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Abstract: The electrokinetic properties of materials give useful insight into the behavior of surfaces in
contact with liquids and other compounds and their quantification is a powerful tool to predict their
behavior during further processing and application, especially in textile materials. In this work, we
perform a comparative analysis of influence of the two most common selective oxidative protocols for
viscose (regenerated cellulose) fabrics on subsequent functionalization with chitosan, and cellulose
fabrics’ electrokinetic properties, zeta potential in a pH range of approx. 3–10, and isoelectric point
(IEP). For oxidation before deposition of chitosan, sodium periodate and 2,2,6,6-tetramethylpiperidine-
1-oxy radical (TEMPO) were used. The content of functional groups in oxidized cellulose fabric
(carboxyl and carbonyl groups) was determined by titration methods, while amino functional groups’
availability in samples with chitosan was determined using the CI acid orange 7 dye absorption
method. This study reveals that the periodate oxidation (PO) of cellulose is more effective for binding
chitosan onto material, which gave rise to higher availability of amino groups onto cellulose/chitosan
material, which also influenced the shift in zeta potential curve towards positive values at a pH below
5. Analysis of a relationship between zeta potential increase at pH 4.4 and amino groups’ amount
measured using absorption of CI acid orange 7 dye at pH 4.4 revealed dependency that can be fitted
linearly or exponentially, with the latter providing the better fit (R2 = 0.75).
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1. Introduction

Oxidation of cellulose is a very common procedure for modification of cellulosic
material [1]. In the textile sector, oxidation is usually performed to remove impurities and
organic contaminants from textile material, but also to functionalize the surface of fibers,
and introduce new functionalities. Cellulose, as a polysaccharide with three hydroxyl
(OH) groups on each anhydroglucose unit (AGU), is very susceptible to oxidation and
transformation of these groups to other moieties. The reactivity of OH groups is high, and
cellulose can be transformed into many other derivatives [2–5]. In oxidized cellulose, OH
groups are oxidized to carbonyl (aldehyde) and/or carboxyl groups depending on the
oxidative agent used and conditions of oxidation.

Among various derivatives, oxycellulose stands out due to its very special properties,
being bioresorbable, biocompatible, and even hemostatic (depending on the degree of

Textiles 2024, 4, 57–69. https://doi.org/10.3390/textiles4010005 https://www.mdpi.com/journal/textiles

https://doi.org/10.3390/textiles4010005
https://doi.org/10.3390/textiles4010005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/textiles
https://www.mdpi.com
https://orcid.org/0000-0003-4208-943X
https://orcid.org/0000-0001-8179-3302
https://orcid.org/0000-0001-9925-4884
https://doi.org/10.3390/textiles4010005
https://www.mdpi.com/journal/textiles
https://www.mdpi.com/article/10.3390/textiles4010005?type=check_update&version=1


Textiles 2024, 4 58

oxidation DO), and can be further functionalized because of carboxyl and carbonyl groups,
which are reactive and can be considered as “chemical hooks” to further bind additional
compounds [1].

Several highly effective protocols have been established for cellulose oxidation, by
using agents that can be classified into two main groups, selective and non-selective [6].
Selective agents target specific OH groups (primary or secondary), while non-selective
agents can oxidize primary and/or secondary OH to various degrees, depending on the
processing conditions (concentration, pH, and temperature). Naturally, selective oxidative
agents are easier to control whereby final product concentration (quantity of functional
groups) can be easily predicted, while side reactions can be minimized. The degree of
oxidation influences the reactivity and solubility of the derivative and can be tailored
according to the final application. From the aspect of selective oxidation for cellulose
functionalization, periodate oxidation (PO) and 2,2,6,6-tetramethylpiperidine-1-oxy radical
(TEMPO) oxidation in particular stand out [6].

Periodate oxidation is most frequently performed utilizing sodium periodate [7–10]
or potassium periodate [11–13]. The final product is dialdehyde cellulose [7,9,14–16]
whereby OH groups on the C2 and C3 position of AGU are transformed to aldehydes,
which is accompanied by ring cleavage that usually does not lead to damage of cellulose
macromolecules [17,18]. These aldehyde groups on the C2 and C3 atoms in AGU unit of
cellulose can serve as binding sites to form a Schiff’s base with amino groups, as has been
shown, for example, in oxidized cellulose with immobilized enzyme [18].

