 eq) dissolved in a 1:1 methanol-water mixture (10 mL). The reaction mixture was stirred for
1 h, then heated at 60 °C for 2 h. The progress of the reaction was monitored by TLC (ethyl acetate : hexane,
7:3). The resulting precipitate was collected by filtration, washed with a 1:1 H,O0-MeOH mixture, and dried
under vacuum to afford CuECI as a green solid (Scheme 1). Green solid, yield: 81 % (2.3 g), M.P.: 170-
172 °C, soluble in H,O, MeOH, EtOH, MeCN, acetone, DCM, CsHs, EtOAC, DMF and DMSO. FT-IR (KBr
disc, cm™): 2983 (aliphatic C—H), 1600, 1530 (C=C coupled with C=0 and C=N), 1414, 1360, 1310 (aro-
matic and olefinic C—H bending), 1360, 1310 (aliphatic C—H bending), 1181, 1138 (C-O), 791, 767 (C-C
stretching), 668 (C—Cl bending), 577 (Cu-0).

S
o O
MeOH:H,0, 60 °C, 2h 0. _O-
2 _io + (CH,CO0), > v~ o )H
\__O/ \O__/
O
_

Copper acetate

CuECI1
Ethyl 4-chloroacetoacetate 81%

Scheme 1. Synthesis of bis(ethyl 4-chloroacetoacetate)copper(Il)

Synthesis of CUEV"-CI” Complex

A solution of bpy (0.5 g, 3.2012 mmol, 2 eq) dissolved in DMF (1 mL) was added gradually with stir-
ring over 1 min to a hot solution of CUECI (0.6260 g, 1.600 mmol, 1 eq) dissolved in DMF (2.5 mL). The
reaction mixture was heated at 60 °C for 80 min under an argon atmosphere. The progress of the reaction
was monitored by TLC (MeCN : H,0 : saturated KNOg, 10:1:1). The resulting precipitate was collected by
filtration and dried under vacuum to afford CUEV™-CI as a grey solid (Scheme 2). Grey solid, yield: 69 %
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(0.73 g), M.P.: 156-158 °C, sparingly soluble in H,O, MeOH, EtOH, MeCN, DMF and DMSO. FT-IR (KBr
disc, cm™): 3068, 3047 (aromatic C—H and C=C—H stretching), 2979, 2955, 2900 (aliphatic C—H), 1654,
1610, 1551 (C=C coupled with C=0 and C=N), 1472, 1419 (aromatic and olefinic C-H bending), 1364 (ali-
phatic C—H bending), 1270, 1216 (C-N), 1175 (C-0), 759 (C-C stretching), 642 (C—CI bending), 575 (Cu—
0).

/T /T
° DMF, 60 °C °
H R TeR YEE N/\j>_<jN T e TS N bpy
Nt NG \ 7/ N\_7/ 80 min, Ar \"O/ N
0 o _
d

_/ CuECI bpy —/ “

Scheme 2. Synthesis of CUEV™-CI™ complex

Results and Discussion

FTIR Spectra of Copper Complexes

FTIR spectra of the complexes CUECI and CUEV™-CI™ were recorded and are presented in Figures S1
and S2; the corresponding FT-IR spectral data are listed in Table 1.

Table 1
Important FT-IR data of Cu(ll) complexes
CuECI CuEV*-CI- Assignment
— 3068, 3047 C—H of both stretch aromatic and C=C-H
2983 2979, 2955, 2900 Aliphatic C-H
1600, 1530 1610, 1654, 1551 C=C coupled with C=0 and C=N
1414, 1360, 1310 1472, 1419 Aromatic and olefinic C—H bending
1360, 1310 1364 Aliphatic C-H bending
- 1270, 1216 C-N
1181, 1138 1175 C-O
791, 767 759 Stretching C-C
668 642 Bending C—ClI
577 575 Cu-O

Aromatic and olefinic C—H stretching vibrations are observed in the 3100-3000 cm™* region. Specifical-
ly, the FT-IR spectrum of CuECI exhibits a band at 3098 cm™, while the terminally bound species
CUuEV"-CI" shows a characteristic peak at 3068 cm™. These features are diagnostic of the retention of the
aromatic and olefinic C—H environments upon coordination [8].

Aliphatic C—H stretching is observed in <3000 cm™ region. Bands at 2983 cm™ for CUECI correspond
to v(C—H) of aliphatic methylene groups. Terminal species give bands at 2979, 2955 and 2900 cm™
(CuEV*-CI"), these confirm the presence of alkyl substituents on the viologen or bipyridine units [9].

C=0 and C=C stretching of the p-diketonate core is observed in the 1710 and 1500 cm™ regions. The
base complexes show characteristic p-diketonate bands at 1600 and 1530 cm™* (CuECI). Terminally bound
species show 1654, 1610 and 1551 cm* (CuEV*-CI). These absorptions are attributed to the overlapping
v(C=0) and v(C=C) stretches of the B-diketone backbone conjugated with coordinated nitrogen donors [10].

Aromatic and olefinic C-H bending is observed in the 1500-1300 cm ™ region. Bends at 1414 cm™
(CuECI), terminal species exhibit 1472-1419 cm™ (CuEV*-CI"). These bands confirm the retention of the
aromatic character in the coordinated ligands [11].

New bands observed at 1270 and 1216 cm™ for CuEV*-CI", which are absent in the precursor and
CUECI spectra, are assigned to C—N stretching vibrations. The emergence of these bands confirms the for-
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mation of a new complex characterized by the expected adduct structure and terminal linkage [10]. Bending
vibrations were observed at 1181, 1138 cm™ for CuECI, while the terminal linkage compounds with
viologen appear bands at 1175, 1090 and 1050 cm ™ for CUEV*-CI", these bands are assigned to vibrational
modes involving bending coupled with stretching within the C—O group [10].

The bands observed at approximately 650 and 430 cm™ are assigned to C—Cl stretching and metal—
ligand vibrations, respectively. Characteristic bands were identified at 668 cm™ (CuECI), 642 cm™
(CUEV*-CI"), 674 and 656 cm* (CUEC,V,**-ClI~17). Lower-frequency peaks at 577 cm™ (CuECI) is as-
signed to v(Cu—0). These confirm direct coordination of both B-diketonate oxygen and bipyridine/viologen
nitrogen donors to the copper(ll) center [8, 9].

LC-Mass Spectrometry of Cu(ll) Complexes

The LC-mass spectra of CUECI and CUEV™-CI™ are depicted in Figures S3 and S4. The LC-mass spec-
trum of CuECI complex exhibited a molecular ion peak at m/z = 391.1. Other important peaks occurred at
m/z = 617.83 due to the dimer losing one ligand unit [2M-L]. Isotope peaks of the molecular ions due to *'ClI,
[2M-L*] and [M*Cu*']* confirm the presence of chlorine atoms. Other importent peaks are shown in the
suggested mechanism at m/z = 291.1, 263.1, 217, 181.91, 148.9, 115.15, 90.9 and 69 due to
[M.+'C11H16CUO5+], [C9H12CUO5+], [M.+'C8H10CU03+], [M.+'C4H4CICUOZ+], [M.+'C4H5CU02+],
[M7-C¢H1,0,7], [M™-C4H,CI'] and [M™-C,HsO"] respectively. The intensive peak (base peak) at
m/z = 617.83, 682.49 and 709.26 are attributed [C13H24C|3CU209+], [C23H32C|2CU2011+] and
[C19H20C|4CU2012+] respectively [12—14]

The LC-mass spectrum of CUEV*-ClI™ is depicted in Figure S4. The LC-mass spectrum of CUEV*-CI-
complex showed a peak at m/z = 665.38 corresponds to molecular ion [M]". The peak at m/z = 1019.84 is
attributed to loss of 2 chlorine atoms and 3H from the dimer of the molecular ion [2M-2CI-3H]". The peak of
m/z = 156.95 confirm the removal of the bpy from the CUEV"-CI complex. Other important peaks are note at
m/z = 464.3, 352, 311.15, 283.15, 270.20, 197.95, 270.20, 311.15, 318, 393,407.97, 462.96, 476.99, 556.53,
561, 726.16, 806.83 and 902.59 [12-14].

X-Ray Diffraction of Copper Complexes

The Powder X-ray diffraction (XRD) patterns of the Cu(ll) complexes are presented in Figures S5 and
S6, with the corresponding diffraction data summarized in Tables 2 and 3. The average crystallite sizes were
calculated using the Scherrer-Debye equation (Eqg. 1), based on the full width at half maximum (FWHM) of
the high-intensity diffraction peaks:

K
B cos®’

where D is the average crystal size, K is the Scheerer’s constant (the shape factor with a typical value of
0.94), ) is the wavelength of the X-ray source (0.15405 nm, 1.5405 A for Cu Ka radiation), B is the full
width at the half maximum (FWHM) of the diffraction peak in radians, 0 is the Bragg diffraction angle [15—
17].

The calculation of avenge crystallite size using the Scherrer model involves calculating the crystallite
sizes (D) for individual peaks and then computing their mean values. Table 2 contain the mean crystallite
dimensions calculated using the Scherrer equation [18].

D

1)

Table 2

Average crystallite size (D) values of the synthesized complexes calculated using the Scherrer equation

Average crystal size, nm

CuECI CuEV'-CI”
34.29781605 21.89748354

Although the Scherrer equation provides a straightforward method by considering solely the contribu-
tion of physical broadening and neglecting instrumental effects, the Williamson—Hall model overcomes this
limitation by simultaneously incorporating both crystallite size and lattice strain contributions. Thus, this
model provides a more comprehensive analysis of peak broadening [19]:

B:Bﬁ'Bz: (2)
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where f is the total broadening, B, is the broadening due to the full width at half maximum FWHM of crys-
tallite size (Scherrer equation), B, is the broadening due to strain.

B _B,cosb

g= — . (©)
4tan® 4sin6
Substituting equations 2 and 3, yields equation 4:
KA sin O
B=B,+B, = +4 @

154 .
Dcos0 cos0

After arranging the Equation 4, yields equation 5:
Bcosd=Ki/D+4esin6. (5)

According to Equation (5), a plot of B cos 6 (Y-axis) versus 4 sin 6 (X-axis) yields a linear relationship.
In this plot, the slope corresponds to the micro strain (g), while the intercept represents KA/D, where K is the
shape factor, A is the X-ray wavelength, and D is the crystallite size [20, 21].

The resulting linear plots are illustrated in Figures 1 and 2.

0.020
y = 3.4597x + 0.00112 CuEC] CUEV*CI y =-0.00177 x + 0.00867
R?=1393

~ 0.008
g '3 0015+
g )

)
) c
% 0.006 S
) L )
o O 00104 m
T 0.004 - = T
f-i n . bk . r:? [ . .
= = 0.005

[ ]
0.002 -
T ) T ) T ) T ) 0.000 T T T T T T T
0.6 0.8 1.0 1.2 14 16 0.6 0.8 1.0 1.2 1.4 16 18 20
4Sin6, degree 4Sin6, degree
Figure 1. UDM plot of CUECI complex Figure 2 UDM plot of CUEV™-CI" complex

The variations in the number and intensity of diffraction peaks, as well as the calculated crystallite sizes
(D), provide clear evidence for the successful formation of CUECI and CUEV*-CI™ from their respective pre-
cursors. These observations also confirm the synthesis of additional copper complexes derived from CugClI.
The X-ray diffraction patterns were recorded over the 10°-80° 20 range, with the most prominent reflections
appearing at 24.741° and 24.791° for CuEC]I, and at 23.543° for CuEV™-ClI". It is noted the complex incorpo-
rating viologen-functionalized ligand: CUEV"-CI™ keep middle crystallinity among the last three complexes
and the other rest complexes .The complex CuECI showed the highest d-spacing.

Table 3 presents the average crystallite sizes (D) of the synthesized complexes, calculated using the
Williamson—Hall module. In fact, dramatic differences are noted in both d-spacing and lattice strain values.
As mentioned before, Scherrer model estimates d-spacing considering only crystallite size. But, Williamson—
Hall model considers both size and lattice strain. In other words, the Scherrer model considers peak broaden-
ing that is due to crystallite size only. This model assumes the material is strain free and gives crystallite size
but not strain or d-spacing changes due to strain. While, Williamson—Hall method separates peak broadening
into two sources: crystallite size and lattice strain (£). Now, let us consider d-spacing values obtained from
both models.

Firstly, the complex CuECI and showed d-spacing values obtained from W—H model higher than those
obtained from Scherrer model. This trend indicates positive lattice strain which stretches the lattice planes of
these complexes. There is distortion for the lattice and this induces tensile strain. This tensile strain causes
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peak shifting to lower angles which results in increased d-spacing (via Bragg’s law = nA = 2d sin 0). Here,
because W-H model account for this referred strain which shows expanded lattice planes (higher d). While,
Scherrer und estimates the spacing since it ignores strain then lower d-spacing are obtained by Scherrer
model [18, 19].

Table 3

Average crystallite size (D) values of the synthesized complexes calculated using the Williamson—Hall model

CuECI CuEV*-CI

Slope = strain, ¢ Crystal size D = KM Intercept Slope = strain, ¢ Crystal size D = K\/Intercept
3.4597 58.8906774 -0.00177 16.70207612

Secondly, the complexes and CUEV*-CIl~ showed W-H d-spacing values lower than those obtained by
Scherrer model. This trend indicates that these complexes have compressive strain. This compressive strain
squeezes the lattice of these complexes and reduces d-spacing where the peak shift to higher 26 angles. W-H
model includes this contraction in its calculation, hence lower d-spacing is noted than Scherrer d-spacing.

The variation in d-spacing between W-H and Scherrer across the prepared copper complexes reflects
differences in internal strain which depend on: Ligand type (ECI, bpy, or ECI functionalized by the last three
ligands). Also, this strain depends on crystal packing, symmetry, solvent inclusion or loss, defects, disloca-
tions or coordination geometry. The expanded lattice due to tensile strain in the complex CuECI (observation
of d (W-H) > d (Scherrer)) compared to the lattice contracted due to compressive strain (observation of
d (W-H) < d (Sherrer)) is attributed to the presence of chloride substitution in CUECI. The chloride atom in-
duce disorder or packing issues which increases the strain. The two ClI groups introduce larger atomic radii
and distortions, causing expansion [20, 21].

The CUEV*-CIl™ complex (compared to its precursor (CUECI) has compressive strain as it is clear from
its negative lattice strain and W-H. d-spacing < Sherrer d-spacing. The reason of this opposite trend com-
pared to its precursor might be the absence of CI group which enhances the electrostatic interactions thus
reducing d-spacing value [20, 21].

The above discussion of XRD patterns, both W-H d-spacing and Scheller d-spacing values and lattice
strain values confirms the formation and the structures of the complexe CuECI. Also, it supports undoubtedly
the axial coordination of the bpy and positive ligands and formation the adduct complexes. Additionally, the
complexes having their ligands functionalized by viologen showed structural differences compared with ei-
ther its precursor CUECI or the other adduct complexes.

Thermogravimetric Analyses of Copper Complexes

The thermal behavior of complexes CUECI and CuEV'-Cl” was investigated by thermogravimetric
analysis (TGA), differential thermal analysis (DTA), and differential scanning calorimetry (DSC) up to
800 °C. The measurements were conducted at a heating rate of 10 °C/min under an argon atmosphere [22].
The TGA, DTA, and DSC curves are shown in Figures 3—7.
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Figure 3. TGA curve of CUECI complex
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Figure 7. DSC/ TGA curve of CUEV*-CI~ complex

The thermal decomposition patterns occur in four steps (for CUECI, and CuEV*-CI"). The kinetic (K,
ty» and E,) and thermodynamic parameters (AH, AS and AG) of each decomposition phase are calculated for
copper complexes as explained in the next item [23-26].

Calculation of Kinetic and Thermodynamic Functions of Decomposition Reaction

All thermal decomposition stages were assumed to follow first-order kinetics for the calculation of Ki-
netic parameters. The rate constant for each decomposition stage was determined using the first-order kinetic
equation:

dx
E=k1-(1—X), (6)
where
Wi _Wf

w; is the initial weight of each TG phase, w; is a weight of sample at particular time during TG phase, w; is
the final weight at the end of TG phase, t is the time.
Equation 8 can be written as:

In(l—x)=—kit. (8)

Plotting of In(1—x) (as y-axis) against time (min) (as x-axis) give liner relationship which confirm that

TG phase are first order reaction. Slope of each line gives the value of the first order rate constant (k) for par-
ticular phase, see Figures 8 and 9. Half-life time (t,) is determined using Equation 9:

0.693
by, = K, 9

Values of k and ty/, are given in Tables 4 and 5 [27].

Table 4
Kinetic and thermodynamic parameters for the thermal decomposition stages of CuECI
Kl t1/21 an AH] ASi AG!
Phase | Temperature, K min! min J/mole J/mole J/mole-K J/mole
1 437.77 0.0047 147.44 222226.5 218586.8 —97666.74 120920
2 497.79 0.25198 2.75 94205.43 90066.65 -45141.9 135208.5
3 700.46 0.05468 12.67 7799.395 1975.56 —209924 211899.8
4 1073.74 0.02884 24.029 4800.012 4127.38 —342892 338764.4
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Table 5
Kinetic and thermodynamic parameters for the thermal decomposition stages of CUEV"-CI
Kl tl/Zl an AHa AS: AGa
Phase | Temperature, K min* min J/mole J/imole J/mole. K J/imole
1 440.07 0.0771 8.988 29876.19 26217.34 —105925 132142.37
2 507.27 0.0355 19.52 13102.26 8884.694 —144096 152980.73
3 628.08 0.0685 10.12 17715.61 12493.6 —174537 187030.31
4 1090.32 0.0848 8.17 22618.72 13553.5 —-310750 324303.28

The kinetic parameters were evaluated by applying a modified version of the Coats—Redfern method, as

expressed in Equation (10):

In[-In@l-x)]=In

ART?

E

a

BE, RT'

a

(10)

where A is the pre-exponential factor, B is the heating rate (20 °C min*), R is the universal gas constant
(8.3143 Jmol™* K™, E, is the activation energy, T is the absolute temperature expressed in Kelvin.
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Figure 8. Plots of In(1—x) versus time for the four decomposition stages of the CUECI complex
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Figure 9. Plots of In(1-x) versus time for the four decomposition stages of the CUEV"-CI~ complex

By plotting In[-In(1-x)] as y-axis versus 1000/T as x-axis for each phase Figures 10 and 11, linear rela-
tionship was obtained. The activation energy (E,) and the pre-exponential factor (A) were calculated from the
slope and intercept of the linear plots, respectively, according to the following equations [27]:

E, =|slope|*R
A=p-E, -ex mtercczapt
RT

The thermodynamic parameters, including enthalpy (AH”), entropy (AS™), and Gibbs free energy
(AG"), were calculated using the following equations:

AH*:Ea—RT;

AS™ = Rln(A—hj;
KT

AG" =AH -TAS,

where K is the Boltzmann constant.
The calculated values for E,, AS", AH"™ and AG" are summarized in Tables 4-5 [27].
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Figure 10. Plots of In[-In(1—x)] versus 1000/T for the four decomposition stages of the CUECI complex
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Figure 11. Plots of In[-In(1—x)] versus 1000/T for the four decomposition stages of the CUEV*-CI~ complex

According to the guidelines of the International Confederation for Thermal Analysis and Calorimetry
(ICTACQC), an increase in activation energy (E,;) among a set of compounds reflects an enhancement in their
thermal stability, whereas lower E, values correspond to reduced stability. Consequently, based on the calcu-
lated E, values (x10° J-mol™) presented in Tables 4 and 5, the thermal stability of the compounds follows the
sequence: CUEV™-CI (83312.78) < CuECI (329031.337). For the complex of the ligand functionalized with
viologen, their thermal stabilities increases in the sequence: CUEV™-Cl. The thermal stability of CuECI is
nearly 2.6 times higher. The thermodynamic analysis for each decomposition stage indicates that all process-
es are non-spontaneous and endothermic, accompanied by increases in disorder, as reflected by the negative
AS values [23-26].

Energy Dispersive X-Ray Spectroscopy of Copper (1) Complexes (EDX)

Energy-dispersive X-ray (EDX) spectra for the copper(ll) complexes are presented in Figures 12 and
13, with the corresponding scanning electron microscopy (SEM) images shown in Figures 14 and 15.

]
8

i ) , . keV
15

A
.
o

Figure 12. Energy-Dispersive X-ray (EDX) spectrum of the CUECI complex
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Figure 13. Energy-Dispersive X-ray (EDX) spectrum of the CUEV*-CI~ complex

The expected elements (C, O, N, Cu, I, Cl, F, Br and P) peaks are noted in the EDS spectra, which con-
firms and agrees with their presence in the prepared complexes. The elemental percentages that appeared in
the quantitative results of this spectroscopy did not fully agree with the theoretical values of the prepared
complexes. It was strangely noted that the EDS Cu% agrees only with the theoretical Cu% of CuE, and both
EDS Cu% and 0% showed agreement with those the theoretical of CUEV™-CI", while other elements did not
agreed in same those complexes. Undoubtedly, if one EDS or C, H, N, S and O analysis of a certain com-
pound then the other EDS or C, H, N, S and O elements % should be agreed too. Otherwise, we should ex-
pect technical errors in the quantitative analysis of some or all the elements. Additionally, the received quan-
titative results of the standards are empty. For these two reasons, the quantitative results obtained from this
spectroscopy should be excluded and only the qualitative results should be considered. Au and other signals
observed in the EDS spectra are attributed to the coating (e.g., gold coating) and not to the sample itself [28].

Hydrogen is absent because EDS analysis can not detect it. Dramatic and typical differences are note in
the SEM images among the Copper (Il) complexes are depicted in Figures 20 and 21 respectively. The com-
plex CUECI have shorter, thicker and more irregular in length and width crystals. Some CuECI crystals are
stacked or clustered which indicates interrupted or altered growth. While, CUECI crystals appear rougher and
more granular and this likely due to CI substitution that disrupt regular packing as concluded before from
XRD spectroscopy. The size of CUECI are shorter and broader suggesting lower crystallinity or altered nu-
cleation rate. In term of distribution, the CuE is more aligned and compact showing better organization,
while CuECI is more. Scattered oriented with possible agglomeration. Therefore, the Chlorine substitution in
CUECI effects on crystal growth making it as shorter and thicker crystals. The morphology of CuECI is less
regular and it has rougher surfaces. CUECI packing is less ordered. All this reflects how small ligand change,
like the halogenation by chlorine can significantly Impact solid-state material properties like solubility elec-
tronic behavior. In addition to Chlorine substitution as result for mentioned difference above, the solvent ef-
fect or reaction conditions (e.g., fast precipitation, low temperature) [29, 30].

A detailed comparison of the surface morphologies for the CUECI and CUEV*-CIl™ complexes, as ob-
served in the SEM images (Figs. 14 and 15), is provided below. The CuECI complex displays well-defined,
elongated rod- or needle-like crystals indicating high crystallinity and uniform growth along preferred direc-
tions. This is likely due to strong packing of small symmetric ligands. In contrast, CUEV"-CI~ shows irregu-
lar, blocky and aggregated particles with less-defined edges. This reflects disruption of crystal packing due to
the bulkier viologen moiety. The CUECI crystals appear smooth and clean suggesting an orderly homogenous
surface, the surface of an CUEV"-ClI  is rougher and more porous, possibly due to incorporation of viologen
into the ligand that disrupting tight molecular packing. The crystals of CuECI are long and thin (often ex-
ceeding 1020 pm) with relatively narrow widths. While, the CUEV*-CI™ particles are shorter and thicker
with less uniform size distribution. Some particles form small fragments and others form large agglomerates.
In term of distribution CuECI has highly ordered and dispersed arrangements with minimal aggregation.
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Therefore, the transition from CUECI to CUEV"-CI" results in: loss of needle-like crystal morphology, more
irregular and less crystalline texture, increased surface roughness and size heterogeneity and aggregation.
These differences show how introducing bulky or charged group like viologen significantly alters the molec-
ular self-assembly and morphology at the microstructural level. The following discussion deals with a com-
parison between the SEM image of CUEV™-CI". CUEV"-CI has irregular and blocky particles. The structure
appears disordered and amorphous compared to well-crystallized materials. In term of surface texture,
CUuEV™-CI is rough and porous.

Figure 14. SEM image of CUECI complex

 100w—
100pm

Figure 15 SEM image of CUEV*-CI” complex
The CUEV™-CI™ has brand particle size distribution. Some particles are large aggregates and some are
fine particles. The CUEV"-CI particles are unevenly dispersed with some regions of clustering [29, 30].

UV-Vis Characterization of Cu(ll) Coordination Compounds

Show electronic absorption spectrum of CUuECI in different solvents are C¢Hg, EtOAc, DCM, acetone,
EtOH, MeOH, ACN, DMF, DMSO and D.W with three concentrations representative in Figures 16-26 with
Absorbance & wavelength (nm) along with that of copper (I1) acetate two solvent ethanol and DMF.
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Figure 16. UV-Vis absorption spectra of ethyl acetoacetate
(0.1 mM, black), copper acetate (5 mM, purple), CuECI
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Figure 18. UV-Vis absorption spectra of CUECI
(0.05 mM, red, 0.5 mM, blue and 5 mM, green) in C¢Hg
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Figure 20. UV-Vis absorption spectra of ethyl 4-
chloroacetoacetat (0.1 mM, black), CUECI
(0.05 mM, red, 0.5 mM, blue and 5 mM, green) in DCM
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Figure 17. UV-Vis absorption spectra of ethyl
4-chloroacetoacetate (0.1 mM, black), copper acetate
(5 mM, purple), CuECI (0.05 mM, red, 0.5 mM,
blue and 5 mM, green) in DMF
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Figure 19. UV-Vis absorption spectra of ethyl

4-chloroacetoacetat (0.1 mM, black), CUECI (0.05 mM,
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Figure 21. UV-Vis absorption spectra of ethyl 4-
chloroacetoacetat (0.1 mM, black), CUECI
(0.5 mM, blue and 5 mM, green) in Acetone
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Figure 24. UV-Vis absorption spectra of ethyl
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Figure 25. UV-Vis absorption spectra of ethyl
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Figure 26. UV-Vis absorption spectra of bpy (0.25 mM, black), CUECI (5 mM, red),

CUEV"'.CI" (1 mM, blue and 5 mM, green) in DMF
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The d-d electronic transition bands for CUECI and copper(ll) acetate were detected at wavelengths of
697 nm and 700 nm in ethanol, and at 737 nm and 704 nm in DMF, respectively. Compared to copper(ll)
acetate, the CuECI bands exhibit hypsochromic shifts of 3 nm in ethanol and 33 nm in DMF, indicating the
formation of a coordination complex between the Cu®* center and the ECI ligand. Furthermore, the UV ab-
sorption band of CuECI in ethanol appears at 257 nm, which is blue-shifted relative to copper(ll) acetate
(300 nm), suggesting more energetic electronic transitions within the complex. The ligand ECI displays mul-
tiple absorption bands in the same solvents at 249, 328, 259, 246, 250, 246, 271, 265, and 275 nm, respec-
tively, reflecting its inherent electronic transitions [31].

These UV absorptions of ECI is oscillatory with increasing of solvent polarity [31]. With respect to po-
larity, the non-bonding (n) orbital exhibits greater polarity than the n* orbital, which itself is more polar than
the 7 orbital. In solvents of higher polarity, both the 7 and * orbitals experience stabilization, albeit to dif-
fering degrees. Because the n* orbital is more polar than the w-orbital, so in a more polar solvent, the magni-
tude of stabilizing of «* orbital of the highest energy will be greater than the magnitude of stabilizing of =
orbited of the at lower energy levels, the stabilization of the ©* orbital in a more polar solvent is greater than
that of the 7 orbital. Consequently, the energy gap (AE) between the © and ©* orbitals decreases as solvent
polarity increases [32]. As a result, the maximum absorption wavelength (A_max) in a more polar solvent
becomes larger than that in a less polar solvent (since AE « 1/A_max). This leads to a bathochromic (red)
shift of the n-n* absorption band in polar media [33].

It is valuable to examine the influence of solvent polarity on the A_max of the n—n* transition. In highly
polar solvents, both the non-bonding (n) and antibonding (7*) orbitals undergo stabilization, albeit to varying
degrees. Due to the higher polarity of the n orbital relative to the * orbital, its stabilization is more pro-
nounced in polar media. Consequently, the energy of the n orbital decreases to a greater degree than that of
the w* orbital. This results in an enlarged energy gap between the n and n* orbitals relative to that in less po-
lar solvents. This results in a hypochromic (blue) shift of the n-n* transition, i.e., the .y Of this transition
decreases as solvent polarity increases. Conversely, the more intense n-n* transition exhibits a bathochromic
(red) shift with increasing solvent polarity. Thus, as solvent polarity rises, the m-n* and n-z* transitions ap-
proach each other in wavelength. For the ECI ligand, intra-molecular hydrogen bonding within the solution
further stabilizes resonance structures, lowering the energy of the n-n* transition. Simultaneously, hydrogen
bonding weakens the n-i* transition, contributing to its blue shift. The combined effect of orbital polarity
differences, solvent stabilization, Hydrogen bonding causes the n-n* and n-n* transitions to converge, effec-
tively causing the high-intensity n-n* band to overlap with the lower-intensity n-m* band in the ECI lig-
and [31].

The UV absorptions of the weaker ligand ECI (249 nm, 328 nm, 259 nm, 246 mm, 250 nm, 246 nm,
271 nm, 265 nm and 275 nm) are red shifted [31]. This reflects the energetically easier transitions for the
ligand ECI. These easier UV transition could be related to the longer extended conjugation system in the lig-
and ECI due to the existence of Cl atom. Except for ECI in H,O, both the complex of CuECI showed red
shifted UV transitions compared with those of the ligand of ECI respectively. The easier UV transition of the
complexes could be related that upon complexation with Cu®* ion. The established structure of the free lig-
and ECI adopts a more planar geometry upon coordination in the CuECI complex [34]. This increased pla-
narity facilitates greater electron delocalization (resonance) within the complex, relative to the free ligand,
leading to bathochromic (red) shifts in the UV absorption spectra of the complexes. In general, the shifts in
wavelength positions and variations in absorption intensities of the UV bands observed for the copper com-
plexes relative to their ligands provide clear evidence for the coordination of Copper(ll) ions induces a great-
er planarity in the resulting complexes relative to the corresponding free ligands [35-38].

The visible absorption bands occur as a result of electronic transitions between split d-electron energy
levels. In the visible region of the spectrum, of CUECI showed two bands, sharp band of higher energy and
the second is broad with lower energy in different solvents attributed to the intra-atomic d-d transitions of the
copper(Il) ion in the complex [37].

