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Abstract Bleached cotton yarns were oxidized by
potassium periodate and TEMPO-mediated oxidation
systems, with different concentrations and treatment
time, to obtain aldehyde and carboxyl oxy-cellulose
with different oxidation levels. Oxidized celluloses
were further treated with sodium chlorite to convert
the created aldehyde to carboxyl groups. The oxida-
tion level was evaluated by assessing the amount of
introduced aldehyde and carboxyl groups, the changes
in surface morphology and incurred degradation.
Functional groups were determined by titration meth-
ods, while surface morphology by FTIR-ATR and
SEM analyses. Degradation was analysed by deter-
mining the mechanical properties, degree of polymer-
ization, alkali solubility and whiteness stability of the
cotton samples. It has been established that a properly
selected oxidation system, with appropriate working
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conditions, can provide satisfactory results for achiev-
ing low, medium and extensively oxidized celluloses,
with a defined degradation profile. For a short
treatment time, a higher oxidation level could be
achieved by potassium periodate and TEMPO-medi-
ated oxidation with sodium bromide, while by using
the bromide-free TEMPO system a longer time was
necessary to reach the same oxidation level. The type
and oxidation level of the obtained oxy-celluloses
influenced their mechanical properties, degree of
polymerization, alkaline and whiteness stability.
Low-level oxidized celluloses are suitable for produc-
ing stable, long-lasting materials with high added
value, while extensively oxidized ones are more
appropriate for developing disposable products.
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Introduction

Cellulose and its modified forms are non-toxic
biodegradable polysaccharides, generally considered
as the safest and the most acceptable polymer group
for utilization in textile, food, pharmaceutical and
medical products (Ige et al. 2012). Besides its
traditional use (mostly as cotton fibre) for clothes
and apparel, cellulose and its modified derivatives
have been widely used in various applications, such as
artificial kidney membranes, environmentally friendly
packaging, coating materials for drugs, blood coagu-
lants, additives for pharmaceutical products, wound
dressings, substrates for enzyme immobilisation, sta-
tionary phases for HPLC etc. (Kolarova et al. 2013).
The modification of cellulose to make it suitable for
such applications and thus to impart an added value to
it could be done through physical and chemical
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corona discharge, UV irradiation or laser treatment,
while the chemical one includes acid hydrolysis,
oxidation, esterification and etherification, amidation,
carbamation etc. (Abo El-Ola et al. 2014; Eyley and
Thielemans 2014).

Oxidation is a very promising process for adding
new functional groups to cellulose, and it is quite
frequently used either to obtain special properties or to
alter the existing ones (Coseri et al. 2013; Luo et al.
2015; Tang et al. 2005). It can be selective, achieved
with potassium or sodium periodate (Kim and Choi
2014; Strand et al. 2008; Toshikj et al. 2017) or
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) (Fras-
chini et al. 2017; Inamochi et al. 2017; Mishra et al.
2011; Saito et al. 2010; Tang et al. 2005) and
phthalimide-N-oxy (PINO) (Coseri et al. 2018) or
non-selective, using perchloric acid, hydrogen perox-
ide etc. (Diankova and Doneva 2009; Kramer et al.
2014; Toshikj et al. 2016). Selective oxidation by
periodates results in the formation of two aldehyde
groups on C, and C; atoms, that can be further
oxidized to carboxyl through treatment by sodium
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chlorite (Nikolic et al. 2017; Saito and Isogai 2004;
Saito et al. 2006), while oxidation by TEMPO leads to
the formation of carboxyl groups on Cg atoms. On the
other hand, by combining two of the most common
selective oxidation protocols for cellulose, i.e. the
nitroxyl mediated and periodate, results in formation
of 2,3,6-tricarboxy cellulose (Coseri et al. 2015).

Oxy-cellulose may be used either in the form of
water-insoluble cellulose (alone or in combination
with other materials, such as polymers, dyes, proteins,
collagen, peptides, cells etc.) (Jin et al. 2015; Kanth
et al. 2009; Kumari et al. 2016; Pietrucha and
Safandowska 2015), or in the form of water-soluble
low molecular weight products, for the preparation of
which higher than 0.6 mmol/kg carboxyl groups,
which corresponds to 75-95% yields, is necessary
(Mishra et al. 2012). Each application of oxy-cellulose
requires different amounts of newly introduced groups
by oxidation. Oxidized cellulose with carboxyl groups
less than 25% carboxyl groups is needed for use as
immobilizing matrix or carrier for drugs, chemicals,
and biological macromolecules (Kumar 2003),
18-21% for hemostatic surgical dressings, gauzes
(Stilwell et al. 1996) and 3—-13% for absorbable suture
textiles (Ashton and Moser 1968). Oxidized cellulose
with less than 3% carboxyl groups serves as a non-
degradable carrier system, whereas that containing
equal or greater than 3% is useful as a biodegradable
system (Kumar 2003).

The specific action of oxidizing agents is already
quite well understood (Calvini et al. 2006a; Isogai
et al. 2018; Perlin 2006; Sang et al. 2017; Sun et al.
2005), contrary to the degradation of oxy-celluloses,
which is related to the introduced functional groups
(Janjic et al. 2009; Nikolic et al. 2010). As mentioned
above, the main purpose of cellulose modification is
imparting new characteristics to the materials that can
be used for many applications. Materials based on
oxidized cellulose are usually used as carrier for
disposable and long-lasting textile materials. For the
long-lasting materials, they have to withstand many
wearing/washing/drying cycles without changing their
basic properties and functionalities, especially without
changing their mechanical properties. For that pur-
pose, the optimized concentration of the newly
introduced groups by oxidation has to be achieved
with minimum degradation of the cellulosic materials.

