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Stepwise Chemical Oxidation of Cellulose to Tricarboxycellulose:
Synthesis, Structural Characterization, and Hemostatic Properties

Highly oxidized cellulose materials were prepared from cotton cellulose (CC), woven gauze (WG), and med-
ical cotton (MC) through sequential treatment with sodium hypochlorite (NaClO), sodium periodate (NalO,),
and hydrogen peroxide (H,0O;), with the aim of introducing additional carboxyl functional groups. The struc-
tural evolution of cellulose during each oxidation step was investigated by Fourier-transform infrared (FT-IR)
spectroscopy, which confirmed the formation of aldehyde, carboxyl, and carboxylate groups while preserving
the B-1,4-glycosidic backbone. Quantitative analysis revealed that the final tricarboxycellulose samples con-
tained up to 11.95+0.12 mmol/g, 10.55+£0.11 mmol/g, and 9.40+0.10 mmol/g carboxyl groups for CC-, WG-,
and MC-derived materials, respectively. The introduction of multiple hydrophilic functionalities significantly
improved water absorption and swelling behavior. The highest swelling degree was observed for tricarbox-
ycellulose derived from cotton cellulose, reaching 830+16.6% after 20 min, whereas samples prepared from
woven gauze and medical cotton exhibited maximum swelling values of 670+13.4% and 530+10.6%, respec-
tively. The enhanced swelling capacity was attributed to increased hydrophilicity, disruption of crystalline re-
gions, and the formation of a more open and porous polymer network. Tricarboxycellulose prepared from cot-
ton cellulose exhibited the most effective hemostatic activity, with a bleeding time of 69+3.24 sec and a blood
clotting index of 55.6+0.15%, outperforming commercial oxidized cellulose powder.

Keywords: cotton cellulose, woven gauze, medical cotton, tricarboxycellulose, cellulose oxidation, dialde-
hyde cellulose, carboxyl groups, swelling behavior, hemostatic properties

Introduction

Cellulose has emerged as a promising sustainable biopolymer because of its renewable origin, biodeg-
radability, biocompatibility, low toxicity, and suitable mechanical characteristics, which enable its use as an
eco-friendly substitute for synthetic materials in various applications [1]. Although cellulose possesses sev-
eral attractive properties, its dissolution remains difficult in water and most conventional organic solvents
because of the compact crystalline arrangement of its chains and the strong hydrogen-bonding interactions
formed within and between the polymer chains [2, 3]. The insolubility of cellulose is attributed to its
chemical structure and several related structural factors. In particular, cellulose is a high degree of
polymerization macromolecule whose dissolution is restricted by strong intra- and intermolecular hydrogen-
bonding interactions and by the reduced entropic driving force associated with dissolving long polymer
chains [4, 5]. Secondly, each anhydroglucose unit of cellulose contains three hydroxyl groups together with
ring and glycosidic oxygen atoms, which participate in extensive intra- and intermolecular hydrogen-bonding
interactions [6]. The hydroxyl groups located at the C2, C3, and C6 positions of cellulose act as the main
reactive sites for chemical modification, allowing the production of various cellulose derivatives with
tailored properties [7].

Oxidation of cellulose using different oxidizing systems can generate oxidized cellulose derivatives
containing various functional groups, including aldehyde, ketone, and carboxyl groups [8, 9].
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Oxidation of cellulose can be performed using different oxidizing systems, including nitrogen oxide,
nitric acid based oxidants, sodium chlorite, peroxides, periodate, and other selective oxidation systems [10-
12].

The selectivity and efficiency of cellulose oxidation are strongly influenced by the oxidizing system,
reaction pH, temperature, solvent environment, and other process parameters [12, 13]. The structure of
oxidized cellulose derivatives depends strongly on the oxidation system, as different oxidants introduce
functional groups at distinct positions of the anhydroglucose unit, such as C6 carboxylation via TEMPO
oxidation and C2, C3 carboxylation via periodate-chlorite oxidation [14].

The oxidation pathway of cellulose depends on the position of the hydroxyl groups: primary hydroxyl
groups at the C6 position can be converted into aldehyde or carboxylic acid groups, whereas oxidation of
secondary hydroxyl groups at C2 and C3 commonly leads to the formation of dialdehyde structures through
periodate-mediated C2-C3 bond cleavage [15, 16]. Periodate oxidation selectively cleaves the C2—C3 vicinal
diol units of cellulose, leading to pyranose ring opening and the formation of dialdehyde cellulose, while
subsequent chlorite oxidation converts the aldehyde groups into dicarboxylated cellulose structures [17].

The oxidizing agents most widely used in the selective oxidation of cellulose include nitroxyl radicals
and sodium periodate [13, 18]. Sodium periodate is an effective reagent for the selective oxidation of
cellulose because it targets the vicinal diol groups at the C2 and C3 positions of the anhydroglucose unit,
resulting in C2-C3 bond cleavage and the formation of dialdehyde cellulose structures [19]. Sodium
periodate (NalO,) oxidation of cellulose leads to the formation of dialdehyde cellulose (DAC) through
selective cleavage of C2—C3 vicinal diol groups [20].

Periodate oxidation of cellulose is commonly conducted in aqueous media under mild conditions,
typically at 25 °C temperatures, to produce dialdehyde cellulose structures [21]. Under these conditions, the
mechanism of selective oxidation of cellulose in the presence of sodium periodate under mild conditions is
shown in Scheme 1.
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Scheme 1. Selective oxidation of cellulose using sodium periodate [22].

One of the advantages of this method is its high yield and the ability to readily produce dispersible
cellulose nanofibrils (Scheme 1). Moreover, the aldehyde groups obtained during oxidation may undergo
further conversion into carboxylic acids or react with amines to produce Schiff bases [23-25]. At the initial
stage of the reaction, periodate ions attack the C2-C3 bonds in the crystalline regions, resulting in disruption
of the highly ordered macromolecular structure [26]. Periodate oxidation introduced reactive aldehyde
groups that formed hemiacetal and hemialdal linkages during film formation, contributing to improved
mechanical performance and water barrier properties [27].

In order to reduce the reaction time, the oxidation was carried out at temperatures above 85 °C using
metal salts (LiCl, ZnCl,, CaCl,) as cellulose activators, despite the fact that periodate decomposes at
temperatures above 55 °C [28]. It has been demonstrated that, under such conditions, dialdehyde cellulose
(DAC) containing a high amount of aldehyde groups may be produced at comparatively low periodate
concentrations [29].

Hydrogen peroxide treatment under mildly acidic conditions induces oxidative modifications in wood-
derived cellulose fibers, resulting in an increased content of carbonyl-containing functional groups [30]. It
has been demonstrated that the use of widely employed oxidants, including H,O,, enables the introduction of
carbonyl groups into the cellulose structure [31]. Furthermore, it has been noted that the large-scale
production of cellulose with enhanced moisture resistance can be achieved even without the use of additional
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additives [32]. The behavior and reaction mechanism of H,O, at alkaline pH have been successfully
investigated, as shown in Scheme 2.
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Scheme 2. Mechanism of H,O,-mediated oxidation of aldehyde groups to carboxyl groups.