Opposite to periodate oxidation (PO), during TEMPO oxidation, the OH group on C6 is
transformed to the COOH group. In traditional TEMPO oxidation, a TEMPO/NaBr/NaClO
system in water is used, at room temperature and pH 10. Unfortunately, this approach
of TEMPO oxidation under basic conditions leads to a significant depolymerization of
cellulose macromolecules [19]. The alternative approach, a TEMPO/NaClO/NaClO2
system in water at elevated temperatures and weakly acidic or neutral pH, offers the
possibility to avoid the β-elimination reaction that takes place in an alkaline environment
and depolymerization, and it is receiving increased research attention [20]. Regardless of
the applied approach (TEMPO/NaBr/NaClO system in water at room temperature and pH
10 or TEMPO/NaClO/NaClO2 system in water at elevated temperatures and weakly acidic
or neutral pH), TEMPO oxidation provides cellulose with COOH groups on C6 position,
while a certain number of aldehyde groups can also be present depending on the degree
of oxidation. This has the consequence of changing the sorption properties of cellulose
and its reactivity. The introduction of acidic carboxyl groups in cellulose can lead to an
increase in sorption properties and wettability and also increased reactivity of carboxylated
cellulose. On another hand, significant inclusion of aldehyde groups into cellulose during
periodate oxidation, and specifically viscose as regenerated cellulose fiber, can lead to a
decrease in moisture sorption and water retention [10,21] since hydrophilic OH groups are
being converted to less polar aldehyde moieties.

Changes in functional groups and sorption properties can also have an impact on the
electrokinetic properties. The electrokinetic properties, isoelectric point (IEP), and zeta
potential value are important for predicting the behavior of the surface of material in a
contact with the liquids [22]. It is also useful to monitor the changes during oxidation of
cellulose and the addition of various compounds [10,23]. Swelling of fibers and improve-
ment of their interaction with water have been known to cause a reduction in zeta potential
in the alkaline pH region, so called the zeta plateau region [24]. Furthermore, reportedly, in
viscose oxidized with periodate and further converted to dicarboxyl cellulose, the curve
becomes more distorted with the increase in COOH groups in it [10].

Frequently, oxidation of cellulose is accompanied by further functionalization, to
obtain functional fibers with different properties, most frequently antimicrobial. In this
sense, the most frequent route for cellulose functionalization is oxidation and the addition
of a compound that has special properties, such as, for example, antimicrobial and sorption
properties [25–28]. Chitosan is a compound of choice to incorporate into cellulose material,
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since it is biodegradable, natural, and a biocompatible polymer [29–31]. It is considered
that due to its positive surface charge in contact with liquids, chitosan can interact with the
cell walls of bacteria and disrupt their growth thus providing an antimicrobial effect [31].
Also, chitosan as an efficient adsorbent can provide cellulose the functionality of improved
sorption of various aqueous pollutants [32–36]. Therefore, it would be beneficial to elucidate
the influence of pretreatments and chitosan addition onto cellulose fibers’ zeta potential at
certain pH. Previously, it has been shown that the addition of chitosan can cause a shift
in zeta potential–pH curve of viscose fabric and that TEMPO oxidation causes changes
in zeta potential [37]; furthermore, periodate oxidation can also cause the difference in
zeta potential [10] depending on the oxidation parameters. But from using different
oxidative protocols, and at different conditions, as well as different conditions for chitosan
impregnation, it is hard to conclude what influence the certain type of oxidation and
chitosan addition on the zeta potential of cellulose fibers has.

In the presented work, we perform a comparative analysis of the influence of carbonyl
and carboxyl group content on the electrokinetic properties of viscose (regenerated cellu-
lose) oxidized using two protocols, periodate and TEMPO oxidation, tailored in such a
way that samples contain increased total group content, but also carbonyl and carboxyl
group content separately. The periodate oxidation serves to transform the hydroxyl groups
of cellulose to aldehyde, and introduced aldehyde groups on C2 and C3 carbons in the
glucopyranose ring could serve as binding sites for amino groups of chitosan. On an-
other hand, TEMPO oxidation can also improve sorption properties and provide a certain
amount of aldehyde groups as well; therefore, the comparison between these two oxidation
approaches for the ability to further bind chitosan can be useful for choosing the right
protocol to prepare cellulose for chitosan functionalization. In this work, we analyze the
deposition of chitosan onto viscose oxidized with both protocols, and we study which
oxidative protocol produces viscose that has a higher affinity toward chitosan. This affinity
towards chitosan and ultimately production of functionalized cellulose with positively
charged groups at a certain pH is assessed through the determination of amino functional
group availability in functionalized viscose. Finally, we assess the influence of all these
functionalization protocols (oxidation followed by chitosan deposition) on the change in
zeta potential, which could help predict properties of functionalized cellulose fibers in
contact with other compounds (such as dyes, proteins, enzymes, etc.). In this work, we
have tested the dye absorption (CI acid orange 7) of functionalized cellulose with chitosan
to assess the availability of amino groups originating from chitosan and, at the same time,
to establish if the adsorption of the dye at a certain pH is in correlation with the change in
zeta potential of functionalized viscose at that same pH.