However, the influence of commonly used oxida-
tive agents on the mechanical properties of cellulose

textile materials has not been studied in depth.
TEMPO-mediated oxidation has been widely explored
on cellulose pulp (Brodin and Theliander 2012;
Inamochi et al. 2017; Shibata and Isogai 2003; Xu
et al. 2012), but to a considerably smaller extent on
cellulosic textile fibres and fabrics. Several researches
have been made to explore the influence of oxidation
and added chitosan on regenerated cellulose textile
fabrics (Janjic et al. 2009; Zemljic-Fras et al. 2013).
Oxidation has been reported to determine a reduction
of the average degree of polymerization of cellulose
(Toshikj et al. 2016), but did not induce pronounced
changes in the crystallinities and crystal sizes of
cellulose I (Isogai et al. 2011). The degree of
polymerization of cellulose and its evolution during
oxidation has remained a fundamental issue of priority
interest to numerous researchers (Carrasco-Chinga
and Syverud 2014; Saito and Isogai 2004; Saito et al.
2010; Mishra et al. 2011; Coseri 2017) because it
strongly correlates with mechanical properties. Less
explored topics were the stability of oxidised cellulose
in alkaline solutions (commonly used agents in a
detergent composition), as well as the effect of
oxidation on whiteness stability.

Thus, it is extremely important to be able to
determine the kind and the number of functional
groups to be added to cellulose, in order to evaluate the
polymer-oxidant interactions and their degradation. It
should be noted that, for selected applications of oxy-
celluloses, the degradation profile as well as alkaline
and whiteness stability are important. Moreover, it is
also critical to obtain low-, medium- or high-level
oxidized cellulose with a defined degradation profile
that will fit a selected application. Another role of the
oxy-cellulose degradation data is to give a framework
of optimal conditions for certain technological
processes.

In the present study, K-periodate and the TEMPO
mediated system, with and without bromide, were
used to prepare low-, medium- and high-level oxidized
cotton containing aldehyde or carboxyl groups. Oxi-
dation by K-periodate was carried out varying the
concentration of the oxidation agent from 0.1 to
1 g KIO4/g cellulose for a defined treatment time,
while TEMPO mediated oxidation was obtained using
the concentration of the oxidation agent most com-
monly reported in the literature (Nikolic et al. 2017,
Saito and Isogai 2004), while varying the treatment
time from 15 to 120 min. The oxidised cotton yarns
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were further treated with sodium chlorite to convert
aldehyde to carboxyl groups. Comprehensive research
on the influence of the type and level of oxidation on
the mechanical properties, surface morphology,
degree of polymerisation as well as alkaline and
whiteness stability of the oxidised cotton yarns is
reported in this paper.

Experimental
Materials

Piled, ring-worsted 100% cotton yarns with 30 x 2
tex linear density and 330 twists/m were used in this
study.

Chemicals

Cotoblanc HTD-N-anionic surfactant and Kemonecer
NI-nonionic surfactant were purchased from CHT and
Kemo-Croatia, respectively. All the other chemicals,
namely, potassium periodate, 2,2,6,6-tetram-
ethylpiperidin-1-oxyl (TEMPO), sodium bromide,
10% sodium hypochlorite solution, sodium chlorite,
Ca-acetate, cupriethylene-diamine (CED), H,O,, Na,.
SiO3;, NaOH, NaCl, HCl, CH5;COOH, ethanol and
phenolphthalein, were purchased from Sigma Aldrich.
All the chemicals were of laboratory grade and used
without further purification.

Pre-treatment of cotton yarns

Before oxidation, rigorous alkaline scouring and
bleaching were done to remove all non-cellulosic
components from the cotton yarns. In this way, the
reference cotton yarn sample of pure cellulose was
obtained.

Alkaline scouring
Scouring was done in a bath with 30:1 liquor ratio
(LR) using 20 g/dm® NaOH in the presence of 2 cm’/

dm? Cotoblanc HTD-N and 1 cm?/dm® Kemonecer NI
at 95 °C for 90 min.
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Bleaching

Bleaching was done in a bath with 30:1 LR, using
6 cm’*/dm® H,0, (30%), 1 cm*/dm>® Kemonecer NI,
2 cm*/dm® Na,SiO5 at pH 11.2, at 95 °C for 30 min.
Both processes were carried out in a Linitest
apparatus.

Oxidation

Pre-treated cotton yarns were oxidized with potassium
periodate solution in different concentrations, as well
as with TEMPO systems, with and without sodium
bromide, during different treatment time. Oxidised
yarns were further treated with sodium chlorite to
convert aldehyde to carboxyl groups.

Oxidation with KIO,

A 10 g pre-treated cotton yarns was immersed in
solution of potassium periodate in 500 cm® acetate
buffer (pH 4), containing 0.5; 1; 2; 4 and 10 g KIO4
(1.e.0.05; 0.1; 0.2; 0.4 and 1 g KIO4/g cellulose). The
mixture was then stirred in the absence of light, at
60 °C for 30 min. After completion of the oxidation,
the cotton yarns were rinsed five times with cold water
for 15 min. Each oxidation was triplicate.