During the oxidation process under alkaline pH conditions, the main effect is attributed to the
hydroperoxide anion generated from the decomposition of hydrogen peroxide, resulting in a pH medium
range of 10-12. At low pH values, hydrogen peroxide undergoes decomposition either via the Fenton
reaction [33] with metals or through interaction with organic substances, such as cellulose, leading to the
formation of hydroxyl radicals [34]. Hydroxyl radicals can react with several atoms of the carbohydrate
chains, with the primary sites being the oxidation of secondary hydroxyl groups or the anomeric carbon
atom. The oxidation process is initiated by the abstraction of a hydrogen radical from the carbon atom
associated with a secondary hydroxyl group, ultimately leading to the incorporation of oxygen and the
formation of a ketone functional group [35].

Acidic ozonation can promote radical-mediated oxidation of cellulose, resulting in the formation of
carbonyl groups and partial cleavage of the polymer chains. Hydroxyl-radical attack near the anomeric C1
position may contribute to hydrogen abstraction, chain scission, and the development of oxidized carbonyl-
containing structures [36].

H,0O,-based oxidation is considered a relatively environmentally benign process because hydrogen
peroxide decomposes into water and oxygen, minimizing persistent chemical residues [37]. Hydrogen
peroxide is considered an environmentally benign oxidant because its decomposition mainly produces water
and oxygen; however, under certain reaction conditions, reactive oxygen species generated from H,O, can
promote cellulose degradation and side reactions [38].

The development of highly functionalized cellulose derivatives requires oxidation strategies capable of
modifying different reactive sites within the anhydroglucose units while maintaining an appropriate balance
between functional-group density and structural integrity. The introduction of oxygen-containing functionali-
ties, particularly carboxyl groups, is of considerable interest for biomedical applications because it can influ-
ence cellulose hydration, swelling behavior, and interactions with blood components [39].

Conventional TEMPO-mediated oxidation provides an efficient and regioselective pathway for
converting primary hydroxyl groups at the C6 position into carboxyl functionalities, whereas direct
functionalization of the secondary C2 and C3 positions remains limited under typical reaction conditions
[40]. Enzymatic oxidation represents another promising approach; however, its regioselectivity is governed
by the catalytic characteristics of the enzymes employed, with Iytic polysaccharide monooxygenases
predominantly targeting positions associated with oxidative cleavage of glycosidic linkages [41]. In contrast,
periodate oxidation provides access to the C2-C3 positions through selective cleavage of vicinal diol groups,
generating reactive dialdehyde structures [42]. These aldehyde functionalities can subsequently undergo
further oxidation to carboxyl groups. Previous investigations have demonstrated the feasibility of combining
periodate oxidation with hydrogen peroxide treatment to increase the carboxyl functionalization of cellulosic
materials [43]. Nevertheless, extensive oxidation may also promote polymer-chain degradation, highlighting
the importance of controlling the reaction conditions [44].

Based on these considerations, the present study investigates a sequential NaClO-NalO,-H,0,
oxidation strategy designed to integrate three complementary chemical transformations: initial oxidation of
accessible hydroxyl groups, selective generation of C2-C3 dialdehyde functionalities, and subsequent
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oxidation of carbonyl-containing intermediates toward additional carboxyl groups. The final H,O, treatment
is introduced specifically to promote the conversion of periodate-generated aldehyde functionalities, thereby
providing a distinct chemical purpose for the third stage. Rather than seeking procedural simplicity, this
approach aims to extend cellulose functionalization beyond the predominantly Cé6-selective pathways and
obtain highly carboxylated materials with tailored physicochemical properties.

This study aims to characterize highly oxidized cellulose obtained from cotton cellulose, woven gauze,
and medical cotton and to determine how the oxidation process influences carboxyl-group content, swelling
capacity, and hemostatic performance.

Experimental

Materials

Cotton cellulose (CC, (CgH1¢Os)s, >98%, degree crystalline (DC)=84, degree polymerization
(DP)=1200) was purchased from Promxim Impex Ltd. (Uzbekistan); woven gauze (WG), medical cotton
bandage, (CC<95%, DC=65, DP=970) was obtained from Jizzakh Chemical Plant LLC (Uzbekistan); and
medical cotton (MC) (CC<98% DC=70, DP=1050) was purchased from Midicot Ltd. (Uzbekistan). Sodium
hypochlorite (NaClO, 10-15%, CAS No. 7681-52-9), sodium periodate (NalO,4, >99%, CAS No. 7790-28-5),
hydrogen peroxide (H,0,, 30-35%, CAS No. 7722-84-1), hydrochloric acid (HCI, CAS No. 7647-01-0), sul-
furic acid (H,SO,4, 96-98%, CAS No. 7664-93-9), hydroxylamine (NH,OH, 50 wt.% in H,O, CAS No.
7803-49-8), and sodium hydroxide (NaOH, 98.0%, CAS No. 1310-73-2) were purchased from Sigma-
Aldrich. Commercial SURGICEL® Powder Absorbable Hemostat (oxidized regenerated cellulose (ORC),
Ethicon, LLC, San Lorenzo, Puerto Rico, USA), containing 3 g of ORC powder, was used as a reference
hemostatic material. Distilled water (CAS No. 7732-18-5) was used throughout the experiments. All other
chemicals were of analytical grade.

Method for the Preparation of Tricarboxycellulose

The oxidation reaction was carried out through the stepwise oxidation of cellulose for its application as
a hemostatic agent. In the first stage, 5 g of cellulose was treated with a 14 g/l NaClO solution at a 1:10 vol-
ume ratio for 3-4 hours at 60 °C. After the process, the oxidized cellulose was filtered, washed 4-6 times with
distilled water until neutral pH was achieved, and lyophilized for 10-12 hours at 80 °C. To increase the
carboxyl group content in the oxidized cellulose obtained using NaClO solution, sodium periodate (NalO,)
was used to cleave the C2-C3 carbon bond. In the subsequent step, the reaction was carried out using a 1.5-
2.5% NalO, solution for 10-15 minutes at 30-35 °C. The oxidized cellulose sample was washed 10-12 times
with distilled water until a neutral medium was achieved and then lyophilized for 6-8 hours at 80 °C. In the
final stage, 3 g of oxidized cellulose was treated with 4-10% H,O, at a 1:10 mass ratio for 1-3 hours at 70-80
°C. The resulting reaction mixture was filtered, washed until a neutral medium was achieved, and dried to a
moisture content of 4 + 0.5% [45].

Determination of the Swelling Degree of Tricarboxycellulose

The water retention value (WRV) method [46] is considered one of the most effective approaches for
evaluating the swelling capacity of oxidized cellulose. Initially, 0.2000-0.5000 g of dry tricarboxycellulose
was accurately weighed, and the sample was allowed to swell in distilled water for 30 minutes at 25-30 °C.

Subsequently, the sample was filtered through membranes with a pore size of 50-200 nm, and excess
water was removed using dry filter paper. The sample was then centrifuged at 8000 rpm for 10 minutes, after
which the wet weight was determined.

The following formula was used to calculate the swelling degree of tricarboxycellulose:

WRYV (g/g) = (mz - my) / my, (1)

where: m; - is the initial dry mass of tricarboxycellulose (g); m> - is the mass of tricarboxycellulose (g),
filtered and dried to constant weight.