2. Materials and Methods
2.1. Materials

Sodium phosphate dibasic (Sigma Aldrich, Saint Louis, MO, USA, p.a. grade),
monopotassium phosphate (Carlo Erba, Emmendingen, Germany, p.a. grade), sodium
chlorite (Sigma Aldrich, p.a. grade), 13% sodium hypochlorite (Sigma Aldrich, p.a. grade),
TEMPO (Sigma Aldrich, p.a. grade), sodium periodate (Acros Organic, Geel, Belgium,
99% p.a.), glacial acetic acid (ZorkaPharm, Šabac, Serbia), sodium acetate (Centrohem,
Stara Pazova, Serbia), Orange II Sodium salt (CI acid orange 7, Carl Roth, Karlsruhe, Ger-
many), chitosan (powder, low molecular weight, Sigma Aldrich), acetone (Sigma Aldrich,
reagent grade, 99.5%), sodium hydroxide (pellets), 0.1 M HCl solution and 0.1 M NaOH,
KCl, calcium acetate (Centrohem, Serbia), phenolphthalein (Kemika, Zagreb, Croatia),
standard buffer solutions pH 4, pH 7 (Reagecon, Shannon, Ireland), and pH 10 (Hanna
Instruments, Leighton Buzzard, England) were used for experiments as received, without
further purification.

Viscose (regenerated cellulose-CV) fabric was provided by IGR Agence, Slovenia
and used in experiments. The cellulose fabric structure was plain weave, surface mass—
80 g m−2, yarn fineness (warp/weft)—9.6/9.9 tex, warp/weft count—40/35 cm−1 [38].
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The chemical composition of viscose was determined using methods described in the
literature [39,40]. Briefly, the content of α-cellulose (95.1%) was determined as a difference
between starting and residual mass of fabric after treating the fabric with 10% NaOH, while
the content of hemicelluloses (4.9%) was determined after treating the fabric with 17.5%
NaOH quantitatively by titration of the filtrate.

2.2. Methods
2.2.1. Oxidations

Periodate oxidation was implemented according to the method described in the
literature [10,18]. Briefly, viscose fabric (10 g) was oxidized in the dark in a shaker, at
room temperature, using 0.4% (w/v) NaIO4 in an acetic (pH 4.0) buffer with material-to-
liquid ratio 1:50, w/v. The oxidation with periodate lasted for 60, 120, and 240 min, and
quenching the oxidation was performed by washing the sample with 10-fold volume of
ice-cold (0–5 ◦C) distilled water.

TEMPO oxidation was performed according to the method described in the litera-
ture [37,41,42]. The oxidation was conducted using 10 g of viscose material, under stirring,
at 60 ◦C, using TEMPO (20 mg TEMPO/g viscose fabric), sodium chlorite (50 mg NaClO2/g
viscose fabric), and sodium hypochlorite solution (2.5 mmol NaClO/g viscose fabric) in
0.05 M sodium phosphate (pH 7.0) buffer with material-to-liquid ratio 1:50, w/v. The
oxidation with TEMPO lasted for 2.5, 5, and 10 min, aimed at introducing similar content
of aldehyde groups in samples, as with periodate oxidation, and to obtain increasing
content of total amount of functional groups. At the end of designated time, quenching
the oxidation was performed with 5 mL of ethanol of room temperature. TEMPO-oxidized
viscose fabric was thoroughly washed with distilled water by filtration, then with ethanol,
and finally dried at room temperature.

2.2.2. Dissolution and Deposition of Chitosan onto Viscose

Chitosan (CS) was prepared as 1% solution in 2% acetic acid, and chitosan deposi-
tion was performed following a method described previously [38]. Briefly, chitosan was
dissolved in acetic acid at 60 ◦C during total of 120 min, until clear solution was obtained.

