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Abstract

This study investigates the influence of conventional textile pretreatment and periodate
oxidation parameters on the structural modifications and functional properties of woven
cotton fabrics. Unlike most studies focused on cellulose pulps or isolated textile fibers, the
present work examines how the initial structural state of the textile substrate, determined
by its pretreatment history, governs the oxidation pathways. Cotton fabrics were subjected
to alkaline scouring (SC), hydrogen peroxide bleaching (BC), and combined scouring–
bleaching (SBC), followed by sodium periodate oxidation under controlled conditions.
Carbonyl species were quantified analytically and identified by ATR-FTIR spectroscopy,
while structural changes were evaluated by X-ray diffraction (XRD). Mechanical proper-
ties were assessed using the normalized parameters (Fa/Fa0 and E/E0), hydrophilicity
by water absorption capacity (WAC), and optical stability by the yellowness index (YI).
The results demonstrated that the pretreatments influence the oxidant accessibility and
the balance between carbonyl speciation. XRD analysis shows a moderate decrease in
crystallinity, indicating partial preservation of the crystalline domains, whereas mechanical
properties decrease significantly (35–65%), concomitant with a 25–45% reduction in WAC.
These results suggest that the impairment in mechanical and hydrophilic properties is
primarily governed by localized C2–C3 bond scission, secondary oxidative reactions, and
supramolecular rearrangements, rather than by bulk crystalline loss. The oxidized SC
series exhibits higher YI values associated with an increased free aldehyde content, while
the BC and SBC fabrics show improved optical stability. Overall, these results demon-
strate that pretreatment history governs periodate oxidation pathways and establishes
clear structure–property relationship relevant for the controlled functionalization of woven
cotton fabrics.

Keywords: cotton cellulose; pretreatments effects; sodium periodate oxidation; ATR-FTIR;
XRD; hydrophilicity; mechanical properties; optical properties
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1. Introduction
In the last decade, research has increasingly focused on the design of advanced

functional biomaterials, in which controlled supramolecular organization and interfacial
interactions allow for the achievement of designed functional properties [1,2]. The renewa-
bility, biodegradability and versatility of cellulose recommend it as an ideal choice for the
production of functional materials that are found in a wide range of applications, from the
pulp and paper industry to the cosmetics, food, pharmaceutical and, lastly, textile industries.
Cellulose-based substrates, such as cotton fabrics, are widely used in textile processing due
to their favorable mechanical performance, physiological comfort and large-scale industrial
availability [3]. The selective chemical modification of cellulose represents an effective
approach for introducing reactive functionalities and tailoring the structural and functional
performance of cellulosic substrates.

Controlled chemical modification of cellulose has therefore been extensively explored
to introduce new functionalities while preserving the fibrous structure. Among the available
oxidation methods, selective oxidation with sodium or potassium periodate continues to
attract has received considerable attention due to its high selectivity toward vicinal diols
at the C2–C3 positions of anhydroglucose unit (AGU). This reaction leads to cleavage of
the C2–C3 bond and the formation of dialdehyde cellulose (DAC) without direct oxidation
of the primary hydroxyl group at the C6 position [4–7]. The reaction occurs preferentially
in the amorphous regions of cellulose, with limited penetration into crystalline domains,
resulting in a topochemical non-uniform distribution of aldehyde groups [8,9].

Such structural specificity regarding oxidation degree and associated changes in
mechanical and functional properties, even under comparable experimental conditions,
contributes to a wide variability in data reported in the literature [9,10]. Nevertheless, DAC
and related oxycelluloses have attracted considerable attention in applications ranging from
biodegradable and bioresorbable [11,12] to hemostatic [13–15], antibacterial materials [16],
and reactive supports for subsequent functionalization [17–19].

Nevertheless, the literature clearly demonstrates that periodate oxidation is far from
a simple or uniform process. A central and still-debated aspect concerns the distinction
between free aldehyde groups (-CHO) formed directly by selective periodate oxidation and
the development of secondary reactions leading to the coexistence of multiple oxycellulose
forms in equilibrium. These include hydrated aldehydes, hemiacetal and hemialdal struc-
tures, and carboxyl groups, as well as a variety of intra- and intermolecular interactions,
hydrogen-bond network reorganization, and macromolecular chain degradation [11,20–23].

Accurate characterization of functional groups introduced by periodate oxidation
therefore remains challenging. Quantification of aldehyde groups using methods based
on hydroxylamine hydrochloride [24–26], iodometry, or tetrazolium-type reagents [27,28]
are influenced by the steric accessibility of (–CHO) and by their occurrence in hydrated
or otherwise masked forms. Similarly, carboxyl group determination by acid–base titra-
tion [29], methylene blue adsorption [30], or by complexometric [30], and conductometric
methods [31,32] does not allow for differentiation of their origin, which may result either
from non-specific secondary oxidation reactions or from deliberate oxidation of aldehydes,
most commonly using sodium chlorite [32].

Classical titrimetric, spectrophotometric, and spectroscopic techniques (FTIR, NIR,
13C-NMR) [20,33,34], as well as advanced molecular fractionation and chemometric ap-
proaches [33,35], have been widely applied; however, the results obtained are often diver-
gent. Systematic discrepancies between characterization methods have been demonstrated,
highlighting the significant influence of secondary reactions on the reported values of the
degree of oxidation [36]. These factors contribute to non-uniform interpretations of the
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relationship between chemical structure, supramolecular modifications, and the functional
properties of oxidized cellulose.

Topochemical studies have shown that oxidation is controlled by oxidant accessibility
at the supramolecular level, being initially localized in the amorphous and paracrystalline
regions of cellulose, with limited penetration into crystalline domains [5,20,37]. This non-
uniform distribution accounts for the wide variability reported in the literature concerning
the degree of oxidation and the interpretation of structural and mechanical changes, even
under comparable experimental conditions [37].

Most fundamental studies on periodate oxidation have focused on bleached pulps,
microcrystalline cellulose, or nanocelluloses, where reagent accessibility is high and dif-
fusional limitations are minimal [19,25,31,34]. In contrast, cotton fabrics exhibit a dense
two-dimensional architecture, high packing density, strong interfibrillar interactions, and
a complex wet-processing history, and have therefore been far less systematically investi-
gated. Even in studies involving textile materials [38,39], the focus is frequently placed on
fibers or yarns, often bleached or mercerized [27–30,40], subjected to selective oxidation
with periodate or TEMPO, without considering the cumulative effects of conventional pre-
treatment steps on subsequent chemical reactivity during selective oxidation, in conjunction
with fabric architecture [28,30].

Conventional pretreatments applied to cellulosic textiles, such as alkaline scouring
and hydrogen peroxide bleaching, are well known to exert a significant impact on chemical
composition, fiber accessibility, and the distribution of amorphous cellulose regions [39,41].
Although the influence of pretreatments on non-selective oxidation in various oxidative
systems has been reported [29,32,38], direct correlation with selective oxidation using
sodium or potassium periodate remains insufficiently developed for cotton fabrics.

A clear gap therefore exists in the literature regarding how the processing history of
cotton fabrics influences selective periodate oxidation and the resulting distribution of
carbonyl functionalities. In such cases, delineation of newly formed functional groups
becomes ambiguous, and quantification of the degree of oxidation based solely on free
aldehyde groups is complicated by the presence of pre-existing functionalities, rendering
such an approach inadequate [36].

In this context, the present study investigates the selective oxidation of cotton fabrics
with sodium periodate (NaIO4) following conventional textile pretreatment operations,
namely alkaline scouring, hydrogen peroxide bleaching, and their combination.

The objective of this study is to highlight the effects of pretreatments performed on
cotton fabrics on the performance of periodate functionalization. These pretreatments
represent the standard stages of conventional preparation of cotton textiles, carried out
in order to remove natural impurities. However, at the same time, a modification in the
chemical composition and accessibility of the cellulose is also achieved, with a direct
influence on the penetration of oxidants and the selectivity of the oxidation reaction.