Infrared Spectroscopic Analysis Method

The structure of the samples was analyzed using an “Inventio-S” FT-IR spectrophotometer (Bruker,
Germany) in the wavelength range of 500-4000 cm™.

Determination of Carboxyl Groups
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The content of carboxyl groups (mmol/g) in tricarboxycellulose samples was determined by titration
using a Mettler Toledo conductometer (Mettler Toledo, Switzerland). In this procedure, 0.2 g of
tricarboxycellulose was added to 20 ml of 0.1 N HCI solution and stirred for 15 minutes, after which the
resulting suspension was titrated with 0.5 N NaOH [47]. The content of carboxyl groups in the
tricarboxycellulose sample was determined using the following formula:

Carboxyl content (mmol/g) =V x N/ W x 1000, 2)

where: V — is the volume of NaOH consumed (ml); N — is the normality of NaOH (typically 0.1); W — is the
mass of the sample (g).

Determination of the pH Value

The pH values were determined using a FiveEasy Plus FP20 pH/mV meter (Mettler Toledo,
Switzerland), which measures the proton (H*) concentration in the solution.

Determination of the Aldehyde Group Content in DAC

In 25 ml distilled water, 0.5 g of DAC were dispersed. Then, 25 ml of 0.25 M hydroxylamine hydro-
chloride solution was added, and the pH was adjusted to approximately 4.0 using 0.1 M HCI solution and
stirred at 25 °C for 4 hours to ensure complete reaction between aldehyde groups and hydroxylamine hydro-
chloride. After completion of the reaction, the released hydrochloric acid was titrated with standardized 0.1
M NaOH solution until the endpoint (pH 4.0-4.5 or phenolphthalein indicator endpoint) was reached. A
blank experiment was carried out under the same conditions without the sample. The number of aldehyde
groups in the DAC was calculated using the following equation:

(AG)Aldehyde content(mmol/g) = {2—V0XCm 3)

m

where: AG — is the aldehyde group content, (mmol/g); Cy — is the molar concentration of the consumed
NaOH, mol/l; Va — is the volume of alkali consumed for DAC, (ml); m — is the mass of the dry sample, (g);
Vb — is the volume of alkali consumed for cellulose, (ml); Mr — is the molecular weight of dialdehyde
cellulose, (g/mol).

Determination of Hemostatic Properties

The hemostatic properties of oxidized cellulose were evaluated using the whole blood clotting assay.
Fresh animal blood anticoagulated with sodium citrate was used for the experiment. A known amount of ox-
idized cellulose sample was placed in a test tube, and a fixed volume of blood was added onto the material
surface. Subsequently, CaCl, solution was introduced to initiate coagulation, and the mixture was incubated
at 37 °C for a predetermined time interval.

After incubation, distilled water was added carefully to lyse the non-coagulated red blood cells. The ob-
tained suspension was analyzed spectrophotometrically by measuring the absorbance of hemoglobin at 540
nm. Lower absorbance values indicated better blood clotting ability and higher hemostatic activity of the ox-
idized cellulose samples. A blank experiment without the sample was performed under identical conditions
for comparison.

The blood clotting index (BCI) was calculated according to the following equation:

BCI (%) = AJA:x100, 4)

where: A;-is the absorbance of the sample; A. - is the absorbance of the control sample. Lower BCI values
correspond to improved hemostatic performance.

Hemostatic Evaluation Using Hemorrhage Models

The hemostatic performance of the powdered agent was assessed using a standardized rat liver injury
model. Under general anesthesia, laparotomy was performed to expose the liver, and the right liver lobe was
selected as the bleeding site. A uniform parenchymal injury of 5x5 mm in area and approximately 2 mm in
depth was created. Immediately after wound formation, 0.05-0.10 g of the powdered hemostatic material was
applied to the injury surface. Hemostatic efficacy was evaluated based main parameters of time to
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hemostasis. The time to hemostasis was measured with a stopwatch from the onset of bleeding until
complete bleeding cessation [46].

Statistical Analysis

The data were recorded and analyzed using Origin 8.5 software. The results are reported as the means +
standard deviation (SD). ANOVA software was used to evaluate statistically significant differences between
multiple groups, with a P-value of less than 0.05 considered significant and a P-value of less than 0.01 con-
sidered highly substantial.

Results and Discussion

To establish the reaction conditions for oxidized cellulose production, cotton cellulose (CC), woven
gauze (WGQG), and medical cotton (MC) were selected as initial materials and oxidized using sodium
hypochlorite (NaClO) solution. The influence of reaction parameters on the oxidation efficiency and
properties of the obtained oxidized cellulose was systematically investigated. In this process, the effects of
various factors on oxidation, including oxidant concentration, reaction duration, and temperature, were
investigated. Under various conditions, the content of carboxyl groups in the samples and the product yields
were determined, and results are presented in Table 1.

Table 1
Oxidation of CC, WG, and MC using sodium hypochlorite (NaClO) solution

Reaction Content .
Samples C(NaClO), g/L pH duration. h T, °C of carboxyl groups (- Yield, %
’ COOH), mmol/g

3 40 1.33+0.019 68+2.72

4 40 1.67+0.025 64+2.56

3 50 1.87+0.028 5842.32

cC 14 9-9:3 4 50 2.00£0.030 53+2.12
3 60 2.33+£0.035 48+1.92

4 60 3.11+0.046 44+1.76

3 40 1.16+£0.017 65+2.61

4 40 1.44+0.021 594+2.36

3 50 1.51+0.022 554221

WG 14 993 4 50 1.7820.026 502,01
3 60 1.82+0.027 45+1.81

4 60 2.40+0.036 40+1.61

3 40 1.00+0.001 78+3.12

4 40 1.29+0.019 704+2.81

3 50 1.47+0.022 66+2.64

MC 14 9-9:3 4 50 1.60+0.024 60+2.41
3 60 1.734+0.026 56+2.24

4 60 2.11+0.031 50+2.05

As shown in Table 1, the application of a 14 g/L NaClO solution markedly promotes cellulose oxidation
by converting primary hydroxyl groups into carboxyl groups, thereby enhancing the efficiency of the
modification process. During the oxidation process, the reaction efficiency is significantly dependent on the
pH of the medium. The reaction conditions were achieved at pH 9.0-9.5, where NaClO remained sufficiently
stable and reactive. At pH values below 7, rapid decomposition of NaClO reduced the availability of active
oxidizing species. Conversely, strongly alkaline conditions above pH 11 induced cellulose degradation,
adversely affecting the structural integrity of the oxidized samples.

The reaction duration directly affects the carboxyl group content and the product yield. The reduced
yield may result from cellulose depolymerization and the formation of water-soluble sodium carboxylates,
which are partially lost during product isolation.

The experimental results revealed that the oxidation time is a critical parameter controlling both the
degree of functionalization and the preservation of cellulose integrity. A reaction period of 2-3 h was not
sufficient for effective carboxyl group formation. However, prolonged oxidation for 5-6 h led to excessive

6 Eurasian Journal of Chemistry, 2026



Stepwise Chemical Oxidation of Cellulose to Tricarboxycellulose: ...

interaction with the oxidizing agent, resulting in partial degradation of cellulose molecules. Thus, the 4 h
reaction time was identified as the reaction conditions, yielding the highest-quality product (Table 1).