Viscose fabric (6 g) was added to chitosan solution (1:50 material-to-liquid ratio) and
after 60 min at 60 ◦C, samples were washed with cold distilled water (10–15 ◦C), and dried
in an oven at 60 ◦C for 30 min.

2.2.3. Moisture Sorption

Moisture sorption was determined using Sartorius Infrared moisture analyzer MA35.
For each sample, moisture sorption was determined in duplicate.

2.2.4. Determination of Carboxyl Group Content

Standard volumetric calcium acetate method was used for carboxyl group measure-
ment [10,43]. Briefly, viscose is first treated with 0.01 M HCl for 60 min and after that time
50 mL of water and 30 mL of 0.25 M Ca(CH3COO)2 are added to samples. After 120 min
of reaction, an aliquot of 30 mL is titrated with 0.01 M NaOH using phenolphthalein. The
carboxyl group content is calculated using Equation (1):

COOH =
80/30 · c(NaOH) · V(NaOH)

ms
, mmol · g−1 (1)

where c(NaOH) is the concentration of NaOH, V(NaOH) is the volume of NaOH used for
titration, and ms is the weight of absolutely dry sample (g).

The volumetric test was performed in triplicate. The standard deviation between
measurements was up to 5%.



Textiles 2024, 4 61

2.2.5. Determination of Carbonyl Group Content

The carbonyl groups in cellulose were determined following a method described
previously [43] whereby first carbonyl groups are selectively oxidized to carboxyl using
NaClO2, and the carboxyl group content was determined volumetrically as described
above. The carbonyl group content is calculated by subtracting the carboxyl content in the
sample before and after conversion with chlorite.

2.2.6. CI Acid Orange 7 Test for Amino Groups of Chitosan

CI acid orange 7 test was performed according to the procedure described in the
literature [44,45] with slight modification. The adsorption of dye CI acid orange 7 was
evaluated by determining the dye concentration in solutions at pH 4.4 after 3 h of contact
with the samples, using a UV-1700 PharmaSpec spectrophotometer, SHIMADZU (JA).

2.2.7. Zeta Potential Measurement

The zeta potential of viscose fabric was determined by the streaming potential method
using a SurPASS Electrokinetic Analyzer (Anton Paar GmbH, Graz, Austria). Sample was
placed in the cylindrical cell, thereby forming a permeable plug. The reproducible packing
density of the fabric plug was maintained by monitoring the sample size and weight and
controlling the sample compression in the cylindrical cell. Before measurement, samples
were pre-swelled in distilled water for 30 min. The electrolyte solution was 1 mM KCl
while the initial pH was adjusted to pH 10 with NaOH. Changes in the pH (from pH 10 to
pH 3) were achieved by automatic titrations with 0.05 M HCl. Since the ionic strength of
an electrolyte solution during measurement in a low pH region can interfere with the zeta
potential [46], measurements were carried down to pH 3. Consequently, isoelectric points
(IEP) lower than 3 were determined by extrapolation of experimental data. The average
value of zeta potential was calculated based on four measurements and standard deviation
was up to 5%.

3. Results
3.1. Carbonyl and Carboxyl Group Content in Oxidized Samples

Oxidation of cellulose is performed to change functional groups of viscose fibers,
introduce aldehyde groups, promote better binding of chitosan through aldehyde groups,
increase total functional group content, and improve sorption properties. These functional
groups can influence many properties of materials but also can serve as binding sites
for further functionalization. In this work, we designed experiments to achieve a certain
degree of similarity between differently oxidized samples, even though the oxidation used
is completely different, in terms that they transform OH groups at different positions, as
stated in the Introduction section. This was achieved by varying the time of oxidations,
while other parameters used within the same oxidation were kept constant. As can be seen
in Table 1, for periodate oxidation (PO), a much longer time was used compared to TEMPO
oxidation.

Table 1. Sample marks with conditions of oxidation.