Moreover, this study focuses on correlating the balance between free aldehydic, car-
boxylic and masked carbonyl groups formed during NaIO4 oxidation and the resulting
structural and functional modifications of woven cotton fabrics, with particular empha-
sis on the influence of substrate pretreatment history. To establish direct correlations
between the initial structural state of the substrate, the distribution of carbonyl groups,
and the functional performance of the material, analytical determinations, spectroscopic
and structural analyses, together with evaluations of mechanical, hydrophilic, and optical
properties, were performed. This integrated approach enables a coherent interpretation of
the structure–property relationships governing selective periodate oxidation in pretreated
cotton fabrics.
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2. Materials and Methods
2.1. Materials

In this study, a 100% raw cotton fabric supplied by Majutex (Iasi, Romania) was used.
The fabric had a plain weave structure, with a warp yarn density of 24 yarns·cm−1 and
a weft yarn density of 18 yarns·cm−1, a mass per unit area of 127 g·m−2, and an average
thickness of 0.38 mm. The constructional parameters were determined in accordance with
SR EN ISO 7211-2:2024, Method A [42].

Conventional pretreatment operations were carried out using Lavotan DSU and Conta-
van GAL (CHT GmbH, Tübingen, Germany), sodium hydroxide (NaOH), sodium carbonate
(Na2CO3), and hydrogen peroxide (H2O2, 35%). Selective oxidation was performed using
sodium periodate (NaIO4, purity ≥ 99%, Carl Roth GmbH + Co. KG, Karlsruhe, Germany)
in acetate buffer solution (pH = 4.0), prepared with glacial acetic acid (CH3COOH).

For the analytical determination of free aldehyde and carboxyl groups, hydroxylamine
hydrochloride (purity ≥ 99%, Fluka-Chemie-GmbH, Buchs, Switzerland.), calcium acetate
(Ca(CH3COO)2, purity 99%, Carl Roth GmbH, Karlsruhe, Germany), ethylenediaminete-
traacetic acid (EDTA), ammonium hydroxide solution (NH4OH, 30%), ammonium chloride
(NH4Cl), methyl orange (CHIMREACTIV, Bucharest, Romania), and Eriochrome Black T
(purity ≥ 99%, Carl Roth GmbH, Karlsruhe, Germany) were used as received, without
further purification.

2.2. Methods
2.2.1. Pretreatment Procedures Applied to Cotton Fabric

The raw cotton fabric was subjected to three conventional pretreatment routes:

• Alkaline scouring (SC): liquor ratio (LR) = 30:1; 1% o.w.f. (on weight of fabric) Lavotan
DSU, 2% o.w.f. NaOH, and 1% o.w.f. Na2CO3; treatment at 98 ◦C for 60 min.

• Hydrogen peroxide bleaching (BC): LR = 30:1; 6% o.w.f. H2O2 (35%), 1.5% o.w.f.
Contavan GAL, 2% o.w.f. NaOH, and 1% o.w.f. Lavotan DSU; pH 10; treatment at
98 ◦C for 45 min.

• Combined alkaline scouring and bleaching (SBC): LR = 30:1; 4% o.w.f. NaOH,
6% o.w.f. H2O2 (35%), 2% o.w.f. Lavotan DSU, 1.5% o.w.f. Contavan GAL, and
1% o.w.f. Na2CO3; pH 10; treatment at 98 ◦C for 45 min.

After pretreatment, the samples were thoroughly rinsed with hot distilled water,
neutralized in 0.1 M HCl solution for 15 min, rinsed again with distilled water, and dried at
room temperature for at least 48 h.

2.2.2. Sodium Periodate Oxidation

The pretreated samples (10 × 10 cm, approximately 4 g) were oxidized using NaIO4

at concentrations of 0.04 and 0.08 mol·L−1 (in acetate buffer solution, pH = 4.0), at reaction
temperatures of 30 and 40 ◦C, according to a methodology adapted from the literature [40].
The oxidation reaction was carried out for 4 h under gentle magnetic stirring (300 rpm),
with strict temperature control and under dark conditions to limit secondary reactions.
After oxidation, the samples were washed three times with cold distilled water and dried
at room temperature for a minimum of 48 h.

The experimental plan followed a full factorial design (3 × 2 × 2), including pre-
treatment type, oxidant concentration, and reaction temperature as factors, resulting in
12 experimental variants. Each variant was prepared in duplicate, as summarized in Table 1.
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Table 1. Experimental protocol.

Experiment Sample Code Pre-Treatments of Cotton Fabric

NaIO4 Oxidation

Concentration
(mol L−1)

Temperature
(◦C)

1 SC1 Alkaline Scouring 0.04 30
2 SC2 Alkaline Scouring 0.04 40
3 SC3 Alkaline Scouring 0.08 30
4 SC4 Alkaline Scouring 0.08 40
5 BC1 Peroxide Bleaching 0.04 30
6 BC2 Peroxide Bleaching 0.04 40
7 BC3 Peroxide Bleaching 0.08 30
8 BC4 Peroxide Bleaching 0.08 40
9 SBC1 Combined alkaline scouring and bleaching 0.04 30

10 SBC2 Combined alkaline scouring and bleaching 0.04 40
11 SBC3 Combined alkaline scouring and bleaching 0.08 30
12 SBC4 Combined alkaline scouring and bleaching 0.08 40

References

RC Raw Cotton Untreated cotton fabric
SC Alkaline Scouring Cotton Unoxidized Alkaline Scouring cotton fabric
BC Peroxide Bleaching Cotton Unoxidized Peroxide Bleaching cotton fabric

SBC Combined scouring and bleaching Cotton Unoxidized Alkaline Scouring and Peroxide
Bleaching cotton fabric

2.2.3. Determination of Free Aldehyde Groups

The content of free aldehyde groups was determined using a hydroxylamine hy-
drochloride titrimetric method, followed by titration of the released acid with 0.1 M NaOH
solution. All determinations were performed in duplicate, and the results were expressed
as mmol·g−1 of sample. The free aldehyde group content, Caldehyde (mmol aldehyde
groups·g−1), was calculated using Equation (1), according to the procedure described in
the literature [17,24]:

Caldehyde =
(n − n0) ∗ CNaOH

maldehyde
, mmol g−1 (1)

In Equation (1), n represents the volume (mL) of NaOH solution consumed during
titration of the sample; n0 represents the volume (mL) of 0.1 M NaOH solution consumed
during titration of the blank; CNaOH is the molar concentration of the standardized NaOH
solution (0.1 M); and maldehyde is the mass of the dried oxidized or non-oxidized samples
used for the determination, expressed in grams.

2.2.4. Determination of Free Carboxyl Groups

Carboxyl groups were quantified using a calcium acetate–EDTA complexometric
method adapted from the literature [27,29,30]. The samples were treated with a known
excess of calcium acetate, and the unconsumed Ca2+ ions were titrated with 0.1 M EDTA
solution in ammoniacal buffer (pH 10), using Eriochrome Black T as the indicator. The
results were expressed as mmol·g−1 of sample dried at room temperature for at least
48 h. All determinations were performed in duplicate, and the reported values represent
the mean of the obtained results. The carboxyl group content, Ccarboxyl (mmol carboxyl
groups·g−1), was calculated according to Equation (2):

Ccarboxyl =
(n0 − n) ∗ CEDTA

mcarboxyl
, mmol g−1 (2)

In Equation (2), n represents the volume (mL) of EDTA solution consumed during
titration of the sample; n0 represents the volume (mL) of EDTA solution consumed during
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titration of the blank; CEDTA is the molar concentration of the standardized EDTA solution
(0.1 M); and mcarboxyl is the mass of the dried oxidized or non-oxidized samples used for
the determination, expressed in grams.

2.2.5. ATR-FTIR Spectral Analysis

FTIR spectra were recorded using a Frontier FTIR spectrometer (PerkinElmer, Waltham,
MA, USA) equipped with an attenuated total reflectance (ATR) accessory. Spectra were
collected at a resolution of 4 cm−1 over the 4000–650 cm−1 spectral range, with 64 scans
per sample, at room temperature. To account for potential sample heterogeneity, each
oxidized fabric sample was analyzed in triplicate at three randomly selected positions.
To highlight the changes induced by the chemical operations (alkaline, oxidative and
combined treatments) applied to the textile material on the cellulose fibers, the ATR-FTIR
spectra were first compared using the PlotFTIR v1.2.1 package [43] in the R language,
v4.5.2 [44], then the 1550–1800 cm−1 range was subjected to deconvolution using the Fityk
v1.3.2 software application [45], and post-processed by the PlotFTIR R package.