Overall, prolongation of the reaction time significantly enhanced cellulose oxidation, as evidenced by
the increased carboxyl group contents of 3.11+£0.046 mmol/g, 2.40+0.036 mmol/g, and 2.11£0.031 mmol/g
for CC, WG, and MC, respectively. However, the higher degree of oxidation was accompanied by a substan-
tial reduction in product yield, reflecting partial degradation of the cellulose matrix and resulting in yields of
4441.76%, 40+1.61%, and 50£2.05%, respectively.

The FT-IR spectra of oxidized CC, WG, and MC prepared by NaClO-mediated oxidation are shown in
Figure 1.

Transmittance, %

-+ 3390

T I I T I T I T I T I T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavernumber, cm™!

a. Cellulose; b. OC obtained by oxidizing CC; ¢. OC obtained by oxidizing WG; d. OC obtained by oxidizing MC.
Figure 1. FT-IR spectroscopic results of mono-carboxylated cellulose samples.

The FT-IR spectra presented in Figure 1 reveal notable structural modifications in CC, WG, and MC af-
ter NaClO oxidation, as evidenced by the emergence and intensification of absorption bands corresponding
to carbonyl and carboxyl groups.

A characteristic broad absorption band observed at 3340-3400 cm™ in the spectrum of native cotton cel-
lulose corresponds to the O-H stretching vibrations of hydroxyl groups involved in intra- and intermolecular
hydrogen bonding. After NaClO-mediated oxidation, the diminished intensity and reduced width of this band
indicate the partial oxidation of hydroxyl groups to carbonyl and carboxyl groups, resulting in decreased hy-
drogen-bonding interactions within the cellulose matrix. This transformation also reflects partial disruption
of crystalline regions and the formation of amorphous domains within the cellulose matrix.

The absorption peak located in the 2890-2925 cm™ region corresponds to the C-H stretching vibrations
of aliphatic CH and CH, groups. Its relatively unchanged appearance across all samples indicates that
NaClO oxidation predominantly occurred at hydroxyl functionalities without causing significant alterations
to the cellulose backbone.

The appearance of new absorption bands at 1720-1740 cm™ in the oxidized samples confirms the suc-
cessful oxidation of cellulose, as these bands are associated with the C=O stretching vibrations of newly
formed carboxyl and aldehyde groups. These peaks are weak in the unmodified cellulose but become promi-
nent in the oxidized samples, confirming the successful introduction of carbonyl functionalities. Among the
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three oxidized samples, the intensity of this band follows the order CC > WG > MC, which correlates with
the quantitative increase in carboxyl group content 3.11+0.046 mmol/g, 2.40+0.036 mmol/g, and 2.11+0.031
mmol/g, respectively. The higher reactivity of pure cellulose is attributed to its greater accessibility of hy-
droxyl groups and lower degree of processing impurities compared with gauze and cotton, which contain
residual waxes and finishing agents that partially hinder reagent diffusion.

Another significant spectral feature is observed at 1600-1635 cm’, corresponding to asymmetric
stretching vibrations of carboxylate anions (-COQO"). The emergence of this peak in all oxidized samples in-
dicates partial ionization of the newly formed carboxyl groups and the presence of cellulose carboxylate
salts. The relative increase in its intensity compared with the band at 1730 cm™ suggests that both neutral -
COOH and ionic -COO" forms coexist in the oxidized matrix.

In the fingerprint region, characteristic bands at 1420 cm™ and 1375 cm’!, attributed to CH, scissoring
and C-H bending vibrations, remain visible in all samples, implying that the primary skeletal structure of the
glucopyranose units is preserved. Similarly, the absorption at 1030-1050 cm™, related to C-O-C stretching of
ether linkages and glycosidic bonds, confirms that the -1,4-linked polysaccharide backbone remains intact
despite partial oxidation [45]. The presence of a distinct band near 890 cm! assigned to B-glycosidic linkages
further supports the retention of the cellulose network and indicates that oxidative cleavage did not result in
complete depolymerization.

Overall, the FT-IR spectra collectively demonstrate that oxidation with NaCIO effectively introduces
carboxyl and carbonyl functionalities into the cellulose structure while maintaining the B-1,4-linked polysac-
charide skeleton. The transformation primarily occurs at the C6 hydroxyl positions of the glucose units, lead-
ing to enhanced hydrophilicity and increased surface charge, which directly contribute to the observed im-
provement in swelling capacity and hemostatic behavior of the oxidized cellulose materials.

The swelling properties of pristine cellulose, woven gauze, and medical cotton, as well as the corre-
sponding oxidized samples obtained through NaClO-mediated oxidation, were investigated. The results are
summarized in Figure 2 and Table S1.

(e N
= h
= =

1 1

Swelling degree, %
2
1

100 — ! I ! H H H H H
- 1 -

50 4

T T 1
0 5 10 15 20 25 30
Time, min

A. CC samples; B. WG samples; C. MC samples; Al. OC samples obtained from CC; B1. OC samples obtained from
WG; C1. OC samples obtained from MC.
Figure 2. Swelling properties of mono-carboxylate cellulose samples obtained by oxidizing CC, WG, and MC using
NaClO solution.

As shown in Figure 2, both the initial of the cellulose-based materials and the oxidation treatment sig-
nificantly influenced the water-uptake behavior of the samples. According results of investigation untreated
samples of CC showed the highest swelling capacity, reaching 130+1.7% after 20 min, whereas WG and MC
exhibited lower equilibrium values of 111£2.2% and 100+3.5%, respectively (Figure 2, A-C and Table S1).
These differences can reasonably be attributed to variations in fiber organization, structural compactness, and
the presence of residual noncellulosic constituents or processing-induced heterogeneities, all of which may
restrict water diffusion into the cellulosic network.
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The OC sample derived from CC exhibited the highest swelling capacity, reaching a maximum of
380+3.3% at 20 min, while the corresponding values for oxidized WG and oxidized MC were 300+3.0%
and 250+2.5%, respectively (Figure 2, 41-C1 and Table S1). In comparison with the initial materials at the
same immersion time, this corresponds to an approximately 2.9-fold increase for CC, a 2.7-fold increase for
WG, and a 2.5-fold increase for MC. Such a pronounced enhancement indicates that oxidation promoted a
substantial increase in the affinity of the cellulose matrix toward water. The results presented in Figure 2
above are provided in Table S1.

The improved swelling behavior of the oxidized samples can be explained by chemical and structural
modifications induced by NaClO treatment. Oxidation is expected to introduce additional oxygen-containing
functional groups, particularly carbonyl- and carboxyl- containing moieties, into the cellulose structure. The
formation of these polar groups increases the interaction of the polymer matrix with water molecules and, at
the same time, reduces the strength of intermolecular hydrogen bonding between adjacent cellulose chains
[48]. As a result, the supramolecular structure becomes less compact, facilitating water penetration into the
interfibrillar and amorphous regions. This structural loosening is consistent with the much higher swelling
values recorded for the oxidized materials.