Sample Mark Oxidative Agent Duration of
Oxidation, Min

Sample Mark after
Chitosan (CS)

Addition

CV 1 / / CV/CS 2

PO 3 1 Sodium periodate 60 PO 1/CS
PO 2 Sodium periodate 120 PO 2/CS
PO 3 Sodium periodate 240 PO 3/CS

TEMPO 1 TEMPO/NaClO/NaClO2 2.5 TEMPO 1/CS
TEMPO 2 TEMPO/NaClO/NaClO2 5 TEMPO 2/CS
TEMPO 3 TEMPO/NaClO/NaClO2 10 TEMPO 3/CS

1 viscose—CV; 2 chitosan—CS; 3 periodate oxidation—PO.
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As is known, TEMPO oxidation that is carried out in a TEMPO/NaClO/NaClO2
system in water at elevated temperatures (60 ◦C) and weakly acidic or neutral pH is very
intensive and requires careful design of oxidation parameters, especially since it tends to
lead to a high speed of conversion and degradation. However, for short oxidation time,
cellulose degradation is minor [37]; therefore, the major changes to the cellulose fibers are
reflected in changes in the functional group. In Figure 1, the functional groups’ content in
differently oxidized cellulose fibers is presented.

Textiles 2024, 4, FOR PEER REVIEW 6 
 

 

TEMPO 1 TEMPO/NaClO/NaClO2 2.5 TEMPO 1/CS 
TEMPO 2 TEMPO/NaClO/NaClO2 5 TEMPO 2/CS 
TEMPO 3 TEMPO/NaClO/NaClO2 10 TEMPO 3/CS 

1 viscose—CV; 2 chitosan—CS; 3 periodate oxidation—PO. 

As is known, TEMPO oxidation that is carried out in a TEMPO/NaClO/NaClO2 sys-
tem in water at elevated temperatures (60 °C) and weakly acidic or neutral pH is very 
intensive and requires careful design of oxidation parameters, especially since it tends to 
lead to a high speed of conversion and degradation. However, for short oxidation time, 
cellulose degradation is minor [37]; therefore, the major changes to the cellulose fibers are 
reflected in changes in the functional group. In Figure 1, the functional groups’ content in 
differently oxidized cellulose fibers is presented. 

 
Figure 1. Content of carbonyl (CHO), carboxyl (COOH), and total content of functional groups in 
differently oxidized viscose (cellulose) fibers using TEMPO or periodate oxidation (PO). 

As can be seen, various contents of functional groups are introduced by varying oxi-
dation parameters (agent and time). The most interesting result is that the total group 
content in TEMPO-oxidized viscose for only 2.5 min is almost the same as in periodate-
oxidized cellulose for 240 min, i.e., 4 h (samples PO 3 and TEMPO 1). Also, the percentage 
of carbonyl groups in PO 3 and TEMPO 1 is 91.1% and 56.5% of the total group content, 
respectively. By increasing the duration of TEMPO oxidation, the carboxyl group content 
increases significantly (1.5× increase for each time step) while carbonyl group content re-
mains almost the same, i.e., changes only slightly. 

In periodate-oxidized samples, the situation with type of group is the opposite; car-
boxyl group content does not change but only carbonyls do. In terms of only carbonyl 
group content, similar results are obtained by using TEMPO oxidation for 2.5 min or pe-
riodate oxidation for 120 min (samples TEMPO 1 and PO 2, respectively). If we look at 
those results from the aspect of only the amount of functional groups, we could conclude 
that TEMPO-oxidized fibers could be more suitable for binding chitosan (since it is as-
sumed that chitosan will react with carbonyl groups to form a Schiff’s base with aldehyde 
moiety in oxidized cellulose as one of the possible binding mechanisms [37,38,47]). 

3.2. Amino Group Content in Samples Functionalized with Chitosan 
After oxidation, chitosan was added to all samples. To quantitively assess the avail-

ability of amino groups of chitosan on cellulose fibers, we determined the content of amino 

Figure 1. Content of carbonyl (CHO), carboxyl (COOH), and total content of functional groups in
differently oxidized viscose (cellulose) fibers using TEMPO or periodate oxidation (PO).

As can be seen, various contents of functional groups are introduced by varying
oxidation parameters (agent and time). The most interesting result is that the total group
content in TEMPO-oxidized viscose for only 2.5 min is almost the same as in periodate-
oxidized cellulose for 240 min, i.e., 4 h (samples PO 3 and TEMPO 1). Also, the percentage
of carbonyl groups in PO 3 and TEMPO 1 is 91.1% and 56.5% of the total group content,
respectively. By increasing the duration of TEMPO oxidation, the carboxyl group content
increases significantly (1.5× increase for each time step) while carbonyl group content
remains almost the same, i.e., changes only slightly.