This band can be assigned to the electronic transition dxz, dyz-dxy [32]. Two weak-defined bands ap-
peared of CUECI as one broad band due to dz>-dxy transitions respectively. This broad band occurred at 687,
687, 719, 677, 708, 697, 656, 737, 738 and 773 nm in benzene, EtOAc, Acetone, MeCN, DCM, EtOH,
MeOH, DMF, DMSO and H,0 respectively. In same solvents, (except H,0). These three single electron d-d
transitions are consonant with square planar CUECI complexe (Cu** with a d° configuration). The square
planer Cu** d° configuration has four-fold splitting with decreasing energy in the following order:
dxz, dyz < dz2 < d2x2 — y? < dxy [32-37].

32 Eurasian Journal of Chemistry. 2026, Vol. 31, No. 2(122)



Design and Synthesis of Novel Molecular Switches ...

The reaction of CuECI that have positive axial ligands (very weak ligands). These uncommon complex-
es are very sparingly soluble complexes showed very exceptional behavior in DMF media. The axial coordi-
nated viologen within these complexes are reduced at dissolving only in DMF at air atmosphere [38, 39].

The Sy2 nucleophilic substitution of the complexes CuECI, with each of bpy, affords the complexe
CuEV™-CI". In these exceptional complexes, the complexed B-ketoester ligand has been modified to positive
ligand within the complexes structures. The Ultraviolet-Vis absorption spectrum of these complexes are rec-
orded in DMF media and presented in Figures 16-26. The purple color of CUEV™-CI solution in DMF refers
undoubtedly to the generation of a m-dimeric association involving two V" radicals within two complexes.
Also, the peaks occurred at 406 nhm and 689 nm are juxtapose to the formation of non-dimer viologen radical
(V") consequently there is an equilibrium among non-dimerized viologen radical V" and dimerized viologen
radicals stand (C,V), within CUEV*-CI structures [37-39] (Scheme 3).
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Scheme 3. Inter-molecular dimerized viologen radicals of CUEV*-CI” in DMF

Formation of Molecular Switches: Reduction of Viologen Units within the Complexes

The UV-Visible absorption spectra were obtained after reducing the mixtures using solvation in Zn
powder, with concentrations of 0.5 mM for CUEV"-CI". In these cases the viologen formed complexes termi-
nal linkage with CUECI. Additionally, reduction was carried out using activated zinc powder. The absorption
spectra were recorded over a range of 190-900 nm and are presented in Figures 27 and 28.

The viologen-terminated copper(ll) complex, CUEV'-CI", was reduced using activated Zn powder and
monitored via UV-Vis absorption spectroscopy. To accurately track the spectral changes associated with the
reduction of the viologen units (both in the free ligand and when coordinated to the Cu(ll) center), two refer-
ence blanks were employed: the pure DMF solvent and the non-reduced complex solution.

In Cu(Il)-viologen complex of CUEV™-CI, viologen radical cations are formed as a consequence of the
reduction (V™*), which dimerize into [V"*], dimers through strong n-r stacking interactions. The spectral shift
from 550-600 nm to 700-800 nm, along with the distinct appearance of peaks near 800 nm in all compounds,
indicates the successful reduction and the subsequent formation of dimers. This observed dimer formation is
consistent with the mechanism proposed in Scheme 4. The presence of Cu(ll) can modulate the stability and
redox properties of the dimer, differentiating the behavior of coordinated vs. free viologen radicals [40-43].
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Figure 27. UV-Vis absorption spectra of CUEV™-CI™ (0.5 mM, Black)
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and reduced CUEV™-CI™ (0.5 mM, Purple) in DMF. Reference blank: DMF
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Electrochemical Studies of Molecular Switches

The electrochemical behavior of the ECI ligand, its corresponding copper(ll) coordination complexes,
bpy adducts, and the viologen-terminated species (CUEV"-CI") was systematically examined in DMF con-
taining 0.1 M TBAP as the supporting electrolyte by means of cyclic voltammetry (CV). All reported poten-
tials are referenced to a silver pseudo-reference electrode. To minimize oxidative degradation of the electro-
generated species, all voltammetric measurements were performed at ambient laboratory temperature under
an inert argon atmosphere. A conventional three-electrode setup was employed, consisting of a glassy carbon
disk as the working electrode and a platinum wire as the counter electrode. Additional experimental condi-
tions for each voltammogram are provided in the experimental section or indicated in the figure captions.

The cyclic voltammograms (CVs) of the complex CUECI are depicted in Figures 29 and 30 respective-
ly. These CVs will be compared with the CVs of their precursor: Cu(OAc), and ECI that are presented in
Figures 31-33 respectively. An irreversible reduction process of the free ECI ligand was observed at
—2.025 V respectively at f 0.3 V/s. The irreversible oxidation of Cu®* ion in Cu(OAc), is noted at 845.666 mv
rt 0.3 V/s, see Figure 32.
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Figure 29. Cyclic voltammograms (CVs) of 2 mM CuECIlin DMF (0.1M TBAP)
at scan rates of 0.1 V/s (black) and 0.3 V/s (blue dashed). WE: (3 mm) VC. RE: Ag
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Figure 30. Cyclic voltammograms (CVs) of 2 mM CuEV*-CI"in DMF (0.1M TBAP)
at scan rates of 0.1 V/s (black) and 0.3 V/s (blue dashed). WE: (3 mm) VC. RE: Ag
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at scan rates of 0.1 V/s (black) and 0.3 V/s (blue dashed). WE: (3 mm) VC. RE: Ag

60

50

< 2mM Cu(OAc), H,0, 0.3 V/s
— = <2mM Cu(OAc), H,0, 0.5 V/s

40

30

20

Current, yA

10

-10

o
P akbedd u--..a—r«q-\ou.'
=

0.0

0.2

0.4

T
0.6
Potential, V

0.8 1.0

12

Figure 32. Cyclic voltammograms (CVs) of less than 2 mM Cu(OAC), in DMF (0.1M TBAP)
at scan rates of 0.1 V/s (black) and 0.3 V/s (blue dashed). WE: (3 mm) VC. RE: Ag

10
f’l""‘“-u-.o-.-t.-ml"‘""'"'
5 .‘.I' s s itond
O -
< s
-oqc-: "»,-u-' PR
= -10 - ‘
3 ,0“"4 \
O .-" B
-’.
-15
4
I ".‘,Ml'l'l-"
-20 - —— 3 mM bpy, 0.3 V/s
v
— =3 mM bpy, 0.5 V/s
-25 T T T T T T T T T T T
1.6 14 -12 -1.0 -0.8 -0.6 -04  -0.2 0.0
Potential, V

Figure 33. Cyclic voltammograms (CVs) of 3 mM bpy in DMF (0.1M TBAP) at scan rates of 0.3 V/s (black)
and 0.5 V/s (blue dashed). WE: (3 mm) VC. RE: Ag

36

Eurasian Journal of Chemistry. 2026, Vol. 31, No. 2(122)



Design and Synthesis of Novel Molecular Switches ...

The reduction of Cu® ion in the complexe CUECI occured at —346.348 mv respectively. The of CuECI
(-4571.19 mv) is consistent with the more electron deficiency of Cu?* ion in the complex CuECI. The reduc-
tion of the coordinated ECI in the complex CUECI respectively is noted at —-804.26 mv. Here, the coordinated
ECI suffers more electron deficiency than the coordinated E which in turns lends to easier reduction for the
coordinated ECI. Both the reduction of the coordinated ECI is anodically shifted compared with the reduc-
tion of the free ECI. These shifts reflect the decrease of the electron densities of the ligands after
complexations.

The nucleophilic substitution (Sy2) of the complex CuECI with each of bpy afford the complexe bear-
ing the viologen units within their ligands: CUEV*-CI". The CVs of these novel complexes are presented in
Figures 29-30. The reductions of viologen unit in CUEV™-CI" are anodically shifted to be at -646.536 mv and
—813.768 mv. The observed shifts are clearly ascribed to the formation of intermolecular n-dimers between
viologen radicals (V'...V") from two CUEV"-CI~ complexes. The reduction at —1326 mv could be assigned to
the formation of (V") followed by the formation of n-dimer with different conformation. The reduction of the
coordinated ECI happened at —1878 mv easier than the free ECI ligand. The oxidation process happened at —
918.278 mv could be related to the oxidation of the previous reduced species that have been absorbed on the
electrode while, the reduction of the coordinated Cu?* ion Cu®* + 1e- — Cu" is not seen well, its oxidation
process is not at —77.903 mv.

The reduction noted at —1528 mv is assigned to the coordinated ECI. The reduction of the coordinated
Cu? ijon to Cu' is noted at —472.941 mv and the oxidation of the resulted Cu® species happened at
—269.134 mv [44-46].

Our electrochemical results, supported the formation of the complexes and showed well the electronic
properties of the coordinated Cu(ll) ion, ligands and viologen units.

Conclusions

In this study, two complementary design strategies were successfully established for the incorporation
of viologen redox units into copper(Il) B-diketone frameworks, enabling systematic modulation of structural
and electrochemical properties. The first strategy involved axial coordination of the viologen moiety to pre-
formed Cu(II) B-diketone complexes, whereas the second relied on the structural integration of the viologen
(or bpy) unit within the B-diketone ligand prior to complexation. These approaches provide a controlled plat-
form for tuning structure—property relationships in copper-based redox-active systems. The formation of
CUuECI and CuEV*-Cl was confirmed by mass spectrometry, elemental analysis, and spectroscopic tech-
niques, while XRD and SEM analyses revealed well-defined nanocrystalline domains whose morphology
and crystallite size depend strongly on ligand functionalization. Crystallite sizes calculated using Scherrer
and Williamson—Hall models, together with lattice strain analysis, demonstrated that viologen incorporation
significantly influences microstructural parameters. Thermal studies further showed enhanced stability for
CUECI relative to CUEV*-CI, with all decomposition stages being endothermic and entropy-driven, reflect-
ing the robustness of the coordination framework.

The electronic absorption spectra of the CUECI complex were recorded at three different concentrations
(0.05 mM, 0.5 mM, and 5 mM) in various solvents to examine solvent effects on electronic transitions, elec-
tronic absorption studies confirmed the preservation of ligand-centered n-n* and n-n* transitions upon coor-
dination, in addition to characteristic d-d bands consistent with square-planar Cu(ll) geometry.

Notably, the intense violet coloration of CUEV™-CI” in DMF and the absorption bands at 406 and
689 nm provide clear spectroscopic evidence for reversible equilibrium between monomeric viologen radi-
cals and n-dimer species. Cyclic voltammetry further demonstrated that both coordination modes preserve
the redox activity of the viologen unit, enabling controlled switching between radical and n-dimer states un-
der chemical and electrochemical stimuli.

Overall, the present work establishes a versatile synthetic and structural framework for integrating
viologen-based molecular switches into copper(Il) B-diketone systems. The demonstrated correlation be-
tween coordination mode, crystallinity, thermal stability, and redox-switching behavior offers valuable de-
sign principles for the development of responsive inorganic—organic hybrid materials and copper-based mo-
lecular electronic platforms.

Supporting Information
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Rheological Properties of the Polymeric Preparative Form
of Chitosan Nanoascorbate from Bombyx mori

Chitosan nanoascorbate samples were synthesized by controlling the pH of the solution and the ratio of the
initial components: ascorbic acid and chitosan derived from Bombyx mori. In this study, the rheological prop-
erties of polymeric preparative forms based on chitosan nanoascorbate and methylhydroxyethylcellulose sys-
tems at different concentrations were investigated. The chitosan nanoascorbate samples were obtained by
regulating the ratio of Bombyx mori chitosan to ascorbic acid and adjusting the pH of the reaction medium
during the synthesis process. In the initial 0.025 % chitosan nanoascorbate solution, the viscosity increased
from 0.33 Pa‘s to 4.14 Pa-s under shear, indicating possible hydrodynamic clustering and the formation of
temporary aggregates between nanoparticles. In dilute systems containing 0.0125 % chitosan nanoascorbate
and 0.1 % methylhydroxyethylcellulose, the viscosity increased from 3.1 Pa's to 5.0 Pa-s, suggesting interac-
tions between polymer chains and nanoparticles, although a fully developed spatial network was not formed.
In the system with intermediate concentrations (0.025 % chitosan nanoascorbate : 0.2 % methylhydroxyethyl-
cellulose), the viscosity varied from 6.2 Pa-s to 10.9 Pa-s and exhibited near-Newtonian flow behavior. In the
system with the highest concentration (0.05 % chitosan nanoascorbate : 0.4 % methylhydroxyethylcellulose),
the viscosity decreased from 45 Pa's to 18 Pa-s, indicating pseudoplastic behavior and the partial disruption
of the three-dimensional spatial network under shear. Frequency analysis and the Power-law model con-
firmed the viscosity and elastic properties of these two types of systems.

Keywords: chitosan nanoascorbate, Bombyx mori, polymeric preparative form, storage modulus, loss modu-
lus, consistency coefficient, flow behavior index, dynamic viscosity, shear stress

1 Introduction

Polycationic and polyanionic polysaccharides found in marine algae, crustaceans, and insects are con-
sidered promising sources of biologically active compounds. Among these natural biopolymers, chitosan
(CS) is of particular interest. CS is a non-toxic, biocompatible, and biodegradable polysaccharide that exhib-
its antimicrobial, antioxidant, and immunostimulating properties. In addition, CS can be used in medicine as
a material that promotes rapid wound-healing and participates in tissue regeneration processes, as well as a
carrier for biologically active compounds such as ascorbic acid (AA) [1-3]. In agriculture, CS and its deriva-
tives are used as agents for combating plant and animal diseases and as growth stimulants [4]. It is well
known that CS is insoluble in water due to strong intermolecular interactions and hydrogen bonding between
macromolecules; however, it dissolves readily in dilute organic acids. Therefore, the preparation of water-
soluble derivatives of CS significantly expands its applications in agriculture, biotechnology, and medi-
cine [3, 5]. Among these derivatives, chitosan ascorbate (CSA), a salt formed with ascorbic acid (AA), and
its nanostructured form, chitosan nanoascorbate (CSNA), exhibit high biological activity. These materials
have been reported to possess wound-healing, antimicrobial, and plant growth-stimulating properties [4, 6].

The synthesized CSA and CSNA samples are environmentally safe and exhibit antimicrobial activity
against diseases occurring in plant and animal organisms [6, 7]. The investigation of the interaction mecha-
nisms between CS and AA is currently one of the important scientific issues, since the interaction processes
between CS and AA strongly depend on the pH of the medium and temperature. According to the literature
data [8, 9], the formation of CSA compounds can proceed via three main mechanisms. In the first mecha-
nism, covalent donor—acceptor complexes are formed. This interaction is based on the interaction between
the enolic hydroxyl (OH) group located at the C3 carbon of AA and the amino (NH,) groups of CS. The re-
action proceeds in an aqueous medium at room temperature. In this case, the lactone ring of AA remains in-
tact, while the amino groups of CS are in a protonated state [8].
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In the literature, it has been reported that at pH 5-6.5 and a temperature of approximately 25 °C, the in-
teraction between chitosan and ascorbic acid in aqueous solution over more than 6 hours may lead to the
formation of a covalent imine (Schiff base) linkage [9, 10]. This can be explained by the fact that ascorbic
acid, in the presence of dissolved oxygen in aqueous media, is partially oxidized to dehydroascorbic acid,
which contains reactive carbonyl groups. It should be noted that ascorbic acid is unstable in agueous solu-
tion, and its enolic form is readily susceptible to oxidation depending on the reaction conditions. Therefore,
the interaction between amino groups of chitosan and carbonyl groups (including those formed via oxidation
of ascorbic acid to dehydroascorbic acid) results in the formation of an imine (Schiff base) linkage between
chitosan and ascorbic acid [10].

The third mechanism proceeds through the thermal opening of the lactone ring of AA. Under an inert
nitrogen atmosphere at 6070 °C and pH 6-7, the opening of the lactone ring of AA leads to the formation of
carboxyl (COQ") groups. These groups react with the amino groups of CS, resulting in the formation of co-
valent amide bonds. The formation of these bonds has been confirmed in the literature by NMR spectrosco-
py [11, 12].

In addition, chitosan nanoascorbate (CSNA) is commonly obtained by forming nanostructured com-
plexes of CS with AA using the ionotropic gelation method in the presence of sodium tripolyphosphate
(STPP). In this process, nanoparticles are formed due to electrostatic interactions between the protonated
positively charged amino groups of CS and the negatively charged phosphate groups of STPP. The size of
the nanoparticles mainly depends on the acid concentration and the degree of deacetylation (DD) of CS. CS
with a higher DD contains a greater number of free amino groups, which increases the charge density and
consequently the number of effective electrostatic cross-linking sites with STPP [13].

Although the biological properties of chitosan nanoderivatives have been widely studied, information in
the literature on obtaining polymeric preparative forms of chitosan nanoderivatives based on AA and their
application in sericulture remains limited [14]. Therefore, in the present study, a polymeric preparative form
of CSNA was obtained in the presence of a methylhydroxyethylcellulose (MHEC) solution for potential ap-
plication in sericulture. MHEC was selected because of its low toxicity, easy biodegradability in nature, and
its ability to preserve the activity of CSNA. In addition, MHEC acts as an effective thickening agent for the
formation of polymeric preparative formulations.

Currently, various polymer-based preparations are used to control diseases of the silkworm and to stim-
ulate its growth and development. These preparations are mainly produced in powder, gel, and solution
forms. In addition to their biochemical activity, it is also important to evaluate the resistance of these formu-
lations to physical and mechanical effects during their application.

In addition, the spraying technology of preparations plays an important role in the effective application
of pesticides, biopreparations, and plant protection agents in agriculture. During the spraying process, the
physicochemical and rheological properties of the solution determine droplet formation, droplet size, adhe-
sion to leaf surfaces, and dispersion behavior in the atmosphere. Therefore, in recent years, the investigation
of the rheological properties of formulation systems has become an important research direction in
agrochemistry and chemical sciences.

According to the literature, the rheological properties of spraying solutions significantly influence the
atomization and dispersion mechanisms of droplets. In particular, an increase in solution viscosity leads to an
increase in droplet diameter, which in turn reduces the efficiency of spraying [15].

At the same time, the addition of polymeric agents can modify the viscoelastic properties of the solutions,
thereby improving the stability of droplets during the spraying process [16]. In spraying technology, the viscos-
ity and surface tension of the solution are considered the main parameters. Studies have shown that solutions
with low viscosity undergo atomization more easily and form smaller droplets. However, such droplets can dis-
perse more readily in the atmosphere, which may reduce the efficiency of the applied preparation. Conversely,
solutions with higher viscosity form larger droplets that exhibit better retention on plant surfaces [17].

In recent years, the use of polymer-based adjuvants has been considered one of the effective approaches
for improving spraying technology. The long-chain structure of polymer molecules limits droplet breakup
and enhances spray stability. This behavior is closely related to the non-Newtonian rheological properties of
polymer solutions, in which the flow mechanism depends on the applied shear rate [18]. The pseudoplastic
behavior of polymer solutions is associated with the alignment and deformation of macromolecular chains
under shear flow, accompanied by a reduction in intermolecular interactions. As a result, an increase in shear
rate leads to a decrease in apparent viscosity. This effect plays an important role in spraying systems, where
reduced viscosity during pumping facilitates atomization [19]. In contrast, certain polymer and colloidal sys-
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tems may exhibit dilatant behavior, where increasing shear rate intensifies particle interactions and leads to
the formation of transient structures, resulting in increased viscosity.

In agrochemical formulations, solutions with optimized rheological properties ensure uniform spreading
and retention on plant surfaces. Therefore, recent studies focus on key rheological parameters such as the
consistency coefficient and flow behavior index. It has been demonstrated that controlling solution viscosity
using polymer adjuvants improves droplet size distribution and enhances biological efficiency [19-21]. In
addition, chitosan-based systems are widely studied due to their unique physicochemical properties, biocom-
patibility, and ability to form stable nano-sized structures [22—24]. Particularly, chitosan nanoparticles and
their derivatives, including antioxidant-modified systems such as nanoascorbates, demonstrate enhanced sta-
bility and functional performance in solution [24, 25]. Furthermore, biomacromolecules derived from
Bombyx mori, such as silk fibroin, are extensively used in the design of advanced polymeric systems due to
their structural stability, biodegradability, and excellent mechanical properties [26, 27].

Thus, the rheological properties of spray solutions, including viscosity and non-Newtonian flow behav-
ior, represent critical factors governing droplet formation and deposition efficiency on plant surfaces. Control
of these parameters is essential for optimizing spraying performance and improving the effectiveness of ag-
rochemical formulations. The main aim of this study was to obtain a polymeric preparative form of chitosan
nanoascorbate (CSNA) derived from Bombyx mori and to investigate its rheological properties. Particular
attention was given to evaluating the influence of component concentration on the flow behavior and struc-
tural characteristics of the system. Chitosan nanoascorbate (CSNA) represents a promising functional bi-
opolymer system that combines antioxidant activity with tunable rheological properties, making it a potential
candidate for the development of advanced spraying formulations with enhanced stability and performance.

2 Experimental

2.1 Synthesis of Chitosan Nanoascorbate Samples

In this study, CS derived from Bombyx mori (B.M.) silkworm pupae with a molecular weight of
140 kDa and a degree of deacetylation (DD) of 84 % was used. The molecular weight of chitosan was de-
termined by viscometry using the Mark—Houwink equation based on intrinsic viscosity [1]. The intrinsic vis-
cosity was obtained by extrapolation from the plot of reduced viscosity versus solution concentration. In ad-
dition, the molecular weight of chitosan nanoascorbate was determined using the dynamic light scattering
(DLS) method. The DD of the initial CS samples was determined by conductometric titration in 0.1 N hy-
drochloric acid using a Mettler Toledo conductometer (USA). CS was obtained from B.M. silkworm pupae
through deproteinization, demineralization, and subsequent deacetylation in a 50 % sodium hydroxide solu-
tion at 120 °C for 3 h. This process was carried out in the pilot-scale facility of the Institute of Polymer
Chemistry and Physics of the Academy of Sciences of the Republic of Uzbekistan following the procedure
described in the literature [1].

CSNA was synthesized in an aqueous medium by the ionotropic gelation method. During the process, a
0.5 % solution of STPP was used as a stabilizing agent based on electrostatic interactions. The synthesis was
carried out by controlling the ratios of the initial components and the pH of the solution. To determine the
amount of unreacted (free) ascorbic acid in the reaction system, the liquid phase was separated by centrifuga-
tion. The ascorbic acid (AA) content in CSNA was calculated based on the determination of free AA in the
liquid phase by alkaline titration using phenolphthalein as an indicator. The degree of AA binding was calcu-
lated according to the ratio (Maa)exp./(Maa)calc. [24].

The obtained products were freeze-dried at —48 °C for 5-6 h using an “Alpha Christ” lyophilizer (Ger-
many). The yield of the final products was evaluated as the ratio of the calculated mass to the experimentally
obtained mass of the substance. The component ratios were calculated based on the molar concentrations of
the initial substances. In all syntheses, a 0.05 M aqueous solution of ascorbic acid was used, while the con-
centration of chitosan was set at 0.2 M. The volume of the stabilizer (STPP) was determined based on its mo-
lar ratio relative to the other components. The pH of the reaction system was measured at the end of the syn-
thesis at 25 °C using a Bante-210 pH meter (China). Solutions of AA, the titrant, and STPP were prepared
using an analytical procedure: the exact dry mass of the substances was weighed on an analytical balance,
dissolved in distilled water, and stirred with a magnetic stirrer until complete dissolution.

2.2 Preparation of Solutions for Rheological Measurements

In the experiments, polymeric preparative forms based on CSNA and MHEC were prepared using their
solutions in 2 % acetic acid at different concentrations. The studied systems included: No.1 — 0.2 %
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MHEC; No. 2 — 0.025 % CSNA; No. 3 — 0.0125 % CSNA and 0.1 % MHEC; No. 4 — 0.025 % CSNA
and 0.2 % MHEC; and No. 5 — 0.05 % CSNA and 0.4 % MHEC. During the preparation of the solutions,
accurately weighed amounts of the components were dissolved in 2 % acetic acid and stirred for 24 h using a
magnetic stirrer until complete dissolution.

2.3 Rheological Measurement Method

The rheological properties of the samples were studied using an Anton Paar MCR 92 rotational
rheometer (Austria). During shear flow of the solutions, macromolecular chains undergo deformation-
induced orientation, and the samples exhibit non-Newtonian flow behavior over a wide concentration range.
The rheological properties of CSNA samples were investigated using a cylindrical measuring system. The
rheometer allows measurements to be performed in both rotational and oscillatory modes. To evaluate the
structural characteristics and deformation behavior of the samples, the variation of shear stress (1) was moni-
tored during the increase and decrease of the shear rate (y). Based on the obtained results, the rheological
behavior of the solutions was analyzed.

Rheological measurements were performed using an Anton Paar MCR 92 rheometer under controlled
temperature conditions (£0.1 °C). The instrument operates with a high level of precision, where the relative
error in viscosity measurements does not exceed =1 %, and the accuracy of shear stress determination is
within £0.5-1 %, according to the manufacturer’s specifications.

These instrumental parameters ensure reliable and reproducible determination of viscoelastic properties.
However, statistical error analysis (e.g., standard deviation) was not applied in this study, as replicate meas-
urements for individual data points were not performed. Therefore, graphical data are presented as single
experimental values with high instrumental accuracy rather than statistically averaged datasets.

2.4 Dynamic Light Scattering (DLS) Analysis

Particle size determination was carried out using dynamic light scattering (DLS) on a BeNano 90 in-
strument (China). CSNA samples were dissolved in 2 % acetic acid at a concentration of 0.25 % and kept at
room temperature (~25 °C) for approximately 24 h until complete dissolution was achieved. DLS measure-
ments were not performed at a concentration of 0.025 % due to the inherent sensitivity limits of the DLS
technique and the dependence of scattering intensity on particle size and concentration, which results in a
low signal-to-noise ratio and unreliable measurements. Prior to measurement, the solutions were filtered
through a microporous membrane filter (pore size 10-20 um) to remove large particles and prevent clogging
of the DLS cuvette. The filtered solution was transferred into a DLS cuvette (up to 1 ml), and measurements
were performed to determine the average hydrodynamic diameter and particle size distribution. Each meas-
urement was repeated 3-5 times to ensure statistical reliability. Based on the hydrodynamic diameter, the
molecular weight (M) of the polymer was estimated using the following relationship:

Rh=kM?, Q)
where M is the molecular weight of the polymer (g/mol); k is the empirical coefficient specific to the poly-

mer and solvent; v is a scaling exponent dependent on the polymer chain conformation.
The values of k and v were determined using standards of known molecular weight.

2.5 Atomic Force Microscopy (AFM) Analysis of CSNA

The morphology and particle size of CSNA were analyzed using atomic force microscopy (AFM) on an
Agilent 5500 instrument (Agilent, USA). Silicon cantilevers with a spring constant of 9.5 N-m " and a reso-
nant frequency of 145 kHz were used.

For sample preparation, diluted aqueous solutions of CSNA were deposited onto a clean glass substrate
and allowed to dry under ambient conditions prior to analysis.

3 Results and Discussion

3.1 Results of DLS Analysis: Particle Size Distribution and Molecular Weight of CSNA, MHES, and
Polymeric Preparative Forms

For this purpose, dynamic light scattering (DLS) measurements were performed using a BeNano 90 in-
strument. The molecular weight and particle size distribution of CSNA in solution were evaluated using
samples synthesized at an initial component molar ratio of CS:AA:STPP = 4:1:0.25. The results showed that
particles in the 0.025 % CSNA solution were distributed within the size range of 220-651 nm. The average
hydrodynamic diameter was 567 nm, while the main peak in the DLS profile was observed at approximately
360 nm, indicating that particles with an average size of around 360 nm are predominant in the system.
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Analysis of the particle size distribution revealed that approximately 50 % of the particles have a diameter of
about 320 nm. It should be noted that in the present study, the term “nanoascorbate” is used not solely with
respect to the geometric size of the particles, but rather to their nanostructured nature. The particle sizes in
the range of 200-700 nm determined by DLS represent the hydrodynamic diameter of aggregates formed in
solution. These aggregates consist of primary nanoscale domains formed as a result of ionotropic gelation
and intermolecular interactions. Therefore, despite the overall particle size exceeding 100 nm, the system can
be considered nanostructured in nature [28]. The obtained results are presented in Figure 1.
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Figure 1. Results of DLS analysis: particle size distribution and molecular weight of a 0.25 % CSNA solution

MHEC was used as an auxiliary component in the preparation of the polymer preparative form of
CSNA in order to regulate the viscosity of the solution. MHEC is a cellulose derivative that, unlike chitosan,
does not contain amino groups and is mainly composed of hydroxyl (—OH), methoxy (—OCHzs), and
hydroxyethyl (-OCH,CH,OH) ether groups. Therefore, MHEC is a neutral, non-ionic polymer that is soluble
in water and some organic solvents. As a result, the DLS behavior of MHEC solutions differs significantly
from that of chitosan solutions. MHEC does not interact chemically with acetic acid due to the absence of
amino groups. Furthermore, since MHEC does not contain carboxyl groups typical of acidic compounds, it
does not chemically interact with the amino groups of CSNA. However, in diluted solutions, acetic acid par-
tially dissociates into ions, which may weaken and rearrange intermolecular hydrogen bonds between mac-
romolecules, potentially leading to phase separation and the formation of two distinct phases. According to
the DLS results, the particle size distribution of the 0.25 % MHEC solution prepared in 2 % acetic acid
showed that the particle sizes were mainly in the range of 740-2672 nm (Fig. 2).
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Z-ave (d.nm): 3743.77 nm
Peak 2| 129423 88.21 41253 31.87
Mw 1159755.71D
Intercept: 0.81 Peak 3
20— 100 Typical Values| Size (d.nm)
] L D10 49.39
F 80 D20 740,24
2 157 [ o
: 4 L D30 866.83
%‘ i — 60 g
1 r g D40 97345
510 r =
£ ] La B D50 1078.45
1 r =]
4 - 3
5] “ = D60 1187.14
—20 2
] L : D70 1316.01
3 |-|||| = F
o] illlh. d b o D80 145797
0.1 1 10 100 1,000 10,000 100,000 i 1690.28
Size d, nm D100 2672.88

Figure 2. DLS results and particle size distribution of the 0.2 % MHEC solution
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It can be concluded that, in the polymeric preparative form (PPF) of the CSNA solution, particles in the
size range of 300-400 nm correspond to CSNA macromolecules, since such particles were not observed in
the MHEC solution. In contrast, particles in the range of 700-2672 nm can be attributed to MHEC macromo-
lecular structures. Analysis of the particle size distribution showed that less than 20 % of the particles fall
within the 295-442 nm range, which can be associated with the presence of nanoscale CSNA structures
within the polymeric preparative form. The obtained results are presented in Figure 3.
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Figure 3. DLS results and particle size distribution of the CSNA PPF solution (CSNA 0.025 % and MHES 0.2 %)

3.2 Atomic Force Microscopy (AFM) Results

The obtained AFM results confirm the presence of particles with sizes ranging from 200 to 700 nm in
the composition of chitosan nanoascorbate. The results are presented in Figure 4.

a) b)

- um

Figure 4. AFM images of CSNA obtained on a pilot-scale unit (CS:AA:STPP = 4:1:0.25):
(a) particle size up to 709 nm; (b) particle size up to 200 nm

The AFM results are in good agreement with the particle sizes determined by DLS for the CSNA
samples. In particular, according to the DLS analysis, the particle size of CSNA samples was found to be in
the range of 220-651 nm, whereas AFM analysis showed a size range of 200—700 nm. Furthermore, due to
the relatively large particle size and molecular weight of MHEC, the polymeric preparative form of CSNA
and MHEC samples were not analyzed by AFM.

