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Abstract

Elementally chlorine-free (ECF) bleached softwood (SW) kraft pulp was catalytically oxidized with the 2,2,6,6-tetramethyl-1-piperid-
inyloxy radical (TEMPO)–KBr–NaClO system. The carboxyl group content of the fibers was improved with increasing NaClO charge
whereas, the carbonyl group content of fibers approached a maximum when a charge of 0.85 mmol NaClO/g o.d. fibers or higher was
employed. The degree of polymerization of fibers drastically decreased from 2416 to 688 depending on the increase of NaClO charge
during the TEMPO-mediated oxidation. Scanning electron microscopy (SEM) images of the original fibers and the oxidized fibers
showed that TEMPO-mediated oxidation is able to remove the primary wall of SW kraft fibers. The optimum reaction temperature
and pH for TEMPO-mediated oxidative generation of carboxyl groups was found to be 23 �C at a pH of 9.10. Oxidized fibers were
shown to exhibit 62.9% higher water retention values (WRV) than the original fibers. Due to the enhanced carboxyl group content after
oxidation, physical strength studies of paper test sheets indicated that the tensile index of the oxidized fibers is 13.8% greater than that of
the original fibers. The individual fiber strength of the oxidized fibers was 17.0% lower than that of the original fibers as determined by
zero-span strength measurements.
Published by Elsevier Ltd.
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1. Introduction

A number of cellulosic fiber modification strategies have
been developed to enrich carboxyl groups of cellulosic
fibers over the last few decades. It has been well established
that carboxyl groups of fibers influence several key physical
properties of fibers including: the swelling of wet fibers,
water absorption, fiber flexibility, and fiber–fiber bonding
(Barzyk, Page, & Ragauskas, 1997; Dang, Elder, & Rag-
auskas, 2006; Duarte et al., 2006; Katz & Scallan, 1983;
Laine & Stenius, 1997; Lindström & Carlsson, 1982;
Scallan & Grignon, 1979).

Recently, the catalytic oxidation of polysaccharides by
2,2,6,6-tetramethyl-1-piperidinyloxy radical (TEMPO)–
NaBr–NaClO has been reported to effectively convert C6
0144-8617/$ - see front matter Published by Elsevier Ltd.
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primary hydroxyl groups to carboxylates via a reactive
aldehyde-intermediate (Bragd, van Bekkum, & Besemer,
2004; de Nooy, Besemer, & van Bekkum, 1995; Isogai &
Kato, 1998; Jiang & Ragauskas, 2005; Kato, Matsuo, &
Isogai, 2003; Kitaoka, Isogai, & Onabe, 1999). The mech-
anism of TEMPO–NaClO–NaBr oxidation of polysaccha-
rides is summarized in Fig. 1 (Kato et al., 2003).

In a study by de Nooy et al. (1995), the optimum pH for
TEMPO-mediated oxidation of water-soluble glucans was
found between 10 and 11. Their studies also indicated that
pullan was oxidatively depolymerized. This pathway was
pH dependent, with minimum depolymerization in the
pH range of 9.2–9.7 (de Nooy, Besemer, van Bekkum,
van Dijk, & Smit, 1996). Tahiri and Vignon (2000) investi-
gated the TEMPO-oxidation of cellulose, and their results
showed that the experimental conditions for minimizing
the depolymerization of amorphous cellulose occurred
employing a solution pH 10 at 4 �C. Isogai and Kato
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Fig. 1. The mechanism of TEMPO-mediated oxidation of the C6 hydroxyl group of cellulose (Kato et al., 2003).
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(1998) applied TEMPO–NaBr–NaClO oxidation at room
temperature to increase the carboxyl group content of sev-
eral different cellulosic samples. For regenerated, or mer-
cerized cellulose, their studies showed that almost all C6
primary alcohol groups could be converted to carboxyl
group and the charge of TEMPO, reaction time, and tem-
perature were the key factors controlling the depolymeriza-
tion of cellulose. For softwood and hardwood bleached
kraft pulps, bacterial cellulose, and microcrystalline cellu-
lose powder, Isogai and Kato (1998) demonstrated that
TEMPO-oxidation of these substrates was less efficient.