2.2.6. Structural Analysis by X-Ray Diffraction (XRD)

Wide-angle X-ray diffraction (XRD) patterns were recorded using a D8 ADVANCE
diffractometer (Bruker AXS, Karlsruhe, Germany), equipped with a Cu anode tube
(SIEMENS KFL Cu 2K) operating with Cu Kα radiation (λ = 0.1506 nm), a parallel beam
geometry with a Gobel mirror, and a dynamic scintillation detector. Measurements were
performed in locked coupled scan mode (step scan), at an accelerating voltage of 36 kV
and an emission current of 35 mA. Data were collected with a step size of 0.02◦ and a
counting time of 2 s per step. All diffractograms were recorded over the 2θ range of
5–50◦, at a working temperature of 24 ◦C. Data acquisition was carried out using DIFFRAC
Plus Commander software, while data processing and evaluation were performed using
DIFFRAC.EVA V1.1 and File Exchange (Bruker, AXS GmbH, Karlsruhe, Germany).

To evaluate the crystallinity variations induced by the chemical treatments applied to
cotton fabrics, the 5–40 degrees range of Bragg diffraction angles of all XRD diffractograms
was subjected to deconvolution using the same Fityk software application. A preliminary
investigation on the position and amplitude of the peaks was performed by baseline
correction of the XRD records using 4S Peak Filling algorithm of alkahest R package
v1.3.0 [46], followed by Whittaker smoothing, and peak identification by thresholding
with adjustable signal-to-noise ratio and sliding window (same R package). As a reference
for the position, intensity and Miller indices of the peaks in the XRD diffractograms, the
characteristic values of Iβ allomorph of native cellulose were used [47].

The degree of crystallinity (Xc, %) was calculated from XRD patterns by summing
the areas of the crystalline diffraction peaks and dividing them by the total area of the
diffractogram (crystalline and amorphous contributions) [48], according to Equation (3).

Xc =
∑ Acrystalline

Atotal
× 100, % (3)

In Equation (3), Acrystalline represents the cumulative area of the crystalline diffrac-
tion reflections; Atotal includes the area of the crystalline reflections corresponding to the
(1 1 0), (1 −1 0), (2 0 0), (0 1 −2) and (0 1 2) planes of cellulose Iβ, as well as the amorphous
scattering and the amorphous reflection associated with the (0 1 2) plane. The crystallinity
degree (Xc) was calculated from the integrated areas of the crystalline and amorphous
contributions obtained from the XRD diffractograms. The obtained crystallinity values are
used as comparative structural parameters and are interpreted relative to the corresponding
unoxidized reference samples.
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2.2.7. Mechanical Properties

Tensile tests were performed in accordance with ISO 13934-1:2013 (strip method) [49]
using a universal testing machine SATRA/STM 466 (SATRA, Kettering, United Kingdom).
Prior to testing, the samples were conditioned for 24 h at 65% relative humidity (RH). Tensile
measurements were carried out in both the warp and weft directions, with three parallel
determinations for each condition. To accommodate the reduced sample dimensions, the
tensile test procedure was adapted accordingly. The textile specimens had a width of
40 mm and a total length of 100 mm, with a gauge length of 60 mm. The crosshead speed
was set to 100 mm·min−1. The maximum tensile force at break (Fa, N) and the elongation
at break (E, %) were recorded.

2.2.8. Water Absorption Capacity

Water absorption capacity (WAC) was determined in accordance with ISO
20158:2018 [50]. The procedure was performed in triplicate for each sample type, and
the WAC values were calculated using the following equation:

WAC =
m1 − m0

m0
× 100, % (4)

In Equation (4), m0 represents the mass of the dry sample, while m1 corresponds to
the mass of the wet sample.

The relative variation in water absorption capacity (∆WAC, %) of the samples was
calculated using Equation (5):

∆WAC =
WACsample − WACreference

WACreference
× 100, % (5)

In Equation (5), the negative ∆WAC values indicate a decrease in water absorption
capacity, while positive values indicate an increase in hydrophilicity of oxidized sample
relative to the corresponding reference samples.

2.2.9. Yellowness Index

The yellowness index (YI) was determined in accordance with ASTM E313-20 [51]
using a Datacolor Spectroflash SF300 spectrophotometer (Datacolor, Lawrenceville, NJ,
USA). Colorimetric measurements were performed in the CIE L*a*b* color space, based on
the corresponding tristimulus values, under standard conditions using illuminant D65 and
a 10◦ standard observer. The YI was calculated according to Equation (6). The reported
values represent the mean of five repeated instrumental measurements.

YI =
(1.3013 · X − 1.1498 · Z)

Y
× 100 (6)

In Equation (6), X, Y and Z are the CIE tristimulus values of the sample, and Y
represents the luminance component.

2.2.10. Statistical Analysis

Statistical analysis was performed for each experimental group based on three inde-
pendent replicates. The results are reported as mean values ± standard deviation (SD).
Statistical descriptors were applied to evaluate the reproducibility of the measurements
and to support the comparative discussion of mechanical properties and water absorption
capacity (WAC). For normalized mechanical parameters (Fa/Fa0 and E/E0), the associated
uncertainty was calculated as the propagated standard deviation of the ratio (σR), derived
from the individual standard deviations of the measured parameters (n = 3).
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Additionally, oxidation experiments were performed in duplicate for each pretreat-
ment condition, oxidant concentration, and temperature, while the aldehyde and carboxyl
group contents were determined analytically using duplicate measurements for each sam-
ple, and the reported values correspond to the mean values of these determinations.

3. Results and Discussion
3.1. The Determining Role of Pretreatments on the Molecular Structure of Cotton in Fabrics
Oxidized with Sodium Periodate
3.1.1. Analytical Quantification of Newly Formed Functional Groups

To evaluate the chemical modifications induced in the cellulose structure NaIO4 oxi-
dation, the contents of free aldehyde and carboxyl groups were quantitatively determined
by analytical methods. Oxidation experiments were carried out on cotton fabrics subjected
to three different pretreatment routes, under a constant reaction time of 4 h, using NaIO4

concentrations of 0.04 and 0.08 mol·L−1, and reaction temperatures of 30 and 40 ◦C.
In order to monitor the progress of NaIO4 oxidation, two indicators were defined. The

first indicator reflects the overall degree of chemical modification of cellulose and is repre-
sented by the total content of free functional groups (Ctotal), expressed in mmol·g−1. This
parameter corresponds to the sum of the contents of free aldehyde (Caldehyde) and carboxyl
groups (Ccarboxyl) formed during periodate oxidation, as expressed by Equation (7):

Ctotal = Caldehyde + Ccarboxyl, mmol g−1 (7)

The second indicator, Faldehyde, is defined as the ratio between the content of free
aldehyde groups (Caldehyde) and the total content of free functional groups (Ctotal). This
parameter represents a qualitative descriptor that is highly sensitive to the severity of the
oxidation conditions (NaIO4 concentration and reaction temperature) as well as to the
initial structural state of the cotton fabric. It was calculated according to Equation (8):

Faldehyde =
Caldehyde

Ctotal
(8)

Figure 1 illustrates the evolution of the contents of free aldehyde and carboxyl groups,
as well as the total content of functional groups, as a function of the applied pretreatment
type (Figure 1a), together with the correlation between Faldehyde and Ctotal (Figure 1c).

As shown in Figure 1a, the absolute content of functional groups formed during
selective NaIO4 oxidation strongly depends on the applied pretreatment route. The SC
series exhibits a progressive increase in free aldehyde content, from 0.25–0.35 mmol·g−1

(SC1, SC2) at 0.04 mol·L−1 NaIO4, to 0.89 mmol·g−1 (SC3, SC4) at 0.08 mol·L−1 NaIO4,
while the carboxyl content remains relatively low (0.18–1.08 mmol·g−1). Consequently,
the total functional group content reaches a maximum of 1.97 mmol·g−1 and is mainly
governed by the periodate concentration, indicating a selective, predominantly primary
oxidation process leading to the formation of DAC.