3.3 Rheological Properties of CSNA and Its Polymeric Preparative Formulation Solutions

The polymeric preparative formulation based on chitosan nanoascorbate (CSNA) is applied in solution
form via spray application onto mulberry leaves and silkworms. During this process, viscosity (n) plays a
crucial physicochemical role, as it directly influences droplet formation, dispersion behavior, surface adhe-
sion, and ultimately the biological efficiency of the formulation. Therefore, the resistance of CSNA-based
systems to mechanical deformation during spraying, as well as their viscosity characteristics, was investigat-
ed using rheological measurements.
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In the rheological study, an amplitude sweep test was first performed to evaluate the response of the
prepared solutions to increasing mechanical deformation. Based on the obtained results, the dependences of
the storage modulus (G') and loss modulus (G”) on strain amplitude (y, %) were plotted (Fig. 5).
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Figure 5. Dependence of storage (G’) and loss (G”) moduli on shear strain amplitude (y, %):
(1) 0.2 % MHEC; (2) 0.025 % CSNA; (3) 0.0125 % CSNA + 0.1 % MHEC; (4) 0.025 % CSNA + 0.2 % MHEC;
(5) 0.05 % CSNA + 0.4 % MHEC

As shown in Figure 5, all studied systems exhibit G” values higher than G’ within the shear strain range
up to approximately 10 %, indicating the predominance of viscous behavior in this region. This indicates that
the samples exhibit a sol/viscoelastic liquid structure, in which the internal structure remains weakly devel-
oped in the initial state. The systems behave as viscoelastic fluids, demonstrating both elastic and viscous
responses. This behavior suggests the presence of transient macromolecular network formation and signifi-
cant intermolecular interactions.

With increasing strain amplitude (y) in the range of 20-100 %, the value of G’ decreases sharply, while
G" decreases more gradually. Under these conditions, structural disruption occurs in the samples, leading to
a transition from a more elastic state to a predominantly liquid-like behavior.

Sample No. 1 exhibits pronounced elastic behavior, where G’ decreases from approximately 7.6x10* to
7.13x107", while G” decreases from about 0.589 to 0.122. This indicates the presence of a highly intercon-
nected elastic structure in the system. Samples No. 2 and No. 3 show semi-elastic behavior, with the initial
values of G’ and G” being lower than those of sample No. 1. These systems are characterized by a moderate-
ly branched structure and relatively high chain mobility. Samples No. 4 and No. 5 behave as highly viscous
systems with increased internal friction. In sample No. 5, the value of G” is relatively high (around 0.613),
indicating significant dissipative energy loss within the system. This suggests rapid molecular rearrangement
processes. For all samples, the structural disruption region under deformation occurs within the strain ampli-
tude range of approximately y =~ 6-10 %. No intersection between G’ and G” was observed for any of the
samples, indicating that the systems did not undergo a transition to a purely liquid state and retained their
gel-like behavior.

As shown in Table 1, for samples No. 1-5, the dominance of G” over G’ (G” > G') was observed across
the entire frequency range. In particular, for samples 1-3 at low frequencies (o =~ 0.3—1 rad/s), the values of
G’ were in the range of 10'—10° Pa, whereas G” reached 10°-10" Pa. As a result, the loss tangent
(tan 6 = G"/G') reached values up to approximately 20000. Although both G” and G’ increased proportional-
ly, the G’ values remained extremely low (10'~10° Pa).
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Table 1

Frequency dependence of storage modulus (G') and loss modulus (G") for samples No. 1-5

0} No. 1 No. 2 No. 3 No. 4 No. 5
(rad/s) G' G" G' G" G' G" G' G" G' G"
0.314 | 3.22E-07| 0.006 |4.86E-07| 0.010 |1.19E-07| 0.002 0.000 0.004 0.010 0.022
0.521 |5.58E-07| 0.011 |3.20E-07| 0.006 |5.45E-07| 0.011 |6.38E-07| 0.013 0.005 0.032
0.866 | 1.93E-04 | 0.025 |4.86E-07| 0.010 |4.57E-07| 0.009 |1.07E-06| 0.021 0.004 0.048
1.440 | 1.32E-06| 0.026 |1.13E-06| 0.023 |1.24E-06| 0.025 |1.27E-06| 0.025 0.005 0.078
2.380 | 2.52E-06| 0.050 |1.61E-06| 0.032 |1.13E-06| 0.023 |2.32E-06| 0.046 0.013 0.131
3.960 | 4.01E-06| 0.080 |2.78E-06| 0.056 |5.90E-07| 0.012 |3.60E-06| 0.072 0.015 0.214
6.570 | 6.93E-06| 0.139 |8.17E-06| 0.163 |4.53E-06| 0.091 |6.44E-06| 0.129 0.002 0.342
10.900 | 1.27E-05| 0.255 |4.62E-06| 0.092 |8.52E-06| 0.170 |1.42E-05| 0.284 |2.85E-05| 0.570
18.100 | 2.60E-05| 0.519 |1.13E-05| 0.226 |1.65E-05| 0.330 |2.94E-05| 0.587 |4.77E-05| 0.954
30.000 | 5.84E-05| 1.168 |3.90E-05| 0.780 |3.27E-05| 0.653 |7.13E-05| 1.427 |8.64E-05| 1.728
49,900 | 1.38E-04| 2.761 |9.63E-05| 1.926 |6.58E-05| 1.316 |1.80E-04| 3.603 |1.65E-04| 3.299
82.800 | 3.38E-04 | 6.764 |2.26E-04| 4525 |1.30E-04| 2.603 |4.52E-04| 9.049 |3.76E-04| 7.525
137.000| 8.69E-04 | 17.380 |6.33E-04| 12.663 |3.86E-04| 7.715 |1.19E-03| 23.776 |8.66E-04| 17.321
228.000( 3.15E-03 | 62.986 |3.05E-03| 61.080 |2.12E-03| 42.473 |4.12E-03| 82.355 |3.20E-03| 63.927
379.000( 8.39E-03 | 167.870 | 5.06E-03 | 101.110 | 6.46E-03 | 129.200 | 9.86E-03 | 197.090 | 9.37E-03 | 187.370
628.000( 6.87E-02 | 1374.100 | 6.00E-02 | 1200.100 | 6.54E-02 | 1309.000 | 6.01E-02 | 1202.700 | 5.86E-02 | 1171.500

Based on the data presented in Table 1, the corresponding graph is shown in Figure 6. Analysis of the
graph indicates that samples 1-3 exhibit predominantly viscous behavior, with no formation of a three-
dimensional network structure, and free relaxation of macromolecular chains is observed. With increasing
frequency, the G” values increase exponentially, indicating restricted molecular mobility under dynamic
conditions. However, the very low values of G’ confirm the instability of the network formation mechanism
and indicate that the systems exist as viscous liquid dispersions. In these samples, the dominance of G” re-
sults in pronounced flow behavior and relatively short relaxation times.

These solutions can be easily sprayed onto mulberry leaves without clogging the nozzle. However, a
limitation of samples No. 1-3 is the very high tan é values, indicating a predominantly liquid phase. As a
result, after deposition on the leaf surface the solution may exhibit low adhesion and may partially flow off,
leading to non-uniform coverage.

In contrast, for samples No.4 and No.5, at low frequencies (0.314-3.96 rad s ) the values of
G’ ~0.009-0.015 Pa and G” =~ 0.02—-0.21 Pa is relatively close, with tan 6 = 2-15.

10000 MGES No.1
=8~ G" (Loss Modulus)
g g —a G' (Storage Modulus)
o o 1003 NAXZ No.2
g (L) —A— G" (Loss Modulus)
g 3 =& G' (Storage Modulus)
23 13 NAXZ+MGES No.3
o = 4~ G" (Loss Modulus)
g § —&~ G' (Storage Modulus)
2o 0013 NAXZ+MGES No.4
~&— G" (Loss Modulus)
—&— G' (Storage Modulus)
0.0001 + NAXZ+MGES No.5
O~ G" (Loss Modulus)
~o— G' (Storage Modulus)
1E-06 . ; . "
0.1 1 10 100
f,Hz

Figure 6. Dependence of the storage modulus (G') and loss modulus (G”) on frequency (f)
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This indicates that the systems of samples No. 4-5 behave as viscoelastic liquids with the presence of
partially developed intermolecular structures. At frequencies around 6-10 rad s, a sharp decrease in G’
(from 0.002022 to 2.85x10° Pa) and a significant increase in tan & (up to ~20000) were observed. This be-
havior can be attributed to the breakdown and destabilization of the network structure in these systems. The
relaxation time is relatively short, approximately 1-3 s. Because samples No. 4-5 exhibit viscoelastic solu-
tion behavior, their spraying performance and adhesion to mulberry leaves are expected to be higher than
those of samples No. 1-3. At higher frequencies, all samples (No. 1-5) show characteristics typical of flow-
ing liquid systems.

Thus, the rheological frequency analysis shows that in the initial samples No. 1-3, the dominance of G”
and the very high values of tan 6 confirm the predominantly viscous character of the system and the absence
of a stable macromolecular network. In contrast, for samples No. 4-5, the noticeable values of G’ at low fre-
guencies indicate the formation of a temporary dynamic network structure. With increasing frequency, this
network gradually breaks down and the system transitions to a dissipative regime. Such behavior is charac-
teristic of biopolymer systems stabilized by electrostatic interactions and hydrogen bonding.

In addition, the changes in dynamic viscosity (1, mPa-s) and shear stress (t, Pa) of MHEC, CSNA, and
their mixed solutions with increasing shear rate (y, s ') were investigated, and the results are presented in
Table 2.

Table 2
Dependence of shear stress (t) and viscosity (n) on shear rate (y) for samples No. 1-5
st No. 1 No. 2 No. 3 No. 4 No. 5
15 T n T n T n T n T n
0.100 0.001 5.730 — — 0.000 3.167 — — 0.005 45.740
0.171 0.001 6.591 — — 0.000 2.506 — — 0.008 45.416
0.291 0.002 7.167 - - 0.001 2.250 0.002 6.257 0.013 45.031

0.497 0.004 7.541 - - 0.001 2.176 0.003 6.257 0.022 44577
0.849 0.007 7.784 0.000 0.340 0.002 2.197 0.005 6.257 0.037 44.042
1.450 0.012 7.945 0.001 0.421 0.003 2.275 0.009 6.257 0.063 43.408
2.470 0.020 8.054 0.001 0.502 0.003 2.393 0.015 6.257 0.106 42.656
4.230 0.034 8.134 0.003 0.599 0.006 2.537 0.026 6.257 0.177 41.773
7.210 0.059 8.197 0.005 0.714 0.011 2.705 0.045 6.257 0.294 40.731
12.300 0.102 8.249 0.010 0.851 0.020 2.891 0.077 6.257 0.487 39.506
21.000 0.175 8.294 0.021 1.014 0.036 3.097 0.132 6.257 0.801 38.068
35.800 0.299 8.336 0.043 1.209 0.065 3.320 0.224 6.257 1.306 36.388
61.300 0.514 8.376 0.088 1.442 0.119 3.561 0.383 6.258 2.108 34.441
104.000 | 0.878 8.415 0.179 1.719 0.218 3.821 0.654 6.261 3.364 32.196
179.000 | 1.510 8.454 0.365 2.049 0.399 4.102 1.120 6.278 5.292 29.642
305.000 | 2.588 8.492 0.746 2.446 0.731 4.405 1.936 6.352 8.168 26.808
519.000 | 4.430 8.530 1.517 2.915 1.343 4.727 3.475 6.697 12.361 | 23.767
887.000 | 7.599 8.568 3.086 3.476 2.455 5.077 7.527 8.477 18.378 | 20.703
1510.000| 13.034 8.606 6.275 4.143 — — 16.568 | 10.941 | 27.243 | 17.993

Based on the data presented in Table 2, the experimental rheological properties of the studied solutions
(samples No. 1-5) were investigated under steady shear conditions in order to quantitatively evaluate their
flow behavior. For all samples, an increase in the shear rate (y) from 0.1 to 1510 s resulted in a correspond-
ing increase in the shear stress (). The relationship between shear stress (1) and shear rate (y) was analyzed
using the Power-law model. The parameters of this model provide important information about the internal
structure and flow characteristics of the solution systems.

T=Ky", ()
where K is the consistency coefficient and n are the flow behavior index.

The calculated n and K parameters for the investigated solutions are presented in Table 3.

The value of the flow behavior index (n) allows evaluation of the non-Newtonian behavior of the sys-
tem: when n < 1, the fluid exhibits pseudoplastic behavior; when n = 1, Newtonian behavior is observed; and
when n > 1, the system demonstrates dilatant rheological behavior [18, 19]. The consistency coefficient (K)

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 49



Avazova, O.B., Pirniyazov, K.K., & Rashidova, S.Sh.

characterizes the overall viscosity level of the solution, and an increase in its value indicates stronger inter-
molecular interactions within the system.

Table 3
Power-law rheological parameters (flow behavior index n, consistency index K)
and correlation coefficients (R?) for different CSNA/MHEC systems
No. Sample composition n K, Pa-s” R? Rheological behavior
1 (0.2% MHEC 1.04 6.3 0.999 Dilatant
2 10.025 % CSNA 1.32 0.28 0.997-0.999 Strongly dilatant
3 10.0125 % CSNA : 0.1 % MHEC 1.11 2.4 0.998 Moderately dilatant
4 10.025 % CSNA : 0.2 % MHEC 1.00 6.2 0.999 Near-Newtonian behavior
5 10.05 % CSNA: 0.4 % MHEC 0.90 36 0.995-0.998 Pseudoplastic behavior

The obtained rheological parameters demonstrate variation in flow behavior ranging from dilatant to
pseudoplastic depending on system composition. As can be seen from Table 3, for sample No. 1 (0.2 %
MHEC), the values of n=1.04 and K=6.3 Pa-s” were determined. Since the n value is slightly greater
than 1, the solution exhibits weakly dilatant behavior. This indicates that the internal resistance of the
solution increases with increasing shear rate. Such behavior can be explained by the orientation of the chains
under shear, the formation of temporary associations between macromolecules, and an increase in the
hydrodynamic volume.

For sample No.2 (0.025% CSNA), the values n~1.32 and K~ 0.28 Pa-s” were observed. The
considerably higher n value indicates strongly dilatant rheological behavior. In this case, an increase in shear
rate enhances intermolecular interactions and promotes the formation of temporary structures between
macromolecules. However, the relatively low K value indicates that the overall viscosity of the solution is
comparatively low. This can be attributed to the low polymer concentration and the weak intermolecular in-
teractions between macromolecules. For sample No. 3 (0.0125 % CSNA : 0.1 % MHEC), the values n~ 1.11
and K = 2.4 Pa-s” were determined for the complex system. This sample exhibits moderately dilatant behav-
ior, which may result from weak interactions between CSNA and MHEC macromolecules, leading to the
formation of temporary aggregates. Under shear conditions, these aggregates undergo rearrangement, which
determines the rheological behavior of the solution. For sample No. 4 (0.025 % CSNA : 0.2 % MHEC), the
values n = 1.00 and K = 6.2 Pa-s” were observed.

The solution of this sample exhibits near-Newtonian rheological behavior. This indicates that the mac-
romolecular structure of the system is relatively stable, and variations in shear rate do not significantly affect
the viscosity. Such behavior can be explained by the uniform distribution of polymer chains, the presence of
dynamic equilibrium between macromolecules, and the partial stability of the structure. For sample No. 5
(0.05 % CSNA : 0.4 % MHEC), the values n = 0.90 and K = 36 Pa-s” were determined. Since n < 1, the sys-
tem exhibits pseudoplastic rheological behavior, which is the most typical rheological regime for polymer
solutions. With increasing shear rate, macromolecules become oriented, the chains are stretched, and the
structure is partially disrupted, resulting in a decrease in viscosity. The relatively high K value indicates a
higher polymer concentration in the solution, leading to stronger intermolecular associations and enhanced
macromolecular interactions.

In addition, the Power-law model analysis showed that with increasing concentration in CSNA-MHEC
systems, the flow behavior index (n) decreases. In low-concentration samples, n > 1, indicating dilatant be-
havior, whereas in higher-concentration systems n <1 and higher K values confirm the formation of a dy-
namic spatial network. This suggests that the system possesses a structured viscoelastic dispersed nature.

To evaluate the quality of the approximation of rheological data, the power-law model was applied. It
was found that the coefficients of determination (R?) for all studied systems are in the range of 0.995-0.999,
indicating an excellent agreement between the model and the experimental data. The relationship between
viscosity (1) and shear rate (y) is presented in Figure 7.
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Figure 7. Dependence of viscosity (1) on shear rate (y).

As can be seen from the graph, for sample No. 1 (0.2 % MHEC), when the shear rate increased from
0.1t0 1510 s, the viscosity increased from 5.7 to 8.6 Pa‘s. The increase in viscosity can be explained by the
rearrangement of polymer chains in the direction of flow under shear and the increase in the number of
entanglements, which leads to higher internal friction within the system.

A similar trend was observed for the 0.025 % CSNA solution (sample No. 2), where a gradual increase
in viscosity under shear was detected (0.33 — 4.14 Pa‘s). This behavior may be associated with
hydrodynamic clustering of nanoparticles and the formation of temporary aggregates. Particle aggregation is
governed not only by chemical attractive forces but also by hydrodynamic interactions arising from centrifu-
gal forces under flow conditions. As a result, particles approach each other and form aggregates through
weak intermolecular interactions.

For the low-concentration system (0.0125 % CSNA : 0.1 % MHEC, sample No. 3), a moderate increase
in viscosity was observed (3.1 — 5.0 Pa-s). This behavior indicates the presence of certain interactions
between the polymer chains and nanoparticles; however, a fully developed spatial network structure is not
formed.

The medium-concentration system (0.025 % CSNA : 0.2% MHEC, sample No. 4) exhibited near-
Newtonian behavior, where the viscosity showed only a weak dependence on the shear rate
(6.2 — 10.9 Pa's). This can be explained by the rapid dynamic recovery of the solution structure. The
highest concentration system (0.05 % CSNA : 0.4 % MHEC, sample No. 5) demonstrated pseudoplastic
behavior. In this case, the viscosity decreased from 45 Pa's to 18 Pa's with increasing shear rate. This
indicates the presence of a three-dimensional structure in the solution and its partial disruption under shear
conditions.

The investigated solutions exhibited different rheological behaviors. In the case of MHEC and low-
concentration CSNA samples, an increase in viscosity with increasing shear rate was observed. This
behavior can be explained by hydrodynamic interactions between macromolecules and the strengthening of
internal friction in the system due to molecular associations.

In contrast, in medium-concentration systems, the spatial network structure is not sufficiently
developed; therefore, the resistance to flow changes only slightly, resulting in dilatant or near-Newtonian
rheological behavior. Such rheological characteristics are favorable for the formation of stable dispersions in
the spraying technologies used for agricultural preparations.

In high-concentration CSNA-MHEC solutions, pseudoplastic behavior was observed, indicating the
formation of a temporary spatial network resulting from interactions between macromolecules and
nanoparticles in the system. This structure is stabilized by hydrogen bonding, electrostatic interactions, and
macromolecular associations. As a result, under increasing shear rate, the macromolecules become
rearranged, leading to a decrease in viscosity and the manifestation of non-Newtonian rheological behavior.
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Sample No. 4 (0.025 % CSNA : 0.2 % MHEC) exhibits near-Newtonian rheological behavior, where
viscosity is almost independent of shear rate (n = const). The macromolecular system remains stable, and
temporary aggregates are continuously reformed. Due to the structural stability and uniform viscosity, nano-
particles are efficiently retained during the spraying process, and the solution can be easily applied.

In dilatant systems (n > 1), viscosity increases with shear rate due to the formation of transient associa-
tions, which complicates spraying. In contrast, pseudoplastic systems (n < 1) exhibit partial structural break-
down at high shear rates, requiring additional process control. Power-law model analysis (n=1,
K~ 6.2 Pa-s”) confirms that the solution possesses stable viscoelastic properties and ensures high efficiency
during application.

4 Conclusions

The results of the study demonstrated that the rheological properties of CSNA-MHEC systems strongly
depend on polymer concentration and composition. At low concentrations (0.0125-0.025 % CSNA), a grad-
ual increase in viscosity under shear (0.33 — 5.0 Pas) was observed, indicating the formation of transient
aggregates between macromolecules and nanoparticles. Systems with intermediate concentrations (0.025 %
CSNA : 0.2 % MHEC) exhibited near-Newtonian behavior, confirming the presence of a dynamically re-
versible structure. In contrast, high-concentration systems (0.05% CSNA : 0.4 % MHEC) showed
pseudoplastic behavior and the formation of a three-dimensional network, accompanied by a partial decrease
in viscosity and structural disruption under shear.

Power-law model analysis revealed that the flow behavior index (n) exceeds unity at low concentrations
and decreases below unity at higher concentrations, while the increase in the consistency index (K) reflects
stronger interactions between polymer chains and nanoparticles, as well as the formation of a dynamic spa-
tial network. The high coefficients of determination (R? = 0.995-0.999) confirm the excellent agreement be-
tween the model and experimental data. Overall, the CSNA-MHEC systems exhibit stable viscoelastic and
structured dispersed properties, which are of significant importance for the development of stable and struc-
tured polymer formulations in agriculture and pharmaceutical applications.

The results of DLS and AFM analyses confirmed the formation of nanoscale CSNA particles with sizes
in the range of 200-700 nm. The DLS data revealed a dominant fraction of particles around 300-400 nm,
corresponding to CSNA macromolecular structures, while larger particles (700-2672 nm) were attributed to
MHEC. The good agreement between DLS and AFM results indicates the reliability of the obtained data.
Overall, the polymeric preparative form represents a heterogeneous system consisting of CSNA
nanoparticles and MHEC macromolecular structures.
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Functionalized Cg, Fullerenes as Inorganic Redox Nanostructures:
A Quantum Chemical Approach

A comprehensive quantum-chemical study of functionally modified Cg fullerenes (CgoX,, n = 2, 4, 6) was
performed using the hybrid PBEO functional with dispersion correction (D4) and the SMD solvation model.
Eighteen types of substituents with different electronic characteristics (X = —-CH3, —C,Hs, —-C3H;, —F, —Cl,
—Br, —OH, —OCHgz, ~OC,Hs, —SH, ~SCH3, —-SC,Hs, —~NH,, -NO,, -COOH, —COCI, -CONH,, —-CN) were at-
tached to the fullerene structure to explore how their nature and number influence hydrophilicity, electronic
structure, and antioxidant reactivity. The lipophilicity (logP), electronic chemical potential (i), and reaction
energy (AE) of superoxide ion deactivation were systematically analyzed. A correlation between p and AE
was revealed, showing that a decrease in p enhances electron-accepting ability and antioxidant activity, alt-
hough the relationship is modulated by the degree of substitution. The optimal balance between
n-delocalization and electronic induction was found for tetra-substituted derivatives (n=4). Electron-
withdrawing groups (-NO,, -CN, —COCI, —F, —Cl, —Br) significantly increased antioxidant efficiency, while
alkyl and thioalkyl groups exhibited the opposite effect. The established relationships provide a quantitative
framework for understanding redox behavior in carbon-based nanostructures and open prospects for the ra-
tional design of fullerene-derived antioxidants as inorganic molecular systems with tunable electronic proper-
ties.

Keywords: density functional theory, computer simulation, fullerenes, electronic chemical potential, antioxi-
dant activity, structure-property relationship, inorganic nanomaterials, Cg

1 Introduction

Fullerenes are a special class of molecular carbon structures built from five- and six-membered cycles.
The unique structural diversity and the resulting physico-chemical properties have made fullerenes and their
functional derivatives the object of intensive research [1-15]. The study of fullerenes and their derivatives is
of key importance for many modern technologies.

Due to their high antioxidant activity, they are used in biomedicine, where their potential as
radioprotectors and anti-aging agents is being studied. Thus, due to the unsaturation of bonds between carbon
atoms in fullerene molecules, their ability to exhibit antioxidant properties in relation to reactive oxygen spe-
cies (ROS), for example, superoxide anion radicals O, , is explained. However, fullerenes are lipophilic
[2-6], nonpolar molecules, which complicates their transportation to the sites of ROS formation and accumu-
lation.

To increase the solubility in water and reduce the logarithm of the distribution coefficient in the
octanol-1 — water system (logP), which is 6.67 for fullerene Cg, [2, 3], one can use ultrasonic dispersion of
Ceo dissolved in vegetable oil and polyvinyl alcohol [4].
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Another, more effective method for increasing hydrophilicity involves chemical modification of the
fullerene skeleton. To enhance hydrophilicity and solubility in an agueous environment, fullerene molecules
are modified with various polar and/or ionic groups (-OH, -COOH, —CI, -NH,, —-CH,OCH,—, etc.) [2-8].
For example, in [5], synthesized Cg-aminocarboxylic acids were used to prevent apoptosis of rat PC12 cells
induced by hydrogen peroxide. Greater viability was observed in cells treated with fullerene derivatives con-
taining arginine and B-alanine residues. The latter derivative is recommended as a cell protector due to its
greater solubility in both water and non-polar media. Similar results for Cg, derivatives were confirmed
amperometrically in [6]. In [7], Cs modified with proline and other functional groups (nitroalkyl,
hydroxyalkyl, maleimide, carnosine) was studied. Proline provided hydrophilicity to the nanostructure, while
other groups (including the fullerene backbone) provided biological activity: antiviral, antioxidant, and anti-
tumor. It was noted that a derivative with carnosine, which is also an antioxidant, has an increased ability to
interact with radicals. In the work [8], the influence of the lipophilicity of fullerene Cg, modified with amino
acids with different contents of lyophilic and hydrophilic fragments, on the ability to inhibit lipid oxidation
in an aqueous environment is studied using the chemiluminescence method. Rat brain homogenate was used
as a lipid, tert-butyl hydroperoxide was the source of radicals, and the reaction was carried out in an aqueous
medium in the presence of luminol. As a result, it was established that less hydrophilic derivatives, which
can more easily penetrate the phospholipid and act as an ROS scavenger, have high inhibition efficiency. An
increase in functional groups in fullerene molecules not only increases their solubility in water, but also re-
duces their antioxidant activity, which was demonstrated in the study of hydroxyfullerenes Cg(OH),, where
2 <n<261[9], and others [2, 5, 7].

The antioxidant and lipophilic properties of fullerene molecules and their derivatives are also studied
using quantum chemistry and computer modeling, complementing experiments. Quantum-chemical calcula-
tion methods have proven themselves to be effective theoretical methods for predicting properties. These
calculations, based on density functional theory (DFT), have become a powerful tool for studying the reac-
tivity of fullerenes. They have been used to study radical reactions [10] and the ozone addition process [11].
In [12-14], various quantum-chemical approaches to modeling the structure of fullerenes and estimating the
energy of isomeric structures were considered and evaluated. It was shown that quantum-chemical modeling
of such atomic-molecular systems has a high accuracy. In work [15], the DFT method was used to determine
the energies of interaction of Cgy with molecules of aminocarboxylic acids in the gas phase, and a hypothesis
was put forward about the correlation of the thermodynamic functions of the formation of adducts of fuller-
enes with amino acids and the lipophilicity coefficient.

The accumulated experimental and theoretical information on the antioxidant properties of fullerenes
and the effect of substituents on the lipophilicity of nanostructures based on them are one of the key points
for the targeted design of nanomaterials, since the question remains to what extent it is advisable to reduce
the hydrophobicity of fullerenes. There is also a question about the number of substituents on the fullerene
backbone (more substituents means better solubility, but less activity as an ROS scavenger). Therefore, fur-
ther study of the relationship between lipophilicity, antioxidant activity and electronic structure of fullerene
derivatives is required. The purpose of this study is to perform quantum chemical modeling and compare a
number of Cg, fullerene derivatives modified with two, four, and six identical substituents of different elec-
tronic nature (X), both electron-donating and electron-acceptor (X = —CHj, —-C,Hs, —C3H,, —F, —ClI, —Br,
—OH, —OCHj3, —OC,Hs, —SH, —SCH3, —SC,Hs, —NH,, -NO,, -COOH, —-COCI, -CONH,, —CN), to establish
the relationships between the structure of molecules, their electronic structure, lipophilicity and antioxidant
activity (the ability to accept an electron from a superoxide ion O, , converting it into a safer triplet oxygen
0,).

2 Computational Details

2.1 Parameters of Quantum Chemical Computer Simulation

Among the variety of CgX,, isomers, one stable isomer of each series was selected [16]. The model of
the Cqo fullerene frame with the atom numbering used is shown in Figure 1. Functional groups were attached
to the following C atoms: CgoX; (2, 15); CeoX4 (6, 9, 12, 15); CeoXs (4, 6, 9, 12, 15, 58).
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a — attachment of two X groups to red carbon atoms; b — attachment of four X groups to blue carbon atoms;
¢ — attachment of six X groups to green carbon atoms

Figure 1. Designations of the positions of attachment of functional groups to the fullerene Cgq

Computer modeling was performed in the ORCA 6.1 software package [17] using the hybrid density
functional PBEO as a calculation method [18]. It optimally combines an accurate account of the electronic
structure of the m-system of the fullerene backbone and a reliable description of the energy of interaction
with functional groups, including non-covalent interactions. To accurately describe the weak non-covalent
interactions (for example, van der Waals forces) that can be significant in substituted fullerenes, especially
with bulky alkyl chains, the D4 empirical dispersion correction scheme by Grimme and coworkers [19] was
employed in conjunction with PBEOQ. This addition is critical for obtaining realistic structures and energies.

A dual-basis set strategy was adopted to ensure both efficiency and accuracy. The def2-SVP basis
set [20] was used for geometry optimizations and frequency calculations. This basis offers a good compro-
mise, providing reliable structural parameters for large molecules at a reasonable computational cost. For
more accurate single-point energy calculations (essential for deriving electronic potentials and energies), the
larger def2-TZVPD basis set was employed [20, 21]. This triple-zeta quality basis set, augmented with dif-
fuse functions, is crucial for correctly describing electron affinities, ionization potentials, and anionic species
(such as CgoX,,, O,) involved in the antioxidant activity assessment [22].