TEMPO-mediated oxidation

The TEMPO oxidation procedure was based on the
literature methodology (Nikolic et al. 2017; Saito and
Isogai 2004). In brief, for TEMPO/NaBr/NaClO
system a 10 g cellulose sample was suspended in
300 cm® of distilled water, containing 0.025 g
TEMPO and 0.25 g sodium bromide. Subsequently,
a designed amount of NaClO solution containing 10%
available chlorine, corresponding to 4.84 mmol
NaClO per g cellulose, was added to the cellulose
yarns under continuous stirring. The pH of this system
was maintained at 10.5 by adding a 0.4 M NaOH
solution. The oxidation was performed at room
temperature for different time intervals of 15, 30, 45,
60 and 120 min. After stirring for a defined time, the
oxidation was quenched by adding ethanol (ca.
12 cm®). The oxidized cotton yarns were washed
thoroughly with cold distilled water five times for
15 min. TEMPO/NaCIO system was performed
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according to above described procedure in the absence
of sodium bromide. Each oxidation was triplicate.

Conversion of aldehyde to carboxyl groups
with sodium chlorite

The oxidized cotton yarns were further treated with
sodium chlorite at pH 4-5 for selective conversion of
the aldehyde to carboxyl groups according to the
literature methodology (Nikolic et al. 2017; Saito and
Isogai 2004).

Conversion was carried out by continuous stirring
the mixture comprising of 500 cm® 1 M CH3COOH,
9.05 g NaClO, and 10 g never-dried oxidized cotton
yarn at room temperature for 12 h, followed by rinsing
thoroughly with cold water five times for 15 min.

Testing methods
Determination of carboxyl groups by titration

Determination of carboxyl groups was carried out on
the basis of the Ca-acetate method, as reported in the
literature (Toshikj et al. 2016). Amounts of 100 cm? of
distilled water and 60 cm® of 0.25 M Ca-acetate
solution were added to a 1 g sample. The suspension
was allowed to stand for 12 h, under frequent shaking,
to facilitate completion of the interchange. Then, a
25 cm® portion of the suspension was titrated with
0.01 M sodium hydroxide, using phenolphthalein as
an indicator. The quantity of carboxyl groups was
calculated using Eq. 1.

100460
(001600 0.01 - M - V(NaOH)

COOH (mmol/g) =
m

(1)

where 0.01 M is the concentration of NaOH, V is the
volume (cm?) of the NaOH solution used for titration,
m is the weight of oxidized or un-oxidized cotton yarns
(g), 100 is volume (cm?®) of the distilled water, 60 is
volume (cm3) of the 0.25 M Ca-acetate solution, 25 is
volume (cm?) of the suspension after completion of
the interchange.

Determination of carboxyl groups by conductometric
titration

Determination of carboxyl groups by conductometric
titration was performed as described in the literature
methodology (Saito and Isogai 2004). About 110 cm®
of water and 10 cm® of 0.01 M NaCl were added to
0.6 g of dry sample. The pH was adjusted to approx-
imately 2.5, by the addition of 0.1 M HCI. Titration
was performed with 0.04 M NaOH solution added at a
rate of 0.25 cm®/min up to a pH of approximately 11,
using a WTW Multiline P4 conductometer. Blank
titration without any cellulose sample was performed
to calibrate the system and to eliminate the effects of
impurities. The conductivity was plotted against the
volume of NaOH and the carboxyl group quantity was
calculated from the titration curve using Eq. 2.

COOH (mmol/g) = % (2)

where ¢ is 0.04 M NaOH concentration, V is the
volume (cm3) of the NaOH solution used for titration,
m is the weight of sample (g).

Determination of aldehyde groups by the difference
between the initial content and that after conversion
to carboxyl groups by NaClO,

The amount of aldehyde groups was measured
according to the method described in the literature
(Nikolic et al. 2017; Saito and Isogai 2004). The
samples oxidized with K-periodate and TEMPO were
further oxidized with sodium chlorite at pH 4-5
(procedure described above) for selective conversion
of the aldehyde groups to carboxyl ones, and the
amount of carboxyl groups was determined by the
above-mentioned Ca-acetate and conductometric
titration methods. The difference in the amount of
carboxyl groups before and after the sodium chlorite
treatment yields the amount of aldehyde groups.

Fourier transforms infrared spectroscopy-Attenuated
total reflectance (FTIR-ATR)

FTIR-ATR spectroscopy was performed on an FTIR-
ATR Perkin Elmer Spectrum GX 69,876 spectrome-
ter. 16 scans at a resolution of 4 cm™' were recorded
for each sample between 4000 cm ™" and 650 cm ™.
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Scanning electron microscopy (SEM)

Characterization of surface morphology by scanning
electron microscopy (SEM) was carried out on a JEOL
JSM-6060 LV (Japan) electron microscope operating
at an accelerating voltage of 10 kV and magnification
of 5000 x on samples previously coated with gold in a
scatter coater.

Degree of polymerization (DP)

The intrinsic viscosity of un-oxidized and oxidized
cellulose was determined according to ASTM D 4243-
16 (2016) standards in 1.0 M cupriethylene-diamine
(CED), and calculated based on the Schultz—Blan-
schke Eq. 3.