The depolymerization of polysaccharides during
TEMPO-mediated oxidization has been attributed to
sodium hypochlorite oxidation of polysaccharides, which
leads to 2,3-scission of glucose unit; resulting in the forma-
tion of dialdehyde and dicarboxylic structures (Besemer,
1993). The presence of carbonyl groups at C-2, C-3 in glu-
cose unit facilitates depolymerization of celluloses via
b-alkoxy fragmentation in alkaline medium (Calvini,
Conio, Lorenzoni, & Pedemonte, 2004). In addition, depo-
lymerization can occur via b-elimination (Bragd, Besemer,
& van Bekkum, 2001; de Nooy et al., 1996; Isogai & Kato,
1998; Kitaoka et al., 1999). Interestingly, a bromide-free
TEMPO-mediated oxidation of starch has been reported
to proceed with high selectivity and limited depolymeriza-
tion (Bragd, Besemer, & van Bekkum, 2000). Kitaoka
et al. (1999) applied the TEMPO-mediated oxidation sys-
tem to enrich carboxyl groups of a commercial bleached
hardwood kraft pulp. The carboxyl groups of the fibers
was shown to be increased from 0.06 mmol/g o.d. pulp to
the maximum value of 0.47 mmol/g o.d. pulp depending
on the charge of oxidant employed. Saito and Isogai
(2005) increased fiber charge by a factor of 1.5 for a hard-
wood bleached kraft pulp using TEMPO-mediated oxida-
tion with 0.30 mmol NaClO/g o.d. pulp. The dry and wet
tensile index of treated sheets was shown to increased by
38% and 208%, respectively. Duarte et al. (2006) also stud-
ied the TEMPO-mediated oxidation of a hardwood



Table 1
Crystallinity index results from 13C CP/MAS NMR analysis of original
ECF bleached SW kraft pulp fibers and TEMPO-mediated oxidized fibers

Sample ID Crystallinity
index

Original ECF bleached SW pulp fibers 0.52
Oxidized fibers (0.43 mmol NaClO/g o.d. pulp charge) 0.52
Oxidized fibers (0.85 mmol NaClO/g o.d. pulp charge) 0.53
Oxidized fibers (1.70 mmol NaClO/g o.d. pulp charge) 0.54
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bleached kraft pulp and found that the oxidized pulp
exhibited an increase of 33% in the tensile strength, 48%
in tear index and 60% in hand sheet internal cohesion
properties.

Softwood and hardwood kraft pulps are often used for
absorbency materials. However, softwood fibers are judged
to have much better water absorbency property than hard-
wood fibers (Hillman, 1990). Therefore, they are often pref-
erably used as absorbency materials (Martin, Wiesemann,
& Shoemaker, 2000). The objective of this study is to inves-
tigate TEMPO-mediated oxidation of an ECF bleached
softwood kraft pulp which has not been previously exam-
ined. The effect of the oxidation parameters on carboxyl
group content, copper number, water absorbency, and
intrinsic viscosity of SW bleached kraft pulp were exam-
ined. NMR analyses and SEM images were employed to
study the crystallinity index and surface morphology of
oxidized fibers, respectively.

2. Materials and methods

2.1. Materials

A never-dried industrially generated ECF bleached soft-
wood kraft pulp was used in this study. The pulp was
washed with distilled water until the effluent pH was neu-
tral. The washed pulp was filtered and stored at 2 �C. This
pulp had a carboxyl group content of 3.98 mmol/100 g o.d.
pulp, Tappi brightness of 84.5 (TAPPI, 1996), copper num-
ber of 0.43, and intrinsic viscosity of 672 ml/g. The sodium
hypochlorite solution contained 10% available chlorine and
had a density of 1.206 g/ml. All chemicals used in this study
were purchased from Aldrich, JT Baker, and Fisher as ana-
lytical grade and used as received.

2.2. The procedure of TEMPO-mediated oxidation

The oxidation procedure was based on the literature
methodology (Kitaoka et al., 1999; Saito & Isogai,
2005). In brief, a never-dried ECF bleached softwood
kraft pulp (20.00 g over-dried), TEMPO (0.050 g,
0.320 mmol), and KBr (0.500 g, 4.202 mmol) were mixed
with deionized water (1840 ml). Subsequently, a NaClO
solution containing 10% available chlorine was added into
the slurry. There were five levels of NaClO charge
employed in this study, which were 1.70, 3.40, 8.50,
17.01, and 34.01 mmol, respectively. If the initial pH after
adding NaClO was lower than 10.5, then the pH value
was adjusted to 10.5 by adding 1.00 N NaOH. Generally,
the TEMPO-oxidation reactions were performed at the
room temperature (23 �C) for 2.0 h.