2.2 The Octanol-Water Partition Coefficient (logP)

The octanol-water partition coefficient logP reflects the ability of a substance to be distributed between
nonpolar (octanol) and polar (water) media (Equation 1):
[CGOXn]O
[Ceoxn]w

The higher the logP, the more lipophilic the structure is. The lipophilicity coefficient was estimated us-
ing the chemical reaction isotherm equation (Equation 2) [23]:

Gyro(CooX,) =2:303RT log P(C,X,), (2)

where AG,._,, is the change in the Gibbs function of the transition process of a fullerene molecule from an
aqueous medium to an octanol medium, J/mol; R is the universal gas constant, J/(mol-K); T is the tempera-
ture, K.

Here, the calculated lipophilicity coefficient of the modified fullerene was subtracted from the calculat-
ed lipophilicity coefficient of pure fullerene in order to be able to compare the lipophilicity and
hydrophilicity of structures after modification and eliminate possible errors of the method and the basic set
when comparing (Equation 3):

P(Ceoxn) = (1)

Gv(s)/ao,298 (Cao) - AG\?/%O,ZQS (C60Xn) . (3)
2.303RT

The energies of molecules in an agueous medium and an octanol medium were calculated using the
continuous solvent model SMD [23]. The geometry of the molecules was optimized in each solvent (water
and octanol) using the def2-SVP basis. To evaluate the Gibbs functions of the transition of molecules from

A
Alog P(Cg,X,) =log P(C,, X)) —log P(C,,) =
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water to octanol (AGW_,O,Z%O), the single-point energies (FSP water), FSP octanory) OF these structures in water and
in octanol were calculated, and thermal corrections were calculated taking into account the oscillation fre-
quencies at T =298.15 K and p =1 atm (AEwaten, AEctanoly,) TOr pure fullerene and its derivatives (Equa-
tion 4). The FSPs were calculated using the def2-TZVPD basis set, and the thermal corrections were calcu-
lated using the def2-SVP basis set:

AGY ;205 (Y) = FSP,

W—0,298

where Y is the Cg and CgpX,,.

It is important to note that the absolute calculated logP value for unsubstituted Cg, (9.06) overestimates
the experimental value (6.67) [24]. According to the isotherm Equation 2, the error is 13.6 kJ/mol (0.14 eV),
which is an acceptable error for calculating energies in continuous solvent models for large and voluminous,
as well as highly hydrophobic molecular structures [25], such as pure unmodified fullerene. Therefore, to
ensure the reliability of our structure-property analysis, we focus exclusively on the relative lipophilicity pa-
rameter, AlogP. This relative scale effectively cancels out systematic errors in the solvation energy calcula-
tions for the common fullerene core, allowing for a robust comparison of the substituent effects.

Antioxidant Activity of Functionally Modified Fullerenes in Relation to Superoxide lon

The antioxidant activity of modified CgX,, fullerenes (n = 2, 4, 6) was evaluated by the reaction of the
fullerene structure with the superoxide ion, assuming the mechanism of electron transfer from the superoxide
ion with its oxidation to molecular oxygen:

Co X, +0, »C,X, +0,
The reaction energy AE was calculated according to Hess’s law based on single point energies (Final

Single Point Energy — FSP). Negative values of AE correspond to spontaneous reaction and high antioxi-
dant activity

(Y) - I:Sp(water) (Y) + AE(omanol) (Y) - AE(water) (Y) ) (4)

octanol)

AE =FSP(C, X ,opt) + FSP(O,,0pt) — FSP(C,, X, 0pt) — FSP(O,, opt) (5)

For the reaction energy AE, full geometry optimizations were performed for all species: neutral CgoXp,
0,, radical anions CgX,, O, . The optimizations were carried out at the PBEQ-D4/def2-SVP/SMD(Water)
level. FSP energies were then calculated with the def2-TZVPD basis set to obtain accurate energies.

For the structures in equation 5, the following values of charge (C) and spin multiplicity (M) were used:
CeoXn (C=0, M =1); CeoX, (C=-1,M=2); O, (C=-1, M=2); O, (C=0, M=3). All energies of the
optimized neutral and anionic structures are listed in the Supplementary Materials (Table S1).

2.4 Electronic Chemical Potentials of Structures C60Xn

The electron chemical potential « was chosen as a measure of the acceptor capacity of fullerene struc-
tures, which was calculated using the apparatus of the conceptual density functional theory (CDFT) [26]. The
electronic chemical potential is a change in the energy of an atomic-molecular system (E) when an electron
(N) is attached while the geometry of the structure remains constant (conservation of the nuclear potential

V, = const):
oE I +A
p= (—J N——— (6)
aN Vn=const 2

In equation (6), | is the vertical ionization energy, and A is the vertical electron affinity of fullerene
structures. They were calculated using equations (7) and (8), respectively:

| =FSP(C,,X;)—FSP(C,X,), (7

A=FSP(C,X,)—-FSP(C,X.). (8)

The descriptor () shows the ability of a structure to participate in donor-acceptor interactions and the
ability to shift the electron density from another structure. When a system of interacting structures is formed,
the electron density will predominantly flow to the structure with a more negative value of p.

Cartesian coordinates and total energies for all structures are available in the Supplementary Materials
(Table S2).
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3 Results and Discussion

3.1 The Octanol-Water Partition Coefficient (logP)

logP is one of the key parameters in QSAR (Quantitative structure — activity relationship) and medici-
nal chemistry, as it reliably predicts the ability of a molecule to passively transport across biological mem-
branes, its solubility, and overall bio-distribution in vivo. In this work, the relative hydrophobicity parameter
(AlogP), showing a change in hydrophobicity compared to unmodified Cg, fullerene. This systematic ap-
proach allows for a detailed analysis of the effect of the nature and number of functional groups on the lipo-
philic properties of the fullerene framework. Figure 2 shows a heat map visualizing the effect of functional
groups and the degree of substitution on the hydrophobicity of CeX, fullerene derivatives relative to unmod-
ified Ceo.

Data analysis reveals several clear patterns:

1) The heat map shows a pronounced division of functional groups into two opposite clusters. Powerful
hydrophobizers are located in the upper part: propyl- (-CsH-) and thioethyl- (-SC,Hs) groups demonstrate
the most significant increase in lipophilicity (AlogP to +5.86 and +5.92 at n = 6, respectively). Hydrophilic
groups are concentrated in the lower part, and the carboxyamide group (—CONH,) exhibits the strongest
hydrophilic effect (AlogP up to —9.12 at n = 6);

2) A significant dependence is observed for most groups: an increase in the degree of substitution from
n=2to n =6 leads to an increase in the initial effect of the group. For most of the functional groups studied
(for the simulated positions of groups on the fullerene framework), a distinct linear dependence of AlogP on
the degree of substitution n is observed. So, for the groups —CsH;, —F, —Cl, —-SH, —SCHs;, —-SC,Hs5, —NH,,
—COOH and —~CONH, the correlation coefficient R* > 0.99. For the groups —CHs, —C,Hs, —Br, —OH, —COClI,
—CN and —NO,, the correlation coefficient R > 0.9. For the groups —-OCH; (R* = 0.39) and —OC,Hs
(R*=0.22), due to the peculiarities of their location on the fullerene framework, a strong nonlinear
dependence is observed. The nonlinear behavior of certain groups is explained by a complex balance of
steric, electronic, and solvation effects, which are not a simple sum of the contributions of individual
substituents;

3) The ranking of groups by their effect on lipophilicity shows that the amide group (-CONH,) is the
most powerful hydrophilizer. Among hydrophobizers, groups with long hydrocarbon chains and thioalkyl
substituents are most effective.

AlogP
-CaH7 - 2.17 417
-SCzHs - 1.84 3.99
-CaHs - 0.96 2.51 3.23 -4
-SCHs - 0.94 198 2.83
Br- 0.79 139 256 2
<l - 0.66 150 223
-SH - 0.63 142 211
CHs - 055 133 159 [ °
S OCaHs- 0.84 0.48 2.02
8 -CocCl - 0.17 0.11 0.00 --2
§ F -0.05 -0.08 0.12
.% -OCHs - 0.19 -1.14 0.79 L
5 -CN -1.28 2.20 -3.85
w -OH -1.19 -3.00 -4.15
NO: -1.03 3.43 -4.53 -6
-COOH - -1.97 -3.95
NH: - -1.87 421 8
n:‘Z n:‘4 n=6

Degree of Substitution, n

Figure 2. Heat map of the relative change in hydrophobicity (AlogP) of functionally substituted CgoX,, fullerenes
calculated by quantum chemical methods relative to unmodified Cg, fullerene (blue tones — more negative values
of AlogP, low hydrophobicity; red tones — more positive values of AlogP, high hydrophobicity)

As can be seen from the analysis of the AlogP dependence, the nature and number of functional
substituents have a systematic effect on the hydrophobicity of the fullerene structure. Since hydrophobicity
determines not only the solubility and transport of a molecule in biological media, but also the effectiveness
of interaction with radical oxygen forms, it seems logical to compare these data with the electronic
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characteristics and antioxidant activity of the obtained structures. In particular, it can be expected that an
increase in hydrophilicity (a decrease in logP) due to the introduction of electron acceptor groups will be
accompanied by a decrease in the electron chemical potential and an increase in the ability of the molecule to
accept an electron from the superoxide ion. Thus, the transition from the analysis of AlogP to the assessment
of antioxidant activity allows us to move from the macroscopic characteristics of solubility to the quantum
chemical description of reactivity.

3.2 Antioxidant Activity of Functionally Modified Fullerenes in Relation to Superoxide lon

The antioxidant activity of modified CgoX,, fullerenes (n = 2, 4, 6) was evaluated by the equation 5. Fig-
ure 3 shows a heat map of the AE values for all 54 derivatives studied. In the case of calculating the reaction
energy (5) for unmodified fullerene Cg, we obtained a value of AE =-35.2 kJ/mol. It is clearly seen that an-
tioxidant activity depends non-linearly on both the nature of substituent X and the degree of functionaliza-
tion n. For most compounds, a minimum of AE (the highest activity) is observed at n = 4, whereas at n = 2
and n =6, the reaction becomes less advantageous. This effect is explained by the balance between the
preservation of the delocalized m-system of the fullerene framework and the induction effect of substituents.
It is important to note that in this study, the influence of the nature of the functional group on the properties
of the fullerene structure was studied in the context of a single isomer in each series n = 2, 4, 6.
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Figure 3. Heat map of reaction energy values AE (kJ/mol) for modified fullerenes CgoX,, (n = 2, 4, 6)
in reaction with the superoxide ion O,". The color scale reflects the thermodynamic benefits of the process
(blue tones — more negative values of AE, high antioxidant activity;
red tones — more positive values of AE, low activity)

The maximum antioxidant activity is typical for compounds containing electron acceptor groups —F,
—Cl, —Br, -NO,, —CN and —COCI (AE from —40 to —80 kJ/mol at n = 4). These substituents lower the elec-
tron chemical potential of p to —5.8+-5.9 eV, which reflects their high ability to accept an electron. Electron-
donating groups (alkyl, alkoxy, thioalkyl, and amino groups) exhibit the opposite effect: they increase the p
(up to —4.4 eV) and make the reaction less advantageous (AE > 0).

3.3 Electronic Chemical Potentials of Structures CgX,

The electronic chemical potential (u) is one of the key parameters of the conceptual theory of the densi-
ty functional, reflecting the general tendency of a molecule to receive or give electrons. More negative val-
ues of p correspond to more pronounced electron-withdrawing properties and, consequently, a greater ten-
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dency of the system to reduction. Table shows the calculated values of electronic chemical potentials p for
CDFT CgoX, structures according to equation 6.

The lowest values of p are observed for structures containing electron acceptor groups —CN, —NO,,
—COClI, —F, -ClI, and —Br, which reflects the pronounced acceptor effect of these substituents on the
n-electron system of the fullerene framework. The decrease in p is especially noticeable during the transition
from n = 2 to n = 4, which indicates an increase in the electron acceptor effect with an increase in the degree
of functionalization. With a further increase in the number of substituents to n = 6, only a slight increase in p
is observed, which can be explained by the partial destabilization of the m-sSystem due to oversaturation of the
fullerene framework.

Table
Values of electronic chemical potentials p (eV) of CgoX,, structures

Group X
n CN NO, COCI F Cl Br OH COOH CONH,
2 -5.45 -5.41 -5.28 -5.24 -5.20 -5.17 -5.09 -5.07 -5.06
4 -5.95 -5.90 -5.41 -5.32 -5.27 -5.23 -5.12 -5.15 -5.15
6 -5.88 -5.83 -5.41 -5.39 -5.30 -5.30 -4.92 -4.89 -4.87

Group X
n SH OCHgs OC,H;5 SCH; SC,H;5 NH, CHj; C,H;s C;H5
2 -5.07 -5.03 -5.00 -4.98 -4.95 -4.97 -4.92 —4.89 —4.87
4 -5.04 -5.09 -5.11 -5.03 -4.98 -4.80 —4.82 —4.84 —4.75
6 -4.94 -4.78 -4.70 -4.74 -4.65 -4.63 -4.51 —4.45 -4.42

For the moderately polar groups —OH, —-COOH, and —CONH,, the values of u are close to the potential
of unmodified Cqy (-5.19 eV). These substituents have a weak acceptor effect without disturbing the elec-
tronic structure of the fullerene. On the opposite end of a number are electron-releasing substituents — alkyl
(—CHs, —C,Hs, —C3Hy), the alkoxy- and thioalkyl group (-OCHs, —OC;Hs, —SCH3, —SC,Hs) and amino group
(—=NHo,). For them, p increases sequentially with increasing length of the alkyl chain or degree of substitution.
This reflects an increased donor effect and an increase in the electron density on the fullerene framework.
Thus, the distribution of p values makes it possible to divide the studied functional groups into three main
classes according to the nature of electronic influence:

1) strong acceptors (-NO,, -CN, —-COClI, -F, —ClI, —-Br);

2) temperate polar groups (—-OH, -COOH, —-CONHy,);

3) donors (alkyl, alkoxy, thioalkyl, amino groups).

This classification reflects the general electronic structure of fullerene derivatives and forms the basis
for subsequent analysis of their reactivity. Since u is directly related to the thermodynamic characteristics of
the reduction processes, a further comparison of the obtained values with the energies of the superoxide ion
(AE) capture reaction makes it possible to establish patterns between the electronic structure and the antioxi-
dant activity of fullerenes. For all the studied series of fullerene derivatives C¢X,, (n = 2, 4, 6), a clear rela-
tionship was revealed between the energy of the superoxide ion deactivation reaction (AE) and the electronic
chemical potential p calculated using the conceptual density functional theory (Figs. 4 and 5). The red
dashed line in these figures at a value of p = 5.19 eV shows the numerical value for pure unmodified fuller-
ene Cep.

According to the data in Figure 4, it can be seen that, in general, with a decrease in the chemical poten-
tial (with an increase in the ability of the fullerene structure to accept electrons), antioxidant activity increas-
es. The dependence is far from linear, as indicated by the low correlation coefficient (R* = 0.5543). But the
following trend is observed. Practically all the structures studied, which have an p value that is more nega-
tive than that of pure fullerene (to the left of the red dashed line), have increased antioxidant activity with
respect to the superoxide ion compared to pure fullerene. This can be explained by the fact that the deactiva-
tion of the superoxide ion according to the reaction scheme (5) occurs by the electron transfer mechanism,
and the fullerene structure acts as an electron acceptor. More negative values of the chemical potential give
the structure more acceptor properties.
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of derivatives of derivatives:n=2,n=4,n=6

A clearer picture is observed if we differentiate the values in Figure 4 by three series of derivatives
(n=2,n=4 and n =6). The most linear dependence is inherent in CgX,. Such a small number of groups,
even being in close proximity to each other with neighboring carbon atoms of the fullerene framework, do
not significantly distort the linearity and additivity of antioxidant properties (R* = 0.9236). The more groups
are fixed on fullerene, the greater the deviations from linearity (n = 4, R2=0.6927: n=6, R*= 0.6307). But
in general, the trend originally outlined in Figure 4 is also evident here separately in three series of deriva-
tives: with a decrease in chemical potential, antioxidant activity increases.

4 Conclusions

A comprehensive quantum-chemical study of 54 functionalized CgX,, (n = 2, 4, 6) derivatives was per-
formed using the hybrid PBEO functional with dispersion correction. In this work, the properties of modified
fullerenes, such as hydrophilicity, electronic chemical potential as a measure of the structure’s ability to
transfer electron density, and the oxidizing capacity of modified fullerenes towards the active form of oxy-
gen, the superoxide ion, were modeled.

Electronic nature and number of substituents systematically determine the hydrophilicity, electronic
properties, and antioxidant activity of the fullerene framework. Hydrophilicity increases with the introduc-
tion of electron-withdrawing substituents (-NO,, —-CN, —COCI, —F, —ClI, -Br), while alkyl and thioalkyl
groups act as strong hydrophobizers. Optimal antioxidant activity is achieved for tetra-substituted derivatives
(n = 4), where the n-system remains sufficiently delocalized, and the electron-accepting effect of substituents
is maximal. The reaction energy (AE) for the deactivation of the superoxide ion O, correlates inversely with
the electronic chemical potential p, indicating that the lowering of p enhances electron affinity and antioxi-
dant reactivity. Moderately polar groups (—-OH, —-CONH,, —COOH) exhibit balanced solubility and redox
behavior, making them promising candidates for biomedical fullerene derivatives with tunable antioxidant
efficiency.

Overall, the results establish quantitative structure—property relationships connecting hydrophilicity,
electronic potential, and thermodynamic reactivity, offering a rational framework for the molecular design of
fullerene-based antioxidants.
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Classification Analysis of Bituminous Coals
Using a Combination of GC-MS and Chemometric Methods

A comprehensive approach to the analysis of organic matter in bituminous coals from Kazakhstani deposits
was developed, based on a combination of liquid extraction, gas chromatography with mass spectrometric de-
tection (GC-MS), and chemometric data processing. A triple extraction system of dichloromethane—
chloroform-tetrachloromethane (1:1:1) was proposed for sample preparation, providing representative extrac-
tion of aliphatic, aromatic and heteroatomic components without additional extract concentration. Chromato-
graphic profiles of 120 coal extracts from four sources in Central and Northern Kazakhstan were analyzed.
Optimization of the chromatographic separation conditions was carried out using probabilistic-deterministic
design of experiment, which made it possible to establish robust relationships between the instrument pa-
rameters (column heating rate, carrier gas pressure) and the chromatogram characteristics. Chemometric data
processing using principal component analysis (PCA), hierarchical cluster analysis (HCA), and k-means
method revealed reproducible grouping of samples based on chromatographic profile similarity. Compact
clusters corresponding to conventionally designated coal sources were formed in the principal component
space, which is confirmed by the clustering results. The obtained results demonstrate the applicability of GC-
MS and the chemometric approach for coal classification analysis and provide the foundation for the creation
of a database of chromatographic fingerprints of the organic phase of coals.

Keywords: chemometrics, gas chromatography, PCA, hierarchical cluster analysis, k-means, coal classifica-
tion, PDDoE, Kazakhstani deposits

Introduction

Since its inception, gas chromatography has become the primary method for studying volatile organic
compounds in coal and its degradation products [1-3]. The wide variety of components in coal extracts and
pyrolysis products makes traditional chromatogram interpretation an extremely labor-intensive process,
which has driven the active implementation of chemometric methods and machine learning for GC-MS data
processing.

In the 1990s, gas chromatographic and combined methods became the primary tools for analyzing py-
rolysis products and coal extracts [3-5]. By the late 1990s, three main approaches to coal classification anal-
ysis had emerged: extraction analysis of soluble compounds, pyrolysis gas chromatography for thermal deg-
radation products, and direct comparison of chromatograms from different coals. At that time, an analytical
approach was commonly used where each peak was considered separately and processing was performed
manually.

In the 2000s, gas chromatography evolved from merely a component identification method into a uni-
versal tool for molecular analysis of coals and their processing products [6-10]. A study [6] described an
elemental gas chromatographic analysis methodology that increased result reproducibility for solid fuels sev-
eral-fold. The first application of two-dimensional GCxGC-MS to slow pyrolysis tars from lignite showed
that multidimensional gas chromatography could separate the most complex product matrices by classes —
aromatic, aliphatic, and oxygen-containing [7]. Systematization of the entire spectrum of chromatographic
approaches, including GC-MS, LC-MS, and TLC-MS, demonstrated that GC-MS remains the optimal meth-
od for the analysis of volatile and semi-volatile organic compounds [8, 9].

During 2010-2020, GCxGC-MS methods actively developed, enabling analysis of thousands of com-
pounds in a single run [10-13]. One research direction in coal science involves studying the solubility of coal
organic matter and the fractional composition of extracts using various solvents [12, 14-19]. CS2 and
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tetrahydrofuran extract aromatic and heterocyclic compounds effectively; toluene and pyridine extract al-
kanes and fatty alcohol fractions [12, 15]. n-Hexane predominantly isolates alkane and aromatic fractions,
while methanol extracts oxygen-containing compounds. Thus, studies of coal extracts with various solvents
have shown that gas chromatography and GC-MS effectively separate dozens and hundreds of volatile and
semi-volatile organic compounds in complex matrices. However, with increasing data volumes, the need
arose for processing using intelligent tools such as chemometrics and machine learning [20-23].

The transition from classical data processing methods to handling large datasets became a necessity. In
mixtures containing numerous components, visual interpretation becomes uninformative [24-27]. The use of
chemometric methods such as principal component analysis (PCA), hierarchical cluster analysis (HCA), par-
tial least squares (PLS), and linear discriminant analysis (LDA) enabled a shift from disparate chromato-
grams to quantitative assessment of relationships between samples and compound classes.

PCA allows combining interrelated variables (peak areas of various compound classes) into several
principal components, revealing main trends in complex data [14, 25]. Analysis of extracts from three brown
coals using GC-MS and GCxGC-Q-TOF-MS showed that PCA allows of characterization of over 85 % of
data variance [28].

Hierarchical clustering methods proved particularly effective in the processing of GCxGC-MS da-
tasets [29, 30]. HCA paired with PCA were used to classify 190 compounds in lignite and subbituminous
coal extracts [18]. It was found that extracts from one coal type form stable clusters regardless of solvent,
confirming internal consistency of molecular composition.

Partial least squares (PLS) methods found application in quantitative analysis of compound class con-
tent based on peak intensities [31]. When applying PLS-R to determine aromatic compounds in coal extracts
based on GC-MS signals, the coefficient of determination reached 0.98 [32].

Machine learning (ML) algorithms and neural networks (NN) have recently been actively applied for
automatic classification of coals and their processing products [33—-35]. Using a combination of HS-GC-IMS
(gas chromatography with ion mobility spectrometry) and Random Forest and Support Vector Machine algo-
rithms for identifying coal geographical origin, classification accuracy exceeded 99 %, demonstrating ML
advantages [33].

Use of chemometric data processing methods can be more effective with careful physical separation of
variables intended for future use as predictors. An effective method for tuning physicochemical analysis in-
struments involves mathematical experimental design. Probabilistic-deterministic design of experiment was
previously successfully applied to optimize gas chromatograph settings for analyzing coal tar hydrogenation
products [36], similar in volatile substance composition to extracts. The combination of instrument setting
optimization using probabilistic-deterministic experimental design with subsequent chemometric analysis of
results has been successfully applied in several LIBS studies, including [37—40].

Thus, a combination of existing chemometric methods opens new possibilities for analyzing extracts
and pyrolysis products: accelerated analysis, reduced subjectivity, improved reproducibility, and creation of
“coal fingerprint” databases. The combination of GC-MS analysis with chemometric processing significantly
enhances capabilities, allowing identification of key variables among hundreds of peaks, improving qualita-
tive analysis, and enabling sample classification by rank, geochemical group, and technological application.

It should also be noted that the literature lacks examples of applying such comprehensive methods to
coals from Kazakhstan deposits. This opens directions for relevant research contributing to understanding of
geochemistry and technologically important properties of domestic coals. Thus, the main goal of this re-
search is a development of an efficient method for classification analysis of coal with combination of GS-MS
and chemometrics.

Experimental

Coal samples were purchased from four different commercial sources rather than collected directly
from deposits. For convenience, the samples were labeled based on vendor-provided origin information
(RA — “Rapid”, KA — “Karazhyra”, SH — “Shubarkol”, EK — “Ekibastuz”). These labels should be con-
sidered as nominal identifiers, and not as the confirmed deposit names, since this information could not be
independently verified.

Two-stage grinding was performed for material homogenization. At the first stage, a jaw crusher was
used, providing coarse grinding and simultaneous mixing of portions weighing approximately 1 kg. Thirty
randomly selected coal samples from each source were used. This approach reduces heterogeneity and elimi-
nates systematic differences between samples. After the coarse crushing, the material was quartered and ad-
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ditionally ground in a mortar mill in 20-gram batches for 20 minutes until a fine powder with particle size of
approximately 20-50 um was obtained. The resulting powder was thoroughly mixed and dried at room tem-
perature to constant weight.

To clarify the provenance of the coal samples, ash content was determined in accordance with GOST
11022-95, and ash composition by major components was analyzed by LIBS on sodium tetraborate glass
fusion discs, following the procedure described in the literature [37]. Ash content measurements were per-
formed three times. Confidence intervals were calculated using the Student’s t-coefficient for two degrees of
freedom at a 95 % confidence level. Elemental composition was determined on a composite sample, with the
confidence interval derived from the calibration curve.

A triple mixture of dichloromethane, chloroform, and tetrachloromethane (all solvents purity is reagent
grade, “Komponent-Reaktiv’ manufacturer, Russia) in a 1:1:1 molar ratio was selected for extraction. This
combination integrates solvent capacity toward aliphatic, aromatic, and heteroatomic components of coal
organic matter, ensuring representative extract recovery. The mixture was prepared immediately before use.
Extraction was performed by adding 5.00 mL of solvent to 1.00 g of coal and mixing on an orbital
thermostated shaker at 120 rpm for 60 minutes at 20 °C. The resulting solution was filtered under atmospher-
ic pressure through paper filter, and the filtrate was used directly for GC-MS.

Probabilistic-deterministic design of experiment was applied for optimization of chromatographic sepa-
ration conditions based on the previous work with the similar samples [36]. The analysis was performed us-
ing the following instrumental parameters: stationary phase — Rxi-5ms capillary column with a length of
30 m, an inner diameter of 0.25 mm, and absorbent thickness of 0.25 um; injector temperature — 250 °C;
temperature program — 60-250 °C. Helium was used as a carrier gas, injection volume — 0.2 ul in split
mode (1:1). The heating rate and carrier gas pressure were varied in accordance with a four-factor experi-
mental design incorporating three variation levels, after which the corresponding chromatograms were ob-
tained. Two factor positions within the experimental design matrix were intentionally left vacant. Structural
configuration of the PDDoE design, mathematical treatment of the experimental results, and computations
based on the derived empirical equations were performed using the software package “PDDoE” [41].

An Agilent 7890A gas chromatograph (USA, manufacturing year — 2008) with an Agilent 5975C
mass-selective detector (USA, manufacturing year — 2008) were used for data collection. Mathematical
processing of the method application results, as well as calculations based on the obtained empirical equa-
tions, were performed using the previously developed “VDPE” program [41] and a more flexible pipeline of
scripts. Scripts were developed with “R” programming language in “R” development framework with
RStudio IDE [42]. The applicability of the scripts was validated on small data set (singular chromatograms).
Developed scripts are applicable to the processing of data from analysis of similar samples (see Supporting
Information).

Results and Discussion

The previous application of probabilistic-deterministic design of experiment [36] ensures optimization
of gas chromatography conditions with a minimum number of experiments and yields robust relationships
suitable for extrapolation to other systems. Optimal conditions for the column heating rate and gas pressure
levels were calculated and selected based on response surface analysis. The generalized empirical equations
for retention time (1) and resolution (2) derived from the PDDoE analysis take the following forms:

t. =81.26x AT 7% x 1 /27.3804, R = 0.9917, tr = 146.9447 1)
0.03421+0.0004116 x P
R, =(0.083+0.2346/ P) x (0.1364+0.08223/ AT) /0.1577 , R = 0.8003, ts = 5.4526 )

Based on the obtained equation, the optimal values of carrier gas pressure and column heating rate were
selected to ensure a balance between chromatographic resolution and total analysis duration. Given the sub-
stantial number of measurements in the present study — 120 samples in total (four coal types, 30 extracts
each) — minimizing individual run time was a practical necessity.

Overall device settings provide a balance between analysis time and separation quality:

— column type — Rtx-100DHA,;

— column length — 30 m;

— column diameter — 0.25 mm;

— column adsorbent thickness — 0.5 um;
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— injector temperature — 280 °C;

— column temperature — 60-300 °C;

— column heating rate — 8 °C/min;

— ion source temperature — 230 °C;

— quadrupole condenser temperature — 150 °C; EI+ =70 eV,

— carrier gas — helium grade A;

— column gas pressure — 12 psi;

—sample volume — 0.2 pL;

— injection mode — splitless;

— mass spectrum recording mode — scan;

— library — NIST 08;

— analysis time — 32 min.

The chosen parameters (column heating rate — 8 °C/min, column gas pressure — 12 psi) therefore rep-
resent a compromise solution: maximizing peak resolution while avoiding unnecessary prolongation of each
chromatographic cycle.

Extract components were identified using GS-MSD DataAnalysis software by comparing acquired mass
spectra with the NIST 08 library data. The accuracy of the data for subsequent use in the calculations was
ensured by 30 individual measurements on each of four samples.

Examples of extract chromatograms for each coal source are presented in Figures 1, 2.
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Figure 1. Chromatogram of the coal extract samples: a — “KA” sample (KA 1), b — “RA” sample (RA_1)
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Figure 2. Chromatogram of the coal extract samples: ¢ — “SH” sample (SH 1), d — “EK” sample (EK 1)

Additional data on the composition and ash content of the coals are presented in Table 1. Overall, the
analytical results are consistent with published data on Central Kazakhstan coals [43, 44]; however, they are
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not considered sufficient to draw conclusions regarding sample provenance. The use of normalized mineral
composition data in combination with chromatographic data through data fusion approaches appears promis-
ing, though its applicability is constrained by the labour intensity of data collection.

Table 1
Mineral composition of the studied coals
S,?;nrﬁele Ash Cf;)ntent’ Si0, % Al,O3, % Ca0, % MgO, % Fe,0s, % TiO,, %
KA 22.31+0.12 55.114£3.56 28.48+2.41 2.62+0.025 1.89+0.01 4.51+0.08 2.61+£0.05
EK 40.93+0.14 61.1+£3.97 23.51+1.99 | 4.76+0.045 | 1.01+0.005 4.97+0.09 1.05+0.02
SH 14.82+0.07 | 56.32+3.64 | 22.45+1.89 2.11+0.02 1.61+0.008 8.27+0.15 0.87+0.01
RA 24.27+0.17 | 62.54+4.02 | 24.77+2.03 | 3.17+0.036 | 1.21+0.007 6.08+0.11 0.53+0.01

Scripts were developed in R programming environment for the chromatograms data extraction needed
for the calculations. A key feature of used data extraction method is peak alignment of identical components
by retention time and assignment of zero areas when a peak is absent in one or more chromatograms. This
avoids NA and/or NaN values during further processing.