In periodate-oxidized samples, the situation with type of group is the opposite; car-
boxyl group content does not change but only carbonyls do. In terms of only carbonyl
group content, similar results are obtained by using TEMPO oxidation for 2.5 min or perio-
date oxidation for 120 min (samples TEMPO 1 and PO 2, respectively). If we look at those
results from the aspect of only the amount of functional groups, we could conclude that
TEMPO-oxidized fibers could be more suitable for binding chitosan (since it is assumed
that chitosan will react with carbonyl groups to form a Schiff’s base with aldehyde moiety
in oxidized cellulose as one of the possible binding mechanisms [37,38,47]).

3.2. Amino Group Content in Samples Functionalized with Chitosan

After oxidation, chitosan was added to all samples. To quantitively assess the avail-
ability of amino groups of chitosan on cellulose fibers, we determined the content of amino
groups via absorption of acid orange dye at pH 4.4, according to a modified protocol [44],
and the results are presented in Figure 2.
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Figure 2. Content of available amino groups in differently oxidized viscose fibers using TEMPO or
periodate oxidation (PO) and functionalized with 1% chitosan solution.

As can be seen from Figure 2, untreated viscose has almost the same amount of
available amino groups as the one oxidized with periodate during 240 min, while other
samples have a lower amount of available amino groups compared with the starting
material. The reason for this could come from two facts, which are not mutually exclusive.
The first fact is that introduced functional groups (carboxyl or carbonyl) in cellulose help
immobilize the amino groups of chitosan [47], and that is the reason why we cannot detect
available amino groups with dye absorption tests. In other words, amino groups of chitosan
are involved in electrostatic and covalent interactions with introduced functional groups
(carboxyl and carbonyl) in cellulose [47] and cannot be detected by dyeing test. The second
fact is that cellulose–chitosan interactions also involve the hydroxyl groups of cellulose and
chitosan [38], which participate in hydrogen bonding as one of the dominant mechanisms
in cellulose–chitosan interactions. After hydrogen bonding between the hydroxyl groups
of cellulose and chitosan, the amino groups of chitosan remain available. If the content
of carboxyl and carbonyl groups is increased through oxidation (and at the same time
hydroxyl groups’ content decreases), the hydrogen bonding switches to the formation of
electrostatic and covalent interactions, which results in a lower amount of available amino
groups of chitosan [48]. Nevertheless, cellulose and chitosan most probably react through
various mechanisms at the same time, but which one will be dominant depends on the
amount but also availability of functional groups.

Another interesting result should be highlighted, which is the decrease in amino
group content in TEMPO-oxidized cellulose fibers, as seen in Figure 2, accompanied by
the significant decrease in moisture sorption when using short times of oxidation, 2.5 and
5 min, and the addition of chitosan (Figure 3b). This could be a direct consequence of
the fast conversion of OH groups in cellulose and the interaction of groups of cellulose
and chitosan.

After oxidation and the addition of chitosan, moisture sorption of periodate-oxidized
viscose gradually increases with the increase in oxidation time, while in TEMPO-oxidized
and chitosan functionalized samples, moisture sorption is decreased by almost 30% com-
pared to pristine viscose but reaches a high value after 10 min of oxidation and chitosan
functionalization. This high increase can be a consequence of carboxyl group content
in oxidized cellulose, especially using the longest treatment time. Regarding moisture
sorption, it is obvious that when cellulose is functionalized with chitosan, functional groups
from both components contribute to overall interactions with moisture [27].
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3.3. Zeta Potential Analysis of Oxidized and Functionalized Samples