An additional series of TEMPO-oxidations were con-
ducted at 4–80 �C, with a constant 0.85 mmol NaClO/
g o.d. pulp. The effect of pH on the oxidation was exam-
ined using the same conditions described above, except that
the reaction pH was varied from 7.10 to 10.00. When the
reaction started, pH value decreased because of the forma-
tion of carboxyl group of fibers. Once the reaction pH
value decreased to the targeted value, it was kept constant
by adding 1.00 N NaOH.
2.3. Analytical methods

The carboxyl group content was determined using a
conductometric titration methodology (Lloyd & Horne,
1993). Copper number was determined following Tappi
standard method T 430 (TAPPI, 1996). Both the carboxyl
group content and copper number were conducted in
duplicate for each sample and the results had an error
less than ±3% and ±5%, respectively. The intrinsic
viscosity was determined according to ASTM standard
D-1795-62 (American Society for Testing & Materials,
2003). The typical error for intrinsic viscosity is ±5 ml/g
of the average number. Tensile strength (TAPPI, 1996)
and zero-span strength (TAPPI, 1996) were measured to
investigate the paper physical properties with an error less
than ±5%.
2.4. 13C CP/MAS NMR and SEM analysis of oxidized

bleached pulps

Four samples were analyzed by solid-state NMR, which
consisted of the untreated ECF bleached SW kraft pulp
and oxidized pulps (see Table 1). The 13C CP/MAS
NMR spectra were recorded at room temperature on an
instrument Bruker Advance/DMX-400 operating at
100.06 MHz using an MAS 4 mm probe and ZrO2 rotors.
The MAS spin rate was 5 kHz. Acquisition was performed
with a CP pulse sequence using 4.5 ls pulse, 2.0 ms contact
pulse and 3.0 s delay between repetitions. 5000 scans were
accumulated for each sample.

SEM images of the original ECF bleached SW kraft
pulp and the fibers treated with a charge of 1.70 mmol
NaClO/g o.d. pulp were acquired using a LEO 1530 ther-
mally-assisted field emission (TFE) microscope at 10 kV.
The coated quartz slide and the smooth side of the paper
test sheets were gold coated prior to analysis.
2.5. PEG treatment of pulp fibers

PEG (1.00 g, MW 3350 or 10,000) was dissolved in
deionized water (99.00 ml) which has been acidified to
pH 2.00 with 1.00 N hydrochloric acid. The solution was
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mixed until the dissolution of PEG was visually complete.
Cellulosic fibers (2.00 g oven-dried) were then immersed in
the solution for the ester cross-linking of the cellulosic
hydroxyl groups/carboxyl groups with PEG-hydroxyl end
groups. The fibers was treated for 15 min and then filtered
without washing. Thereafter, the sample was cured at
105 �C for 30 min. It was then disintegrated and immersed
in pH 8 NaOH aqueous solution for 1 h. Subsequently,
four equivalents of solution were prepared and each con-
tained 0.250 ± 0.050 g o.d. cross-linked fibers for water
retention value measurements.
2.6. Water retention value (WRV) of fibers

Pulp water retention values were determined using Tap-
pi Useful Method 256 Water Retention Value (TAPPI,
1991). This methodology employs a pulp mat formed by
draining a dilute pulp slurry on a fine mesh screen, in a cen-
trifuge cup. The pulp mat is prepared at a fixed basis o.d.
weight of 0.250 ± 0.050 g. The pulp pad is then centrifuged
at 900 g for 30 min. The wet pad, after centrifuging, is
weighed, dried at 105 �C, and then reweighed. The WRV
is calculated as the amount of water by weight retained
in the pad after centrifuging per o.d. weight of fibers
(Eq. 1).

WRV ¼ W w � W d

W d

� 100% ð1Þ

Ww is the weight of the wet sample after centrifuging,
and Wd is that of dry sample. The tests were done in
Fig. 2. Carboxyl group content, carbonyl group content, and intrinsic viscosity
pulps during TEMPO-mediated oxidation.
quadruplicate, and standard deviation of 95% confidential
level was used for the experimental error evaluation.
3. Results and discussion

3.1. The effect of charge of NaClO on carboxyl group

content, carbonyl group content, intrinsic viscosity of fibers

after TEMPO-mediated oxidation

Fig. 2 presents the carboxyl group content, carbonyl
group content, and intrinsic viscosity of pulp fiber after
treatment with different levels of NaClO charge. These
results indicate that the carboxyl group content increased
from 3.98 to 23.1 mmol/100 g o.d. fibers in a near linear
relationship of NaClO addition. The change in the degree
of cellulose polymerization was monitored by intrinsic vis-
cosity measurement. These results are in agreement with
recent studies by Kitaoka et al. (1999) and Saito and Isogai
(2005). Evans and Wallis (1989) developed an equation
relating the degree of polymerization (DP) to the intrinsic
viscosity [g] of the carbohydrates (Eq. 2). The DP of the
control ECF bleached fibers was estimated as 2416, while
the DP of the TEMPO oxidized fibers after 1.701 mmol
NaClO/g o.d. pulp charge was 688.