The script performs line-by-line reading of source files, sample name extraction, recognition of tabular
blocks, conversion of text structure to tables, and compilation of a final matrix into a format suitable for fur-
ther chemometric processing (PCA, clustering, etc.). Chromatograms of 120 coal extract samples obtained
from four deposits in central and northern Kazakhstan were used to build the model.

During chemometric processing, all relative peak areas (Area Pct) are treated as a feature vector for
each sample. Centering and scaling eliminate the unequal contribution of peaks depending on absolute area.

Principal component analysis transforms the original feature space into new orthogonal axes (PC1, PC2,
PC3, etc.), each describing a decreasing proportion of total data variance. This reduces sample data dimen-
sionality from approximately 40-45 original variables (peak areas) to several principal components describ-
ing almost all dataset variance.

An interactive scores and loadings plot (See Supporting Information) allows rotation of the point cloud
to examine spatial clusters and sample relative positions, and to track the directional influence of original
variables — chemical components of the mixture — on classification in the space of the first three principal
components. Coincident or proximate points correspond to similar chromatographic profiles. Distinguishable
point groups indicate differences in extract composition. Adjacent samples (coal samples from one deposit)
form compact clusters.

In the space of the first three principal components, compact clusters are observed corresponding to
samples attributed to the same source. Notably, one sample group distinctly separates from the others along
the first principal component (PC1), indicating systematic differences in extractable organic fraction compo-
sition compared to other samples. The remaining samples form several closely spaced but distinct clusters,
the separation of which is primarily evident along PC2 and PC3.

Loading vectors plotted on the graph reflect the contribution of individual chromatographic peaks to
principal component formation. Vector direction and length indicate variables most strongly influencing
sample separation in PC1-PC3 space. Thus, differences between clusters are determined by the cumulative
contribution of several organic phase components rather than single marker compounds, emphasizing the
complex nature of coal extract chromatographic “fingerprints.”

The projection of the obtained three-dimensional model onto a plane is presented in Figure 3.

Loading vectors are labeled with the retention time of the corresponding peak:

20.88 — Nonadecane (93 %);

21.16 — 1,2-Benzenedicarboxylic acid, butyl 2-methylpropyl ester (94 %);

10.36 — Dodecane (72 %);

16.42 — Carbonic acid, pentadecyl 2,2,2-trichloroethyl ester (64 %);

15.49 — 1,8-Naphthyridin-2-amine, 5,7-dimethyl- (64 %);

16.47 — Naphthalene, 1,6,7-trimethyl- (94 %);

23.27 — Heneicosane (87 %);

17.93 — Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- (98 %);

7.46 — Benzene, 1,2-diethyl- (90 %);
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19.09 — Phenanthrene (80 %);

27.49 — Pentacosane (93 %);

29.59 — Terephthalic acid, di(4-octyl) ester (81 %);

20.00 — Nonadecane (78 %);

24.48 — Phenanthrene, 1-methyl-7-(1-methylethyl)- (99 %).

20.88

° PC1
PC1 axis depicts the coordinates of the 1¥ principal component,
PC2 axis depicts the coordinates of 2" principal component,
PC3 axis depicts the coordinates of 3" principal component

Figure 3. PCA of GC data results: scores and loadings

There are existing clustering methods that work with native variables without dimensionality reduction.
One such method is hierarchical clustering of chromatographic profiles. Hierarchical clustering of the ob-
tained chromatographic data enables visual representation of the degree of similarity between samples based
on the all registered peaks. In some cases, this approach proves to be even more informative than PCA, as it
preserves the metric structure of the original data and allows identification of sample groups with similar
profiles without preliminary dimensionality reduction, as shown in Figure 4.

Hierarchical clustering was performed using the Euclidean distance metric and Ward’s minimum vari-
ance linkage method (Ward.D2). Prior to clustering, the data were autoscaled to prevent domination of vari-
ables with larger numerical ranges.

The clustering of coal extract chromatographic profiles revealed a clear multilevel structure of sample
similarity. At the top level of the dendrogram, all samples separate into two main groups, indicating funda-
mental differences in organic extract composition. One of these groups is formed predominantly by samples
from one deposit, while the second combines samples from three other sources.

With further clustering depth, each main group subdivides into more compact subgroups, resulting in
four stable clusters. These clusters are characterized by high intragroup similarity of chromatographic pro-
files and are distinctly different from each other based on the total set of registered peaks.

The obtained cluster structure indicates that differences between samples are systematic in nature and
determined by peculiarities in the composition of extractable organic matter, rather than random variations in
analytical measurements.
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Figure 4. Hierarchical clustering of coal samples (RA1-30 — “Rapid” coal sample, 30 repetitions;
KA1-30 — “Karazhyra” coal sample, 30 repetitions; EK1-30 — “Ekibastuz” coal sample, 30 repetitions;
SH — “Shubarkol” coal sample, 30 repetitions)

Hierarchical clustering was performed directly on normalized chromatographic data without prelimi-
nary dimensionality reduction, which allowed assessment of the natural similarity structure of samples.

To verify the stability of the identified grouping, k-means clustering was additionally applied. The op-
timal number of clusters for the k-means method was determined using the elbow method, based on analysis
of the dependence of within-cluster sum of squares on the number of clusters.

Analysis of the corresponding graph (Fig. 5) shows that the transition from three to four clusters leads
to notable improvement in clustering quality, whereas further increase in cluster number yields only marginal
gains. Therefore, k = 4 was chosen as a compromise between model complexity and its descriptive capacity.
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Figure 5. The elbow method — determination of the optimal cluster number

Theoretically, the k-means algorithm is based on minimizing the total squared distance between points
and cluster centers (so-called centroids). The process iteratively recalculates center positions until the dis-
tance between them and the points belonging to the group becomes minimal. Thus, each sample is assigned
to the cluster whose centroid is closest to it in multidimensional feature space. In the case of this work, the
normalized percentage peak areas from GC-MS identified by retention times were used.
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Despite its simplicity, the method reliably identifies main patterns: samples with similar chromato-
graphic profiles group together, while distinct ones form separate clusters. The resulting picture clearly
shows the internal data structure: which samples are similar, which differ, and to what extent (Fig. 6). The
outcome demonstrates that 4 clusters was defined as “optimal”, meaning the method classified the entire set
of chromatograms into 4 groups.

Unlike PCA, where data is projected onto generalized variance axes, k-means works directly in the orig-
inal space of normalized features, making cluster interpretation more straightforward and sometimes more
understandable for practical analysis of coal extracts.
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Figure 6. k-means clustering

Thus, unsupervised clustering results confirm that coal extracts possess stable and reproducible features
suitable for automatic classification. Methods like k-means can be used as a preliminary stage of
chemometric analysis for initial sample grouping, selection of representative standards, and verification of
models based on PCA, PLS, or neural network approaches. This makes them a valuable tool in constructing
coal classification schemes by origin and other potential unifying characteristics.

Conclusions

In the present work, the applicability of a comprehensive analytical approach was evaluated, including
sample preparation, gas chromatographic analysis of extracts, and subsequent chemometric data processing,
for identifying similarities and differences between bituminous coal samples. Primary attention was given to
verifying whether the combination of experimental and computational procedures yields a reproducible and
interpretable data structure suitable for further classification and analysis.

Application of principal component analysis showed that the main differences between coal extract
samples can be described by a limited number of principal components reflecting the cumulative contribu-
tion of multiple chromatographic peaks. In the space of the first three principal components, compact clusters
of samples with similar chromatographic profiles form, indicating the presence of stable differences in ex-
tractable organic fraction composition.

Hierarchical clustering, performed directly on normalized chromatographic data without preliminary
dimensionality reduction, revealed a multilevel structure of sample similarity. At the top level of the
dendrogram, samples separate into two main groups, one of which predominantly corresponds to one coal
source, while the second combines samples from three other sources. With further clustering depth, four sta-
ble clusters form, characterized by high intragroup profile similarity.
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Additional k-means clustering confirmed the stability of the identified grouping. Analysis of the de-
pendence of within-cluster sum of squares on the number of clusters showed that selecting four clusters re-
sults in an optimal compromise between model complexity and its descriptive capacity. The consistency of
PCA, HCA, and k-means results, which can be seen by clear identification of four groups by each used
method, indicates the systematic nature of differences between samples and the absence of dominant influ-
ence from random analytical variations.

The obtained results demonstrate that chromatographic profiles of bituminous coal extracts contain suf-
ficient information for automatic sample grouping without preliminary assignment of deposit affiliation. The
advantage of the developed method is that it requires no additional data on the qualitative and quantitative
composition of coals, as classification is performed purely based on extract chromatograms. This allows for
effective reduction of both analysis time and cost.

The considered approach can be used as a method for primary coal characterization, batch homogeneity
control, and formation of “chromatographic fingerprint” databases. In the future, the identified patterns can
be compared with technologically significant coal characteristics, such as volatile matter yield, flame length,
spontaneous ignition propensity, or thermal degradation features, which opens prospects for expanding the
methodology toward predictive models.

Supporting Information

The Supporting Information (Interactive 3D visualization of the results of using PCA,; an Excel file with
data extracted from chromatograms; a pipeline of R scripts for extracting and processing chromatogram data)
is available free at https://github.com/Vtah/SuplimentaryEJoCh2026 2
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Effect of HF Concentration on the Structural, Morphological, and Electrical
Properties of TisC,T, MXene Prepared by Microwave-Assisted Etching

Two-dimensional MXenes have emerged as a versatile class of materials for energy storage, electronics, and
catalysis owing to their high electrical conductivity, tunable surface chemistry, and layered structure; howev-
er, the controlled synthesis of TisC,T, MXene with well-defined morphology and stable surface chemistry
remains a major challenge, as etching conditions strongly influence structural integrity, degree of exfoliation,
and functional performance. In this study, the morphological, structural, and functional evolution of TizC,T,
MXene materials was systematically investigated by applying hydrofluoric acid (HF) etching at varying con-
centrations (6 %, 12 %, 24 %, 36 %, and 48 %) using microwave-assisted method. The impact of etching in-
tensity on Al removal, layer delamination, and surface functionalization was examined through a multi-
technique characterization approach including scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and energy-dispersive X-ray spectroscopy (EDS).
The results reveal that an HF concentration of 24 % achieves efficient Al extraction while preserving the Ti—
C framework, yielding well-exfoliated and structurally stable MXene sheets. Lower HF concentrations (6 %
and 12 %) lead to incomplete etching and limited exfoliation, whereas higher concentrations (36 % and 48 %)
cause over-etching and pronounced structural degradation. These findings underscore the critical role of etch-
ing conditions in tuning MXene morphology and functional properties. The ability to balance surface termi-
nation control and structural integrity via gradient etching is particularly relevant for the use of TisC,Ty
MXenes as conductive electrodes and interfacial layers in photovoltaic and other energy-conversion devices.

Keywords: Ti;,C,T, MXene, MAX phase, gradient HF etching, etching concentration, surface terminations,
exfoliation, morphology, structural integrity

Introduction

Two-dimensional (2D) transition metal carbides and nitrides, collectively known as MXenes, have rap-
idly emerged as an exciting class of nanomaterials due to their unique combination of metallic conductivity,
hydrophilic surfaces, mechanical robustness, and versatile surface chemistries [1-3]. Since their discovery in
2011 via selective etching of the “A” layer from MAX phases (M,.1AX,), MXenes such as TisC,T, have at-
tracted extensive research interest for applications including energy storage, catalysis, electromagnetic inter-
ference (EMI) shielding, sensing, and environmental remediation [4-6].

The conventional synthesis of MXenes involves chemical etching of the parent MAX phase using hy-
drofluoric acid (HF) or in situ generated HF from fluoride salts [7—10]. This process removes the “A” ele-
ment (typically Aluminum), resulting in multilayered Ti;C,T, with surface terminations like —F, —OH, and
-0, collectively denoted as Ty groups. These terminal groups strongly influence MXene’s electrochemical,
optical, and interfacial properties [11-14].
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Theoretical and experimental studies have demonstrated that different surface terminations lead to dis-
tinct electronic, ionic, and optical behaviors in TisC,T, [15-21], significantly impacting their potential for
energy storage, water purification, and membrane design. For instance, TisC,T, membranes with optimized
surface terminations exhibit excellent ion-sieving and antibacterial capabilities, highlighting the key role of
surface chemistry in functional performance [22-27].

The concentration of HF used during etching is a crucial parameter affecting MXene quality. Low HF
concentrations often result in incomplete etching and poor delamination, whereas high HF concentrations
promote over-etching, structural defects, and excessive fluorination, which degrade conductivity and me-
chanical integrity [28-30]. Excessive fluorination adversely affects selective ion intercalation and electro-
chemical behaviour, while oxygen terminations improve ion mobility and device performance [31-33].

To overcome the limitations of HF-based synthesis, alternative strategies such as in situ HF generation
(e.g., LiF+HCI), molten salt etching, and electrochemical methods have been developed, allowing better con-
trol over surface terminations and morphology [34-36]. Moreover, hybrid structures combining MXenes
with graphene or silver nanoparticles have been proposed to enhance membrane stability and electronic con-
ductivity [37], demonstrating that post-synthesis modifications can synergistically improve properties when
etching is well controlled. Furthermore, environmentally friendly approaches to MXene synthesis, particu-
larly those based on microwave irradiation, are currently being actively developed [38, 39]. Microwave-
assisted synthesis is reported to enhance reaction kinetics through rapid and uniform heating, thereby reduc-
ing processing time and improving etching efficiency compared to conventional methods [38—41]. These
characteristics make microwave irradiation particularly suitable for controlled MXene synthesis. This tech-
nology offers several advantages, including cost-effectiveness, operational simplicity, rapid and uniform
heating, high reaction rates, and improved control over morphology [40, 41]. In addition, microwave irradia-
tion can promote selective and localized heating at the solid-liquid interface, which facilitates more effective
disruption of Al layers and accelerates their removal from the Ti;AlC, structure, contributing to improved
etching uniformity and structural evolution of Ti;C,T, [42].

Recent advances in the MXene field have increasingly focused on engineering both the atomic surface
terminations and multiscale architectures of TizC,T, and related systems to enhance their functional perfor-
mance. In energy-storage applications, post-treatments such as atomic surface reduction have been shown to
greatly improve capacitance and rate capability by optimizing termination chemistry and defect density
[43, 44]. At the same time, the design of hierarchical MXene macrostructures including porous films, foams,
and composite frameworks has enabled outstanding (EMI) shielding performance with high conductivity and
mechanical robustness [45, 46]. Water-treatment and membrane technologies have also progressed rapidly,
with MXene laminates and MXene—polymer hybrids demonstrating high desalination flux, ion-sieving selec-
tivity, and antibacterial activity due to controlled interlayer spacing and surface surface terminations [47]. In
the sensing field, TizC,T, based gas sensors have achieved high room-temperature sensitivity and selectivity
by tuning defects, terminations, and hybridization with oxides or other 2D materials [48]. These develop-
ments are driven by rational synthesis control etching pathway, termination tuning, and structural design po-
sitioning MXenes as a versatile platform for next-generation supercapacitors, batteries, nanofluidic devices,
sensors, and environmental remediation systems [49, 50].

Latest studies underscore that even after extensive exploration of MXenes, surface functionalization
remains a pivotal lever for unlocking new application spaces and improving performance. By introducing
tailored functional groups, ligands or dopants on the MXene surface, researchers have been able to modulate
electronic work-function, wettability, interlayer spacing and defect states thereby improving properties for
catalysis, sensing, biomedicine and energy storage [51-53]. For example, controlled termination engineering
on TisC,T, enables precise tuning of the work function and charge-transfer kinetics, opening pathways to
high-efficiency sensors and heterostructure devices [54]. In biomedicine and wearable electronics, surface-
functionalized MXene platforms promise enhanced biocompatibility, selective binding and long-term stabil-
ity in complex physiological environments something unmodified MXene surfaces alone struggle to deliver
[55]. In electro-catalysis, the introduction of specific functional moieties on the MXene basal plane or edges
improves active-site exposure and stabilises the material under harsh conditions, thus expanding MXene util-
ity beyond its initial energy-storage niche [56]. Collectively, these advances reveal that surface functionaliza-
tion isn’t just a fine-tuning step, but a core strategy for diversifying MXene applications and achieving next-
generation performance across domains.

The aim of this work was to systematically investigate the effect of hydrofluoric acid (HF) concentra-
tion on the morphological, structural, and functional evolution of TizC,T, MXene using a microwave-
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assisted gradient etching approach. Unlike traditional HF etching, which relies solely on thermal conditions,
this strategy accelerates reaction kinetics and allows for more precise control over the selective removal of
aluminum from Ti;AlC,. The novelty of this work lies in the systematic investigation of HF concentration
under microwave-assisted conditions, enabling the identification of a processing window where efficient Al
removal, structural integrity, and controlled surface functionalization are simultaneously achieved. This
study demonstrates that microwave irradiation facilitates the development of the characteristic accordion-like
MXene morphology at 24 % HF, which suggests that microwave-assisted etching may enable efficient mor-
phology formation at comparatively moderate HF concentrations. It establishes a quantitative structure—
property correlation, linking shifts in the (002) reflection and increases in the c lattice parameter and inter-
layer spacing to the reaction yield and electrical conductivity of MXene and it identifies a practical pro-
cessing window where efficient aluminum removal occurs while maintaining the integrity of the Ti-C
framework, as higher HF concentrations lead to over-etching and structural degradation. These findings pro-
vide a rational basis for tailoring the morphology and functional properties of TisC,T, MXenes through con-
trolled etching conditions. In the present work, a direct experimental comparison with conventional non-
microwave HF etching was not performed; however, the role of microwave irradiation is discussed based on
literature reports and the observed formation of accordion-like Ti;C,T, morphology at 24 % HF.

Experimental

Chemicals and Materials

MAX phase (Ti;AlC,, powder, 98 wt%) was purchased from Shandong Fan Tai Fine Chemical Bio-
technology Co., Ltd., China. Hydrofluoric acid (HF, 48 wt %) was purchased from Sigma-Aldrich Chemical
Co. Ltd. (Tianjin, China). Filtration and delamination processes employed cellulose acetate membranes with
a pore size of 0.22 um (GVS). All reagents were of analytical grade and used without further purification.
Deionized water was employed throughout all experiments unless otherwise stated.

Synthesis of Ti;C,T, (MXene)

TisC,T, was synthesized by selective chemical etching of the Al layer from the TisAIC, using a pub-
lished method with a slight modification [57]. Briefly, 1 g of TizAlIC, powder was added to 10 mL of hydro-
fluoric acid solutions of varying concentrations (6 %, 12 %, 24 %, 36 %, and 48 %). The mixtures were
placed into a Microwave Digester (BMD-12H, China) and treatment with microwave radiation at 2450 MHz
for 30 minutes. Following the microwave treatment, the suspensions were centrifuged at 3500 rpm for
10 minutes, and the black powder was separated. The sediments were washed repeatedly with deionized (un-
til pH = 6-7) to remove residual HF. To obtain delaminated MXene powders, the washed sediments were
mildly sonicated for 30 minutes. The final TisC,T, powders were collected by vacuum drying at 60 °C for
12 hours. MXene samples synthesized using 6 %, 12 %, 24 %, 36 %, and 48 % HF solution were labeled as
MX-6, MX-12, MX-24, MX-36 and MX-48, respectively.

Although it is not possible to calculate an accurate reaction yield because it isn’t possible to define an
exact stoichiometry for the samples obtained, a yield was calculated by the following formula, that usually is
used in literature for these materials [58]:

MXene mass
MAX phase mass

Yield(%):( ]xlOO.

Characterization Methods

FTIR

The FTIR spectrometer “Inventio-S” (Bruker) was used and FTIR spectra were recorded in 400—
4000 cm™ wavenumber range with a resolution of 2 cm™ and 32 scans at a temperature of 25 °C. All sam-
ples were finely ground, dried at 60 °C for 12 h, and pressed into KBr pellets (1 wt%) before analysis. Soft-
ware of OPUS was applied to determine the peaks at specific points.

Wide-Angle X-Ray Diffraction

XRD studies were carried out using XRD Miniflex 600 (Rigaku, Japan) with monochromatic CuKa ra-
diation isolated by a nickel filter with a wavelength of 1.5418 A at 40 kV and the current strength of 15 mA.
The spectrum was recorded in the interval 20 = 5°—40°, The air-dried MXene powders were gently ground,

mounted on zero-background glass slides, and analyzed under identical sample thickness and humidity con-
ditions. The data processing of experimental diffraction patterns, peak deconvolution, describing the peaks
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used by Miller indices, peak shape, and the basis for the amorphous contribution were conducted using the
software “SmartLab Studio II”” and data base PDF-2 (2020 Powder diffraction file, ICDD).

Scanning Electron Microscopy (SEM)

Scanning electron microscopy studies were performed using SEM equipment Jeol-210 (Japan). Magni-
fication of the device x10-300000, voltage 200-300 V, maximum scanning area (x+y=2) is 120~120+65 um.
SEM images were obtained at an accelerating voltage of 10 kV and a working distance of 10.6 mm.

Conductivity

The electrical conductivity of MXene and MAX phases samples was evaluated from measured sheet re-
sistance using the Ossila four-point probe system (Osilla, UK), combined with thickness measurements to
calculate conductivity. Four-point probe measurements were performed following the procedures described
in [59].

Statistical Analysis

All experimental data were collected in triplicates and data expressed as average + standard deviation.
Data were compared using a one-way ANOVA with post-Bonferroni test using GraphPad Prism 5.04
(GraphPad Software Inc.)

Results and Discussion

TisC,T, MXene was synthesized through selective chemical etching of the aluminum layers in the par-
ent MAX phase TisAlC, using hydrofluoric acid (HF) at various concentrations. This etching process occurs
due to the preferential reactivity of aluminum with HF, resulting in the formation of soluble AlF; species and
the release of hydrogen gas (H,), while the titanium-carbon framework remains largely intact. Consequently,
the layered structure of Ti3C, is preserved, and surface terminations such as —F, —OH, and —O are introduced,
resulting in TisC,T, (Fig. 1).

ﬁ —
— 3

Ti,AlC, i
HF + Ti,AlC, > TisCoT4 + A, Af Removal Exfoliation &
MA?( Phase & Layer Etching Surface Termination
(Ti,AlC,)

Figure 1. Schematic representation of MXene preparation via selective chemical etching process

In the FTIR spectrum of pristine, non-etched TisAlC, (Fig. 2, curve 1), the weak absorption bands are
observed, indicating the absence of significant surface functionalization. A broad, low-intensity band in the
3443-3439 cm* region corresponds to O—H stretching vibrations. The bands at 2854 and 2925 cm™* arise
from C—H stretching vibrations, likely associated with trace organic residues remaining from the synthesis
process, while the weak band near 1640 cm™ is assigned to the bending vibration of adsorbed water mole-
cules, attributed to their hydrophilic nature [60]. In the low wavenumber region (500-800 cm*), characteris-
tic vibrations of Ti—C and Ti—Al bonds dominate, which are typical of Ti-based MAX phases and confirm
that the layered TisAlC, structure is preserved with negligible surface terminations.

For the sample MX-6 (Fig. 2, curve 2), a noticeable broadening and increase in intensity of the O—H
stretching band at ~3440 cm ™' is observed, indicating the initial formation of hydroxyl groups on the MXene
surface. At the same time, weak new features appearing in the 550-650 cm* region indicate the onset of
Ti—O bond formation. When the HF concentration is increased to 12 % and 24 %, the intensity of the O-H
stretching band increases significantly, reflecting a higher density of hydroxyl terminations. In addition, ab-
sorption bands in the 12001400 cm ™ region, assigned to C—F stretching vibrations, indicate the progressive
incorporation of fluorine terminations. Notably, for the sample MX-24 (Fig. 2, curve 4), a balanced intensity
of O-H and C-F groups is observed, together with clear Ti—O/Ti—F vibrations in the low-wavenumber re-
gion [61]. This behaviour indicates that the Al layers were effectively removed while the Ti—C backbone of
the structure remained intact. With further increase of the HF concentration to 36 % and 48 %, an intense
O-H stretching band is also observed; however, the comparison of absolute intensities between different KBr
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tablets is semi-quantitative due to different water sorption. The enhanced intensity of the band near
1640 cm™ is attributed to a higher degree of water molecule intercalation between the MXene layers. How-
ever, the appearance of distinct Ti—F vibrations in the 550650 cm™ region for these samples indicates ex-
cessive fluorine coverage of the surface. This observation is consistent with the structural degradation and
over-etching effects revealed by SEM and XRD analyses.

Absorbance, a.u.

4000 3500 3000 2500 000 1500 1000 500
Wavenumber, cm™

Figure 2. FTIR spectra of MAX phase (1) and MXene samples:
MX-6 (2), MX-12 (3), MX-24 (4), MX-36 (5), MX-48 (6)

Overall, the FTIR analysis indicates that HF concentration influences the evolution of surface-related
functional groups on Ti3C,T, MXene. Since FTIR provides qualitative information on vibrational features,
the observed band intensities are discussed as relative trends rather than precise quantitative measurements.
While incomplete functionalization is observed at low concentrations, an optimal ratio of —-OH, —F, and =O
groups is achieved at an intermediate concentration (24 %). Higher HF concentrations, however, lead to ex-
cessive fluorination, which may compromise the structural stability of the material.

The structural changes occurring during HF etching of TizAIC, and the subsequent formation of Ti;C,T,
MXene were investigated using XRD (Fig. 3a). The neat Ti;AlC, sample exhibits sharp and intense diffrac-
tion peaks characteristic of the MAX phase, confirming its high crystallinity and well-ordered layered struc-
ture. The (002) peak observed at a low angle (~9.49°) corresponds to the regular stacking of Ti—C layers
separated by Al atomic layers, including characteristic peaks around 26 = 19.2° (004), 29.5° (103/006),
36.4° (104), 39.2° (105), and 42.3° (106) [62].

After HF etching, significant changes are observed in the diffraction patterns of all Ti;C,T, samples.
For the sample MX-6, the (002) peak shifts to a lower 26 value, indicating an increase in interlayer spacing,
which is commonly attributed to partial Al removal and is often accompanied by the formation of surface
functional groups. The persistence of a few residual MAX-phase peaks, such as the (104) reflection at ~39°,
indicates that etching was not fully complete and exfoliation of the MAX phase is limited. When the HF
concentration is increased to 12 %, Al-related peaks further weaken and the (002) peak becomes more pro-
nounced at ~9.26°. This indicates more effective Al removal and partial opening of the layered structure;
however, traces of the MAX phase are still present, confirming that the etching process is not yet complete.
At low HF concentrations (6 % and 12 %), the etching reaction proceeds slowly and incompletely. SEM and
XRD results indicate that a significant fraction of the Al layers remains within the structure, which limits
interlayer expansion and suppresses effective layer separation. The persistence of MAX-phase reflections in
XRD patterns and the relatively compact layered morphology observed by SEM confirm that insufficient
etching hinders the formation of well-separated MXene sheets (Fig. 4b, c). In this regime, the TizAIC, struc-
ture is only partially transformed, resulting in limited layer separation and structurally heterogeneous prod-
ucts.
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Figure 3. XRD patterns (a) of MAX-phase (1) and MXene samples: MX-6 (2), MX-12 (3), MX-24 (4),
MX-36 (5), MX-48 (6); Residual MAX-phase content of etched samples at different HF concentration,
determined from XRD analysis (b)

The most obvious structural transformation is observed in the sample MX-24. The XRD pattern shows
a strong and well-defined (002) MXene peak at ~9.21°, indicating successful conversion from Ti;AlC, MAX
phase, while the characteristic MAX-phase reflections, such as (104) at ~39° and (105) at ~41°, have nearly
vanished. The observed shift of the (002) peak, which is often the result of delamination or intercalation,
may also be related to the etching process. It is possible that functional groups such as —F, —OH, and =0
formed during etching can increase the interlayer spacing [63]. Increasing the HF concentration to an inter-
mediate level (24 %) results in efficient and selective Al removal. The disappearance (or significant weaken-
ing) of the (104) peak of the MAX phase and a pronounced shift of the (002) reflection to smaller angles
confirm successful etching and expansion of the interlayer space. The disappearance (or strong attenuation)
of the MAX-phase (104) peak and the pronounced shift of the (002) reflection to lower angles in XRD pat-
terns indicate successful etching and interlayer expansion. SEM observations reveal a typical accordion-like
multilayer morphology, characteristic of well-formed MXene (Fig. 4d). At this concentration, the Ti-C
framework remains structurally stable, while the surface becomes functionalized by —F, —OH, and —O groups
originating from the etching medium and subsequent washing steps. This balance between Al removal and
framework preservation results in structurally intact, multilayer TizC,Ty with expanded interlayer spacing.
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Figure 4. SEM images of MAX (a) and MXene samples: b) MX-6; ¢) MX-12; d) MX-24; ) MX-36; g) MX-48

XRD patterns of MX-36 and MX-48 show peak broadening and a decrease in intensity. These features
indicate structural disorder, defect formation, and partial degradation of the Ti—C framework. Although
weaker MXene peaks, such as (004) and (006), remain detectable, the intensity reduction indicates a signifi-
cant loss of long-range structural order. At higher HF concentrations (36 % and 48 %), the etching becomes
overly aggressive. Although Al is completely removed, excessive chemical attack leads to partial degrada-
tion of the TisC, layers, generation of structural defects, and possible thinning or fragmentation of the sheets.
This over-etching is reflected in the deterioration of the layered morphology in SEM images (Fig. 4e, f) and
the broadening or weakening of characteristic MXene diffraction peaks in XRD patterns. In addition, strong-
er fluorination at high HF concentrations increases the density of —F terminations, which may adversely af-
fect electrical conductivity and mechanical integrity [64].