For the BC series, a more balanced distribution between aldehyde and carboxyl
groups is observed. Comparable aldehyde levels (0.24–0.93 mmol·g−1) are accompanied
by a moderate increase in carboxyl content (≈20% relative to SC samples), resulting in
total functional group contents of 0.8–1.8 mmol·g−1. This behavior reflects enhanced
fiber accessibility induced by bleaching, which promotes both primary oxidation and the
initiation of secondary reactions.
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Figure 1. Influence of pretreatment routes and oxidation conditions on the functional group content
of NaIO4 oxidized cotton fabrics: (a) Variation in free aldehyde, carboxyl, and total functional group
content; (b) Difference in functional group content relative to the corresponding reference samples;
(c) Correlation between Faldehyde and Ctotal (dotted lines indicate linear trendlines used only as visual
guides to illustrate the general correlation within each pretreatment). Series SC1–SC4, BC1–BC4
and SBC1–SBC4 denote individual samples oxidized with NaIO4 at a concentration of 0.04 and
0.08 mol·L−1, at 30 and 40 ◦C.

The cumulative effect of alkaline scouring and bleaching is most evident for the SBC
oxidized series, which exhibits the highest total functional group contents, reaching up
to 3.5 mmol·g−1 at 0.08 mol·L−1 NaIO4 and 40 ◦C. Under these conditions, aldehyde
levels remain relatively low (0.29–0.78 mmol·g−1) and are mainly temperature-dependent,
whereas carboxyl groups increase markedly (1.4–2.79 mmol·g−1), indicating an advanced
oxidation regime. For the SBC4 sample, the carboxyl content increases by 120–150% relative
to the reference fabric, while the aldehyde content increases by only 40–60%.

As shown in Figure 1b, the difference in functional group content relative to the
corresponding reference samples reflects the effect of oxidation severity within each pre-
treatment route. At 0.04 mol·L−1 NaIO4 (series 1 and 2), aldehyde formation predominates,
particularly for the SC and BC series, indicating dominant selective C2–C3 cleavage of the
AGU, with a slight increase in the carboxyl contribution at 40 ◦C (BC2), indicating the onset
of secondary oxidation. At 0.08 mol·L−1 NaIO4 (series 3 and 4), aldehydes dominate at
30 ◦C, whereas increasing the temperature to 40 ◦C shifts the reaction pathway toward
carboxyl accumulation, most clearly for SBC4. Overall, oxidation conditions modulate
reaction severity, while pretreatment governs the dominant functional group evolution.
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The relationship between Faldehyde and Ctotal (Figure 1c) highlights distinct oxidation
regimes governed by the pretreatment history of the substrate rather than a strict linear
correlation. The dotted trendlines are included only as visual guides to illustrate the general
tendencies within each pretreatment series. The SC1–SC4 series shows high and relatively
constant Faldehyde values (0.45–0.58), characteristic of predominantly selective oxidation.
In contrast, the BC series exhibits an increasing trend of Faldehyde with Ctotal, reflecting
competition between aldehyde formation and consecutive oxidation to carboxyl groups.
The SBC series displays low Faldehyde values (0.13–0.25) and only weak dependence on
Ctotal, consistent with advanced oxidation dominated by carboxyl (-COOH) accumulation.
Overall, these trends indicate that the pretreatment history governs the oxidation pathway,
with SC fabrics favoring selective dialdehyde formation, BC fabrics exhibiting competing
oxidation pathways, and SBC fabrics approaching an advanced oxidation regime char-
acterized by increased carboxyl formation. In this context, Faldehyde serves as a robust
indicator of the oxidation mechanism, enabling differentiation between selective, com-
petitive, and advanced regimes. Pretreatment governs oxidation progression, whereas
oxidation conditions determine its severity.

3.1.2. Structural Investigations by ATR-FTIR Spectral Analysis

ATR-FTIR spectroscopy technique was used to analyze carbonyl-related chemical
changes in cotton cellulose induced by pretreatment and periodate oxidation.

Figure 2 presents a comparative overview of the raw ATR -FTIR spectra of the refer-
ence samples and all the oxidized sample series, as a function of pretreatment type and
oxidation conditions.

Molecular structural characterization based on the ATR-FTIR spectra presented in
Figure 2 highlights the structural modifications induced by conventional pretreatment
routes and subsequent periodate oxidation of cotton fabrics. The main absorption bands
observed in all spectra can be assigned as follows:

• The 3300–3400 cm−1 domain is attributed to ν(O–H) stretching vibrations of hydrogen-
bonded hydroxyl groups, shows reduced intensity and band broadening for oxidized
samples (Figure 2b,c) compared to the reference (Figure 2a) confirms the progression
of periodate oxidation, and indicate the disruption of the hydrogen-bond network,
resulting in partial amorphization of the cellulose structure [11,41,52].

• In the 2850–2900 cm−1 domain, changes in the ν(C–H) stretching profile are observed
upon oxidation, consistent with C2–C3 bond cleavage and conformational reorganiza-
tion of cellulose chains following selective periodate oxidation [11,33].

• Bands at 1150–1160 cm−1 and 1030–1050 cm−1 are assigned to the asymmetric stretch-
ing vibrations ν(C–O–C) of β-(1→4) glycosidic linkages and pyranose ring deforma-
tions, respectively [41,52]. Pronounced changes are observed particularly for the SC4,
BC4, and SBC4 samples (Figure 2c), reflecting increased structural perturbations under
more severe oxidation conditions.

• In the 890–860 cm−1 region, increased intensity and band narrowing associated with
ν(C–H) deformation vibrations of the glucopyranose ring are observed [11,41], par-
ticularly for the BC3, BC4 and SBC3, SBC4 series. These features suggest intrachain
rearrangements without extensive polymer backbone degradation and may also in-
clude contributions from hemiacetal ν(C=O)–H vibrations formed through secondary
reactions of periodate generated aldehyde groups. The evolution of this spectral re-
gion is commonly associated with increased supramolecular disorder and is therefore
considered an indicator of the relative expansion of amorphous domains within the
cellulose matrix [11,35].
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• The carbonyl region (1550–1800 cm−1), assigned to ν(C=O) stretching vibrations [41,52],
appears as a weak shoulder exclusively in oxidized samples subjected to bleaching
or combined alkaline scouring–bleaching pretreatments. At periodate concentrations
of 0.04–0.08 mol·L−1 and 40 ◦C, this feature reflects the heterogeneous distribution of
oxidation products and is more pronounced for the BC2 and SBC2 (Figure 2b) and
BC3–BC4/SBC3–SBC4 series (Figure 2c).

 
(a) 

(b) (c) 

Figure 2. ATR-FTIR spectra recorded for: (a) reference cotton fabric samples subjected to the three pre-
treatment routes; (b) samples oxidized with NaIO4 at a concentration of 0.04 mol·L−1, at 30 and 40 ◦C;
and (c) samples oxidized with NaIO4 at a concentration of 0.08 mol·L−1, at 30 and 40 ◦C. The colored
lines represent the different samples within each series, including both reference and corresponding
oxidized samples. The shaded regions indicate characteristic absorption bands, such as O–H stretch-
ing (~3300–3400 cm−1), C–H stretching (~2850–2900 cm−1), H–O–H bending (~1630–1640 cm−1),
carbonyl-related bands (~1550–1800 cm−1), C–O–C stretching vibrations (~1150–1160 cm−1) and
ν(C–H) deformation vibrations (~890–860 cm−1), associated with the glucopyranose ring and possi-
ble hemiacetal formation.

Given the overlap of ATR -FTIR signals in the carbonyl region and the closely spaced
absorption positions of carbonyl species, spectral deconvolution using Voigt functions
was applied to achieve more accurate separation and assignment of carbonyl components.
The normalized spectra were deconvoluted in the 1800–1550 cm−1 region, where carbonyl
related absorptions partially overlap and prevent reliable discrimination of individual
contributions in the normalized spectra. In particular, the ν(C=O) band characteristic of
free aldehyde groups (1730–1740 cm−1) partially overlaps with adjacent carboxyl related
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absorption developing in the 1650–1730 cm−1 range, leading to band broadening and
masking of individual components. The deconvolution procedure enables separation of
these overlapping bands and allows for qualitative assessment of the relative evolution of
aldehyde, carboxylic, and lactone related absorptions as a function of pretreatment and
oxidation severity.