Another notable feature is that all oxidized samples reached their maximum swelling degree at approx-
imately 20 min, after which a slight decline was observed. For example, the swelling degree of oxidized CC
decreased from 380+3.3% at 20 min to 325+2.8% at 30 min, while the corresponding values for oxidized
WG and oxidized MC decreased from 300+3.0% to 255+3.3% and from 2504+2.5% to 21542.5%, respective-
ly (Table S1). This tendency may be associated with partial relaxation or rearrangement of the swollen oxi-
dized network, leading to the release of loosely bound water [49]. Nevertheless, despite this slight post-
maximum decrease, the oxidized samples consistently retained much higher swelling capacities than their
untreated counterparts, demonstrating the persistent effect of oxidation on water-retention performance.

Overall, the obtained results confirm that NaClO oxidation is an efficient route for improving the swell-
ing characteristics of cellulose-based materials. From a comparative standpoint, the swelling performance of
the studied samples followed the order OC from CC > OC from WG > OC from MC > CC > WG > MC.
This trend indicates that both the chemical modification and the intrinsic structural features of the precursor
material govern the final hydration behavior.

When cellulose is first oxidized till mono-carboxylate cellulose with NaClO (Figure 3, First stage) and
subsequently re-oxidized with NalO,, oxidizes the vicinal diols in the cellulose chain to aldehyde groups. In
this process, the hydroxyl groups at the C2-C3 carbon atoms cleave the C-C bond, resulting in the formation
of dialdehyde cellulose (DAC). This modification enhances the reactivity and multifunctional properties of
cellulose (Figure 3, Second stage).
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COO H

NalOy4
—_—
pH 3-3.5

i 0 ~
d-on T I Third stage
Q (.
H H  H\Ncuso,/H,0,
—_— O R
I|1 H H pH 3-4
|
C C
T c-on |,
o) 0 | n

Figure 3. Schematic representation of the three-stage oxidation of cellulose using NaClO, NalO,, and H,0,/CuSO,
to produce highly functionalized tricarboxylated cellulose.

The obtained oxycellulose sample was further oxidized with NalO, (10-25 min, 35°C, 2.5%
concentration), resulting in the cleavage of the C2-C3 vicinal diol and the formation of 2,3-dialdehyde
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cellulose. The aldehyde group content was subsequently determined. The primary purpose of re-oxidizing
oxycellulose (OC) samples, obtained through the initial oxidation of cellulose with 14 g/L NaClO, with
NalO, was to convert the vicinal diol groups located at the C2 and C3 carbon atoms into aldehyde groups
(Figure 3, Second stage). The results are presented in Table 2.

Table 2

Oxidation of monocarboxylated cellulose with NalQ, for the synthesis of dialdehyde cellulose

Reaction . Content of aldehyde .
Samples C(NalOy), % pH duration, h T, °C group (-CHO), Yield, %
mmol/g
10 4.8+0.048 7242.88
OC sample obtained 25 35 15 35 5.7+£0.057 61+2.44
from CC ' ' 20 7.2+0.072 55+2.21
25 7.4+0.074 48+1.92
10 3.7+0.037 66+2.64
OC sample obtained 25 35 15 35 4.9+£0.049 58+£2.32
from WG ) ‘ 20 6.2+0.062 56+2.24
25 6.4+0.064 43+1.76
10 3.2+0.032 7543.01
OC sample obtained 25 35 15 35 4.340.043 66+2.64
from MC ' ’ 20 5.0+0.051 56+2.22
25 5.34£0.053 47+1.88

As shown in Table 2, the conversion of oxycellulose (OC) to dialdehyde cellulose was achieved by
oxidation with a 2.5 % NalO, solution under controlled pH conditions at 35 °C for reaction times ranging
from 10 to 25 min. At 35 °C, NalO, demonstrates high oxidative activity, ensuring efficient selective
oxidation. However, further increases in temperature accelerate the decomposition of NalO,, thereby
reducing the overall efficiency of the oxidation process.

When the reaction temperature exceeds 35 °C, the activity of periodate decreases, resulting in a reduced
material yield. The oxidation process with NalO,4 was carried out in an acidic medium at a pH of around 3.5,
under which conditions NalO, exhibits maximum activity, selectively converting the C2-C3 diol groups in
the cellulose structure into aldehyde groups [50].

Considering the above, the reaction conditions were determined as pH 3.5, a reaction duration of 20
minutes, and a temperature of 35 °C. Under these conditions, the aldehyde group content was found to be 7.2
+0.072 mmol/g in the DAC obtained from CC, 6.2+0.062 mmol/g in the DAC obtained from WG, and
5.0+0.051 mmol/g in the DAC obtained from MC. These values enhance the activity of dialdehyde cellulose
and increase its potential for further modifications. The yield of the process was found to be 55 %, 56 %, and
56 %, respectively. The yield was found to depend on the reaction conditions. When the pH, temperature, or
reaction time exceeded the reaction conditions range, a significant decrease in yield was observed.

The FT-IR spectra of the dialdehyde cellulose samples obtained by re-oxidizing oxycellulose (OC) with
sodium periodate (NalO,) are presented in Figure 4.

The FT-IR spectra shown in Figure 4 clearly reveal the structural changes occurring in CC, WG, and
MC during the secondary oxidation of the NaClO-treated samples with NalO,, leading to the formation of
dialdehyde cellulose. This oxidation pathway selectively cleaves the vicinal hydroxyl groups at the C2 and
C3 carbon atoms of the anhydroglucose units, forming DAC. The spectral profiles of the samples thus reflect
the successful conversion of hydroxyl functionalities into aldehyde and carboxyl groups, as well as the
partial rearrangement of the polysaccharide backbone.

10 Eurasian Journal of Chemistry, 2026



Stepwise Chemical Oxidation of Cellulose to Tricarboxycellulose: ...

Transmittance, %

1055 == - --

3320
0.05 T T T T T T T T T T T T T ]

4000 3500 3000 2500 2000 1500 1000 500

Wavernumber, cm™

a. Dialdehyde cellulose obtained by the oxidation of CC; b. Dialdehyde cellulose obtained by the oxidation of WG;
c. Dialdehyde cellulose obtained by the oxidation of MC.
Figure 4. Results of FT-IR spectroscopic analysis of dialdehyde cellulose samples.

In the spectrum of unmodified cotton cellulose, a broad and intense absorption band at 3340-3400 ¢cm'!
corresponds to O-H stretching vibrations associated with inter- and intramolecular hydrogen bonding (Figure
4, a). After NalO4 oxidation of CC till aldehyde cellulose, the intensity of this band markedly decreases and
shifts slightly toward lower wavenumbers (~3320 cm™), suggesting the consumption of a portion of the
hydroxyl groups during oxidation and the consequent reduction of hydrogen-bond density (Figure 4, b). This
spectral change is accompanied by a mild increase in baseline absorbance, reflecting enhanced
amorphousness and increased molecular disorder within the cellulose matrix.

The most notable difference between the native and oxidized samples is the appearance of a strong new
band at 1730-1740 cm™, assigned to the C=O stretching vibration of aldehyde groups (-CHO ) and, to a
lesser extent, carboxyl groups (-COOH). This band is absent in pristine cellulose but becomes prominent in
all NalOs-oxidized spectra, confirming the successful formation of dialdehyde cellulose (Figure 4, b-c). The
relative intensity of the 1730 ¢m™ band follows the order CC > WG > MC, indicating that pure cellulose
undergoes the highest degree of oxidation. This trend is consistent with the experimentally determined
aldehyde group contents of 7.2+0.072, 6.2+0.062, and 5.0+£0.051 mmol/g, respectively (Table 2). The higher
reactivity of pure cellulose is attributed to its greater accessibility of secondary hydroxyl groups and lower
structural compactness compared with gauze and cotton, whose denser fiber morphology restricts periodate
penetration.