As the HF concentration increased from 6 to 48 %, the (002) reflection gradually shifted to lower angles
(from 9.30° to 9.07°), indicating an increase in the c lattice parameter from 18.85 to 21.08 A and an expan-
sion of the interlayer spacing from 9.7 to 13.0 A (Tab. 1).
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Table 1
Structural parameters, yield and conductivity of samples
Sample a A c,A 20, ° Interlayer spacing, A | Yield, % | Conductivity, Sm™
MX-6 3.08 18.85 9.30 9.7 65 14400
MX-12 3.08 19.55 9.26 10.2 68 16500
MX-24 3.07 20.51 9.21 12.2 72 19200
MX-36 3.06 21.02 9.17 12.6 70 22300
MX-48 3.08 21.08 9.07 13.0 67 23800

The evolution of the low-angle (002) reflection can be interpreted in three complementary aspects.
First, the progressive attenuation/disappearance of characteristic MAX reflections (e.g., around ~39-41°)
evidences the gradual conversion of TizAIC, to TisC,T as the HF concentration increases. Second, the shift
of the (002) reflection towards lower 20 values together with the increase of the c lattice parameter (Tab. 1)
indicates interlayer expansion, which can arise from Al removal and the introduction of surface species and
interlayer water during washing. Third, at high HF concentrations (3648 %), the pronounced broadening
and intensity loss of the (002) and higher-order peaks suggest increased structural disorder and defect gen-
eration, consistent with over-etching effects observed by SEM. Importantly, in this work no dedicated inter-
calation chemistry (e.g., Li*-intercalation [65]) was applied; therefore, the observed basal-spacing changes
associated with interlayer expansion are attributed primarily to etching-induced structural evolution and sur-
face functionalization rather than deliberate intercalation-driven delamination.

This structural evolution was accompanied by a steady increase in MXene yield (from 65 % to 72 %)
and electrical conductivity of the corresponding films from 1.44x10* to 2.38x10* S m™ with increasing HF
concentration (Tab. 1), which corresponds to 144-238 S cm™. It should be noted that the conductivity of
TisC, T, films reported in the literature [34, 66] spans a broad range depending on the etching route, oxida-
tion state, flake size distribution, film density, and post-treatments (e.g., pressing, annealing, surface reduc-
tion). In this work, the films were prepared without additional densification, high-temperature annealing, or
chemical reduction, therefore the obtained values are expected to fall into a moderate conductivity regime.
Importantly, the consistent increase in conductivity correlates with the structural evolution revealed by XRD
(increasing ¢ parameter and interlayer spacing), indicating that more efficient Al removal and improved de-
lamination reduce the interflake contact resistance and promote better stacking/alignment of conductive
flakes in the film. At the highest HF concentrations (36-48 %), the conductivity continues to increase; how-
ever, SEM and XRD indicate the onset of structural degradation/over-etching, which suggests that further
optimization should balance conductivity gains against the preservation of sheet integrity.

Figure 3b illustrate the effect of HF concentration on the phase purity; increasing the HF concentration
leads to a significant decrease in the residual TizAlC, content: approximately 12 % at MX-6, 8 % at MX-12,
2 % at MX-24, 1.5 % at MX-36 and a minimum of 1 % at MX-48.

Overall, the XRD results demonstrate that HF concentration plays a critical role in controlling the etch-
ing efficiency and structural integrity of MXene. Low HF concentrations lead to incomplete Al removal,
whereas excessive HF results in structural degradation. Among the investigated conditions, HF concentra-
tions in the range of 24 % are considered optimal for producing well-exfoliated and structurally stable
MXene. These findings are in good agreement with the SEM, FTIR, and EDS analyses.

The smooth and dense surface, along with the absence of layer separation or significant structural de-
fects, can be attributed to the strong interlayer bonding characteristic of the MAX phase (Fig. 4a). EDS re-
sults provided a semi-quantitative estimation of the elemental composition, showing Ti, Al, and C as the
dominant elements with approximate values of 73.75 wt%, 18.20 wt%, and 8.04 wt%, respectively (Fig-
ure 5a), which are in reasonable agreement with the expected composition of the Ti;AIC, MAX phase [67].
Importantly, fluorine (F) and oxygen (O) were not detected in this sample, indicating the absence of surface
terminationsprior to etching. This confirms that the TizAIC, phase has a chemically inert and stable surface.

After etching the MAX phase with 6 % HF, initial changes on the material surface were observed
(Fig. 4b). SEM images revealed shallow pits and small voids, indicating the onset of the etching process.
Interlayer expansion was still very limited, and the overall structural integrity remained largely intact. EDS
analysis suggests an apparent decrease in the Ti signal to approximately 68.70 wt%, along with a marked
decrease in the Al signal. (Fig. 5) The apparent increase in the carbon signal to approximately 13.96 wt%
may be related to the relative enrichment of the Ti—C framework following Al removal. Additionally, the
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detected fluorine (~11.31 wt%) and oxygen (~6.03 wt%) signals in the EDS spectrum suggest the formation
of fluorine- and oxygen-containing surface species through interaction with HF. These groups likely play an
important role in enhancing the hydrophilicity and chemical reactivity of the MXene surface [68]. Minor Ti
loss and partial exfoliation were not clearly visible in the SEM images, and these phenomena were primarily
confirmed through elemental analysis.

At 12 % HF, the etching process became more pronounced. It was observed the partial separation of
layers and loosely packed lamellar structures, suggesting further Al removal and partial formation of MXene
(Fig.4c). Full delamination had not yet occurred, as the layers remained partially aggregated. EDS analysis
suggests an apparent increase in the Ti signal to approximately 73.65 wt%, which may reflect the exposure
of additional TisC, layers after Al removal. Meanwhile, the C content slightly decreased to 11.14 wt%, pos-
sibly due to partial surface restructuring or degradation. The detected F (~10.15 wt%) and O (~4.76 wt%)
signals remained noticeable, suggesting continued surface functionalization. This sample represents a transi-
tional stage between partial etching and optimal exfoliation.

The sample M-24 exhibited the most favourable structural and chemical characteristics. SEM images
revealed the characteristic “accordion-like” morphology of MXenes, with significantly expanded interlayer
spacing. A similar “accordion-like” morphology of MXenes was also observed in Ref. [69] when the MAX
phase was etched using a 30 % HF solution. In our case, the development of this morphology at an HF con-
centration of 24 % can be attributed to the use of microwave irradiation, which enhances the reaction kinetics
and allows efficient etching at a comparatively lower etchant concentration [41].

This morphology is particularly beneficial for applications requiring a high surface area, such as energy
storage or catalysis. Although some regions still showed partial interlayer cohesion, the overall structure was
well exfoliated. EDS analysis showed an apparent high Ti signal (~76.74 wt%) among the samples, support-
ing the preservation of the Ti—C framework (Fig. 5). The detected F (~8.55 wt%) and O (~4.47 wt%) signals
suggest relatively balanced surface functionalization. This sample represents the optimal balance between
effective Al removal, structural stability, and surface functionalization.

At 36 % HF concentration, significant changes in morphology and chemistry were observed. Partial
collapse of lamellar structures, excessive widening of interlayer gaps, and local distortions were observed
(Fig. 4e). Although expanded layers remained, mechanical integrity began to deteriorate. EDS analysis sug-
gests that the Ti signal remained relatively high (~76.94 wt%), while the apparent C signal decreased to ap-
proximately 7.03 wt%, which may indicate partial degradation of the carbon framework. The F signal in-
creased to approximately 9.61 wt%, while the O signal appeared very low (~0.03 wt%); however, these val-
ues should be interpreted with caution due to the limited accuracy of EDS for light elements.
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Figure 5. (a) Atomic percentage of Ti, Al, C, F and O in MAX phase TizAIC,and Ti;C,T, samples
etched at different HF concentrations obtained from EDS analysis; (b) Mass percentage
of corresponding elements as a function of HF concentration

With 48 % HF, the sample showed severe alterations in both morphology, elemental composition and
size. SEM images revealed well-separated, thin, and smooth lamellar sheets, indicating high exfoliation.
EDS results suggest substantial compositional changes: the Ti signal decreased to approximately 60.93 wt%,
while the F (~18.15 wt%) and O (~8.27 wt%) signals increased markedly, suggesting over-functionalization
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(Fig. 5). Excessive etching led to surface passivation, which could significantly impair the electrochemical
properties of the material.

The SEM observations are consistent with the XRD-derived structural evolution and the electrical con-
ductivity trend. At low HF concentrations (6—12 %), the limited layer separation and the presence of residual
MAX reflections indicate incomplete etching, which likely results in heterogeneous stacking and higher in-
terflake contact resistance in films. At intermediate HF concentration (24 %), the formation of a well-
developed accordion-like architecture indicates effective Al extraction and opening of interlayer galleries,
while XRD still shows comparatively preserved structural order and EDS suggests relatively balanced F/O
signals. This condition provides the best overall balance between phase conversion, structural integrity, and
controlled surface functionalization, which is reflected in the highest yield (72 %) among the studied condi-
tions and a notable conductivity increase relative to MX-6 and MX-12. In contrast, at higher HF concentra-
tions (36-48 %), SEM and XRD evidence increasing disorder/fragmentation (peak broadening and morphol-
ogy deterioration), suggesting over-etching that may compromise mechanical integrity despite higher con-
ductivity. Therefore, MX-24 is identified as the most practical synthesis condition when both structural pres-
ervation and functional performance are considered. Although the highest electrical conductivity is observed
for the 48 % HF sample, this condition is associated with increased structural disorder and over-etching ef-
fects. In contrast, the 24 % HF sample provides the best overall balance between structural integrity, con-
trolled surface functionalization, morphology, yield, and electrical performance.

FTIR and EDS results indicate the formation of surface-containing species (e.g., oxygen- and fluorine-
containing groups) after HF treatment; however, these methods do not provide a complete chemical-state
assignment of the Ti;C,T, surface. FTIR reflects vibrational features that can overlap, and EDS is semi-
guantitative and does not distinguish bonding configurations. The apparent discrepancy between EDS and
FTIR results can be attributed to the limited sensitivity of EDS for detecting low concentrations of light ele-
ments and the fact that FTIR detects vibrational features of surface functional groups rather than bulk com-
position. Therefore, the discussion of —F/-OH/-O terminations in this work is presented as qualitative evi-
dence of termination evolution with etching conditions, while more definitive chemical-state identification
would require complementary XPS analysis.

In summary, SEM and EDS analyses demonstrate the critical effect of HF concentration on the morpho-
logical, yield and conductivity of TisC,T, MXene. 24 % HF provided the optimal balance, ensuring effective
Al removal, controlled surface functionalization, and high structural integrity. Lower concentrations (6 %
and 12 %) were insufficient for full exfoliation, while higher concentrations (36 % and 48 %) resulted in
over-functionalization and structural degradation. These findings highlight the importance of carefully opti-
mizing etching conditions for MXene applications in energy storage, catalysis, and sensing.

Conclusions

TisC,T, (MXene) was successfully synthesized from TisAlC, (MAX phase) by selective etching in hy-
drofluoric acid (HF) solutions with different concentrations (6 %, 12 %, 24 %, 36 %, and 48 %) using a mi-
crowave-assisted approach. The obtained samples were comprehensively characterized by FTIR, XRD,
SEM, and EDS techniques.

FTIR spectra indicated the presence of various surface-related species on the MXene layers. Samples
etched at lower HF concentrations (6 % and 12 %) exhibited relatively more visible O—H vibrational fea-
tures, whereas those treated at higher HF concentrations (36 % and 48 %) were dominated by bands associ-
ated with F- and O-containing groups, highlighting the strong influence of etching conditions on the surface
chemistry of MXene. XRD analysis revealed a systematic shift and broadening of the characteristic (002)
reflection near 26 =~ 9.5°, indicating an increase in the interlayer spacing and partial structural disordering.
This effect became more pronounced for the MX-24, MX-36, and MX-48 samples, confirming progressive
etching and structural transformation of the MAX phase.

SEM observations showed that increasing HF concentration led to a more pronounced separation of the
layered structure. At higher HF concentrations (36-48 %), stronger etching led to more pronounced inter-
layer opening; however, this was accompanied by peak broadening, structural disorder, and partial degrada-
tion of the Ti—C framework, indicating over-etching rather than improved structural quality. EDS analysis
further demonstrated a significant decrease in aluminum content with increasing HF concentration, accom-
panied by an increase in fluorine and oxygen contents, which is consistent with progressive surface function-
alization of Ti;C,Ty.
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Overall, this work not only provides a systematic assessment of the effect of HF concentration on the
formation of TisC,T, MXene, but also highlights the effectiveness of microwave-assisted etching in over-
coming Kinetic limitations of the selective etching process. The identified processing window and the estab-
lished structure—property correlations offer practical guidelines for tailoring Ti;C,T, MXenes for conductive
film and interfacial layer applications.
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Simultaneous RP-HPLC Quantification and Characterization
of Apigenin-Naringenin Co-Loaded ZnO Nanoparticles for Topical Delivery

Apigenin and Naringenin has proven beneficial prospects owing to an anti-inflammatory, antioxidant and
wound healing effects. But having poor water solubility and low bioavailability hinders their application.
Therefore, we developed a dual drug-loaded zinc oxide nanoparticle and validated a sensitive and selective
liquid chromatography method for simultaneous determination. The nanoparticles were synthesized through
chemical precipitation method followed by drug loading. They were evaluated for particle size, surface poten-
tial and FTIR, while morphology was determined by scanning electron microscopy. RP-HPLC method utiliz-
ing a C18 column as stationary phase and methanol/0.1 % orthophosphoric acid (75:25 v/v) as eluent at a
flow rate of 1.0 mL/min with detection at 272 nm. Method was validated as per to ICH Q2(R1) guidelines
and having linearity (5-25 pg/mL), accuracy, precision, specificity and robustness. The entrapment efficien-
cies of Apigenin and Naringenin were 88.6 + 2.1 % and 85.2 £1.8 %, respectively. The average size by dy-
namic-light scattering was 202.67 + 3.2 nm and zeta potential were —30.51 + 0.6 mV. Electron-microscopy
confirmed mixture of mildly aggregated spherical and rod-shaped particles, size less than 200 nm. The vali-
dated analytical method and the nanoparticle system would together serve as a propitious groundwork, for
combinatorial delivery of Apigenin and Naringenin.

Keywords: HPLC, polyphenols, simultaneous method, nanoparticles, apigenin, naringenin, isocratic, valida-
tion

1 Introduction

Polyphenols have garnered increasing attention in the treatment of various human diseases due to their
safety profiles, wide accessibility, and cost-effectiveness [1]. Among them, natural flavonoids Apigenin and
Naringenin have been shown to have potential therapeutic efficacy in the treatment of various pathological
conditions, including diabetic wounds. Apigenin (4',5,7-trihydroxyflavone), widely found in parsley, cham-
omile and celery, has anti-inflammatory, antioxidant, anti-diabetic, wound-healing potential. Another exam-
ple is Naringenin (4',5,7-trihydroxyflavanone), predominantly found in citrus fruits displays anti-
inflammatory, antioxidant, and anti-microbial properties; as well as an inhibitory action on enzymes involved
in releasing pro-inflammatory cytokines contributing to enhanced wound repair and tissue regeneration [2].

Apigenin and Naringenin have complementary pharmacological activities thereby making them suitable
candidate to be co-delivered together in complex conditions as seen in diabetic wounds characterised by
chronic inflammation, oxidative stress and impaired healing. However, water-insoluble, poorly available and
rapidly metabolized limiting both compounds their therapeutic efficacies in clinical practice [3]. To over-
come these challenges and harness their synergistic effects, we have established zinc oxide nanoparticles
(ZnO NP) co-loaded formulation which not only provides stability for the drugs but also promotes controlled
release mechanism and targets wound repair mechanisms under diabetic conditions. ZnO NPs are well estab-
lished for their intrinsic antibacterial, anti-inflammatory, and skin healing properties that make them an ideal
carrier system. Our formulation consists of adsorption of Apigenin and Naringenin over ZnO NPs resulting
in a nano-sized system potentiated for better penetration and action at the wound site [4]. Currently, individ-
ual analytical methods are available for the quantification of Apigenin and Naringenin but a validated meth-
od is not reported simultaneously estimating them from nanoparticles-based delivery system. The pharma-
ceutical applications of dual-drug nanocarrier systems are increasing, especially for the management of com-
plex disorders such as diabetic wounds; hence an established high throughput and non-destructive approach
to support formulation development becomes imperative [5]. Simultaneous RP-HPLC methods are mainly
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essential because it improves the analytical throughput that leads to reducing simplified analysis time and
reduced use of solvent compared to single drug estimation. It also enables precise examination of drug en-
capsulation, release kinetics and stability within the nanoparticle, which are vital for verifying therapeutic
efficacy and batch-to-batch consistency. Furthermore, this methodology supports regulatory compliance by
generating confirmed routine data for quality control purposes [6].

Considering these factors, our study focused on the development and validation of a robust, rapid, and
accurate RP-HPLC method for the simultaneous quantification of Apigenin and Naringenin from co-loaded
ZnO nanoparticles. The technique utilizes the isosbestic point, the wavelength at which both compounds
show equal and maximum absorbance, to guarantee precise and consistent detection.

2 Experimental

2.1 Materials

Apigenin and Naringenin (purity >98 %) were purchased from Ottokemi and sigma Aldrich respective-
ly, and used without further purification. Zinc precursor, such as zinc acetate dihydrate, was obtained from
SRL chemicals. Methanol, acetonitrile, and water used for chromatographic analysis were of HPLC grade
and sourced from merc. All other chemicals and reagents were of analytical grade. Dialysis membranes and
0.45 pum syringe filters were used during the nanoparticle purification process. All glassware was appropri-
ately cleaned and dried before use.

2.2 Preparation and Characterization of Dual Drug-Loaded ZnO Nanoparticles

Zinc oxide (ZnO) nanoparticles were synthesized from zinc acetate using a simple wet chemical precip-
itation method. In this approach, zinc acetate dihydrate is initially dissolved in distilled water to form a clear
solution, typically with a concentration between 0.1 M and 0.5 M. A separate solution of sodium hydroxide
(NaOH) is then prepared, often with a slightly higher molarity (e.g., 0.2 M to 1 M), and added dropwise to
the zinc acetate solution under continuous stirring. This leads to a white precipitate of zinc hydroxide
(Zn(OH),), that gradually transforms into ZnO nanoparticles with progression in the reaction. Precipitation is
done at pH 10-12 to have maximum precipitation. The reaction mixture had been stirred for a few hours at
room temperature or mild heating (60-80 °C) to ensure complete conversion of Zn(OH), to ZnO. Finally, the
product is separated by centrifuge or filtration after aging, and then repeatedly washed with doubly distilled
water and ethanol to remove impurities and then dried. The crystallinity was improved further by calcining
the powder that has previously been dried using a temperature of 300-500 °C for 4 hours. This method is
preferred due to its simplicity, low-cost and tunability of the nanoparticle size and morphology by varying
concentration, pH, and temperature [7].

Apigenin and Naringenin were co-loaded on the nanoparticles. Each drug solution (1 mg/ml) was dis-
solved in ethanol and 5 mg of ZnO nanoparticles were taken in distilled water. Following that, the nanoparti-
cle suspension was stirred for 800 rpm for 12 h; centrifuged under a speed of 8000 RPM for 20 min; then
washed with distilled water to remove unbound drugs and reagents before dialyzed to eliminate other impuri-
ties. The pure formulation obtained after drying the suspension at 50 °C overnight, is stored in air tight con-
tainers for future use.

2.3 Characterization of Drug-Loaded ZnO Nanoparticles

The physicochemical characterization of the synthesized dual drug loaded ZnO nanoparticles is very
important for stability, drug loading and biological performance. Attenuated Total reflectance (ATR) Infra-
red Spectroscopy (FTIR) with Shimadzu, was carried out in order to study any probable interaction between
Apigenin, Naringenin, and ZnO nanoparticles. The FTIR spectra of ZnO nanoparticles loaded with the drugs
were measured within the wavelength range of 4000-400 cm™ through ATR-FTIR spectrophotometry, and
the resulting peaks were correlated with their respective characteristic peaks from the literature. The particle
size, polydispersity index (PDI), and zeta potential of these complexes were measured via Horiba scientific
nanoparticle analyzer (SZ-100V2). The size distribution and homogeneity of the ZnO nanoparticles provide
further insights into their proposed drug delivery mechanism. The surface morphology of the nanoparticles
was observed by scanning electron microscopy (SEM). RP-HPLC method was used for the estimation of
Apigenin and Naringenin entrapment efficiency in ZnO nanoparticles. This was done by centrifugation of the
nanoparticle suspension and measuring the amount of free (unentrapped) drug in solution [8, 9]. All meas-
urements were performed in triplicate (n = 3) using the same nanoparticle batch to evaluate analytical repeat-
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ability. Batch-to-batch reproducibility of independent nanoparticle syntheses was not investigated in this
study. Entrapment efficiency was calculated as follows:

Entrapment Efficiency (%) = [(Total drug — Free drug) / Total drug] x 100,

where Total drug is the initial amount of drug used for loading, Free drug is the amount of unentrapped drug
present in the supernatant.

2.4 Instrumentation and Chromatographic Conditions

The RP-HPLC system employed for the chromatographic separation was Agilent 1100 (Agilent Tech-
nologies, Waldbronn, Germany) interfaced with Chemstation 10.01 software and a UV-Vis detector. We
used Thermo C18 column with a dimension of 4.6 mm x 250 mm, particle size of 5.0 um, at room tempera-
ture for separation of Apigenin and Naringenin. The mobile phase was a 75:25 mixture of methanol and
0.1 % OPA which was filtered and degassed before use. Flow rate was maintained at 1.0 mL/min, injection
volume; 20 pL, detection at wave length of absorption of Apigenin and Naringenin (272 nm) which possess
maximal absorbance and overlapping each other (isosbestic point). The full run time per sample was close.
The column temperature was kept at 25 °C with a sample size of 20 pL.

2.5 Preparation of Standard and Sample Solutions

Stock standard solutions were prepared by dissolving 5 mg of each API in 10 mL of methanol giving
STOCK-I with a final concentration of 500 ug/mL for both Apigenin and Naringenin. To validate the meth-
odology, calibration range was set by serial dilution using working standard solutions. Quantities of drug-
loaded ZnO nanoparticles were sonicated in methanol to achieve sample extraction for analysis. The result-
ing solution was filtered with 0.45 um syringe filter and then injected in the system.

2.6 Method Validation

The developed RP-HPLC method used for simultaneous estimation of Apigenin and Naringenin from
dual drug-loaded ZnO nanoparticles was validated as per International Council for Harmonisation (ICH Q2
(R1)) guidelines for analytical method validation. The method was validated as per ICH guidelines for line-
arity, accuracy, precision, LOD and LOQ, specificity, robustness and system suitability to ensure consistent
analytical performance of the method.

The linearity was performed in the concentration range of 5-25 ug /mL by preparing the standard solu-
tions of Apigenin and Naringenin at five different concentrations. The specified concentration range was se-
lected considering the concentrations of Apigenin and Naringenin after the extraction process using nanopar-
ticles, and was proven suitable for the best signal response, linearity, and sensitivity. Concentration levels:
each concentration level was injected in triplicate, and calibration curves were constructed by plotting peak
area against drug concentration. Linearity along with coefficients of Correlation (R?) for both the drugs were
carried out in the tested range.

The accuracy of the method was confirmed by recovery studies with three different levels: 80 %, 100 %,
and 120 % of the target concentration. The quantities of Apigenin and Naringenin standards were spiked with
the blank ZnO nanoparticle matrix, and their percent recovery was calculated by comparing the measured
amounts to the quantity actually added. From there the mean recovery values of both drugs were verified.

The precision of the method was tested at two different levels namely intra-day (repeatability) and inter-
day (intermediate precision). To determine the intra-day accuracy, same three concentrations (low, medium
and high) were analysed n = 3 time in a day with similar condition. To evaluate inter-day precision, each
sample was analysed on three different days by a single analyst on the same instrument to measure both
within and between day variation.

Sensitivity for each drug was determined by calculating the Limit of Detection (LOD) and Limit of
Quantification (LOQ) based on standard deviation of response (c), and slope (S) of calibration curve utiliz-
ing the following equations:

LOD = 3.3 (x6/S) and LOQ = 10 (xo/S).

The specificity was verified with the system suitability and also by analyzing blank nanoparticles of
ZnO (drug-free) to see any interfering peak at Apigenin and Naringenin retention times. The method should
be able to separate the analytes from other formulation excipients and nanoparticle components which will
validate its specificity for simultaneous quantification of drugs.

Robustness was evaluated by making deliberate minor variations in chromatographic conditions, in-
cluding flow rate £0.1 mL/min, mobile phase composition +2 %, and detection wavelength (+2 nm). These
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variations did not significantly affect the retention times, peak areas, or resolution of the analytes, indicating
the method’s robustness and reliability under small operational deviations [10].

The ruggedness of the developed RP-HPLC method was assessed to determine its reproducibility under
variable conditions such as different analysts and instruments. The study was conducted by performing repli-
cate analyses of Apigenin and Naringenin standard solutions (15 pg/mL) on two different days, by two dif-
ferent analysts using two separate instruments of the same model [11].

Specificity was evaluated by analyzing blank ZnO nanoparticles (without drug) to confirm the absence
of interference at the retention times of Apigenin and Naringenin. System suitability parameters were as-
sessed before analysis to ensure consistent chromatographic performance. Parameters such as retention time,
theoretical plate count, peak symmetry (tailing factor), and resolution between Apigenin and Naringenin
peaks were evaluated. The results met the acceptance criteria, with resolution >2.0, theoretical plates >2000,
and tailing factors <1.5, confirming the suitability of the system for routine analysis [12].

2.7 Data Analysis

The data were analysed statistically using Microsoft Excel (USA) to calculate the least squares (R?),
standard deviation, mean, relative standard deviation, and the equation of the calibration curve.

3 Results and Discussion

3.1 Optimization of Chromatographic Parameters

Various chromatographic parameters, such as the flow rate of mobile phase, the pH of the mobile phase,
temperature and ratio between components of mobile phase were optimized by extensive analysis. After sev-
eral trials, the optimized conditions were found as follows:

— flow rate of the mobile phase: 1.0 ml/min;

— column temperature: 25 °C;

— ratio of methanol and 0.1 % OPA (75:25);

— sample size: 20 pl;

— maximum pressure: 400 BAR,;

— discharge rate: 0.001 to 5 ml.

Initially, different mobile phase compositions at various ratios resulted in poor resolution and the peak
symmetry. For the simultaneous estimation of Apigenin and Naringenin, the isosbestic wavelength was set to
272 nm as shown in Figure 1 ensuring reliable and consistent quantification.

) TI66)

(¥70,

Absorbance

Isobestic = NARINGEMNIN + apigenin

Figure 1. Absorption maxima showing isobestic point
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The optimal retention times for Naringenin and Apigenin were 6.152 min and 7.539 min, respectively,
with resolution of 4.24 as shown in Figure 2. The method exhibited good theoretical plate numbers and ac-
ceptable tailing factors, confirming efficient operation of the system. The chosen optimal parameters are ap-
plicable for the analysis of flavonoids [13].

ALl
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200
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g
— 7539 APIGENM

Retention time, min
Figure 2. HPLC chromatogram for simultaneous estimation of Apigenin and Naringenin

3.2 Method Validation

For RP-HPLC method validation, the ICH guideline Q2(R1) was followed.

3.2.1 System Suitability Test

The mixture of Apigenin and Naringenin solution was injected into the HPLC column six times to as-
sess the system suitability of the developed method. The analyzing concentration of both drugs in the mix-
ture was 5ug/ml each. The average resolution of both drugs was 4.24, which indicates complete separation of
the peaks. The RSD value for all parameters was less than 2 %, fulfilling both ICH and USP guidelines, con-
firming that the developed method is highly suitable and effective.

3.2.2 Linearity, Range, and Sensitivity

Five different concentrations of Apigenin (5-25 pg/ml) and Naringenin (5-25 pg/ml) were analysed
separately. Each standard solution of six different concentrations was injected in three replicates and chro-
matographed. The AUCs of the different concentrations of both compounds were plotted against their re-
spective concentrations in MS-Excel as shown in Figures 2 and 3. The calibration curve equations were as
follows:

Apigenin: y = 83.811x — 26.353 (R? = 0.9984);

Naringenin: Y =y = 165.75x + 50.715 (R? = 0.9999).

The linear calibration curves showed excellent R® correlation coefficients (Apigenin R? = 0.9984 and
Naringenin R? = 0.9999), indicating a direct linear proportionality between the concentration and the peak
area. The limits of detection (LOD) and quantification (LOQ) for both drugs were calculated and found to be
LOD for Apigenin 0.36 pg/ml and LOQ for Apigenin 1.0929 pg/ml, whereas LOD for Naringenin
0.2363 pg/ml and LOQ for Naringenin 0.7163 pug/ml. The values of LOD and LOQ obtained show that the
method has adequate sensitivity for quantification purposes. The selected concentration range was adequate
for practical purposes and falls within the expected range in the formulation of nanoparticles [14].
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Figure 3. Linearity curve for a) Apigenin and b) Naringenin

3.2.3 Accuracy (Recovery Studies)

The accuracy of the developed RP-HPLC method was assessed through standard recovery experiments
at three concentration levels: 80 %, 100 %, and 120 % of the target concentration. Known amounts of
Apigenin and Naringenin were spiked into a blank ZnO nanoparticle matrix, and the recovered amounts were
determined using the validated method. The recovery of Apigenin and Naringenin was found to be in be-
tween 98 % to 102 % which proved the reliability of the proposed method. The results are acceptable accord-
ing to ICH standards and therefore can be used for the determination of analytes in the presence of matrix
elements as presented in Table 1.

Table 1

Recovery study results of Apigenin and Naringenin values are mean of three replicates (n = 3)

Spike Level, % Drug Amount Added, pg/mL Amount Recovered, ug/mL | Recovery, % | RSD, %
80 % Apigenin 4.0 3.97 99.42 0.18
0 Naringenin 4.0 3.96 99.03 0.36
100 % Ap_lgenlr) 5.0 4.99 99.36 0.63
Naringenin 5.0 5.01 100.25 0.39
120 % Ap_lgenlr) 6.0 5.96 101.58 0.58
Naringenin 6.0 6.03 101.58 0.05

3.2.4 Precision

Method precision was evaluated in terms of intra-day (repeatability) and inter-day (intermediate preci-
sion) by analyzing three different concentration levels (low, medium, and high) of both analytes (e.g., 5, 15,
and 25 pg/mL). Intra-day precision was assessed by analyzing three replicates at each concentration within
the same day, while inter-day precision was determined by repeating the procedure on three consecutive days
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under identical conditions. The %RSD values for both intra-day and inter-day precision studies were below
2 %, indicating high reproducibility of the method. The low variability confirms that the method provides
consistent results under the same and varying analytical conditions, fulfilling standard validation require-
ments, summarized in Table 2.

Table 2

Intraday and interday precision results for Apigenin and Naringenin values
are mean of three replicates (n = 3)

Drug Concentration, pg/mL | Intra-Day RSD, % Inter-Day RSD, %
5 0.36 0.33
Apigenin 15 0.13 0.07
25 0.17 0.12
5 0.05 0.11
Naringenin 15 0.15 1.11
25 0.07 0.01

3.2.5 Robustness

The robustness of the implemented RP-HPLC technique was assessed by introducing little changes in
essential chromatographic parameters systematically to ascertain that the process is still reliable, for regular
quality control testing. Modifications were limited to minor adjustments of the flow rate (0.1 mL/min), the
mobile phase composition (£2 % methanol from optimal) and the detection wavelength (+2 nm from the
most sensitive 272 nm). The variations were tested on a standard solution of Apigenin and Naringenin at the
mid-level concentration (15 ug/mL). The newly developed technique was completely insensitive to small
intentional changes in the experimental conditions like flow rate, mobile phase composition, and wavelength
of detection. There was no noticeable change in any of the above-mentioned parameters, which indicated that
the technique was quite robust [15]. Table 3 summarizes the results of the robustness study.