Figure 3 compares the deconvoluted ATR-FTIR spectra of the reference and oxi-
dized samples, highlighting oxidation-induced changes in the distribution of carbonyl-
band distribution.

Table 2 summarizes the absorption band ranges identified by deconvolution of the
ATR-FTIR spectra (Figure 3) in the 1550–1800 cm−1 domain for periodate oxidized cotton
samples, corresponding to different pretreatment routes (SC, BC, and SBC) and oxidation
levels. This spectral region is particularly relevant for highlighting carbonyl transformations
induced by selective cellulose oxidation and governed by the pretreatment history of the
cellulosic substrate.

Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. Deconvolution of ATR-FTIR spectra in the 1550–1800 cm−1 range for cotton fabric samples
subjected to different pretreatment routes and oxidized with NaIO4 at concentrations of 0.04 and 0.08
mol·L−1, at temperatures of 30 and 40 ◦C. The deconvoluted spectrum, the individual Voigt compo-
nents and the cumulative fitted curve are identified by color in the legend, while the corresponding
peak positions are summarized in Table 2.

Table 2. Assignment of ATR-FTIR absorption bands in the 1550–1800 cm−1 range for reference
samples and NaIO4 oxidized cotton samples.

Sample

Absorption Band, cm−1

1550–1630
-C=O

(-COO−—
Carboxylate)

1630–1650
Adsorbed Water

δ(H-O-H)

1650–1730
-C=O

(-COOH—Carboxyl)

1730–1740
-C=O

(-CHO—
Free Aldehyde)

1760–1770
-C=O

Lactone

RC 1585; 1625 1636 1664; 1690; 1710 1734 -
SC 1591; 1603 1631 1654, 1674; 1680; 1710 1736 -
BC 1583; 1596; 1616 1638 1661; 1680; 1710 1740 -

SBC 1588; 1615 1636; 1648 1675; 1710 1738 1766
SC1 1609; 1628 1645 1725 - 1771
BC1 1574; 1592; 1626 - 1659; 1689; 1711 1733 1762

SBC1 1613; 1626 1642 1658; 1672; 1691 1729 1765
SC2 1604; 1621 - 1651; 1666; 1684; 1700 1740; 1730 1760
BC2 1591; 1625 1639 1663; 1697; 1726 1729 1769

SBC2 1576; 1615 1632; 1647 1661; 1671; 1683; 1722 - 1762
SC3 1558; 1603; 1627 - 1656; 1705 1738 1772
BC3 1588; 1610; 1624 1646 1671; 1687; 1704; 1726 - -

SBC3 1600 1640 1678; 1706; 1727; 1743 1770
SC4 1579; 1604; 1625 1639; 1644 1668 1730 1764
BC4 1606; 1609; 1625 1645 1663; 1668 1682; 1727- - 1762

SBC4 1597; 1617; 1629 1648 1668; 1686; 1703; 1726 - -

According to the deconvoluted spectra (Figure 3) and the data from Table 2 related
to control and oxidized samples, the following spectral domains can be identified: car-
boxylate groups absorbing in the 1550–1630 cm−1 region through asymmetric stretching
vibrations ν(–COO−) [5,34], carboxylic acids in the 1650–1730 cm−1 region via ν(C=O)
stretching vibrations [34,41], adsorbed water around 1630–1650 cm−1 corresponding to
δ(H–O–H) bending vibrations [22], free aldehydes characteristic of DAC at 1730–1740 cm−1

through ν(C=O) stretching [35], and lactone structures at higher wavenumbers, typically
1760–1770 cm−1 [36,53,54].
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The deconvoluted ATR-FTIR spectra reveal that the pretreatment route strongly
governs the nature and evolution of carbonyl-related species formed during perio-
date oxidation.

The band located at 1630–1650 cm−1 is attributed to the bending vibration δ(H–O–H)
of absorbed water [53,54]. The attenuation or disappearance of this band in most oxidized
samples indicates a decrease in the surface hydrophilicity of the samples. It is well known
that periodate oxidation of cellulose converts the hydrophilic -OH groups at the C2 and
C3 positions of the AGU into -CHO groups, leading to the formation of DAC [22]. This
structural modification significantly reduces the hydrophilicity of the material, as the
resulting aldehyde groups can form intra-and inter-molecular hemiacetal linkages, which
are less hydrophilic than the original hydroxyl groups.

In the SC series (alkaline scouring), the spectral response is dominated by the ap-
pearance of the 1730–1740 cm−1 band, characteristic of free aldehydes (–CHO), while
contributions in the 1650–1730 cm−1 region associated with carboxylic acids remain limited.
This behavior indicates that scouring promotes selective oxidation, leading predominantly
to the formation of DAC, with comparatively restrained secondary oxidation.

In contrast, the BC series (bleached samples) exhibits a more complex carbonyl pattern.
Alongside the aldehyde band at 1730–1740 cm−1, increasingly intense and broadened
absorptions appear in the 1650–1730 cm−1 region, corresponding to the stretching vibrations
of carboxylic acid groups (-COOH). With increasing oxidation severity, the aldehyde band
weakens or disappears, while carboxylic contributions become dominant, indicating a shift
from aldehyde formation toward secondary oxidation pathways facilitated by the increased
structural accessibility of the cellulose following the bleaching treatment.

The most pronounced changes are observed in the SBC series (scouring and bleach-
ing). These samples display early development of carboxylate and carboxylic acid bands
(1550–1650 cm−1 and 1650–1730 cm−1, respectively), together with a rapid attenuation
of the free aldehyde band at 1730–1740 cm−1 under increased oxidation conditions. At
advanced oxidation stages, SBC samples also exhibit the most consistent presence of the
1760–1770 cm−1 band, evidencing the formation of cyclic lactone structures through in-
tramolecular esterification reactions.

Overall, the ATR-FTIR data demonstrate a clear progression in carbonyl speciation as
a function of pretreatment: SC favors selective aldehyde formation, BC promotes partial
conversion to carboxylic acids, while SBC accelerates secondary oxidation and lactonization,
driving the system toward more stable, oxidized carbonyl structures.

3.1.3. Structural Modifications in Crystallinity Evaluated by X-Ray Diffraction

The crystallinity of the reference samples and of the NaIO4-oxidized ones was evalu-
ated by X-ray diffraction (XRD) analysis. The obtained diffractograms for all samples are
presented in Figure 4.

The XRD diffractograms reveal the characteristic cellulose Iβ structure for all sam-
ples, with dominant reflections at 2θ values of approximately 14–16◦, 22–23◦, and 34–35◦,
corresponding to the crystallographic planes (1 −1 0), (1 1 0), (2 0 0), and (0 0 4).

The crystallographic assignment of the diffraction peaks was performed according to
the idealized diffraction patterns of cellulose polymorphs reported by French [55], consis-
tent with the cellulose Iβ structure typical of native cotton fibers described by Nishiyama [4]
and Murthy [47]. Structural changes induced by periodate oxidation, including C2–C3
cleavage within the AGU and partial disruption of crystalline order, were interpreted based
on previous studies on DAC [5,11,21].
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Figure 4. XRD diffractograms recorded for cotton fabric samples subjected to the three pretreatment
routes and subsequently oxidized with NaIO4: (a) XRD patterns of the reference samples; (b) XRD
patterns of samples oxidized at a NaIO4 concentration of 0.04 mol·L−1 at 30 and 40 ◦C; and (c) XRD
patterns of samples oxidized at a NaIO4 concentration of 0.08 mol·L−1 at 30 and 40 ◦C.

In the case of the reference and conventionally pretreated but non-oxidized samples
(Figure 4a), variations in the intensity and width of the reflections are observed across
the entire range of crystalline planes. For the oxidized samples (Figure 4b,c), the relative
intensity of the (2 0 0) reflection progressively decreases, accompanied by an increase in
the amorphous background, suggesting partial disruption of the crystalline domains. This
effect is more pronounced for samples subjected to combined pretreatment, particularly
the SBC series at higher oxidant concentrations and elevated reaction temperatures.