Hrer—1
3 c
n(enr/g) 1+ Ko (M — 1) ®)
where # is intrinsic viscosity (cm3/g), Nyer 1S the
relative viscosity, ¢ is polymer concentration (g/cm?),
and kg, is 0.29 and represent the Schultz—Blanschke
coefficient for CED-cellulose system. The relative
viscosity, M, of the various polymer solutions were
determined from the relative values of the viscomet-
rically measured solution and solvent flow times (t and
to, respectively) on Ubbelohde viscometer by means
of the relationship.
t

o =—=— 4

Myet fo Mo ( )
The degree of polymerization was calculated from

the intrinsic viscosity using the Mark—Houwink—

Sakurada Eq. 5
[] = K" DPV* (5)

where DPv is average degree of polymerization, 7 is
the intrinsic viscosity and K’ (1.33) and o (0.905) are
coefficients for a used polymer solvent system (Tosh
and Saikia 1997).

The Eq.5 corresponds to the Eq. 6 for DPv
determination.

DPV?% = 0.75 - [5] (6)

The presented results are the mean values of 3
measurements at a confidence level of 95%.
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Mechanical properties

Tensile strength (Fa), elongation at break (&) and work
of rupture (A) were measured on a Tinus Olsen (SDL
ATLAS) instrument according to EN ISO 2062 (2009)
standard using a test speed of 100 mm/min and gauge
length of 300 mm. The presented results are the mean
values of 20 measurements at a confidence level of
95%. The mechanical damage was calculated accord-
ing to Eq. 7.

Fo—-F
Um = 9

-100(%) (7)

where U,, is mechanical damage (%), F is tensile
strength of pre-treated sample (un-oxidized) (N), F is
tensile strength of pre-treated and oxidized sample
(N).

Alkali solubility of oxy-cellulose

Alkali solubility of oxy-cellulose was determined
according to TAPPIT 212 om-02 (2002) standard. The
presented results are the mean values of 3 measure-
ments at a confidence level of 95%.

Whiteness stability of oxy-cellulose

Whiteness stability of oxy-cellulose was determined
through the whiteness index (W¢ig) and b* colour
coordinate according to ISO 105-J02 (1999) standard
on an X-Rite Color i7 spectrophotometer. The pre-
sented results are the mean values of 20 measurements
at a confidence level of 95%.

Results and discussion
Content of functional groups in oxidized celluloses

The oxidation of the cellulose can be defined as its
treatment with oxidizing agents that act on the primary
(Co) and secondary (C, and C;3) hydroxyl groups
oxidizing them to aldehyde or carboxyl ones. As was
mentioned above, the type of introduced functional
groups is strongly influenced by the type of oxidizing
agent as well as treatment conditions comprising
concentration of the oxidizing agent, temperature, pH
and treatment time.
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The amount of aldehyde and carboxyl groups
obtained by K-periodate and TEMPO-mediated oxi-
dation systems are shown in Figs.1 and 2,
respectively.

K-periodate acts selectively on the C, and C;
hydroxyl groups of cellulose, oxidizing them to
aldehyde by cleaving C,—C; bonds (Calvini et al.
2004, 2006a). The formed aldehyde groups could be
further converted to carboxyl ones by treatment with
sodium chlorite. The oxidation in this study was
conducted with 0.05-1 g K-periodate per g cellulose
during constant time of 30 min. These treatment
conditions have produced from 50 to 1300 mmol CHO
per kg cellulose (depending on the concentration of
periodate), which were converted to almost the same
quantity of carboxyl groups after sodium chlorite
treatment (Fig. 1).

According to the amount of the produced aldehyde
groups, we defined three levels of cellulose oxidation:
low (obtained with 0.05-0.1 g KIO4/g cellulose),
medium (obtained with 0.2 g KIO,/g cellulose) and
extensive oxidation (obtained with 0.4-1 g KIO,/g
cellulose), which produced oxy-cellulose with low,
medium and high amounts of aldehyde groups,
respectively.

TEMPO oxidation was carried out with (Nikolic
et al. 2017; Saito and Isogai 2004) and without NaBr
(Bragd et al. 2000; Fraschini et al. 2017; Shibata and
Isogai 2003), during different treatment time under
commonly used treatment conditions (Fig. 2). Oxida-
tion by TEMPO with NaBr produced 400-650 mmol
COOH/kg cellulose and 100 mmol CHO/kg cellulose,

which were further converted to carboxyl groups after
treatment with sodium chlorite (Fig. 2a). By the
TEMPO-mediated oxidation, the primary Cs—OH
groups of cellulose are selectively oxidized to car-
boxyl groups. At the same time, this system has
produced aldehyde groups because TEMPO-mediated
oxidation by sodium hypochlorite oxidation leads to
scission of glucose units, which results in the forma-
tion of aldehyde groups (Dai et al. 2011).

The reaction time during TEMPO-mediated oxida-
tion is significant for obtaining the desired amount of
carboxyl groups. In the case of oxidation with NaBr,
the reaction rate was fast in the first 15 min and
continued to increase slowly after that. In contrast, the
oxidation without NaBr had a very slow oxidation rate
in the first 60 min, but rapidly increased from 60 to
120 min. However, this oxidation system never
reached the level of carboxyl groups obtained by
TEMPO with NaBr (Fig. 2b).

The action of the oxidation systems used has
resulted in the formation of two extreme types of oxy-
celluloses. K-periodate produced mainly aldehyde
oxy-cellulose with a negligible amount of carboxyl
groups, while the TEMPO-mediated system produced
mainly carboxyl oxy-cellulose, with a significant
amount of aldehyde groups on the oxidised cotton
yarns.