A distinct absorption peak near 1625 cm™! is observed in all oxidized spectra, which can be attributed to
asymmetric stretching vibrations of ionized carboxylate groups (-COO). This suggests that partial over-
oxidation of aldehyde groups to carboxylic acids occurred during the reaction or subsequent drying. The
coexistence of carbonyl and carboxylate functionalities enhances the overall polarity of the oxidized matrix,
explaining the improved hydrophilicity and sorption behavior observed in subsequent experiments.

In the region of 1130-1150 cm™, a moderate-intensity band associated with C-O stretching of
hemiacetal linkages is detected. The emergence of this peak indicates the possible intramolecular reaction
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between newly formed aldehyde and neighboring hydroxyl groups, yielding hemiacetal structures and
crosslinked domains within the cellulose network. These spectral changes imply a partial reconstruction of
the polymer matrix toward a more compact configuration, consistent with literature reports [50] on DAC
formation.

The bands at 1050 cm™ (C-O-C stretching of glycosidic bonds) and 890 cm™ (B-glycosidic linkages)
remain visible, confirming that despite oxidation-induced cleavage at C2-C3, the fundamental -1,4-linked
polysaccharide framework is largely preserved. However, a slight decrease in their intensity indicates partial
chain scission and local disruption of crystallinity.

A comparative evaluation among the three oxidized materials reveals that the DAC obtained from CC
exhibits the strongest C=0 absorption at 1735 cm™ and the most pronounced decrease in the O-H band,
demonstrating the highest oxidation efficiency (Figure 4, b). The DAC obtained from WG shows
intermediate characteristics, where both aldehyde and carboxylate peaks appear with moderate intensity,
suggesting partial oxidation limited by lower surface accessibility (Figure 4, ¢). In contrast, the DAC derived
from MC exhibits a broader hydroxyl stretching band and a less intense carbonyl signal, which may be
attributed to its higher crystallinity and residual finishing agents that limit the penetration of the NalO,
solution into the interior regions of the fibers (Figures 4, c).

Overall, the FT-IR spectra of NalOs-oxidized samples of DAC confirm the selective cleavage of vicinal
diols (C2-C3) in cellulose and the formation of dialdehyde and carboxyl functionalities while maintaining
the B-1,4-glucopyranose backbone . This transformation increases the reactivity of the cellulose matrix,
enhances its hydrophilicity, and provides abundant reactive aldehyde sites suitable for further
functionalization to tricarboxycellulose during subsequent oxidation with hydrogen peroxide (Figure 5 and
Table S2).
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A. DAC samples obtained from CC; B. DAC samples obtained from WG; C. DAC samples obtained from MC.
Figure 5. Swelling properties of DAC samples obtained by NaJOj.

A decrease in the swelling degree was observed in all samples oxidized with periodate compared with
those oxidized with NaClO. Specifically, the swelling degree of the DAC samples obtained from OC, WG,
and MC decreased by 17 %, 15 %, and up to 20 %, respectively, following periodate oxidation. This reduc-
tion can be attributed to the formation of carbonyl groups in the sample structure during periodate oxidation,
which alters the interactions between the samples and water. The introduction of carbonyl groups into the
macromolecular structure may modify the hydrophilic—hydrophobic balance and reduce the accessibility of
water to the polymer chains, thereby contributing to a substantial decrease in the swelling degree.

In the next stage, reactions were carried out to obtain tricarboxycellulose through the stepwise oxidation
of CC, WG, and MC using hydrogen peroxide (Figure 3, Third stage). The resulting products were charac-
terized by a high content of carboxyl groups, as well as enhanced hydrophilic and reactive properties. The
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obtained DAC sample was oxidized (2-3 h, 70-80°C, 6-8% concentration) to oxidize the C6 and C2-C3 car-
bon atoms, yielding tricarboxycellulose. The results are presented in Table 3.

As shown in the Tables 3 of the obtained results, an increase in the concentration of the oxidizing agent
and the reaction time during the oxidation process led to a decrease in product yield.

Table 3

The variation in the content of carboxyl groups depends on the duration of the modification process and the
concentration of the oxidizing agent (pH reaction 3-4)

No. Samples C(H;02), | Time, Content of carboxyl Yield, %
%o hour groups (-COOH), mmol/g
1 DAC obtained from CC 6 2 8.53+0.09 47+0.61
2 DAC obtained from WG 6 2 7.13+£0.08 50+0.75
3 DAC obtained from MC 6 2 6.35+0.07 52+0.92
4 DAC obtained from CC 8 3 11.95+0.12 35+0.15
5 DAC obtained from WG 8 3 10.55+0.11 38+0.32
6 DAC obtained from MC 8 3 9.40+0.10 41+0.45

Meanwhile, the content of carboxyl groups in the samples increased, reaching 9.40+0.10 mmol/g in
tricarboxycellulose obtained from oxidized MC (Table 3, No. 6), 10.55+0.11 mmol/g in tricarboxycellulose
obtained from oxidized WG (Table 3, No. 5), and up to 11.95+0.12 mmol/g in tricarboxycellulose obtained
from oxidized CC (Table 3, No. 4). This demonstrates the possibility of obtaining tricarboxycellulose
compounds highly enriched with carboxyl groups through the oxidation of the C6, C2, and C3 elementary
units. The yield was found to decrease by up to 35+0.15 %. This indicates that the observed material loss
resulted from the cleavage of the main polymer chains, fragmentation of the crystalline regions, and the
formation of amorphous domains during the oxidation reactions. Therefore, although the yield was relatively
low, the high extent of modification during the process was confirmed.

The FT-IR spectra of tricarboxycelluloses prepared from oxidized of CC, WG, and MC using H,O, are
presented in Figure 6.

The FT-IR spectra shown in Figure 6 provide clear evidence of the multistage oxidation of CC, WG,
and MC using NaClO, NalO4, and H,O,. The progressive transformation of hydroxyl groups into carbonyl
and carboxyl functionalities, accompanied by partial depolymerization and amorphization, is reflected in
significant spectral changes compared with both the pristine and DAC samples.

In all tricarboxycellulose samples, a broad absorption band located in the range of 3300-3400 c¢cm'
corresponds to O-H stretching vibrations of hydroxyl groups linked through intra- and intermolecular
hydrogen bonds. The intensity of this band is notably reduced relative to the initial cellulose and DAC
samples, confirming that a substantial fraction of hydroxyl groups has been converted into carboxyl groups
(-COOH). Furthermore, a slight shift of this band toward lower wavenumbers (= 3320 c¢cm™') suggests
stronger hydrogen bonding between remaining hydroxyl and newly formed carboxyl functionalities, which
enhances the hydrophilic and ion-exchange properties of the material.