DP0:9 ¼ 1:65� ½g� ð2Þ

The copper number (Cu#) is an indication of aldehyde
groups in fibers and the analysis for the TEMPO oxidized
pulps is presented in Fig. 2. Röhrling et al. (2002) reported
a linear relationship between the carbonyl group content
and copper number shown in Eq. 3. In this study, this
of ECF bleached SW kraft pulps prepared with varying NaClO charge on
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equation was applied to convert Cu# to carbonyl group
content.
Carbonyl group content ðmmol=100 g o:d: pulpÞ
¼ ðCu# � 0:07Þ=0:6 ð3Þ
Fig. 3. (a) SEM image of original ECF bleached SW kraft pulp fibers. (b)
SEM image of TEMPO-mediated oxidized ECF bleached SW kraft pulp
fibers (1.70 mmol NaClO/g o.d. pulp charge).
The aldehyde group is generated by oxidizing C6 hydroxyl
group during TEMPO-mediated system. The results of car-
bonyl group content measurements are summarized in
Fig. 2. This data shows that the aldehyde groups enhanced
with increasing NaClO charge approaching a maximum
value of 17.8 mmol/100 g o.d. pulp with NaClO charge of
0.85 mmol/g o.d. fibers. These results suggest that the
TEMPO-oxidation process is not yet fully optimized for
the formation of acid groups.

3.2. 13C CP/MAS NMR spectra of the oxidized fibers

13C CP/MAS NMR analysis of the starting and
TEMPO oxidized pulp were recorded, and the crystallinity
index was determined following a literature method (Lenn-
holm, Larsson, & Iversen, 1994). As summarized in Table
1, these results indicate that there was a minor increase in
the crystallinity for the oxidized fibers. This suggests that
the amorphous regions in fiber are slightly more prone to
oxidation.

3.3. SEM images of the oxidized fibers

Fig. 3 illustrates the SEM images of the original ECF
bleached SW kraft pulp fibers and TEMPO-mediated oxi-
dized pulps (NaClO charge of 1.70 mmol/g o.d. pulp).
Fig. 3a provides a clear illustration of the primary wall of
a fiber. The fibrils inside the fibers can be clearly seen from
Fig. 3b. This result suggests that the primary wall or even
the S1 sublayer, i.e. the outer layer of second wall, of the
fibers were partially peeled by the alkaline TEMPO-medi-
ated oxidation.

3.4. The effect of temperature during TEMPO-mediated

oxidation on carboxyl group content and intrinsic viscosity of

fibers

As discussed previously, hypochlorite degrades carbo-
hydrates which results in the loss of fiber viscosity. Usu-
ally, hypochlorite bleaching of kraft pulps is limited to
high alkalinity (pH � 10) and low temperature (Gullich-
sen & Fogelholm, 2000). To investigate the effect of reac-
tion temperature on carboxylate content and fiber
viscosity, the TEMPO-oxidation was conducted at vary-
ing reaction temperatures with a fixed charge of
0.85 mmol NaClO/g o.d. pulp (see Fig. 4). These results
show that the carboxyl group content of SW bleached
fibers reaches a maximum value at 23 �C. The intrinsic
viscosity of fibers after TEMPO-oxidation at 23 �C was
found to be the lowest.
3.5. The effect of pH value during TEMPO-mediated

oxidation on carboxyl group content, carbonyl group

content, and intrinsic viscosity of fibers

It’s been reported that the solution pH value has an
impact on the TEMPO-mediated oxidation with respect
to the formation of carboxyl group and the reaction rate
(Bragd et al., 2001). To evaluate this effect for SW bleached
kraft pulp, five reaction pH values were examined includ-
ing 7.10, 8.00, 8.60, 9.10, and 10.00. The remaining exper-
imental conditions were kept constant including a 1.33%
solution consistency, reaction temperature of 23 �C, 2.0 h
reaction time, and 0.85 mmol NaClO/g o.d. pulp. Fig. 5
shows the results of carboxyl and carbonyl group content,
and intrinsic viscosity of fibers after the ECF bleached SW
kraft pulp was oxidized by the TEMPO-mediated system
with 0.85 mmol NaClO/g o.d. pulp. In terms of the forma-
tion of carboxyl group content of fibers, the optimal result
was obtained at pH 9.10. At this pH value, the carbonyl
group content was the lowest, and the intrinsic viscosity
was next to the highest value observed.