Treating the K-periodate and TEMPO oxidised
cotton yarns with sodium chlorite has resulted in the
formation of a third type of oxy-cellulose. In both
cases, oxy-celluloses enriched only with carboxyl
groups have been obtained.
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Fig. 1 Carboxyl and aldehyde groups of K-periodate oxidized cotton yarns determined by Ca-acetate and conductometric titration

methods before and after treatment with sodium chlorite
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Fig. 2 a Carboxyl and aldehyde groups of TEMPO/NaBi1/
NaClO-mediated oxidized cotton yarns with NaBr determined
by Ca-acetate and conductometric titration methods before and
after treatment with sodium chlorite. b Carboxyl and aldehyde

FTIR-ATR analyses

FTIR-ATR spectroscopy was used to characterize the
surface of cellulose before and after oxidation
(Fig. 3a—c). It may be remarked that the FTIR-ATR
spectra of differently-oxidized celluloses show typical
cellulose pattern, which is also noted for the un-
oxidized control sample. The identification of the
functional groups in the oxidized samples is compli-
cated because the aldehyde, keto and carboxyl groups

@ Springer

684

532 22

71

34

60 120t (min)
Conductometric method

groups of TEMPO/NaClO-mediated oxidized cotton yarns
without NaBr determined by Ca-acetate and conductometric
titration methods before and after treatment with sodium
chlorite

of the oxy-cellulose absorb in a very narrow region of
the spectrum, between 1720 and 1780 cm™! (Si-
vakova et al. 2008; Li et al. 2011). The typical band of
aldehyde groups appears at 1733 cm™' (Sivakova
et al. 2008; Zhang et al. 2017). The un-oxidized
control sample (Fig. 3a) did not show any carboxyl or
aldehyde signal in the FTIR-ATR spectrum. In
addition, low- and high-level K-periodate oxidized
samples before treatment with NaClO, showed similar
FTIR-ATR spectra with those of the un-oxidized ones.
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Fig. 3 aFTIR-ATR spectra
of control, low and
extensively oxidized cotton
yarns by K-periodate before
and after treatment with
sodium chlorite. b FTIR-
ATR spectra of control, low
and extensively oxidized
cotton yarns by TEMPO/
NaBr/NaClO-mediated
oxidation system before and
after treatment with sodium
chlorite. ¢ FTIR-ATR
spectra of control, low and
extensively oxidized cotton
yarns by NaBr free TEMPO/
NaClO-mediated oxidation
system before and after
treatment with sodium
chlorite

For aldehyde oxy-cellulose, the identification of the
aldehyde groups is more difficult, since di-aldehyde
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forms that do not contain peak of the aldehyde
carbonyl (Calvini et al. 2006b; Zhang et al. 2017).
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To confirm the presence of aldehyde groups,
aldehyde oxy-cellulose were treated with sodium
chlorite to convert aldehyde to carboxyl groups. This
treatment strongly increased absorbance at 1738 cm ™"
(Fig. 3a) corresponding to C=0 stretching frequency
of carboxyl groups in their acidic form (Calvini et al.
2006b). The intensity of the 1738 cm™' peak of the
oxidized sample with 1 g KIO,/g cellulose and treated
with sodium chlorite is more obvious than the sample
oxidized with 0.05 g KIO,/g cellulose and treated with
sodium chlorite. These results (Fig. 3a) revealed that
the introduced aldehyde groups with K-periodate were
successfully converted to carboxyl by sodium chlorite
treatment.

Figure 3b, ¢ show the FTIR-ATR spectra of the
samples before and after TEMPO-mediated oxidation
with (Fig. 3b) and without sodium bromide (Fig. 3c).
It is clear that characteristic absorbance at 1738 cm™"
region appears in oxidized sample (Fig. 3b, c). The
band is absent in the control and low oxidized, but can
be detected in the extensively oxidized samples.
Moreover, intensity markedly increases with increas-
ing degree of oxidation, which is consistent with the
reported FTIR spectra of TEMPO-mediated oxy-
celluloses (Habibi et al. 2006; Tang et al. 2017). The
intensity of this peak (1738 cm™') on the samples
treated for 120 min is stronger than on the samples
treated for 15 min using both TEMPO systems,
indicating a higher amount of carboxyl groups and
extensively degree of oxidation.

Generally, according to the literature, the absor-
bance at about 1735 cm™' is characteristic for car-
boxyl groups in acidic form (Calvini et al. 2006b;
Tang et al. 2017), while 1610 cm ™" is assigned to the
sodium carboxylate form (Ifuku et al. 2009; Markovié
et al. 2018).The results (Fig. 3a—c) indicate only the
presence of the carboxyl groups in their acidic form
because all oxidized samples (using K-periodate and
TEMPO systems with and without sodium bromide)
were treated with hydrochloric acid after oxidation, for
removing the ionic metals existing in the fibres.

SEM analyses

The oxidation could be responsible for changes in the
oxidized cellulose surface morphology as well. The
results of surface imaging of the differently treated
cotton yarns are presented in Fig. 4a, b. The control
sample has clearly defined fibrils on the fiber surface,
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indicating completely removed cuticle. SEM images
reveal that the obtained oxy-cellulose also possesses
fibrillar surface. Although the cellulose was obviously
damaged after oxidation, the surface characteristics of
the oxidized cellulose before and after sodium chlorite
treatment did not change significantly.