For the evaluation of structural and crystallinity changes in cotton cellulose in vari-
ous chemically treated textile fabrics, the contributions of the areas corresponding to the
crystalline and amorphous phases were compared based on the deconvolution of XRD
diffractograms. In order to realistically estimate the amorphous domains, where necessary,
both the amorphous background in the 5–40◦ range and the halo at the base of the peak
corresponding to the (2 0 0) plane, which covers the peaks specific to the (0 1 2) and (1 0 2)
planes and their reflections, were considered. Explicitly separating the three amorphous
contributions in the deconvolution procedure prevents overestimation of the crystalline
phase and allows for a more accurate estimation of the total amorphous fraction, avoiding
the erroneous assignment of broad amorphous reflections as crystalline reflections [43,49].
As representing the crystalline phase, only the prominent peaks of the (1 −1 0), (1 1 0) and
(2 0 0) planes were taken into account for the XRD spectra of all analyzed samples (raw
cotton control, scoured, bleached and combined treated fabrics).
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The diffractograms of the investigated samples are illustrated in Figure 5 and include
the deconvoluted diffraction peaks obtained for both the reference and oxidized samples.

As shown in Figure 5, the diffraction intensity is expressed as counts per second (CPS),
representing the raw instrumental signal recorded by the detector as a function of the Bragg
diffraction angle (2θ).

Figure 5. Cont.
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Figure 5. Deconvolution of XRD diffractograms obtained for cotton fabric samples subjected to
the three pretreatment routes and oxidized with NaIO4 at concentrations of 0.04 and 0.08 mol·L−1,
at reaction temperatures of 30 and 40 ◦C. The grey dots represent the experimental data, the solid line
corresponds to the overall fitted profile, and the individual colored curves represent the deconvoluted
peaks (the green shaded areas indicate the crystalline contributions, while the red shaded areas
correspond to the amorphous contribution obtained from the deconvolution of the XRD patterns).

Diffraction peaks are identified at 2θ angles of 14.85–14.89◦, 16.66–16.71◦, 20.27◦,
20.59–20.64◦, and 22.98–23.04◦, characterized by the corresponding Miller indices and
assigned to the crystallographic planes (1 −1 0), (1 1 0), (0 1 −2), (0 1 2), and (2 0 0), respec-
tively. The same crystalline planes were identified for all analyzed samples, confirming the
preservation of the cellulose Iβ allomorph structure [2,5,21,55].
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The diffractograms of all samples exhibit the three expected morphological compo-
nents. The amorphous scattering evidenced by the broad diffuse background is associated
with disordered cellulose chains and their conformational rearrangements. A peculiar
amorphous reflection is represented by a broad, poorly defined maximum superimposed
in the vicinity of the crystalline (0 1 2) reflection, being attributed to residual order or
incomplete chain orientation within paracrystalline and amorphous regions [55,56].

Table 3 summarizes the values of the degree of crystallinity (Xc), calculated according
to Equation (3), which directly reflect the structural changes induced by the pretreatment
route and by the mechanism of periodate oxidation of cotton fabrics.

Table 3. Degree of crystallinity (Xc) of references and samples subjected both to the three pretreatment
routes and the NaIO4 oxidation.

Sample Area
[1 −1 0] Peak

Area
[1 1 0] Peak

Area
[2 0 0] Peak

Area
Amorphous
Scattering

(Wide Upward
Displacement)

Area
Amorphous
Reflection
(Around
[0 1 2])

Xc
[%]

RC 46.51 19.66 66.09 31.79 13.65 74.43
SC 68.68 9.18 99.75 54.32 10.69 73.21
BC 65.85 5.19 36.36 61.79 5.19 61.59

SBC 25.22 21.02 83.14 79.89 16.06 57.42
SC1 93.04 42.12 185.02 110.08 25.18 70.30
BC1 74.67 17.63 169.61 151.1 22.61 60.12

SBC1 27.76 14.82 145.02 128.16 11.86 57.26
SC2 96.99 43.87 202.83 119.23 26.48 70.23
BC2 64.53 12.68 103.59 102.95 17.78 59.96

SBC2 76.93 27.86 213.91 223.6 14.72 57.22
SC3 118.1 47.1 218.96 142.18 21.3 70.15
BC3 117.49 33.68 174.02 192.43 32.38 59.13

SBC3 12.12 16.04 17.48 40.15 0.93 52.63
SC4 43.49 2.91 60.6 80.23 5.97 55.38
BC4 17.63 5.06 42.26 54.57 6.34 51.60

SBC4 94.4 20.55 120.7 197.9 34.92 50.30

The reported Xc values (Table 2) represent the relative crystalline fraction of each
sample in its actual chemical state, enabling direct comparison between raw (RC), pretreated
(SC, BC, SBC) and oxidized fabrics (SC1–SC4, BC1–BC4, SBC1–SBC4).

The reference sample (RC) exhibits a high degree of crystallinity (Xc = 74.43%), charac-
teristic of native cellulose Iβ, with well-ordered microfibrils and a stable hydrogen-bond
network. Alkaline scouring (SC) does not significantly modify the Xc (73.21%), as this
process is dominated by the removal of non-cellulosic impurities without affecting the
crystalline domains. Under moderate oxidation conditions (SC1–SC3), the limited de-
crease in Xc to approximately 70% is attributed to selective oxidation and C2–C3 bond
cleavage occurring in the more accessible regions of cellulose, concomitant with relaxation
of the hydrogen-bond network and a modest increase in the amorphous phase contri-
bution, without destruction of the crystallites. Under more severe oxidation conditions
(SC4—0.08 mol·L−1 NaIO4 and 40 ◦C), a pronounced decrease in Xc to 55.38% is observed,
corresponding to a reduction of approximately 24% relative to the SC reference sample.
This behavior is associated with advanced oxidation and secondary reactions leading to the
formation of masked aldehyde forms (aldehyde hydration, further oxidation to carboxyl
groups, and local chain scission), which result in a diminution of the crystalline regions.

Bleaching pretreatment (BC), which itself represents a non-selective oxidation process,
leads to initially lower Xc values (61.59% for BC), as a consequence of the removal of
non-cellulosic components, partial oxidation of hydroxyl groups, and relaxation of the
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hydrogen-bond network. These structural modifications increase the internal accessibility
into the fiber, enlarge the amorphous regions and promote oxidant diffusion/exposure,
concluded with the cleavage of the C2–C3 bond within the AGU. Oxidation under milder
conditions (0.04 mol·L−1 NaIO4 at 30 and 40 ◦C) does not directly affect the crystalline
structure, which remains relatively stable, with Xc values in the range of 59.13–60.12%
(BC1–BC3 series). In contrast, more severe oxidation conditions (0.08 mol·L−1 NaIO4

at 40 ◦C) lead to a decreased Xc value, of 51.60% for sample BC4, associated with the
pronounced development of secondary reactions and a reduction in crystalline domains,
overall resulting in a Xc approximately 16% lower than that of the BC reference sample.

The SBC series exhibits the lowest Xc values, with 57.42% for the reference sample and
57.26% (SBC1) and 57.22% (SBC2) under mild oxidation conditions with NaIO4, indicating
negligible variation. However, increasing oxidant concentration and temperature results
in a Xc reduction of up to 12% (SBC4) relative to the reference sample. These Xc values
indicate a cumulative effect of pretreatments, reflecting the synergistic action of NaOH and
H2O2, which enhances internal accessibility, facilitates oxidant diffusion, accelerates C2–C3
bond cleavage, promotes secondary reactions, and induces structural disorder, leading to a
decrease in cellulose crystallinity.

The obtained results are consistent with those reported by Hao et al. [11]. Therefore, it
can be concluded that the type of pretreatment governs the accessibility of the oxidant and
the oxidation pathway, while the decrease in Xc induced by NaIO4 oxidation results from
the cleavage of C2–C3 bonds within the AGU, secondary reactions, and the progressive
weakening and fragmentation of the crystalline architecture of cellulose.

3.2. The Determining Role of Pretreatments on the Mechanical, Hydrophilic, and Optical Behavior
of Cotton Fabrics Oxidized with NaIO4

3.2.1. Analysis of the Mechanical Behavior of NaIO4–Oxidized Cotton Fabrics as a
Function of Applied Pretreatments

Mechanical performance was evaluated using the maximum tensile force at break
(Fa) and elongation at break (E), normalized to the corresponding reference sample values
(Fa/Fa0 and E/E0). Values below unity indicate relative reductions in mechanical proper-
ties. Figure 6a,b presents the normalized variations in Fa/Fa0 and E/E0 as a function of
pretreatment route and oxidation severity. All percentage variations are reported relative
to the corresponding reference samples.