3.6. The effect of PEG addition on water retention value of

fibers after TEMPO-mediated oxidation

Pulp water retention values characterize the swelling
capability of pulps (Katz, Beatson, & Scallan, 1981). It is



Fig. 5. The effect of pH value during TEMPO-mediated oxidation on carboxyl group content, carbonyl group content, and intrinsic viscosity of ECF
bleached SW kraft pulps at the condition of 0.85 mmol/g o.d. pulp NaClO charge.

Fig. 4. The effect of temperature during TEMPO-mediated oxidation on carboxyl group content and intrinsic viscosity of ECF bleached SW kraft pulps at
the condition of 0.85 mmol/g o.d. pulp NaClO charge.
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commonly acknowledged that enhanced fiber swelling
relates to increased concentration of acid groups in the
mechanical pulps (Katz et al., 1981; Katz & Scallan,
1983) and kraft pulp (Dang et al., 2006). In our previous
study of the effect of carboxyl group content on WRV, it
was found that there is a linear relationship between the
carboxyl group content and WRV of the softwood kraft
pulp (Dang et al., 2006).

PEG is widely used to cross-link pulp fibers to enhance
the water absorbency property of fibers (Bajpai & Giri,
2002; Barcus & Bjorkquist, 1991). It has been reported that
PEG-hydroxyl end groups can form ester cross-linking
with cellulosic hydroxyl groups and carboxyl groups (Choi,
1993; Morris & Harper, 1995). Ibrahim, Abo-Shosha,
Elnagdy, and Gaffar (2002) studied the addition of PEG
in the citric acid treated cotton and reported that the car-
boxyl group content was decreased due to the esterifica-
tion. The imparting of a more hydrophilic cross-linked
structure leads to enhanced swellability of the cellulose
structure and higher moisture absorption (Ibrahim et al.,
2002). In addition, PEG treatment of textile fabric shows
enhancement of the fabric properties including antistatic



Table 2
The results of water retention values of ECF bleached SW kraft pulps with
and without cross-linking

Sample ID Water retention value (g water/g o.d. pulp
fibers)

Control Cross-linked
by PEG 3350

Cross-linked by
PEG 10,000

Original ECF bleached
SW pulp fibers

0.733 1.170 0.899

Oxidized fibers (0.85 mmol
NaClO/g o.d. fiber)

1.194 1.410 1.230

Table 3
The results of paper physical properties of original ECF bleached SW
kraft pulp fibers and oxidized fibers

Sample ID Paper physical strength

Tensile index
(Nm/g)

Zero-span index
(Nm/g)

Original ECF bleached SW pulp
fibers

26.8 119.7

Oxidized fibers (0.85 mmol
NaOCl/g o.d. fiber)

30.5 99.3
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behavior, wrinkle recovery, and abrasion resistance (Vigo
& Bruno, 1989; Vigo, Lamb, Kepka, & Miller, 1991).

The glycols used in this study to cross-link fibers were
PEG with a MW of 3350 and 10,000. The water retention
values of the original ECF bleached SW kraft pulp,
TEMPO oxidized, and PEG cross-linked pulps were stud-
ied. Table 2 summarizes the results of water retention
studies.

The WRV of oxidized fibers is greater than that of the
original fibers by 62.9%. This result indicates that,
the higher value of carboxyl group content, the higher is
the water retention value of the fibers. Kitaoka et al.
(1999) studied the chemical modification of bleached hard-
wood kraft pulp fibers by TEMPO-mediated oxidation.
They reported that WRVs of pulps were roughly constant,
even though these pulps had carboxyl contents from 0.06
to 0.47 mmol/g after TEMPO-oxidation. In comparison,
the softwood kraft pulps in this study present an enhanced
water absorbency property after TEMPO-oxidation.