Mechanical properties

Tensile strength, elongation at break and work of
rupture were used to evaluate mechanical properties
and to calculate the damage of differently oxidized
cotton yarns (Table 1). Decreasing tensile strength
and work of rupture of the oxidised cotton yarns are
evident after using all the oxidizing systems. Increas-
ing concentration of K-periodate leads to a decrease of
tensile strength and work of rupture of the produced
aldehyde oxy-cellulose. The degree of mechanical
degradation, calculated as the difference between
tensile strength values before and after oxidation, has
shown that the cotton yarns were damaged up to 65%
when using the maximum concentration of periodate
in this study. Even at a low concentration, of 0.05 g
periodate per g cellulose, the tensile strength of the
oxidized cotton yarns decreased by 33%.

Tensile strength values of the TEMPO oxidised
cotton yarns, with and without sodium bromide, are
also given in Table 1. As the duration of the treatment
rises, the tensile strength and work of rupture decrease
up to 77%. It is evident that shorter treatment time with
the TEMPO mediated system, with the addition of
sodium bromide, caused more damage than without it.
Surprisingly, the damage is similar for both TEMPO
systems after 120 min treatment time. The same
observations have been made when the introduced
groups were analysed. As the concentration of peri-
odate and the treatment time with the TEMPO
oxidizing systems are increased, the amount of the
produced groups is higher.

The mechanical properties and the introduced
aldehyde and carboxyl groups correlate very well.
For K-periodate oxidation, tensile strength correlates
with the aldehyde groups obtained with Ca-acetate
(— 094) and conductometric titration (— 0.94).
Moreover, there are also good correlations between
the introduced groups and work of rupture. For
TEMPO-mediated oxidation, tensile strength corre-
lates with the carboxyl groups obtained by Ca-acetate
(— 0.96) and conductometric titration (— 0.98).
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During the oxidation, the glucoside units of cellu-
lose are attacked by the oxidizing agents, resulting in
the formation of new functional groups, as well as in
the scission of molecular chains, which subsequently
leads to a decrease of mechanical properties and DP
(discussed below).

K-periodate and TEMPO oxidized cotton yarns
were further treated with sodium chlorite to convert
aldehyde to carboxyl groups. The mechanical

Control

0.05 g KIO4/g cell

ﬁl
/i
Fig. 4 a SEM images of control, low and extensively oxidized

cotton yarns with K-periodate before and after treatment with
sodium chlorite. b SEM images of control, low and extensively

~

6B6eLY

properties of these samples are given in Table 1. It is
evident that, after conversion, mechanical properties
are additionally lightly decreased. The tensile strength
of the periodate oxidized cellulose additionally
decreases to 9%, while that of the TEMPO oxidized
ones decreases up to 10.7%, depending on the
presence of NaBr and treatment time. The treatment
of aldehyde oxy-cellulose with sodium chlorite is a
good path for converting aldehyde to carboxyl groups,

*
JsM-casaLu

oxidized cotton yarns with TEMPO/NaB1/NaClO-mediated
oxidation system before and after treatment with sodium
chlorite
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TEMPO/NaBr/NaClO, 15 min ('
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TEMPO/NaBr/NaClO, 15 min +'
reatment with NaClO2

Fig. 4 continued

but it is absolutely not necessary to treat carboxyl oxy-
cellulose with sodium chlorite, because no additional
carboxyl groups are formed in the samples, while their
mechanical properties are slightly decreased.

Degree of polymerization

The degree of polymerization of the oxidized yarns
presented in Table 2, have lower DP than the control
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sample (DP 1733). The results have shown that DP
depends on the type of the oxidizing agent, its
concentration and the time of oxidation. The lowest
DPs are observed on K-periodate oxidized cotton
yarns, which have values between 384 (min. concen-
tration of K-periodate) and 36 (max. concentration of
K-periodate). On the other hand TEMPO/NaBr/
NaClO oxidized yarns have higher values for DP than
K-periodate. TEMPO oxidized cotton yarn has 186
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Table 1 Tensile strength, elongation at break, work of rupture and mechanical damage of K-periodate and TEMPO-mediated
oxidized cotton yarns before and after treatment with sodium chlorite

Treatment Time (min) Concentration (g KIO4/g cell) Before treatment with NaClO, After treatment with NaClO,
Fa(N) ¢(%) A@m]) Um (%) Fa(N) €(%) A (m]) Um (%)
Control 9.7 162 1594 7.7 142 1122
KIO, 30 0.05 6.5 11.5 80.2 —330 638 14.4 98.6 + 4.6
0.1 5.6 13.6 743 —423 5.1 12.9 66.3 — 8.9
0.2 4.8 14.1 642 —505 4.6 12.5 60.0 —42
0.4 4.1 13.2 513 =577 44 12.4 56.8 + 7.3
1 34 12.5 39.1 — 650 3.1 8.6 314 — 8.8
TEMPO 15 33 11.7 372 —660 32 9.4 339 - 3.0
NaBr 30 2.9 10.8 328 —70.1 28 7.1 243 - 35
NaClO 45 2.9 10.4 329 —70.1 27 8.3 26.7 - 6.9
60 2.8 8.2 256 —71.1 25 7.2 197 —10.7
120 2.6 9.9 27.1 — 732 24 9.2 249 - 177
TEMPO 15 6.4 13.8 913 —340 64 10.4 80.9 0.0
NaClO 30 5.1 12.2 66.6 —474 48 11.6 61.3 -59
45 3.7 10.8 44.1 -619 3.7 10.7 43.6 0.0
60 2.9 9.1 264 —70.1 3.1 8.7 31.6 + 69
120 2.2 7.7 194 —-773 2.1 7.3 17.3 — 4.6