In the Introduction, it was stated that zeta potential can be a powerful tool to predict
materials’ behavior at a certain pH through possible electrostatic interactions that depend
on the electrostatic attraction between oppositely charged surfaces. Therefore, it is useful
to study the zeta potential of the surfaces that are functionalized with chitosan to predict
the behavior at a certain pH. Figure 4 represents zeta potential curves for viscose oxidized
with periodate (a) and TEMPO-oxidized samples (b). Obtained curves were similar as
previously reported for both periodate- and TEMPO-oxidized cotton and viscose (natural
and regenerated cellulose) [10,23].
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In periodate-oxidized samples, the zeta potential curve is shifting towards more
negative values compared to untreated viscose. This shift in the zeta potential curve at
alkali pH can be a consequence of the introduction of less hydrophilic aldehyde groups than
hydroxyl groups [24]. The shift in the zeta potential curve towards more negative values of
zeta potential at alkaline pH can be an indicator of a decreasing trend of hydrophilicity in
materials. Opposite to this, it is also known that the shift in the zeta potential curve towards
more negative values of zeta potential at alkaline pH indicates an increase in hydrophilicity
in samples [24].
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In Figure 4b, the zeta potential curves of TEMPO-oxidized viscose samples are sig-
nificantly distorted towards 0 mV (0 mV is presented in the graph as a dashed line), as
reported previously [10,23], and at pH higher than 5 even have positive values. Because
the zeta potential values at alkaline pH should be more negative in the case of higher
carboxyl group density at the viscose surface, the obtained less negative zeta potential
values for the TEMPO-oxidized viscose fabrics, compared to CV, can be explained by three
reasons [37]. The first reason is that deprotonated carboxyl groups can prevent the dissocia-
tion of neighboring carboxyl groups by electrostatic repulsion. The second reason is that
TEMPO-oxidized viscose fabrics have higher hydrophilicity and swelling than CV. Namely,
with increased swelling, the ratio between the maximum negative and plateau value of the
zeta potential (ζmax/ζplateau) increases [46]. And finally, the third reason is related to
the phenomenon called charge reversal, which is attributed to strongly adsorbed sodium
ions [49], present in TEMPO-oxidized viscose fabrics as counter-ions to carboxyl groups.

Related to IEP, after TEMPO oxidation, IEP decreases with increasing time of oxidation,
from pH 3.1 for untreated viscose to pH 2 for the TEMPO 3-oxidized sample. Considering
that the measurement of zeta potential was performed from pH 3 to pH 10, the values of
zeta potential below pH 3 are obtained by extrapolation of experimental values. This shift
in IEP toward an acidic value is a confirmation of the introduction of carboxyl groups that
have acidic nature. Contrary to this, in periodate-oxidized samples, IEP is not significantly
affected by oxidation; it remains around pH 3 ± 0.2, which proves that aldehyde groups
cannot contribute to the acidic surface charge in cellulose.

The addition of chitosan, which has a positive pH range around pH 7 and below, had a
significant influence and caused a shift in zeta potential curves of oxidized samples as well
as isoelectric points (Figure 5), as reported previously in oxidized cellulose [37]. The change
in IEP after coating/addition of chitosan has been reported as well for inorganic Fe3O4
nanoparticles coated with chitosan [50] and in packaging foils from synthetic polymers [51].
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Figure 5. (a) Zeta potential as a function of pH in 1 mM KCl electrolyte solution for samples
functionalized with chitosan; (b) isoelectric point (IEP) of samples with and without chitosan oxidized
with periodate (PO) and TEMPO.

In this work, chitosan caused a shift in the zeta potential curves of untreated (non-
oxidized viscose) and periodate-oxidized samples, and their IEPs are approx. at pH
4.5 ± 0.2, which is within measurement error. It appears that pretreatment with periodate
does not influence the IEP and that IEP of periodate oxidized and non-oxidized viscose with
deposited chitosan are similar. On another hand, the addition of chitosan onto TEMPO-
oxidized viscose caused the decrease in the maximum negative value of the zeta potential,
especially in the TEMPO 3 sample (oxidized using the longest time, 10 min) from approx.
−14 mv to approx. −4 mV. Moreover, as seen in Figure 5b, the longer the TEMPO oxidation
and addition of chitosan, the higher the IEP, which, in the case of these samples, is around
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pH 2.8 ± 0.2, compared to only TEMPO-oxidized, whose IEP was between pH 2 and
pH 2.5.

If we consider results that present a total shift in IEP towards higher pH and if the
aim is the shift in IEP (and overall zeta potential curve shift), periodate oxidation as
pretreatment may be superior to TEMPO oxidation. If we compare TEMPO 1 and PO
2 samples with the same amount of carbonyl groups, and if we observe the amount of
chitosan through the amount of available amino groups (Figure 2), it is obvious that the
affinity of periodate-oxidized viscose towards chitosan is higher. Sample PO 2 also gives
the highest shift in IEP after the addition of chitosan, which means that it not only bonded
more chitosan after oxidation but also that groups in chitosan are more available, giving
rise to IEP.