Table 3

Values shown are for 15 png/mL of each drug. Resolution is reported only for Apigenin-Naringenin pair.
values are mean of three replicates (n = 3)

Parameter Conditions Drug Peak Area Resolution Plate Count| RSD, %
. Apigenin 1252.92 20703 0.26
Flow rate 0.9 mL/min Naringenin 2563.95 6.05 23563 0.11
1.1 mL/min Apigenin 999.15 5.07 20043 0.05
' Naringenin 2062.21 ' 22785 0.17
74:26 Apigenin 1092.0 5.88 21360 0.04
Mobile phase | (Methanol:0.1 % OPA) Naringenin 2307.5 ' 17899 0.05
ratio 76:24 Apigenin 1112.28 533 23523 0.12
(Methanol:0.1 % OPA) Naringenin 2297.18 ' 20712 0.04
Apigenin 1037.8 24048 0.34
Detection 271 nm Naringenin 2229.6 5.60 21232 0.06
wavelength Apigenin 1113.30 24024 0.30
273 nm Naringenin 2156.44 5.52 21375 0.10

3.2.6 Ruggedness

Peak area, retention time (Rt), resolution (R) and percentage relative standard deviation (RSD, %) of re-
sults were evaluated. The RSD values under all the conditions are less than 2 % which indicates that the
method is rugged and also able to give reproducible results when a different laboratory person work on these
matrices. These results verify the robustness of the approach for routine implementation.

3.2.7 Specificity

Contrary to formulation, the chromatograms had no co-eluting peaks or interfering signals near the cor-
responding retention times attesting that presence of excipients and nanoparticle matrix did not affect drug
detection. No interference peaks were observed at the retention times of Apigenin and Naringenin, indicating
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that the method was specific. The possibility of quantification of both substances in the presence of nanopar-
ticle constituents indicates that the method is suitable for complex formulations.

3.2.8 Characterization of Drug-Loaded ZnO Nanoparticles

The physicochemical properties of the dual drug-loaded ZnO nanoparticles illustrated the successful
formulation and stability. FTIR spectra of the drug-loaded ZnO nanoparticles shown in Figure 4a, revealed
some distinctive peaks associated with both ZnO and drug-loaded particles. First, the broad peak observed
near 3400 cm ™ is associated with O—H stretching modes, which shows that there are some phenolic groups
(apigenin and naringenin) and hydroxyl groups on the surface of ZnO nanoparticles. Second, peaks near
1600-1650 cm* are related to aromatic C=C or C=0 stretching modes of flavonoid compound structure.
Finally, the peak near 500-600 cm* corresponds to Zn-O stretching. Compared with reported spectra of the
individual components, slight shifts and changes in intensity were observed, suggesting successful drug load-
ing through physical adsorption or weak intermolecular interactions rather than formation of new covalent
bonds.

Upon drying, the nanoparticles were found to form a tan-coloured fine powder and were consistently
able to disperse in an aqueous medium after mild sonication. The DLS results as depicted in Figure 4b, indi-
cated that the average hydrodynamic diameter of the ZnO nanoparticles was 202.67 + 3.2 nm, while the
polydispersity index was 0.301, implying that the particle sizes were relatively close, thus suitable for topical
applications. In addition, the zeta potential value of —30.51 + 0.6 mV suggests high colloidal stability, thanks
to electrostatic repulsions (Fig. 4c). Based on the SEM images (Fig. 5), the ZnO nanoparticles appeared
spherical and rod-shaped, with some particles agglomerated, which is common among ZnO nanoparticles
due to their high surface energy.
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Figure 4. a — FTIR spectra of the apigenin-naringenin coloaded ZnO nanoparticles;
b — particle size distribution and ¢ — zeta potential distribution of the apigenin-naringenin coloaded ZnO nanoparticles
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Figure 5. Scanning electron micrograms showing the morphology
of Apigenin-naringenin coloaded ZnO nanoparticles

3.2.9 Drug Entrapment Efficiency

Validated RP-HPLC method confirmed the entrapment efficiency of Apigenin and Naringenin in the
Zn0 nanoparticles. It was found that this method allows for the distinction of both drugs without interference
from components present on the nanoparticle (Fig. 6). Apigenin and Naringenin entrapment efficiency re-
sults with both phytochemicals showing a high level of entrapment; apigenin had an average of 88.6 + 2.1 %
entrapment efficiency, naringenin also showed an 85.2 + 1.8 %. These numbers reveal an efficient encapsu-
lation of the drugs within the ZnO nanoparticle matrix and a probably high drug-ZnO surface interaction [7].
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Figure 6. HPLC chromatogram for the drug entrapment study
of Apigenin-naringenin coloaded ZnO nanoparticles

4 Conclusions

The synthesized nanocrystalline ZnO NPs had nanosize dimension, good colloidal stability, and spheri-
cal shaped morphology. The high entrapment efficiency of Apigenin and Naringenin shows good encapsula-
tion within the ZnO host matrix. A simple, rapid High-Performance Liquid Chromatography with Reversed
Phase (RP-HPLC) method was successfully developed and validated for simultaneous estimation of

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 99



Dondulkar, A.O., Muley, M. et al.

Apigenin and Naringenin from co-loaded ZnO nanoparticles. This method had a linear concentration de-
pendence, was specific, sensitive and repeatable, and therefore could be used in routine quality analysis or in
vitro studies.

In conclusion, the ZnO nanoparticle formulation was successful in loading two drugs and when used
with a quantitative analytical method described here. It may be further optimized for sufficient delivery
polyphenolic compounds to perform a sustained effect making it suitable for therapeutic applications includ-
ing wound healing.
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Microwave Aquathermolysis of Oil Shales:
Enhancement of Light Hydrocarbon Yield
and Modification of Gaseous Product Composition

The growing global demand for energy and the depletion of conventional light hydrocarbon resources neces-
sitate the development of alternative and hard-to-recover feedstocks, among which oil shales represent a stra-
tegically important resource due to their vast reserves. In this study, the efficiency of conventional microwave
thermolysis in an inert atmosphere is compared with an innovative microwave aquathermolysis approach em-
ploying activated steam for oil shale samples from three Azerbaijani deposits (Diyally, Guba, and Jangichay).
The experiments were conducted under microwave irradiation (2.45 GHz, 600-800 W) at 300-400 °C with a
treatment duration of 20 minutes, ensuring rapid and uniform heating. Microwave aquathermolysis was
shown to enhance heat and mass transfer, promoting deeper degassing and partial kerogen conversion. Steam
activation led to an increased yield of light hydrocarbons, a marked reduction of heavy resins and
asphaltenes, and significant changes in gaseous product composition. Gas chromatographic and SARA anal-
yses confirmed accelerated thermochemical reactions, suppression of secondary coking, steam-assisted con-
version of carbon oxides, and partial hydrogenation of unsaturated compounds. Overall, the results indicate
that microwave aquathermolysis is more efficient and energy-saving than conventional microwave
thermolysis, demonstrating strong potential for processing Azerbaijani oil shales and other kerogen-rich un-
conventional resources.

Keywords: oil shale, microwave aquathermolysis, heat—-mass transfer, enhanced light fraction yield, energy-
efficient processing, microwave irradiation, kerogen conversion, steam activation, gaseous product modifica-
tion

Introduction

The depletion of conventional oil reserves poses a challenge for the energy and chemical industries to
identify alternative sources of hydrocarbon feedstock [1-10]. In this context, oil shales acquire particular
importance, as their global reserves far exceed the combined resources of oil, natural gas, and coal [11-13].

The decline in conventional hydrocarbon production in Azerbaijan has also increased attention to heavy
hydrocarbons, including oil shales, discovered in the eastern regions of the country and considered a second-
ary hydrocarbon resource [14, 15]. These shales belong to a stratigraphic sequence ranging from the Middle
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Eocene to the Upper Miocene [16, 17]. Their thickness reaches 400—500 m, with individual layers measuring
10-20 m or more [18, 19].

Tectonic activity in the collision zone of the African and Arabian plates in Eastern Azerbaijan has led to
the exposure of oil shales at the surface, both as natural outcrops and as mud volcano ejecta [17-19]. The
distribution of mud volcanism provides favorable conditions for obtaining valuable information on the inter-
nal structure and geochemical-mineralogical characteristics of the volcanic system, as well as on the extent,
composition, and distribution of oil shale layers in the subsurface, which can be traced over considerable dis-
tances at the surface [20-27].

Oil shales widespread on the land of Eastern Azerbaijan are characterized by a high organic matter con-
tent (up to 24 wt% total organic carbon — TOC) and low thermal maturity [17]. This necessitates the use of
innovative methods for the production of synthetic hydrocarbons, employing technologies such as in-situ
pyrolysis and surface processing [18].

Conventional processing methods based on convective heating (e.g., electric heating, heat carriers) re-
quire prolonged exposure, which induces secondary coking reactions, reduces liquid product yields, and
promotes the formation of carbon oxides (CO and CO,) [12, 28-31]. The low reactivity of kerogen and the
high ash content of shales make the use of alternative energy-based methods reasonable, such as microwave
irradiation, which provides rapid heating and uniform heat distribution [32]. In recent years, the conventional
(dry) microwave thermolysis of oil shales has been extensively studied globally due to its ability to acceler-
ate heating rates and alter the fractional yield of retorting products compared to traditional convective heat-
ing [33, 34]. Comprehensive reviews and three-dimensional numerical simulations have confirmed that mi-
crowave application effectively enhances hydrocarbon desorption and volumetric heating within the shale
matrix [35, 36]. In this broader global context, previous studies have shown that microwave thermolysis of
Azerbaijani shale samples is highly effective, confirming the promise of this approach [37]. However, con-
ventional dry microwave processing still faces critical challenges, such as secondary coking and the limited
hydrogen availability within the kerogen itself, which restricts the maximum achievable yield of light liquid
hydrocarbons. Recently, independent studies exposing oil shales to high-temperature water vapor have
shown promising results in improving micro-fracture evolution and permeability [38, 39]. By combining the
rapid heating benefits of microwaves with the chemical reactivity of steam, in the present study, results are
presented for a modified microwave aquathermolysis method, based on the treatment of samples with steam
activated by microwave radiation, which enhances degassing intensity, increases the yield of light hydrocar-
bons, and reduces coking.

Experimental

For this study, oil shale samples were selected from the stratigraphic sequence ranging from the Middle
Eocene to the Upper Miocene, obtained from three prospective deposits in Eastern Azerbaijan: Diyally
(Middle Eocene), Guba (Middle-Upper Miocene), and Jangichay (Middle Eocene) [18, 40, 41]. The samples
are characterized by high TOC contents: Diyally — 24 %, Guba — 20 %, Jangichay — 18 % (2). Petro-
graphic and pyrolytic analyses showed that the organic matter in these shales is predominantly type Il
kerogen, formed in marine conditions from algal detritus, indicating a high potential for liquid hydrocarbon
generation [2, 18].

The mineralogy of the rocks was analyzed via X-ray diffraction using a Rigaku Miniflex X-ray
diffractometer (Rigaku, Japan). The measurements were performed to identify the crystalline phases and
provide a semi-quantitative assessment of the inorganic matrix, which plays a vital role in the samples’ inter-
action with microwave radiation. Table 1 presents the mineralogical composition of the studied oil shale
samples.

Table 1
Semi-quantitative mineralogical composition of the studied oil shale samples (wt. %)
- Clay mmergls . Silicates Carbonates Sulfur-bearing min- Iron Ox!des
Sample | (illite, montmorillonite, (quartz, feldspar) | (calcite, Mg-calcite) | erals (pyrite, jarozite) (hematite,
kaolinite, chlorite) d ' P M9 PyMte, J rutile)
Diyally 33 44 12 2 9
Guba 45 40 8 1.8 5
Jangichay 43 34 8 15 0
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Microwave irradiation experiments were conducted using a setup based on a Panasonic EM—-G5593V
laboratory microwave oven with a 23 L cavity. The magnetron output power ranged from 200 to 800 W at an
operating frequency of 2450 MHz. Under the applied optimal microwave power settings (600-800 W), the
sample temperature reached 500-600 °C over the 20-minute exposure period, which corresponds to an aver-
age actual heating rate of approximately 25-30 °C/min. Sample and steam line temperatures were monitored
with a CEM DT-8858 infrared pyrometer (range 50-1300 °C), which recorded the surface temperature of
the oil shale samples through the microwave-transparent quartz vessel. Shale samples with a particle size of
1-5 mm were placed in a 100 mL quartz reaction vessel, which is transparent to microwaves and equipped
with inlet and gas outlet lines. To prevent oxidative reactions of desorbed products, the inlet line was saturat-
ed with steam delivered from a heated distillation water evaporator at a flow rate of 0.05-0.3 mol/min. To
avoid local overheating of the samples, a water-shunting vessel with circulating cooling fluid was employed.
The setup included a condensation and collection system for liquid thermolysis products. Gaseous com-
pounds were collected in a coil trap cooled in a Dewar vessel filled with solid CO,.

The liquid fraction of the desorbed hydrocarbons was separated using liquid adsorption chromatography
(Saturates, Aromatics, Resins, Asphaltenes — SARA) with a column packed with KSK—grade silica gel, al-
lowing the isolation of four compound groups: saturated hydrocarbons, aromatic compounds, resins, and
asphaltenes [42]. The separation procedure followed ASTM D4124-09 standards.

Qualitative and quantitative analysis of the gaseous phase was performed using an LKhM-8MD gas
chromatograph (column length 3.6 m, internal diameter 3 mm, stationary phase ‘“Porapak QS”) under pro-
grammable thermostat heating from 30 to 650 °C at a rate of 3—5 °C/min.

All guantitative experiments, including the SARA fractionation and gas chromatographic analyses,
were performed in triplicate (n = 3) to ensure reproducibility. The experimental data are presented as the
mean values + standard deviation (SD).

Results and Discussion

The study of the heating dynamics of oil shale samples under aquathermolysis conditions, with varying
microwave power in the oven cavity, revealed differences in their heating rates (Fig. 1). This is likely associ-
ated with variations in dielectric losses, which are determined by the inorganic fraction of the shales, domi-
nating over the organic matter (kerogen), and whose composition depends on their genesis [18]. As illustrat-
ed in Figure 1, while an applied power of 600 W is sufficient for all samples to surpass 400 °C (the onset of
active thermolysis), the Diyally deposit sample required exposure at up to 800 W to reach the higher optimal
temperature range of 450-500 °C. In contrast, samples from the Jangichay and Guba deposits more efficient-
ly achieved these higher temperatures at only 600 W for the same duration.

600 - 200
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Figure 1. Temperature rise dynamics of the supplied steam (Y -axis, right) and oil shale samples (Y -axis, left)

as a function of applied microwave power (X-axis) for the Diyally (2), Guba (3), and Jangichay (4) deposits.

Exposure conditions: sample mass 50 g; duration 20 min; steam flow rate 0.2 mol/min; magnetron operating
frequency 2450 MHz. The presented data points represent the mean values of three independent experiments (n = 3)
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The selection of the 400-500 °C temperature range is fundamental for optimizing the yield of liquid
products while minimizing secondary gasification. While some industrial processes targeting total gasifica-
tion operate at 600 °C and above, such high temperatures promote the intensive secondary cracking of syn-
thesized hydrocarbons and the undesirable decomposition of the inorganic carbonate matrix. In our micro-
wave-assisted process, the presence of localized dielectric heating sites (e.g., pyrite and jarosite) ensures ef-
ficient kerogen transformation within the moderate 400-500 °C range, preserving the integrity of the liquid
fractions.

The efficiency of microwave irradiation on heterogeneous materials, such as oil shales, is determined
by their ability to absorb electromagnetic energy and convert it into heat [43]. Regardless of the electromag-
netic radiation parameters, the measured result corresponds to the average power loss:

_Cc-m-AT
024

where: 0.24 — the mechanical equivalent of heat; m — mass of the sample (g); ¢ — specific heat capacity of
the sample (kJ/kg-K); AT — measured temperature increase of the sample (K); T — exposure time in the mi-
crowave oven (S).

Figure 2 shows that the dielectric losses of microwave radiation by oil shale samples from the three de-
posits are relatively high, facilitating the efficient attainment of the temperature required for microwave
thermolysis. Power losses during aquathermolysis were found to exceed those in the absence of steam, likely
due to the formation of adsorbed moisture layers on the shale surfaces, which enhance particle polariza-
tion [44].

(I1s),

APx
600+ . Without steam supply
500 . With steam supply

400+

300+
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Radiation power loss, J/s

100+

Dially Guba Jengichay

Figure 2. Comparative microwave power losses (APy, J/s) for different oil shale deposits under inert
and steam-supplied conditions. Exposure conditions: sample mass 50 g; magnetron power 600 W;
operating frequency 2450 MHz; exposure time 10 min; steam flow rate 0.3 mol/min.

The presented data points represent the mean values of three independent experiments (n = 3)

After the exposure in the oven cavity, a relatively large variation in weight loss among the samples was
observed. The maximum weight loss, due to degassing of organic matter and removal of volatile compo-
nents, occurred for the Jangichay sample. It should also be noted that the highest ratio of desorbed liquid
phase to gaseous phase, characteristic of this sample, is determined by the geochemical conditions of its for-
mation (e.g., the kerogen composition, predominantly derived from marine lipid matter, relatively low influ-
ence of reducing conditions, and a certain degree of geothermal maturity) [18]. Considering this, from a
practical standpoint, it is reasonable to conduct further microwave thermolysis experiments using the
Jangichay deposit sample. While the overall multi-stage kinetic trends for the Diyally and Guba samples
were broadly similar, plotting the data for all three deposits on a single graph would have severely cluttered
the visualization. Therefore, the Jangichay shale was selected as the most representative optimal model to
visually illustrate the comparative weight loss dynamics between inert thermolysis and aquathermolysis, as
its mass-loss transitions are the most pronounced and visually distinct.

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 105



Muradova, P.A., Litvishkov, Y.N. et al.

As evident from the aquathermolysis results of the Jangichay shale, weight loss during the desorption of
hydrocarbon components, present both in the kerogen and adsorbed by the inorganic matrix of the sam-
ple [18], occurs in stages, as in an inert atmosphere (Fig. 3). Three main temperature regions of weight loss
are observed. It is important to note that oil shale thermolysis is a complex process involving parallel and
partially overlapping thermochemical transformations. Therefore, while dominant temperature intervals can
be clearly identified for each sequence, precise and strict absolute boundaries between primary gas desorp-
tion, liquid phase evolution, and the coking stage cannot be rigidly defined.
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Figure 3. Comparison of the weight loss dynamics of a shale sample from the Jangichay deposit
during microwave thermolysis in an inert atmosphere (1) and microwave aquathermolysis (2).
Conditions: magnetron power 800 W, sample mass 50 g (fraction 3—5 mm), steam flow rate 0.5 mol/min.
The presented data points represent the mean values of three independent experiments (n = 3)

In the first exposure region, during 5 minutes of irradiation at a temperature of ~200-250 °C, desorption
of primary gaseous components occurs [15]. It was observed that under aquathermolysis conditions, with the
activating effect of steam, desorption of gaseous components proceeds more intensively. Continued exposure
of the samples for the next 5 minutes raises the temperature to ~300—400 °C, during which condensation of
the heavier hydrocarbon components is observed in the trap. In the final stage of microwave treatment, the
sample temperature rises to 600 °C and above. In this temperature range, desorption of gaseous products is
again observed, associated with the combustion of coke-like residues formed during thermolysis.

Comparison of the weight-loss dynamics of the Jangichay shale sample during thermolysis in an inert
nitrogen atmosphere and under aquathermolysis showed that weight change during the primary gas for-
mation stage occurs more intensively under the influence of steam. In contrast, the intensity of weight loss
associated with the release of the liquid fraction is slightly lower compared to the process conducted in an
inert atmosphere.

The results of the SARA analysis of thermally desorbed high-molecular-weight hydrocarbon products
(Tab. 2) show that under microwave aquathermolysis, the yield of saturated and aromatic hydrocarbons in-
creases, while the content of high-molecular-weight resins and asphaltenes decreases. The observed decrease
in resins and simultaneous increase in saturates are attributed to the hydrogen-assisted cracking (hydrocrack-
ing) of heavy organic macromolecules. The in-situ generated hydrogen, derived from steam activation, effec-
tively stabilizes thermally generated organic radicals and promotes the scission of long-chain hydrocarbons
into lighter, saturated fractions, thereby preventing secondary condensation into coke. It is important to clari-
fy that “steam activation” under 2.45 GHz microwave irradiation does not imply the direct photolytic genera-
tion of free He or OHe radicals, as the radiation is non-ionizing. Instead, activation occurs through intense
dipole polarization and rotational excitation of the water molecules. When this rotationally excited steam
interacts with micro-scale “hot spots”, generated by the strongly microwave-absorbing inorganic shale ma-
trix, it vigorously drives localized hydrogen-generating pathways. The primary mechanism is the steam-
carbon reaction (C + H,O — CO + H,) occurring at these extreme-temperature solid-gas interfaces. The
newly generated molecular hydrogen, potentially catalyzed by inherent shale minerals such as pyrite, stabi-
lizes the thermally cracked organic radicals. This in situ generated hydrogen facilitates partial hydrogenation
and completely suppresses secondary condensation and coking, as directly evidenced by the increased yield
of saturated and aromatic fractions [45].
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Table 2

Content of high-molecular-weight organic products in shale samples desorbed

under microwave irradiation during thermolysis in an inert atmosphere and aquathermolysis.
Magnetron power 800 W; sample mass 50 g; exposure time in the oven cavity 20 min;

steam flow rate 0.5 mol/min

sample Content of organic products (% by mass)
P Saturate | Aromatic | Resins | Asphaltenes
Microwave thermolysis in an inert atmosphere
Diyally 22+04 6.5+0.4 8.6+0.3 3.2+04
Guba 32+03 52+04 8.7+04 35+0.5
Jangichay 27+0.3 85+0.5 8.8+0.5 3.1+04
Microwave aquathermolysis

Diyally 3.4+0.5 7.0+04 7.4+04 2.8+0.5
Guba 3.8£0.5 5704 72+04 25+0.5
Jangichay 3.6+0.5 9.4+04 6.9+04 2.3+0.5

Note: Data are presented as mean + standard deviation (n = 3).

Gas chromatographic analysis of the gas phase desorbed at the initial stage of microwave treatment
(Tab. 3) also revealed significant differences in the thermolysis products under an inert atmosphere versus
aquathermolysis. Treatment in a steam flow leads to an increase in carbon dioxide and hydrogen sulfide
yields, accompanied by a simultaneous decrease in carbon monoxide content. Methane yield remains stable,
while hydrogen concentration shows a slight increase.

Table 3

Content of gaseous products in shale samples desorbed under microwave irradiation at 800 W;
sample amount — 50 g; exposure time in the oven cavity — 20 min; steam flow rate — 0.5 mol/min

Sample Content of gaseous products (% by mass)
P CO | CO, | H,S CH, | H,
Microwave thermolysis in an inert atmosphere
Diyally 0.8+0.1 1.6+0.2 1.8+0.2 2.2+0.2 1.7+0.1
Guba 0.6 +0.1 0.8+0.1 1.3+0.2 25+0.2 1.5+0.1
Jangichay 0.5+0.1 0.4+0.1 0.7+0.1 3.1+03 2.3+0.2
Microwave aquathermolysis
Diyally 0.7+0.1 1.8+0.2 20+0.2 22+0.2 1.8+0.1
Guba 0.4=+0.1 0.9+0.1 14+0.2 25+0.2 1.6+0.1
Jangichay 0.3+0.1 0.6=+0.1 0.9+0.1 3.1+0.3 25+0.2
Note: Data are presented as mean + standard deviation (n = 3).

Interestingly, the mineralogical composition data presented in Table 1 serves as a critical foundation for
interpreting these gaseous yields. The presence of sulfur-bearing minerals in all studied samples, specifically
pyrite in Diyally and Guba, and a significant amount of jarosite (15 %) in Jangichay, correlates with the de-
tection of H,S in the gaseous phase (Tab. 3). This suggests that H,S originates from a multi-component
mechanism: the hydrothermal decomposition of both sulfide (pyrite) and sulfate (jarosite) minerals, along-
side the intensified thermal cracking of sulfur-containing organic macromolecules (organosulfur) within the
kerogen structure [46]. Furthermore, while Table 1 identifies the presence of carbonates in the shale matrix,
their thermal decomposition typically requires temperatures well above 700 °C. Therefore, the significant
amounts of CO, generated at our operating temperatures (400-500 °C) are primarily driven by the decarbox-
ylation of the organic matter itself, rather than inorganic matrix decomposition.

The observed changes in the composition of gaseous products can be explained by the combined effect
of activated steam on the progression of thermochemical processes. Steam activated by microwave irradia-
tion intensifies the oxidative conversion of organic oxygen-containing functional groups and heavy fractions,
manifested by an increased CO, yield. Simultaneously, the steam-mediated conversion of carbon monoxide
(the water-gas shift reaction) shifts the equilibrium toward the formation of carbon dioxide and hydro-
gen [47]. The slight increase in hydrogen concentration (by 0.1-0.2 %) confirms the in-situ generation of hy-
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drogen at the activated solid-gas interfaces, where it facilitates partial hydrogenation and suppresses second-
ary coking [48].

The contribution of the water-gas shift (WGS) reaction (CO + H,O0 — CO, + H,) can be qualitatively
differentiated from the oxidative conversion of coke residues by analyzing the stoichiometry of the carbon
oxide changes. In our experiments (Tab. 3), the decrease in CO concentration (0.1-0.2 % by mass) aligns
with the simultaneous increase in H,, confirming the activity of the WGS pathway. However, the total in-
crease in CO; yield often exceeds the stoichiometric equivalent of CO consumed, particularly in the Diyally
and Jangichay samples. This indicates that the oxidative conversion of oxygen-containing organic functional
groups and coke residues remains a primary source of CO, under microwave aquathermolysis conditions.

To evaluate the energy efficiency of the proposed method, the specific energy consumption (SEC) was
calculated. The total energy input during the 20-minute exposure at 800 W was 0.267 kWh. The specific en-
ergy consumption per unit mass of the shale sample was determined using the relation:

sgc _P-t_08KW-(20/60)h
shale m - 0.05 kg '

This calculation directly justifies the energy density required to reach the target thermolysis tempera-
tures within the microwave cavity, providing a quantitative basis for comparing the efficiency of the differ-
ent processing regimes. For a 50 g shale sample, the specific energy consumption per mass of raw material
(SEC shale) is 5.34 kWh/kg. However, the true efficiency is reflected in the energy required to produce a
unit of the desired light hydrocarbon fraction (saturates and aromatics). As shown in Table 4, microwave
aquathermolysis reduces the energy/product ratio for light fractions by approximately 14-16 % compared to
inert thermolysis, confirming its superior energy efficiency.

Table 4

Energy efficiency and specific energy consumption (SEC) for the Jangichay shale sample

Microwave thermolysis Microwave
Parameter .
(Inert) aquathermolysis
Total Energy Input (KWh) 0.267 0.267
Specific Energy (SEC shale), kWh/kg shale 5.34 5.34
Light Product Yield (Saturates + Aromatics), wt% 11.2 13.0
Energy/Product Ratio (SEC product), kWh/kg light product 47.7 41.1

Conclusions

The study demonstrated that microwave agquathermolysis is an effective approach for the thermochemi-
cal conversion of the organic fraction in oil shales. Treatment with steam activated by microwave irradiation
provides rapid sample heating, enhances heat and mass transfer, and increases the degree of hydrocarbon
desorption at 400-600 °C. Thermal analysis confirmed the staged nature of the process and a higher rate of
gaseous and liquid product release compared to microwave thermolysis in an inert atmosphere.

Quantitative analysis confirmed the method’s effectiveness: SARA data showed a consistent increase in
the content of saturated and aromatic hydrocarbons (e.g., up to 1.2 % for saturates), accompanied by a no-
ticeable decrease in resins and asphaltenes (e.g., up to 1.9 % for resins). In the gas phase, an increase in hy-
drogen and hydrogen sulfide yields up to 0.2 % was observed, while methane yield remained stable and car-
bon monoxide content decreased to 0.3 %.

Thus, microwave aquathermolysis provides a high degree of conversion of the organic fraction in
shales, reduces the intensity of coking, and increases the yield of light hydrocarbon fractions in a short time,
confirming its superior energy efficiency with a 14-16 % reduction in energy/product ratio compared to inert
thermolysis.
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Synthesis and Study of the Properties of a Composite Material
Based on Sulfohumic Acid and Multi-Walled Carbon Nanotubes

A composite sorption material based on sulfohumic acid (SHA) and multi-walled carbon nanotubes
(MWCNTSs) was synthesized. The composite was obtained via ultrasonic-enhanced coprecipitation, which en-
sures the efficient incorporation of nanotubes into the sulfohumic matrix. The structural and physicochemical
properties of the initial SHA and the SHA:MWCNTs composite were studied using elemental analysis,
conductometric titration, infrared spectroscopy, thermogravimetric analysis, and electron microscopy. The in-
troduction of MWCNTSs was shown to alter the surface morphology, increase roughness, and form a more de-
veloped porous structure. Thermogravimetric analysis indicates increased thermal stability of the composite
material. The sorption properties of the synthesized composite with respect to Cu®" ions from aqueous solu-
tions were also studied. It was established that the SHA:MWCNTSs composite possesses higher sorption ca-
pacity compared to the original SHA. Analysis of sorption isotherms revealed that the process is predomi-
nantly described by the Langmuir model, while satisfactory agreement with the Freundlich model indicates
the energetic heterogeneity of the sorbent surface. These results demonstrate the potential of the
SHA:MWCNTSs composite as an effective sorption material for removing heavy metal ions from aqueous so-
lutions.

Keywords: natural polymer, composite, sulfohumic acid, multi-walled carbon nanotubes, modification, ultra-
sound, sorbent, sorption

Introduction

Water pollution with heavy metals remains a serious global problem. Researchers are devoting consid-
erable attention to the development of effective sorption materials for the extraction of heavy metal ions
from aqueous solutions [1-4]. One promising area is the creation of composite sorbents incorporating carbon
nanomaterials with a developed surface area and unique physicochemical properties [5-7].

Among the various types of carbon nanomaterials, multi-walled carbon nanotubes (MWCNTS) are of
particular interest. These structures are cylindrical nanomaterials formed by several concentric graphene lay-
ers. MWCNTSs are characterized by a high specific surface area, significant mechanical strength, chemical
and thermal stability, and a developed n-bond electron system. Due to these properties, carbon nanotubes can
effectively participate in the adsorption of various organic and inorganic compounds [8-11].