The normalized mechanical data (Figure 6) reveal a transition from controlled ox-
idation to pronounced structural degradation in agreement with data reported in the
literature [20,27]. The significant decrease in tensile strength and elongation is attributed
to the extensive cleavage of the C2-C3 bonds. This structural disintegration, highlighted
by the transition to secondary oxidation products (carboxyl groups, intramolecular cyclic
carbonyl structures, e.g., hemiacetal and lactone forms), leads to severe depolymerization
and increased fiber brittleness. Therefore, the decrease in mechanical properties is primarily
associated with cleavage of glycosidic bonds, disruption of the hydrogen-bond network,
and partial depolymerization induced by periodate oxidation and subsequent secondary
reactions [32].

SC samples oxidized with 0.04 mol·L−1 NaIO4 (30–40 ◦C) show the best preservation
of mechanical properties, compared to the BC and SBC series, with Fa/Fa0 reductions
limited to 41–55% (warp) and 45–52% (weft), while E/E0 remains largely preserved (−8
to −9%) or slightly increased in the weft direction (+1–7%). This behavior is consistent
with predominantly primary oxidation and DAC formation, with limited macromolecu-
lar degradation.
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(a) (b) 

Figure 6. Variation in normalized mechanical parameters as a function of pretreatment route:
(a) Fa/Fa0 in the warp and weft directions; (b) E/E0 in the warp and weft directions. Values are
expressed as normalized fractions relative to the corresponding reference samples (F/F0 and E/E0).
Error bars represent the propagated standard deviation of the Fa/Fa0 and E/E0 ratio (σR).

In contrast, the BC series exhibits a balanced mechanical response, with moderate
Fa/Fa0 reductions (~35% for BC1) at mild conditions, and more pronounced decreases
(50–60% for BC2, BC3, and BC4) at higher oxidant concentration and temperature, while
E/E0 remains within a moderate range (34–58%). This evolution suggests the coexistence of
primary oxidation and secondary reactions, with partial chain scission compensated by reor-
ganization of the hydrogen-bonding network, thereby preventing excessive embrittlement
of the material through the formation of carboxyl groups [27].

Under severe oxidation conditions (0.08 mol·L−1 NaIO4 at 40 ◦C), mechanical degra-
dation becomes significant, with Fa/Fa0 and E/E0 decreasing to 51–66% and 49–64%,
respectively, indicating advanced structural deterioration.

The pronounced decrease in tensile properties observed after periodate oxidation can-
not be explained solely by the moderate reduction in crystallinity revealed by XRD analysis.
Although NaIO4 oxidation induces a measurable moderate decrease in the crystallinity
index, particularly under severe conditions, the magnitude of this structural change re-
mains relatively limited compared with the drastic loss of mechanical performance. This
disproportion indicates that tensile deterioration is mainly associated with molecular scale
modifications of cellulose, namely the selective cleavage of the vicinal diol at the C2–C3
positions of the AGU, which introduces localized chain scission defects and disrupts the
hydrogen bond network responsible for load transfer within the cellulose microfibrils.

Differences between warp and weft directions reflect fabric anisotropy, with larger
reductions observed in the weft direction due to its higher amorphous content and increased
oxidant accessibility compared with the more crystalline and aligned warp yarns [56–59].

3.2.2. Evaluation of the Hydrophilicity of Oxidized Cotton Fabrics

Periodate oxidation induced selective C2–C3 cleavage within the AGU, leading to
DAC formation, together with secondary aldehyde transformations (hydration, aldal and
hemiacetal formation) and carboxyl groups, significantly alters the hydrophilic behavior
of cotton fabrics. These chemical changes occur concurrently with supramolecular reor-
ganization of the cellulose structure [41,60]. The literature reports non-uniform trends
regarding the effect of NaIO4 oxidation on the water retention value (WRV) of cellulose.
Moderate oxidation levels have been associated with increased WRV due to oxidation-
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induced amorphization and enhanced water accessibility within less ordered domains [41],
whereas advanced oxidation stages frequently lead to decreased water retention as a result
of aldehyde mediated intra- and intermolecular crosslinking, network densification, and
the progressive loss of effective water adsorption sites [60,61].

Surface-related behavior was evaluated through water absorption capacity (WAC),
which reflects the liquid uptake ability of the oxidized cotton fabrics.

Table 4 summarizes the influence of pretreatment route and NaIO4 oxidation severity
on cotton fabric hydrophilicity, expressed by the water absorption capacity (WAC) and its
relative variation (∆WAC).

Table 4. WAC and ∆WAC values obtained for the reference samples and NaIO4 oxidized cot-
ton fabrics.

Sample
WAC (%)

Mean ± SD,
n = 3

∆WAC
%

RC 52.83 ± 0.29 -
SC 128.26 ± 0.70 75.43
BC 125.10 ± 0.48 72.27

SBC 118.77 ± 0.42 65.94
SC1 102.28 ± 0.16 −25.98
BC1 98.22 ± 0.43 −26.88

SBC1 94.29 ± 0.26 −24.48
SC2 90.94 ± 0.15 −37.32
BC2 81.05 ± 0.06 −44.05

SBC2 78.98 ± 0.23 −39.80
SC3 90.96 ± 0.22 −37.30
BC3 85.01 ± 0.41 −40.09

SBC3 87.22 ± 0.38 −31.55
SC4 99.32 ± 1.01 −28.94
BC4 87.92 ± 0.23 −37.18

SBC4 75.09 ± 0.23 −43.68

The data presented in Table 4 highlight the effect of the pretreatment route and NaIO4

oxidation severity on fabric hydrophilicity, as reflected by the water absorption capacity
(WAC) and its relative variation (∆WAC).

The reference samples subjected only to conventional pretreatments exhibit a pro-
nounced increase in WAC compared to RC, reflecting enhanced water accessibility follow-
ing the removal of hydrophobic waxes. Specifically, WAC increases from 52.83% for the
untreated fabric to values exceeding 125% for the SC and BC samples, while the combined
scouring–bleaching route yields a slightly lower, yet still markedly elevated, WAC.

NaIO4 oxidation leads to a consistent decrease in WAC across all pretreatment series,
reflecting a progressive loss of fabric hydrophilicity. For each oxidized sample, the relative
reduction is quantified with respect to its corresponding non-oxidized reference, with
∆WAC values ranging from 24.5% to 44.1%. Among the oxidized fabrics, samples processed
under mild conditions (0.04 mol L−1 NaIO4 at 30 ◦C; SC1, BC1, and SBC1) exhibit the most
balanced hydrophilic response, showing only moderate reductions in WAC (approximately
24–26%). In contrast, oxidation performed at elevated temperature (40 ◦C) or higher oxidant
concentration (0.08 mol L−1 NaIO4) results in markedly larger WAC losses, particularly for
BC2, BC3, and SBC4, where reductions approach 44%, indicating a pronounced restriction
of water uptake.
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In this context, the WAC results obtained in the present study are consistent with
literature reports describing decreased water uptake at advanced stages of NaIO4 oxida-
tion. In oxidized cotton fabrics, oxidation-induced chemical modifications prevail over
partial amorphization effects: the conversion of secondary hydroxyl groups into aldehyde
moieties, their participation in hemiacetal linkages, and the formation of lactonic structures
promote network densification, restrict chain mobility, and limit swelling as well as effective
hydrogen-bond interactions with water. These combined effects alter the capillary–porous
structure of cotton cellulose and result in a systematic decrease in WAC with increasing
oxidation severity.

Consequently, mild oxidation conditions (0.04 mol·L−1 NaIO4 at 30 ◦C) applied to SC,
BC or SBC oxidized series can be regarded as an acceptable compromise, enabling controlled
cellulose functionalization while inducing oxidation-related structural rearrangements that
restrict water accessibility. These changes result in a reduced WAC, indicating a moderated
interaction between the oxidized cellulose matrix and water.