The question remains, is it possible to predict exactly how much the zeta potential
curve will shift after a certain amount of chitosan is added to cellulose? In an attempt to
bring us closer to the answer, we plotted the measured zeta potential at pH 4.4 with results
of available amino groups from the test with CI acid orange 7 dye (Figure 6). Undoubtedly,
the value of zeta potential at a certain pH increases as the number of available amino
groups obtained by the dye test increases as well.
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This increase can be fitted linear (Figure 6a) or exponential (Figure 6b), being that
exponential increase is better fitted (R2 = 0.75 for exponential, R2 = 0.65 for linear) and this
correlation is more probable.

We must, however, underline that in this work, a limited data set is present, but
for future work, a series of samples with increasing amounts of chitosan, or even with
increasing amounts of available functional groups, should be prepared, and whether the
zeta potential curve is giving appropriate signal to these changes should be evaluated.
From the results presented here, it can be concluded that zeta potential analysis is a very
sensitive technique capable of detecting even the smallest changes in the surface chemistry,
and it is in good agreement with the dye test using CI acid orange for available amino
groups.

4. Conclusions

In this work, viscose (regenerated cellulose) fabric was oxidized with two oxidation
protocols, using periodate and TEMPO. These two oxidations are based on completely
different reactions, which lead to the inclusion of functional groups in cellulose on different
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carbons in the anhydroglucose unit (AGU). Periodate oxidation transforms OH groups
at the C2 and C3 position of AGU to aldehydes while TEMPO oxidation leads to C6 OH
group transformation to carboxyl via an aldehyde intermediate. Two sets of samples
were created in such a way as to represent the increasing content of functional groups
and to have similar magnitude of carbonyl groups, but on different positions in cellulose
macromolecules. Further functionalization of oxidized cellulose was performed in order to
introduce chitosan and its amino functional groups on viscose fibers’ surfaces.

The experimental results revealed that even though TEMPO-oxidized samples have
the same or an even higher number of carbonyl (aldehyde) groups as well as total number
of groups (carbonyl + carboxyl), the periodate-oxidized viscose sample binds chitosan in
such a way that the sample has a higher content of available amino groups, which was
assessed through CI acid orange dye adsorption (type of dye that has affinity towards
chitosan and amino groups but not towards cellulose) of chitosan/viscose materials.

Zeta potential studies revealed that periodate-oxidized samples have more negative
zeta potential values, which is probably a consequence of the introduction of less polar
carbonyl moieties in the viscose fibers, while TEMPO-oxidized samples have distorted
zeta potential curves, typical for hydrophilic cellulose fibers with acidic functional groups.
The addition of chitosan shifted the IEP of the periodate-oxidized sample, while those
of the TEMPO-oxidized sample were increased slightly, but still below pristine CV. The
correlation was established between the content of available amino groups obtained by the
dye test at pH 4.4 of cellulose samples and zeta potential measured at pH 4.4. Experimental
values were fitted using linear and exponential functions, which gave a better fit with the
exponential function (R2 = 0.75). It is proposed that more data should be evaluated in the
described way, with the preparation of materials with a greater range of content of available
amino groups and at various pH values, which will be the objective of future work.

For the potential applications of functionalized cellulose, and for prediction of a cer-
tain electrostatic behavior of the surface, the zeta potential presents a powerful analytical
technique. Future work will focus on expanding the data range of samples to also include a
wider range of different functional groups and to confirm the correlation between zeta po-
tential analysis and dye adsorption, as representative of electrostatically based interactions
between cellulose surfaces and other compounds.
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44. Fras Zemljič, L.; Strnad, S.; Šauperl, O.; Stana-Kleinschek, K. Characterization of amino groups for cotton fibers coated with
chitosan. Text. Res. J. 2009, 79, 219–226. [CrossRef]

45. Sauperl, O.; Tompa, J.; Volmajer-Valh, J. Influence of the temperature on the efficiency of cellulose treatment using copolymer
chitosan-eugenol. J. Eng. Fibers Fabr. 2014, 9, 107–114. [CrossRef]

46. Luxbacher, T. The ZETA Guide: Principles of the Streaming Potential Technique; Anton Paar GmbH: Graz, Austria, 2014.
47. Kim, U.J.; Lee, Y.R.; Kang, T.H.; Choi, J.W.; Kimura, S.; Wada, M. Protein adsorption of dialdehyde cellulose-crosslinked chitosan

with high amino group contents. Carbohydr. Polym. 2017, 163, 34–42. [CrossRef] [PubMed]
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