However, the use of native carbon nanotubes in sorption systems has several limitations. The surface of
unmodified nanotubes contains a relatively small number of functional groups capable of interacting with
metal ions. Furthermore, nanotubes are prone to aggregation due to strong van der Waals interactions be-
tween graphene layers, which leads to a decrease in the available specific surface area and a reduction in
sorption efficiency [12-14].

To improve the sorption properties of carbon nanotubes, methods of chemical modification and the
formation of composite materials combining nanostructured carbon with functionally active organic com-
pounds are widely used [9, 15, 16]. One of the most promising areas is the creation of hybrid systems based
on carbon nanotubes and natural organic substances, in particular humic compounds [17, 18].

Humic acids (HA) are natural, high-molecular-weight organic substances with a complex structure,
formed during the humification of organic residues. Their macromolecules include condensed aromatic
fragments linked by aliphatic chains of varying degrees of branching. The structure of humic acids contains a
wide range of functional groups, the most common of which are carboxyl (—-COOH), phenolic hydroxyl
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(—OH), carbonyl, and quinone groups. The presence of these functional centers determines the pronounced
physicochemical properties of humic substances, including ion-exchange capacity, sorption activity,
hydrophilicity, and the ability to complex with metal ions [19-25].

Due to the combination of hydrophobic aromatic fragments and hydrophilic functional groups, humic
acids are capable of adsorbing on various surfaces and exhibiting the properties of natural surfactants. More-
over, their sorption properties can be significantly improved through chemical modification aimed at increas-
ing the number of functional groups and ionogenic centers in the macromolecule structure [23-25].

One effective method for modifying humic acids is sulfonation, which results in the formation of
sulfohumic acids. The introduction of sulfo groups (—-SO3H) into the structure of the humic matrix increases
the content of ionogenic centers and enhances the cation-exchange capacity of the material. The resulting
sulfated derivatives are characterized by more pronounced surface-active and sorption properties and can be
considered promising organic ion-exchange materials. Given the low solubility of sulfohumic acids, their
synthesis is of practical interest for the creation of solid-phase sorbents [26-30].

Despite the significant sorption potential of humic and sulfohumic acids, their use in individual form
has certain limitations. The main disadvantages include relatively low mechanical strength, a tendency to
partially dissolve in alkaline environments, and difficulties in separating the sorbent from aqueous solutions
after the sorption process. Therefore, a relevant area of research is the development of composite materials in
which humic substances are immobilized on the surface of various inorganic or carbon matrices [31].

In such composite systems, carbon nanotubes act as a structural framework with a high specific surface
area and a developed porous structure. Humic components, in turn, provide the functional groups involved in
the binding of metal ions. Interactions between humic molecules and the nanotube surface can occur through
7T interactions between the aromatic fragments of the humic structures and the graphene layers of the nano-
tubes, as well as through hydrogen bonds and electrostatic interactions [17, 32—-34].

The creation of composite materials based on sulfohumic acid and multi-walled carbon nanotubes is of
particular interest, as this combination combines the advantages of both components. Carbon nanotubes pro-
vide a high specific surface area, structural stability, and mechanical strength to the composite, while
sulfohumic acid forms a layer of polyfunctional organic groups on the nanotube surface that can effectively
interact with metal ions.

The presence of carboxyl, phenolic, and sulfonic functional groups in the composite structure creates a
developed system of active sites capable of binding copper cations through complexation, ion exchange, and
electrostatic interactions. The carbon nanostructure also increases the accessibility of active sites and pre-
vents the aggregation of organic components, which can lead to increased efficiency of sorption processes.

The proposed composite differs from previously described sorbents based on humic acids and carbon
nanotubes in that the humic matrix undergoes preliminary chemical functionalization by sulfonation, result-
ing in the formation of sulfated humic acid (SHA) with an increased density of oxygen-containing functional
groups, including sulfone groups (-SOsH). The sulfonation stage leads to targeted chemical modification of
the humic matrix, accompanied by changes in the distribution of active sites, acid-base characteristics, and
complexing properties of the material. This fundamentally distinguishes the developed composite from pre-
viously described sorbents.

The role of MWCNTSs in the developed composite is not limited to mechanical filling alone. MWCNTSs
form a developed structural framework that promotes a more uniform distribution of SHA, reduces the de-
gree of aggregation of sulfohumic macromolecules, and forms a hierarchically organized sorption structure
with increased accessibility of active sites.

Thus, the scientific novelty of this work lies in the development of a new type of functionalized compo-
site based on SHA and MWCNTS, which utilizes the synergistic effect of chemical functionalization and
nanostructured reinforcement. This ensures a change in the structural and chemical organization of the
sorbent and increased accessibility of functional groups compared to previously described humic
nanocomposites.

Experimental

Materials and Methods

Natural polymers — humic acids (HA), isolated from oxidized coal waste from the Shubarkol deposit
(Karaganda, Kazakhstan), were used as feedstock for the synthesis of composite materials [17]. Chemical
modification of HA by sulfonation allowed the synthesis of their sulfonated derivatives — sulfohumic acids
(SHA).
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Multi-walled carbon nanotubes (MWCNTS) from Sigma Aldrich (USA, 412988-2G) were used as a
composite modifier. They have the following characteristics: as-produced cathode deposit > 75 % MWCNTSs
basis, ODxL 7-15 nm x 0.5-10 pm. Concentrated sulfuric acid was used as the sulfonating agent. Distilled
water was used to prepare solutions. Analytical-grade NaOH (0.1 M) and HCI (0.1 M) solutions were used to
adjust the pH.

The functional composition of the composite materials was studied using infrared spectroscopy (FTIR).
Spectra were recorded in the 400-4000 cm * range using an FSM-1201 spectrometer (Infraspec Company,
St. Petersburg, Russia). Samples were prepared using the standard potassium bromide (KBr) pressing meth-
od. The resulting spectral data were processed and approximated using Fityk 1.3.1 software, which allowed
for the isolation and identification of characteristic absorption bands corresponding to the functional groups
of the composites.

The quantitative content of oxygen-containing functional groups in the composite materials was deter-
mined conductometrically using an Anion-4100 laboratory conductometer (Infraspak-Analit, Novosibirsk,
Russia). The progress of the sulfonation reaction was monitored by monitoring the functional composition of
the resulting products. The total content of oxygen-containing functional groups, including carboxyl, phenol-
ic, and sulfo groups (XCOOH+OH+SO3H), was determined by conductometric titration. The total concentra-
tion of functional groups was calculated based on the volume of titrant consumed to the equivalence point,
taking into account its molar concentration and the mass of the test sample. The amount of introduced sulfo
groups was calculated as the difference between the total content of oxygen-containing functional groups in
the sulfonated product and the initial sulfohumic acid. The obtained values are expressed as mg-eq/g. Each
determination was performed in three parallel experiments, after which the average values were calculated.
The relative standard deviation of the results did not exceed 3-5 %.

The surface morphology of the composite materials was characterized using a MIRA 3 scanning elec-
tron microscopy system (Tescan Orsay Holding, Brno-Kohoutovice, Czech Republic), equipped with detec-
tors recording various signals. The resulting SEM images were used to analyze the surface morphological
features.

The thermal stability of the composites was studied using differential thermal analysis (DTA) combined
with thermogravimetric analysis on a STA 6000 (Perkin Elmer, USA) synchronous thermal analyzer. Meas-
urements were performed in the temperature range from room temperature to 900 °C under a nitrogen at-
mosphere, at a heating rate of 10 °C/min.

Experimental Procedure

Sulfonation of Humic Acids

A two-necked flask was charged with 100 ml of H,SO, solution of varying concentrations (25, 52, and
96 %) at a 1:1 ratio of the initial components, HA:H,SO,. The reaction mixture was cooled to -2 °C, after
which 10 g of humic acid was gradually added with continuous stirring over 40 minutes. Stirring was contin-
ued for 3 hours at room temperature (23 °C). The reaction mixture was then heated in a water bath to boiling
point and maintained at this temperature for 3 hours. Upon completion of the reaction, the mixture was
cooled, 500 ml of distilled water was added, and stirring was continued for another 2 hours at room tempera-
ture. The solid phase was separated from the liquid by centrifugation, after which the precipitate was thor-
oughly washed with copious amounts of distilled water.

Synthesis of Composite Materials Based on Humic Acids and MWCNTSs

Composite materials based on sulfohumic acids (SHA) and multi-walled carbon nanotubes (MWCNTS)
were synthesized via ultrasound-enhanced coprecipitation. First, a 0.25 g sample of MWCNTSs was dispersed
in 50 ml of distilled water. Dispersion was performed using an IL 100-6/2 ultrasonic unit equipped with an
ultrasonic generator with a magnetostrictive transducer operating at a frequency of 22 kHz and a cylindrical
waveguide. The resulting MWCNTSs dispersion was slowly introduced into an aqueous solution of
sulfohumic acid containing 2 g of SHA with constant stirring. During mixing, the pH of the reaction system
was maintained at approximately 9. After the components were completely added, the resulting suspension
was further ultrasonicated for 15, 30, and 60 min to enhance interfacial interactions between the components.
The reaction mixture was then stirred at 60 °C for 6 hours, which facilitated the formation of the composite
structure. Upon completion, the system was acidified with an HCI solution to a pH of 2.0-2.5, resulting in
the precipitation of the composite material. The resulting precipitate was separated by filtration, washed with
distilled water until neutral (pH 7.0), and dried at 60 °C to constant weight. The yield of the resulting compo-
site materials was 50-60 %.
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Study of the Adsorption Properties of Composites

Sorption experiments were conducted in static mode. A 1.0 g sample of the composite was placed in a
flat-bottomed flask with a ground-glass stopper, after which 100 ml of aqueous copper sulfate solutions with
initial concentrations ranging from 10 to 150 mmol/L were added to each flask. The resulting systems were
stirred for 24 hours on a PE-6410 laboratory shaker (St. Petersburg, Russia) until sorption equilibrium was
reached. Afterward, the sorbent was separated from the solution by filtration. The residual concentration of
Cu?" ions in the filtrate was determined using iCAP6500 inductively coupled plasma atomic emission spec-
trometry (SPECTRO ARCOS EOP SPECTRO Analytical instruments GmbH, Germany).

The sorption capacity of the composite with respect to the Cu** ion was calculated based on the differ-
ence in their concentrations in the solution before and after sorption:

A= (CO _Ceq)'V ,
m
where A — the sorption capacity of the composite (mmol/g); C, — the initial concentration of Cu®* ions in
the solution before sorption (mmol/L); C.q — the equilibrium concentration of Cu?" ions in the solution after
sorption (mmol/L); V — the volume of the analyzed solution (L); m — the mass of the composite (g).

The elemental composition of the resulting composite materials was determined by elemental analysis
(C, H, O) using an Elementar Unicube automated analyzer (Elementar Analysensysteme GmbH, Germany).
At least three parallel measurements were performed for each sample, from which the average mass fractions
of the corresponding elements were calculated.

Results and Discussion

Humic acids were sulfonated using concentrated sulfuric acid at varying concentrations. The progress
of the sulfonation reaction was monitored by monitoring the functional composition of the resulting prod-
ucts. The results are presented in Table 1.

Table 1

Sulfonation of humic acids

Sample H,SO, concentration, % YCOOH+OH+SOH, Yield, %
mg-eq/g
HA — 4.5+0.2 80
SHA 25 4.9+0.2 75
SHA 52 5.840.2 70
SHA 96 6.5+0.2 66

The study results showed that increasing the sulfuric acid concentration in the reaction system leads to
an increase in the total amount of oxygen-containing functional groups in the product. Thus, when using
25 % H,S0,, the total content of oxygen-containing functional groups reached 4.9 mg-eqg/g, and the yield of
SHA was 75 %. Increasing the acid concentration to 52 % resulted in a further increase in oxygen-containing
functional groups to 5.8 mg-eq/g. The highest content of oxygen-containing functional groups was achieved
using 96 % H,SO,, where the total content of oxygen-containing functional groups increased to 6.5 mg-eq/g.
However, this was accompanied by a decrease in product yield to 66 %, which is likely due to partial de-
struction of the humic matrix under high acidity conditions.

Thus, it has been established that increasing the sulfuric acid concentration in the reaction system pro-
motes an increase in the content of oxygen-containing functional groups in the humic acid structure. The
sulfonation process occurs via the mechanism of electrophilic aromatic substitution in the aromatic frag-
ments of the humic macromolecule. In concentrated sulfuric acid, an active sulfonating agent (HSOj3") is
formed, which acts as an electrophile and attacks the aromatic rings of the humic acid. This results in the
formation of an intermediate c-complex, followed by proton detachment and reduction of the aromatic sys-
tem, forming a sulfo group (-SOzH) in the macromolecule structure (Scheme 1).
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Scheme 1. Sulfonation process in the aromatic fragments of the humic macromolecule

To obtain a composite material based on the synthesized SHC, it was further modified with multi-
walled carbon nanotubes (MWCNTS) from Sigma-Aldrich (USA, 412988-2G). The formation of a compo-
site material based on SHA and MWCNTSs occurs through a complex of non-covalent interactions between
the functional groups of the sulfohumin matrix and the surface of the carbon nanostructures. SHA contains
aromatic fragments and oxygen-containing functional groups (-COOH, —-OH, >C=0), as well as sulfonic
groups (-SOzH), capable of participating in intermolecular interactions.

The primary mechanism for SHC attachment to the MWCNTSs surface is n—7 stacking between the ar-
omatic structures of the sulfohumin matrix and the graphene-like layers of the nanotubes. Additionally, the
composite is stabilized due to the formation of hydrogen bonds and electrostatic interactions between the
functional groups of the SHA and defective oxygen-containing centers on the surface of the MWCNTSs
(Scheme 2).

Scheme 2. SHC attachment to the multi-walled carbon nanotubes (MWCNTS) surface

116 Eurasian Journal of Chemistry. 2026, Vol. 31, No. 2(122)



Synthesis and Study of the Properties of a Composite Material ...

The structural and functional characteristics of the synthesized composite material were confirmed by
elemental analysis, conductometric titration, infrared spectroscopy (IR), thermogravimetric analysis (TGA),
and electron microscopy.

Table 2
Elemental composition and functional characteristics of SHA and composite
C, H, 0, S, 2(COOH+0OH+S0OzH), 1o
Sample mass. % mass. % mass. % mass. % mg-eq/g Yield, %
SHA 57.3+£0.2 4.5+0.1 36.2+0.2 2.0£0.2 6.5+0.2 66
SHA:MWCNTs 61.5+0.2 4.1+0.1 32.6+0.2 1.8+0.2 5.6+0.2 75

Table 2 presents the results of elemental analysis, the total content of oxygen-containing functional
groups X(COOH+OH+SO0;H), and the yields of the initial SHA and the synthesized composite material, al-
lowing us to evaluate changes in the material's functional composition during the modification process.

According to the elemental analysis data, the initial SHA contains 57.3 wt.% carbon, 4.5 wt.% hydro-
gen, 36.2 wt.% oxygen, and 2.0 wt.% sulfur. The high oxygen content is due to the presence of oxygen-
containing functional groups, primarily carboxyl and phenolic ones, the total content of which is
Y(COOH+0OH) = 6.5 mmol/g. The yield of the product in the production of sulfohumic acid is 66 %.

The introduction of multiwalled carbon nanotubes leads to a change in the elemental composition of the
composite. For the SHA:MWCNTSs sample, an increase in the carbon mass fraction to 61.5 % and a simulta-
neous decrease in the oxygen content to 32.6 % are observed, which is due to the introduction of a carbon
nanofiller characterized by a high carbon content. The hydrogen content decreases to 4.1 %, and the sulfur
content to 1.8 %.

The total content of oxygen-containing functional groups X(COOH-+OH) for the composite is
5.6 mmol/g. This slight decrease in this value compared to the original SHA is due to the dilution of the hu-
mic matrix with carbon nanotubes. At the same time, the yield of the composite material increases to 75 %.

The obtained results indicate the formation of a composite structure in which the humic matrix, contain-
ing oxygen-containing functional groups, is combined with a carbon nanofiller. This combination can con-
tribute to the improvement of the physicochemical and sorption properties of the synthesized material.

The composition of the SHA and the composite based on it was confirmed by IR spectroscopy (Fig. 1).

Figure 1. IR spectra of SHA (a) and SHA:MWCNTSs composite (b)

The IR spectrum of SHA exhibits a broad, intense absorption band in the 3200-3400 cm? region, cor-
responding to the stretching vibrations of the hydroxyl groups —OH associated with the phenolic and carbox-
yl fragments of the sulfohumin structure. The bands in the 2920-2850 cm™ region are attributed to the
stretching vibrations of the aliphatic fragments —CH, and —CHj. The absorption band near 1610 cm ™ is pri-
marily due to the stretching vibrations of the aromatic C=C bonds in the condensed aromatic fragments of
the sulfohumin matrix, with possible overlap with the asymmetric vibrations of the carboxylate groups —
COO". The absorption band at 1380 cm™ corresponds to the symmetric stretching vibrations of the -COO~
carboxylate groups and may be partially related to the deformation vibrations of the —CHj aliphatic groups.
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The presence of sulfonic acid groups is confirmed by absorption bands at 1220-1250 cm™ and 1030
1040 cm™, corresponding to the asymmetric and symmetric stretching vibrations of the S=O bonds of the —
SO;H functional group. In this region, overlapping bands due to the vibrations of the C—O and S-O bonds of
the oxygen-containing functional groups of the sulfohumic matrix is possible.

The spectrum of the SHA:MWCNTSs composite retains the main characteristic bands of SHA, but ex-
hibits changes in their intensity and slight shifts in the absorption maxima. In particular, a decrease in the
band intensity in the 32003400 cm* region is noted, which may indicate a redistribution of the hydrogen
bond system due to the interaction of the functional groups of the SHA with the surface of the carbon nano-
tubes. The change in the band intensity in the 1600 cm™ region is due to the contribution of the
sp%-hybridized graphite-like structure of the MWCNTSs. However, the absorption bands of the carboxyl and
sulfonic acid groups are retained, indicating the preservation of the active functional centers of the
sulfohumic matrix.

Thus, analysis of the IR spectra confirms the formation of a composite material in which MWCNTS are
integrated into the sulfohumic matrix primarily through hydrogen bonds and n—r interactions, while main-
taining the main functional groups.

Figure 2 shows the TG of the initial SHA and the SHA:MWCNTSs composite in the temperature range
from room temperature to 1000 °C.

100 H
—— SHA-MWCNTSs

i SHA
90 A

80

Mass, %

70 A

60 -

50 T T T T T T T T \
200 400 600 800 1000
Temperature, °C

Figure 2. Thermogravimetric curves of samples SHA and SHA:MWCNTSs

In the initial temperature range (up to 150-200 °C), both samples exhibit minor weight loss due to the
removal of physically adsorbed water and volatile compounds retained within the material structure. In the
temperature range of approximately 200-450 °C, a more intense weight loss is observed due to the thermal
decomposition of oxygen-containing functional groups (carboxyl, phenolic, and sulfonic groups), as well as
partial destruction of the organic sulfohumic acid matrix. For the original SHA, this process is more intense,
resulting in a sharper weight loss compared to the composite.

In the range of 450-700 °C, the degradation of aromatic and aliphatic fragments of the organic structure
of sulfohumic acid continues. In this temperature range, the contribution of decomposition processes is sig-
nificantly greater for the original SHA, whereas for the SHA : MWCNTSs composite, the weight loss is more
gradual. With a further increase in temperature to 1000 °C, the residual mass of the composite (approximate-
ly 69 %) remains significantly higher than that of the initial SHA (up to 53 %). This higher residual mass is
due to the presence of thermally stable multiwalled carbon nanotubes (MWCNTS), which exhibit high ther-
mal stability.

Thus, the results of thermogravimetric analysis indicate that modification of sulfohumic acid with
MWCNTSs leads to increased thermal stability of the composite.

Figure 3 shows scanning electron micrographs of the surface of the initial SHA and the
SHA : MWCNTSs composite. The images were taken at a magnification of x20,000, an accelerating voltage
of 5 kV, and a working distance of 5 mm; the scale bar is 5 um. Scanning electron microscopy revealed sig-
nificant differences in the surface morphology of the SHA and the SHA : MWCNTSs composite.
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DA

Figure 3. Surface morphology of SHA (a) and SHA:MWCNTS (b)

The surface of the SHA (Fig. 3a) is characterized by pronounced morphological heterogeneity and an
amorphous structure with developed roughness. The particles form dense, irregularly shaped aggregates with
an uneven relief. Fragments of various shapes and sizes are observed on the surface, forming a microstruc-
ture represented by individual lamellar formations. This morphology is characteristic of humic substances
and is due to the tendency of macromolecular fragments to aggregate and form associated structures. The
presence of a rough microrelief can contribute to an increase in the number of accessible active sites, includ-
ing functional groups (-SOsH, —-COOH, and —OH), which play an important role in sorption interactions
with metal ions.

Unlike the original SHA, the surface of the SHA : MWCNTSs composite (Fig. 3b) is characterized by a
more developed and structurally organized morphology. The composite structure clearly displays elongated
filiform structures corresponding to MWCNTS, distributed throughout the sulfohumic matrix. The nanotubes
are partially incorporated into the sulfohumic phase, forming areas of intertwined fragments and forming a
unique spatial framework. This distribution indicates the effective fixation of MWCNTSs on the surface of the
SHA. The introduction of MWCNTSs significantly modifies the surface texture, resulting in increased rough-
ness, the formation of additional interparticle voids, and the development of a more pronounced porous
structure. This morphology indicates partial decompression of the original sulfohumic matrix and the for-
mation of a more open spatial structure in the composite. The presence of carbon nanotubes prevents dense
aggregation of humic macromolecules and promotes the formation of a spatially developed network struc-
ture.

Thus, modification of SHA with multi-walled carbon nanotubes results in the formation of a heteroge-
neous composite microstructure with a more developed surface area and an increased number of accessible
active sites. The formation of such a structure can contribute to improved sorption properties of the material,
making the SHA : MWCNTSs composite a promising sorbent for the extraction of metal ions and organic
compounds from aqueous solutions.

In this study, Cu*" ions were chosen as a model ion due to their high environmental significance and
widespread occurrence in industrial wastewater, as well as their pronounced ability to complex with oxygen-
containing functional groups of humic substances. Furthermore, Cu?* is often used as a model ion in studies
of the sorption mechanisms of functionalized carbon-containing and humic materials, allowing for a reliable
comparison of the obtained results with literature data. The study was limited to the Cu* model system for a
more detailed analysis of the mechanisms of interaction between metal ions and the functional groups of the
composite. Figure 4 shows the dependence of sorption capacity Q (mmol/g) on the equilibrium sorbate con-
centration C (mmol/L) for sulfohumic acid (SHA) and the SHA : MWCNTSs composite.
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Figure 4. Sorption isotherms of Cu®* ions in SHA and SHA : MWCNTSs

With increasing sorbate concentration in the solution, a monotonic increase in sorption capacity is ob-
served for both samples. At low concentrations (10-50 mmol/L), sorption capacity increases most rapidly,
indicating the presence of a significant number of accessible active sites on the sorbent surface. As the solu-
tion concentration increases, the increase in sorption capacity gradually slows, and at concentrations of ap-
proximately 120-150 mmol/L, the curves reach a plateau, indicating gradual saturation of the sorption sites
and the attainment of the maximum sorption capacity. The SHA : MWCNTs composite exhibits higher sorp-
tion capacity values compared to the original SHA across the entire concentration range studied. The maxi-
mum sorption capacity for the composite is approximately 4.0 mmol/g, while for SHA it is 3.5 mmol/g. The
increase in sorption capacity from 3.5 to 4.0 mmol/g may seem modest when considering only absolute val-
ues. However, it should be noted that for humic sorbents, even a relatively small increase in sorption capaci-
ty is significant, since it is achieved without the use of expensive methods of deep chemical functionaliza-
tion, aggressive reagents, or complex multi-stage synthesis procedures. The increase in sorption capacity is
accompanied by an improvement in the structural organization of the composite, increased accessibility of
functional groups, and a decrease in the degree of aggregation of the sulfohumic matrix due to the introduc-
tion of MWCNTSs, which contributes to more efficient interaction of the sorbent’s active centers with metal
ions.

Table 3 shows the coefficients of the linear approximation of the equation y = kx + b, as well as the cal-
culated parameters of the Langmuir and Freundlich isotherms for sulfohumic acid (SHA) and the
SHA : MWCNTSs composite.

Table 3
Parameters of the Cu?* sorption isotherms on SHA and SHA : MWCNTSs
calculated using the Langmuir and Freundlich models
Langmuir isotherm parameters
Maximum specific| Adsorption equi-
Sample k b adsorption A, librium constant r
mmol/g K., L/mmol
SHA 0.2038 6.7031 4.9058 0.0304 0.9808
SHA : MWCNTSs 0.1688 5.0822 5.9238 0.0322 0.9915
Freundlich isotherm parameters
Sample k b K n r
SHA 0.5651 —0.5297 1.9923 1.7695 0.9815
SHA : MWCNTs 0.5648 —0.4315 1.7527 1.7706 0.9881
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High correlation coefficients for the Langmuir model (r=0.9808 for SHA and r=0.9915 for
SHA : MWCNTSs) demonstrate good agreement with the experimental data of this model and indicate a pre-
dominantly monomolecular nature of sorption on a limited number of active sites on the sorbent surface.

The calculated values of the maximum sorption capacity A, indicate that the SHA : MWCNTSs compo-
site has a higher sorption capacity (5.9238 mmol/g) compared to the original SHA (4.9058 mmol/g). The
increase in the maximum sorption capacity is due to the introduction of multi-walled carbon nanotubes,
which contribute to an increase in the specific surface area of the composite and the formation of additional
active sorption sites. The adsorption equilibrium constant K_ for SHA is 0.0304 L/mmol, while for the
SHA : MWCNTSs composite it is 0.0332 L/mmol. The obtained values characterize the affinity of the sorbate
for the surface of the studied materials and confirm the effective interaction of the sorbents with the adsorbed
molecules.

The correlation coefficients obtained by approximating the experimental data with the Freundlich equa-
tion (r =0.9815 for SHA and r = 0.9881 for SHA : MWCNTS) also indicate a good fit to this model. This
indicates a certain heterogeneity in the sorption surface of the studied materials, caused by the presence of
various functional groups and structural defects.

The Freundlich constant Kg, which characterizes the sorption capacity of the material, is 1.9673 for
SHA, while for the SHA : MWCNTSs composite it is 1.7527. The parameter n, which reflects the intensity of
the sorption process, has values of 1.7695 for SHA and 1.7706 for SHA : MWCNTSs. Values of n > 1 indi-
cate favorable sorption and indicate high affinity of the sorbate for the sorbent surface.

Comparison of isotherm parameters shows that the sorption process on the surface of SHA and the
SHA : MWCNTSs composite can be satisfactorily described by both the Langmuir and Freundlich models, as
evidenced by high correlation coefficients (r = 0.9815-0.9881). However, slightly higher r values obtained
for the Langmuir equation indicate a better fit of the experimental data with this model. This indicates that
sorption predominantly occurs via the mechanism of monomolecular filling of active sites on the sorbent sur-
face.

At the same time, the satisfactory description of the experimental data by the Freundlich model indi-
cates the presence of energetic heterogeneity on the sorbent surface due to the presence of various functional
groups (-COOH, —OH, and —SOsH), as well as structural heterogeneities in the composite material.

Thus, an analysis of the parameters of both models shows that sorption predominantly occurs via the
mechanism of monomolecular filling of active sites (the Langmuir model). However, the sorbent surface is
characterized by a certain amount of energetic heterogeneity, which is also reflected in the satisfactory de-
scription of the process by the Freundlich model. Modification of sulfohumic acid with multiwalled carbon
nanotubes leads to an increase in the ultimate sorption capacity and improved sorption characteristics of the
composite material.

To assess the reusability of the synthesized SHA : MWCNTSs composite, we further studied its regener-
ation after adsorption of Zn®* ions from a model solution. Regeneration was performed by acid hydrolysis
using a 0.1 N HCI solution at 50-60 °C for 30 min. After treatment, the composite was separated by filtration
and washed with distilled water until CI~ ions were completely removed. Regeneration was performed after
each adsorption cycle. The Zn** concentration in the solution was determined by atomic emission spectrome-
try, and the amount of adsorbed ions was calculated from the difference in concentrations before and after
sorption, normalized to the mass of the sorbent.

It was found that after the first regeneration cycle, the composite retained approximately 60 % of its ini-
tial adsorption capacity, while after the second cycle, this value decreased to 40 % of the initial value. The
obtained results indicate a gradual decrease in the material's sorption activity with repeated regeneration,
which is likely due to partial changes in the composite’s structure and functional groups under acid hydroly-
sis conditions.

Thus, the conducted studies confirm the feasibility of regeneration and reuse of the SHA : MWCNTSs
composite. However, it was found that with an increasing number of regeneration cycles, a decrease in the
material’s sorption activity is observed. Under the studied conditions, acceptable adsorption efficiency is
maintained with no more than two regeneration cycles.

Conclusions

As a result of the study, a composite material based on SHA and MWCNTSs was synthesized. The com-
posite was obtained by ultrasonic-enhanced co-precipitation, which ensured the effective incorporation of
carbon nanotubes into the structure of the sulfohumic matrix. A comprehensive study of the synthesized
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composite using elemental analysis, conductometric titration, infrared spectroscopy, thermogravimetric anal-
ysis, and electron microscopy confirmed changes in the structural and functional characteristics of the mate-
rial after modification. It was found that the introduction of MWCNTSs leads to the formation of a more de-
veloped and disordered surface morphology, increased roughness, and the formation of additional
interparticle voids, which contributes to the increased availability of active sorption sites. The results of
thermogravimetric analysis showed that modification of SHA with carbon nanotubes leads to increased
thermal stability of the composite material. A study of the sorption properties showed that the SHA :
MWCNTSs composite is characterized by higher sorption capacity compared to the original SHA. The maxi-
mum sorption capacity increases from 4.9058 mmol/g for SHA to 5.9238 mmol/g for the composite. Analy-
sis of the sorption isotherms showed that the adsorption process is predominantly described by the Langmuir
model, indicating a monomolecular occupation of the active sites on the sorbent surface. At the same time,
satisfactory agreement between the experimental data and the Freundlich model indicates the presence of
energetic heterogeneity on the surface due to the presence of various functional groups and structural fea-
tures of the composite material.

Thus, the use of ultrasonic-enhanced coprecipitation enables the efficient formation of composite mate-
rials based on SHA and MWCNTSs with improved structural, thermal, and sorption properties. The obtained
results demonstrate the potential of the SHA : MWCNTSs composite as an effective sorbent for the extraction
of metal ions from aqueous solutions.
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