Table 2 Degree of polymerization of K-periodate and TEMPO-mediated oxidized cellulose before and after treatment with sodium

chlorite
Treatment Time (min) Concentration (g KIO4/g cell) DP,
Before treatment with NaClO, After treatment with NaClO,

Control 1733.8 1382.7
KIO, 30 0.05 384.3 368.9
0.1 256.7 245.5
0.2 211.7 164.4
0.4 72.3 129.1
1 36.3 103.2
TEMPO 15 186.6 195.8
NaBr 30 143.4 173.9
NaClO 45 1333 190.1
60 106.0 178.0
120 152.2 162.2
TEMPO 15 748.1 760.9
NaClO 30 629.5 637.6
45 569.0 599.8
60 443.5 448.5
120 140.1 194.5
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Fig. 5 Alkali solubility of oxidised cotton yarns obtained by K-periodate and TEMPO-mediated oxidation systems before and after

treatment with sodium chlorite

value of DP achieved for 15 min. After 30 min
treatment time, the DP is 143, so this value is higher
than medium to high K-periodate oxidized cotton
yarns. After 120 min treatment, the DP of 152 is still
higher than the DP of oxy-cellulose obtained with the
maximum concentration of K-periodate for 30 min
treatment time (Table 2).

Sodium bromide has strong influence on the degree
of polymerization of TEMPO oxidized cotton yarns.
The decrease of DP was more prominent in the case of
the oxy-celluloses obtained by TEMPO oxidation with
NaBr, compared to the samples oxidized without
NaBr. Differences are remarkable for a treatment time
of up to 60 min, but, surprisingly, the same values are
obtained with and without NaBr after 120 min of
treatment.

Oxidation with periodate is highly specific and
leads to selective cleavage of the C,—C; bond of the
glycoside ring forming aldehyde groups on them.
During the oxidation, additional reactions of alkoxy-
fragmentation of the oxidized units have occurred,
decreasing the DP of cellulose. TEMPO oxidation
may depolymerise cellulose to some extent by cleav-
age the 1-4 B-glycoside bonds of cellulose through [3-
elimination reaction under alkaline conditions (pH
10.5) due to the presence of sodium hypochlorite
(Calvini et al. 2004), decreasing the DP of carboxyl-
cellulose (Saito and Isogai 2004).
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There are strong coefficients of correlation between
the DP and the amount of aldehyde groups after
oxidation with K-periodate, measured by the Ca-
acetate method (— 0.91) and conductometric titration
(— 0.91). After TEMPO oxidation with NaBr, the
coefficient of correlation between DP and aldehyde
groups (determined by conductometric titration) is
— 0.86.

The DP values of oxy-celluloses after conversion of
aldehyde to carboxyl groups by treating with sodium
chlorite are also shown in Table 2. The samples
oxidized with 0.05-0.2 g KIO4 per g cellulose have
slightly lower DP after conversion, while highly
oxidized oxy-celluloses (obtained with 0.4 and 1 g
KIO, per g cellulose) have higher DP after conversion.

TEMPO oxidized cotton yarns with and without
NaBr have higher DP after treatment with NaClO, too.
The same phenomenon has been observed by Mishra
et al. (2011, 2012). They noted that a possible reason
for this effect could be the presence of aldehyde
groups generated during the oxidation process, which
may have rendered the cellulose polymers vulnerable
to depolimerization in the highly alkaline CED
solution used for the viscosity determination. Treat-
ment with NaClO, converted the aldehyde groups to
carboxyl and thus eliminating any kind of possible
damage due to the highly alkaline conditions during
CED viscosity measurement.
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Table 3 Whiteness index and b* colour coordinate of oxidized cotton yarns obtained by K-periodate and TEMPO-mediated

oxidation systems before and after treatment with sodium chlorite

Treatment Time (min) Concentration (g KIO4/g cell) Wil and b*

Oxidized After treatment with NaClO,

b* Wlcie b* Wlcie

Control 1.41 82.65 0.80 88.65

KIO, 30 0.05 2.01 79.52 0.75 85.85

0.1 2.33 77.90 0.68 85.99

0.2 2.18 78.26 0.51 85.80

0.4 2.24 77.48 0.65 85.87

1 2.60 75.37 0.64 83.28

TEMPO 15 0.86 80.95 0.29 86.46

NaBr 30 0.54 82.79 0.29 86.13

NaClO 45 0.76 82.35 0.33 86.17

60 0.96 82.20 0.30 86.86

120 0.79 80.48 0.23 84.16

TEMPO 15 0.98 77.79 0.68 85.87

NaClO 30 1.06 77.99 0.55 85.52

45 1.09 75.12 0.41 86.02

60 1.07 77.84 0.37 86.85

120 0.90 77.33 0.18 85.65

Alkali solubility of oxy-celluloses

The results of alkali solubility determined as weight
loss after treatment with sodium hydroxide are shown
in Fig. 5. More damaged cellulose should have higher
alkali solubility or higher weight loss after the
treatment with the alkali solution. Alkali solubility is
a good method for determining the resistance of
oxidized cellulose to washing cycles. More damaged
cellulose could be hydrolysed and solubilised even
during the first several washing cycles.