3.2.3. Evaluation of Optical Properties

The literature reports contradictory findings regarding the molecular origin of yel-
lowing in cellulosic materials, with the relative contributions of aldehydic (–CHO) and
carboxylic (–COOH) groups remaining under debate [62]. In cotton fabrics, the degree of
whiteness (CIE Whiteness Index, WICIE) [32] and the yellowness index (YI) [63] are closely
related to chemical modifications of cellulose induced by conventional pretreatments and
controlled oxidation processes. Although both aldehydic and carboxylic groups have been
identified as contributors to yellowing, these functionalities generally coexist in cellulosic
materials, and their effects are therefore superimposed rather than independent [62].

Table 5 summarizes the colorimetric coordinates and YI values of cotton fabrics sub-
jected to different pretreatment routes and NaIO4 oxidation.

Table 5. Colorimetric coordinates and yellowness index (YI) of cotton fabrics subjected to different
pretreatments and NaIO4 oxidation. The parameter b* represents the yellow–blue coordinate in the
CIELab color space.

Sample b* X Y Z Yellow Index (YI)

RC 11.3 65.07 67.25 59.09 26.02
SC 10.72 67.94 70.51 62.81 24.09
BC 3.97 76.84 80.41 80.89 9.80

SBC 4.39 76.47 79.99 79.9 10.67
SC1 11.41 68.78 71.61 63.07 24.84
BC1 8.37 72.8 76.39 71.23 17.92

SBC1 7.04 72.46 76.01 72.49 15.51
SC2 10.5 70.56 73.54 65.94 22.88
BC2 7.51 73.21 76.84 72.73 16.27

SBC2 6.85 73.26 76.93 73.65 14.96
SC3 11.5 66.28 68.68 60.22 25.90
BC3 6.17 73.6 77.3 74.87 13.65

SBC3 5.31 73.3 76.86 75.52 12.24
SC4 11.03 70.52 73.62 65.41 23.61
BC4 7.16 73.3 77 73.32 15.51

SBC4 6.49 73.48 77.07 74.24 14.43

The colorimetric coordinates and YI values reported in Table 5 show that the raw
reference sample (RC) exhibits the highest yellowness index (YI ≈ 26.0), attributed to the
presence of natural pigments and chromophoric impurities inherent to raw cotton. Alkaline
scouring results in only a limited reduction in yellowing (SC, YI = 24.1), whereas hydrogen
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peroxide bleaching leads to a pronounced decrease in YI for the BC and SBC samples
(YI = 9.8–10.7). This decrease is accompanied by increased X, Y, and Z tristimulus coordi-
nates, confirming the formation of a whiter, brighter, and optically more stable substrate.

Correlation of the colorimetric parameters with the YI–Faldehyde relationship (Figure 7)
highlights the dominant role of the aldehyde fraction, modulated by pretreatment history,
in governing the optical stability of cotton fabrics.

 

Figure 7. Correlation between the yellowness index (YI) and the aldehyde fraction Faldehyde. Symbols
represent mean values for each sample. SC1–SC4, BC1–BC4 and SBC1–SBC4 denote individual
samples oxidized with NaIO4 at a concentration of 0.04 and 0.08 mol·L−1, at 30 and 40 ◦C.

Figure 7 demonstrates a direct correlation between the content of optically active free
aldehyde groups and the degree of yellowing of cotton fabrics. The SC series (SC1–SC4),
characterized by high Faldehyde values (0.45–0.60), exhibits the highest yellowness index
values (YI = 22.88–25.90), confirming the dominant role of free aldehydes in the formation
of conjugated chromophoric species, as also supported by ATR-FTIR deconvolution results.
In contrast, the BC (BC1–BC4) and SBC (SBC1–SBC4) series display lower Faldehyde values
(0.12–0.30), corresponding to significantly reduced YI values (12–18) and enhanced optical
stability, consistent with ATR-FTIR evidence of modified carbonyl speciation. These results
indicate that yellowing is primarily governed by the aldehyde fraction, controlled by
pretreatment history and oxidation conditions, while carboxyl groups play a secondary,
modulatory role. Accordingly, previously bleached samples retain superior optical stability,
even under severe periodate oxidation, due to reduced free aldehyde content and increased
formation of masked aldehyde species [32,62].

4. Conclusions
This study investigated how conventional cotton fabric pretreatments, such as alka-

line scouring (SC), hydrogen peroxide bleaching (BC) and combined scouring–bleaching
(SBC), govern selective sodium periodate oxidation and the resulting structure–property
relationships in woven cotton fabrics. Oxidation was performed under controlled con-
ditions (0.04–0.08 mol L−1, 30–40 ◦C, 4 h and pH 4.0) to enable the evaluation of the
combined effects (substrate accessibility and reaction severity) on the chemical, structural,
and functional responses of the fabrics.

The results demonstrate that the pretreatment route is the dominant factor controlling
oxidant accessibility to the secondary hydroxyl groups at the C2–C3 positions of the AGU
and, consequently, the prevailing oxidation pathway. The free aldehyde fraction (Faldehyde)
varied between 0.13 and 0.58, indicating pronounced pretreatment dependent differences in
carbonyl speciation. ATR–FTIR analysis combined with spectral deconvolution confirmed
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the formation of carbonyl functionalities in the oxidized cotton fabrics. The characteristic
ν(C=O) band at 1730–1740 cm−1 confirmed the presence of aldehyde groups, with addi-
tional contribution at 1760–1770 cm−1 attributed to lactone carbonyl groups. XRD analysis
revealed moderate decreases in crystallinity, reaching approximately 24% under severe
oxidation conditions, indicating partial preservation of the cellulose Iβ crystalline structure
accompanied by increased amorphization. Despite these limited structural changes, me-
chanical testing showed pronounced deterioration of tensile properties. SC fabrics oxidized
under mild conditions retained the highest structural integrity, whereas BC substrates
exhibited stronger degradation, with Fa/Fa0 reductions up to 50–60% and E/E0 values
between 34–58%. These structural modifications were accompanied by a 25–45% reduction
in water absorption capacity, reflecting reduced hydrophilicity, particularly for the highly
accessible BC and SBC substrates. Optical stability was strongly influenced by the free
aldehyde fraction, explaining the pronounced yellowing observed in selectively oxidized
SC samples and the improved color stability of pre-bleached substrates.

Overall, the results demonstrate that effective functionalization of woven cotton fabrics
by periodate oxidation requires a pretreatment centered strategy in which substrate history
governs oxidation pathways, while reaction conditions control the extent of structural
modification and functional performance.

Furthermore, this study proposes a methodological framework for interpreting the
oxidation behavior of woven cotton fabrics as a function of the applied pretreatment
route. The introduction of the free aldehyde fraction (Faldehyde) as an indicator of carbonyl
speciation, combined with the deconvolution of ATR-FTIR spectra and XRD diffractograms,
enabled a more accurate identification of carbonyl species and a more reliable assessment
of the structural and functional changes occurring during periodate oxidation.

By integrating chemical quantification, spectroscopic analysis, structural character-
ization, and functional evaluation, this study establishes a structure–process–property
framework for periodate oxidized cotton fabrics. This integrated approach provides a
predictive basis for tailoring oxidation conditions to specific cotton fabric applications,
through controlled functionalization, limitation of substrate degradation, and optimization
of required functional properties.
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Abbreviations
The following abbreviations are used in this manuscript:

AGU Anhydroglucose Unit
BC Bleached cotton
13C-NMR Carbon-13 Nuclear Magnetic Resonance
DAC Dialdehyde cellulose
ATR-FTIR Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
NIR Near-Infrared Spectroscopy
RC Raw cotton
SC Scoured cotton
SBC Scoured and bleached cotton
TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl
WAC Water Absorption Capacity
WRV Water Retention Value
XRD X-ray Diffraction
YI Yellowness Index
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32. Toshikj, E.; Tarbuk, A.; Grgić, K.; Mangovska, B.; Jordanov, I. Influence of different oxidizing systems on cellulose oxidation level:

Introduced groups versus degradation model. Cellulose 2019, 26, 777–794. [CrossRef]
33. Simon, J.; Tsetsgee, O.; Iqbal, N.A.; Sapkota, J.; Ristolainen, M.; Rosenau, T.; Potthast, A. Fourier transform and near-infrared

dataset of dialdehyde cellulose used to determine the degree of oxidation with chemometric analysis. Data Brief 2022, 40, 107757.
[CrossRef]
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