The most diagnostic spectral feature of tricarboxycellulose appears as a strong and sharp absorption
band in the region of 1725-1735 cm™!, assigned to the C=0 stretching vibrations of carboxylic acid groups
[51]. This peak exhibits much higher intensity than in the NalOs-oxidized samples (Figure 6), confirming the
complete oxidation of both primary (C6) and secondary (C2, C3) hydroxyl groups into carboxyl moieties.
The band intensity follows the order CC > WG > MC, consistent with the experimentally determined
carboxyl contents 11.95+0.12 mmol/g, 10.55+0.11 mmol/g, and 9.40+0.10 mmol/g, respectively (Figure 6,
a-c). This correlation demonstrates that pure cellulose undergoes the most extensive oxidation due to its
greater accessibility of reactive sites and lower fiber compactness compared with woven and medical cotton
matrices.

Another important feature is the pronounced band at 1605-1620 cm!, corresponding to the asymmetric
stretching of carboxylate anions (-COQO"). The coexistence of this band with the C=0 absorption at 1730 cm’!
indicates that part of the carboxylic groups are ionized, forming sodium or protonated salts during
neutralization and drying. This dual presence of -COOH and -COO" functionalities enhances the water-
binding and swelling behavior of the tricarboxycellulose samples, explaining their exceptionally high
sorption capacities [52].
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Figure 6. FT-IR spectra of tricarboxycellulose obtained from oxidized CC (a), WG (b), and MC (c).

The spectral region around 1420 cm™ (CH; bending) and 1370 cm™ (C-H deformation) remains clearly
visible in all samples, confirming that the main polysaccharide skeleton is preserved despite heavy oxidation.
Similarly, the bands at 1030-1060 cm™', corresponding to C-O-C stretching of glycosidic linkages, and the
890 cm! band assigned to B-1,4-glycosidic bonds, are retained. This persistence indicates that oxidation
proceeds mainly through substitution and cleavage of side groups rather than total chain destruction.
Consequently, the B-1,4-glucopyranose backbone remains intact, ensuring the mechanical integrity of the
oxidized fibers.

The comparative analysis among the three tricarboxycellulose variants reveals several key differences.
The cellulose-derived tricarboxycellulose exhibits the most intense C=0O absorption and the lowest O-H band
intensity, confirming the highest oxidation efficiency and degree of functionalization. The woven gauze
sample shows moderate C=0 and COO' intensities, suggesting effective yet incomplete oxidation due to the
denser fiber arrangement that restricts reagent diffusion. The medical cotton sample, on the other hand,
presents broader and less intense carbonyl peaks, which can be attributed to its higher crystallinity and
presence of residual surface treatments that hinder reagent accessibility.

Notably, the simultaneous increase in the intensity of both 1730 cm™ (-COOH) and 1615 cm™! (-COO")
bands signifies that hydrogen peroxide oxidation not only converts remaining aldehyde groups from the
DAC stage into carboxyl functionalities but also induces partial ionization. This dual modification
substantially increases the polarity and water affinity of the material. The resulting molecular architecture
thus contains multiple hydrophilic sites capable of strong hydrogen bonding with water molecules,
accounting for the enhanced sorption and hemostatic performance observed experimentally.

Overall, the FT-IR spectral results of Figure 6 confirm that the sequential oxidation of cellulose using
NaClO—NalO4s—H>0, successfully yields tricarboxycellulose enriched with carboxyl and carboxylate
groups while preserving the core [-1,4-linked polysaccharide framework. The stepwise conversion of
hydroxyl and aldehyde groups into -COOH functionalities fundamentally transforms the physicochemical
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profile of cellulose, resulting in a biopolymer with superior hydrophilicity, ion-exchange capacity, and
biocompatibility essential characteristics for its application as an efficient biodegradable hemostatic material.

The swelling properties of cellulose-based materials depend on their chemical composition, structural
amorphousness, and degree of modification [53]. Oxidative functionalization of cellulose, particularly
through enrichment with carboxyl groups, enhances its interaction with water. The swelling properties of
tricarboxycelluloses obtained from CC, WG, and MC were investigated, and the corresponding results are
presented in Figure 7 and Table S3.
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Figure 7. Effect of time on the swelling degree of tricarboxycelluloses derived from CC (A), WG (B), MC (C) and
SURGICEL® Powder (D).

Among the investigated samples, tricarboxycellulose derived from cotton cellulose (TCC—CC) exhibit-
ed the highest swelling capacity. Its swelling degree increased from 180+3.6% at 2 min to 830+16.6% at 20
min, followed by a decrease to 550+10.4% at 30 min (Figure 7A).

A similar trend was observed for tricarboxycellulose derived from woven gauze (TCC-WGQG), with the
swelling degree increasing from 145+£2.9% at 2 min to 670+13.4% at 20 min and subsequently decreasing to
450+9.0% at 30 min (Figure 7B).

Tricarboxycellulose obtained from medical cotton (TCC-MC) exhibited a lower swelling capacity than
the other synthesized samples. Its swelling degree increased from 120+2.4% at 2 min to 530+10.6% at 20
min, followed by a decline to 351+7.0% at 30 min (Figure 7C).

For comparison, the commercial hemostatic material SURGICEL® Powder exhibited a swelling degree
of 105+£3.15% at 2 min, which increased to a maximum of 330+9.90% at 20 min before decreasing to
300+9.01% at 30 min (Figure 7D). These results demonstrate that SURGICEL® Powder exhibited a lower
swelling capacity than all three synthesized tricarboxycellulose samples under the investigated experimental
conditions.

Accordingly, the maximum swelling capacities of the investigated materials followed the order: TCC-
CC>TCC-WG > TCC-MC > SURGICEL® Powder.

The obtained results indicate that the tricarboxycellulose materials synthesized through the sequential
three-step oxidation process exhibited higher swelling capacities than the commercial SURGICEL® Powder
hemostatic material. These differences may be associated with variations in carboxyl functional group con-
tent, hydrophilicity, and structural and morphological characteristics of the investigated materials. The initial
increase in swelling degree may be attributed to the gradual diffusion of water into the polymer matrix and
the hydration of hydrophilic functional groups, particularly carboxyl groups introduced during oxidation.
These groups promote stronger interaction with water and facilitate expansion of the cellulose network. The
higher swelling values exhibited by the cotton cellulose-derived sample may be associated with the increased
accessibility of hydrophilic functional groups and the development of a less ordered supramolecular struc-
ture. Such structural changes facilitate the diffusion of water molecules into the cellulose matrix and enhance
water retention, resulting in improved swelling performance [54].
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Overall, the results demonstrate that both the precursor type and the swelling duration play a decisive
role in determining the swelling behavior of tricarboxycelluloses. From a practical viewpoint, tricarboxycel-
lulose derived from cotton cellulose appears to be the most promising sample for applications requiring high
water uptake. The significant increase in swelling capacity after multistage oxidation can be explained as
follows [55]:

NaClO oxidation primarily converts a portion of the C6 hydroxyl groups into carboxyl groups, increas-
ing surface polarity;

NalOs oxidation selectively cleaves vicinal diols at C2-C3 positions, forming aldehyde groups and dis-
rupting crystalline domains. This partial cleavage introduces amorphous regions and exposes internal hy-
droxyl sites, facilitating subsequent reactions;

H>0O; oxidation completes the transformation by converting the remaining aldehydes into additional
carboxyl groups. The resulting tricarboxycellulose thus contains multiple -COOH and -COOQO" functionalities
distributed along the polymer backbone. These groups act as active hydrophilic centers capable of forming
hydrogen bonds with water molecules and electrostatically binding cations in physiological media;

From a structural standpoint, the enhanced swelling of tricarboxycellulose arises from two synergistic
effects [56]: (a) chemical modification, which increases the number of hydrophilic sites per macromolecule,
and (b) physical restructuring, which creates a more open, porous, and amorphous matrix that allows easier
diffusion of water. The oxidation-induced cleavage of hydrogen bonds and partial disruption of crystalline
regions enlarge the specific surface area, while the introduction of negatively charged carboxylate groups
enhances water affinity through ion-dipole interactions.