Alkali solubility increased with an increasing
amount of aldehyde and carboxyl groups of the oxy-
celluloses obtained by K-periodate and TEMPO,
respectively (Fig. 5). The alkali solubility of K-peri-
odate oxidized cotton yarns lies in the range of 1.8%
(0.05 g KIO4/g cellulose) to 27% (1 g KIO4/g cellu-
lose). Low to medium K-periodate oxidized cotton
yarns have lower alkali solubility than the TEMPO
oxidised ones with sodium bromide. Alkali solubility
rapidly increased to extensively oxidized periodate
oxy-cellulose, even higher than on TEMPO oxidised.

Alkali solubility of TEMPO oxidised cotton yarns
linearly increased with treatment time, so after
120 min, it is still lower (up to 11%) than that of the
most extensively oxidized periodate oxy-cellulose
(27.2%). Alkali solubility was more prominent in the
case of the oxy-celluloses obtained by TEMPO
oxidation with NaBr than without it. Generally,
TEMPO oxidation without NaBr leads to low alkali
solubility, except the case of the sample treated for
120 min. It proved the significant influence of NaBr in
the TEMPO oxidation reaction.

After conversion of aldehyde to carboxyl groups by
sodium chlorite, the alkali solubility of the samples
decreased. It confirms previous mentioned observa-
tion noted by Mishra et al. (2011, 2012) for obtaining
higher DP of the oxidized samples after treatment with
sodium chlorite. They noted that the presence of
aldehyde groups may have rendered the cellulose
polymers vulnerable to depolimerization in the highly
alkaline CED solution used for the viscosity determi-
nation. The alkali solubility method is similar as
viscosity determination in CED alkaline solution. This
is reason why conversion of aldehyde to carboxyl
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groups leads to lower alkali solubility and makes
carboxyl reach oxidized samples more stable in alka-
line conditions. This phenomenon could also explain
higher alkali solubility of K-periodate oxidized than
TEMPO oxidized cotton.

Whiteness stability of oxy-celluloses

The results for whiteness index and b* colour coor-
dinate (CIELab colour coordinate system) of the
control and oxidized samples are presented in Table 3.
In the CIELab colour system, b* represents the blue—
yellow colour coordinate. Negative values indicate
more blue, while positive ones—more yellow colour.
The control sample has a Wlcg of 82.65 and b* of
1.41. While WIg decreased, the value of b*
increased upon increasing concentration of K-perio-
date. It means that by increasing the amount of the
created aldehyde groups, some damage occurs, caus-
ing a decrease of the whiteness and leading to more
yellow samples. TEMPO with NaBr oxidized samples
have slightly lower whiteness index than the control
and substantially less yellowness, as indicated by the
lowest b* values. When TEMPO without NaBr is
applied to cotton yarns, oxy-celluloses with lower
whiteness are produced than with NaBr. The yellow-
ness of those yarns lies between the values for
K-periodate and TEMPO with NaBr oxidized oxy-
celluloses.

As mentioned above, sodium chlorite treatment was
performed in order to selectively convert aldehyde to
carboxyl groups in all the oxidized samples. Sodium
chlorite is also used as a bleaching agent for bleaching
textile materials. After the sodium chlorite treatment,
the whiteness of all the samples (K-periodate and
TEMPO oxidised) increased, and b* values decreased.
It suggests that, although sodium chlorite is a good
bleaching chemical, probably the conversion of alde-
hyde to carboxyl groups also improved the whiteness
of the cotton yarns.

Conclusions

Different levels of oxidation, as well as type of
functional groups, have been achieved by properly
selected oxidation systems, while controlling the
concentration of the oxidants and treatment time.
Higher oxidation levels for a shorter treatment time
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were achieved by K-periodate and TEMPO-mediated
oxidation system with sodium bromide, while for a
longer treatment time by the bromide-free TEMPO-
mediated oxidation system. The oxidation systems
used have led to the formation of two extreme types of
oxy-celluloses. K-periodate produced mainly alde-
hyde oxy-cellulose, with a negligible amount of
carboxyl groups, while the TEMPO-mediated system
produced mainly carboxyl oxy-cellulose with signif-
icant amount of aldehyde groups present on the
oxidized cotton yarns. Treating the K-periodate and
TEMPO oxidized cotton yarns with sodium chlorite
has resulted in the formation of a third type of oxy-
cellulose containing almost exclusively carboxyl
groups.

The type and oxidation level of oxy-celluloses
influenced their mechanical properties, degree of
polymerization, alkaline and whiteness stability.
Oxy-celluloses with a low level of aldehyde and
carboxyl groups are less sensitive to an alkaline
solution and showed slight tensile strength loss,
followed by medium and extensively oxidized oxy-
celluloses. Celluloses with a low level of oxidation are
suitable for producing stable long-lasting materials
with high added value, while extensively oxidized
ones are applicable for disposable products. The
present study reports the results of a comprehensive
fundamental exploration of the cotton behaviour under
the action of different oxidation systems, which we
believe can serve as a contribution to the scientific
community with a research interest in developing
cellulosic textile materials for different applications.
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