The WRV of fibers after PEG cross-linking was
increased compared to the untreated fibers. This is consis-
tent with the study by Barcus and Bjorkquist (1991). As
for the original fibers, the WRVs were increased by 59.6%
and 22.6% after cross-linking by PEG 3350 and 10,000,
respectively. However, they increased by 18.1% and 3.0%
when the oxidized fibers were cross-linked by PEG 3350
and 10,000, respectively. Based on the performance of
PEG 3350 and PEG 10,000 on fibers, the low molecular
weight polymer appears to provide enhanced improvement
of fiber WRV.
3.7. The paper physical properties of fibers after TEMPO-

mediated oxidation

Tensile and zero-span strength of the paper test sheets
prepared from the two oxidized pulp samples described
in Section 3.6 were measured. The results are summarized
in Table 3.

Due to the higher carboxyl group content, the tensile
strength of the paper test sheet prepared from the oxidized
pulp fibers was higher than that of the original pulp fibers.
Zero-span index indicates the average ultimate strength of
the longitudinal structure of individual fibers in a paper test
sheet. The zero-span strength of the oxidized pulp fibers
was lower than that of the original pulp fibers. Since the
TEMPO-mediated oxidation drastically drops the intrinsic
viscosity, it leads to the lower single fiber strength.

4. Conclusion

This study demonstrates the potential of the TEMPO–
KBr–NaClO system to oxidize ECF bleached SW kraft
pulp fibers providing a 480% increase in carboxyl group
at the charge of 1.701 mmol NaClO/g o.d. pulp. In addi-
tion, at this high oxidative charge the carbonyl group con-
tent (i.e., Cu #) of pulp was increased by a factor of 28. A
comparison of the SEM images between the original fibers
and the oxidized fibers indicated that the primary wall can
be peeled by TEMPO-mediated oxidation. In terms of the
carboxyl group formation of fibers after TEMPO-mediated
oxidation, the optimum temperature and pH value were
found to be around room temperature, and 9.10, respec-
tively. Water retention value of the oxidized fibers had
higher value than the original fibers. Fibers after PEG
cross-linking showed increased water retention value. The
zero-span strength of the paper test sheets prepared from
the oxidized pulp fibers were lower than the original
bleached pulp fibers due to oxidatively induced changes
in the fibers.
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Röhrling, J., Potthast, A., Rosenau, T., Lange, T., Borgards, A., Sixta, H.,

et al. (2002). A novel method for the determination of carbonyl groups
in cellulosics by fluorescence labeling. 2. Validation and applications.
Biomacromolecules, 3(5), 969–975.

Saito, T., & Isogai, A. (2005). A novel method to improve wet strength of
paper. Tappi Journal, 4(3), 3–8.

Scallan, A. M., & Grignon, J. (1979). The effect of cations on pulp and
paper properties. Svensk Papperstidning, 82(2), 40–47.

Tahiri, C., & Vignon, M. R. (2000). TEMPO-oxidation of cellulose:
Synthesis and characterisation of polyglucuronans. Cellulose, 7,
177–188.

TAPPI Useful Methods. (1991). Atlanta, GA: Tappi Press, pp. 54–56.
TAPPI Test Methods. (1996). Atlanta, GA: Tappi Press.
Vigo, T. L., & Bruno, J. S. (1989). Improvement of various properties of

fiber surfaces containing crosslinked polyethylene glycols. Journal of

Applied Polymer Science, 37, 371–379.
Vigo, T. L., Lamb, G. E. R., Kepka, S., & Miller, B. (1991). Abrasion and

lint loss properties of fabrics containing crosslinked polyethylene
glycol. Textile Research Journal, 61(3), 169–176.


	Characterizing TEMPO-mediated oxidation of ECF bleached softwood kraft pulps
	Introduction
	Materials and methods
	Materials
	The procedure of TEMPO-mediated oxidation
	Analytical methods
	13C CP/MAS NMR and SEM analysis of oxidized bleached pulps
	PEG treatment of pulp fibers
	Water retention value (WRV) of fibers

	Results and discussion
	The effect of charge of NaClO on carboxyl group content, carbonyl group content, intrinsic viscosity of fibers after TEMPO-mediated oxidation
	13C CP/MAS NMR spectra of the oxidized fibers
	SEM images of the oxidized fibers
	The effect of temperature during TEMPO-mediated oxidation on carboxyl group content and intrinsic viscosity of fibers
	The effect of pH value during TEMPO-mediated oxidation on carboxyl group content, carbonyl group content, and intrinsic viscosity of fibers
	The effect of PEG addition on water retention value of fibers after TEMPO-mediated oxidation
	The paper physical properties of fibers after TEMPO-mediated oxidation

	Conclusion
	Acknowledgements
	References