In addition, the swelling behavior illustrated in Figure 7 confirms that tricarboxycellulose obtained via
the NaClO—NalOs—H>0, oxidation route possesses markedly enhanced hydrophilicity and liquid absorp-
tion capacity compared with its precursor materials. The observed trend cellulose > woven gauze > medical
cotton is fully consistent with both chemical and structural analyses. The combination of high carboxyl
group content, expanded amorphous regions, and increased surface charge endows tricarboxycellulose with
excellent swelling, ion-exchange, and hemostatic properties, making it a promising candidate for use as an
efficient biodegradable wound-dressing and hemostatic agent.

The hemostatic properties of tricarboxycellulose samples synthesized via the stepwise oxidation of CC,
WG, and MC using NaClO—NalO,—H,0, were investigated, and the results are presented in Table 4.

As shown in Table 4, the hemostatic performance of the tricarboxycellulose-based samples was
strongly affected by the carboxyl group content and molecular mass. Among the tested samples tricarbox-
ycellulose obtained from cellulose exhibited the highest carboxyl group content of 11.95+0.12 mmol/g. This
sample demonstrated the shortest bleeding time, 69+3.24 s, and the lowest blood clotting index 55.6+0.15%,
indicating the most effective hemostatic activity (Table 4, No.1).

The tricarboxycellulose obtained from woven gauze also showed relatively good performance, with a
carboxyl group content of 10.55+0.11 mmol/g, bleeding time of 78+4.14 s, and blood clotting index of
62.9+£0.32 % (Table 4, No. 2). However, its hemostatic efficiency was lower than that of the sample No. 1.
This difference may be associated with its lower degree of oxidation and reduced availability of carboxyl
groups.

Table 4

Results of hemostatic properties of the tricarboxycellulose samples

No. |Samples of tricarboxy cellulose Cont(e_rcljt(())ég)r, br(il):r}::)l%rgoups Bleeding time, s Blood CIO(E/t: ng index,
1 Obtained from CC 11.95+0.12 69+3.24 55.6+0.15
2 Obtained from WG 10.55+0.11 78+4.14 62.920.32
3 Obtained from MC 9.40+0.10 111+4.46 86.2+0.45
4 SURGICEL® Powder 5.35+0.08 12444.62 89.5+0.47

The tricarboxycellulose obtained from medical cotton showed a further decrease in hemostatic efficien-
cy. Its carboxyl group content was 9.40+0.10 mmol/g, and the bleeding time increased to 111 + 4.46 s, while
the blood clotting index reached 86.2+0.45 % (Table 4, No. 3). These results suggest that a lower amount of
carboxyl groups reduces the ability of the material to accelerate blood coagulation.
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The commercial SURGICEL® Powder sample showed the lowest carboxyl group content, 5.35+0.08
mmol/g, and the longest bleeding time, 124+4.62 s, with the highest blood clotting index of 89.5+0.47 %
(Table 4, No. 4). In comparison with the prepared tricarboxycellulose samples, this indicates weaker hemo-
static performance under the same experimental conditions.

Overall, the results show that increasing the carboxyl group content improves the hemostatic activity of
tricarboxycellulose materials. The tricarboxycellulose obtained from different cellulose materials demon-
strated the best balance of high carboxyl group content, rapid bleeding control, and low blood clotting index.
Therefore, this material can be considered the most promising candidate for the development of an effective
powdered hemostatic agent.

Conclusions

In this study, highly functionalized tricarboxycellulose materials were successfully synthesized from
CC, WG, and MC through a sequential three-step oxidation strategy employing sodium hypochlorite
(NaClO), sodium periodate (NalO,), and hydrogen peroxide (H,O,). The proposed oxidation pathway
enabled the controlled conversion of cellulose hydroxyl groups into aldehyde and subsequently carboxyl
functionalities, resulting in materials with a high density of reactive oxygen-containing groups and
significantly enhanced physicochemical properties.

FT-IR spectroscopic analysis provided clear evidence of the progressive structural transformation
occurring during each oxidation stage. The gradual decrease in the intensity of hydroxyl-related absorption
bands, together with the appearance and strengthening of characteristic carbonyl and carboxyl absorption
peaks at 1730-1740 cm™ and carboxylate bands near 1615 cm™, confirmed the successful formation of
tricarboxycellulose. The highest degree of oxidation was achieved for CC, WG and MC, corresponding to
carboxyl group contents of 11.95+0.12 mmol/g, 10.55+£0.11 mmol/g, and 9.40+0.10 mmol/g, respectively.

Tricarboxycellulose samples obtained from CC, WG and MC exhibited exceptionally high swelling
capacities, reaching 830+16.6 %, 670£13.4 %, and 530£10.6 % respectively. This remarkable increase in
water uptake can be attributed not only to the increased concentration of hydrophilic functional groups but
also to oxidation-induced disruption of crystalline domains, partial cleavage of intermolecular hydrogen-
bonding networks, and the formation of a more open and porous supramolecular architecture. The synergistic
effect of chemical functionalization and structural reorganization substantially enhanced water diffusion and
retention within the cellulose matrix.

Furthermore, the hemostatic investigations demonstrated a strong relationship between the degree of
oxidation, swelling capacity, and blood-clotting efficiency. The tricarboxycellulose materials obtained from
CC, WG and MC significantly accelerated coagulation, yielding clotting times of 69+3.24 s, 78+4.14 s, and
111+4.46 s respectively. The superior hemostatic performance is attributed to the rapid absorption of blood
plasma, concentration of coagulation factors at the wound site, and enhanced interactions between negatively
charged carboxylate groups and blood components, which collectively promote platelet adhesion, activation,
and fibrin network formation. Notably, the cellulose-derived tricarboxycellulose outperformed the
commercial hemostatic material SURGICEL® Powder, highlighting its potential as an advanced hemostatic
agent.

Overall, the results demonstrate that sequential NaClO—NalO,—H,0, oxidation represents an
efficient and versatile approach for producing tricarboxycellulose with a high carboxyl group content,
excellent swelling performance, and outstanding hemostatic activity. The combination of biodegradability,
biocompatibility, high liquid absorption capacity, and rapid blood-clotting ability makes these materials
promising candidates for next-generation wound dressings, surgical hemostats, tissue-regeneration scaffolds,
and other biomedical applications. Future studies should focus on in vivo biocompatibility assessment,
degradation behavior, cytotoxicity evaluation, and clinical validation to further establish the practical
applicability of tricarboxycellulose as a safe and effective biomaterial for advanced healthcare technologies.
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   ( AG ) Aldehyde   content ( mmol / g ) =     ( V 1 −  V 0 ) ×  C M m

