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Abstract The aim of this work was to provide
softwood kraft pulp fibres with new functionalities by
the introduction of carbonyl groups. Carbonyl groups
are known to affect properties such as wet strength
through the formation of covalent bonds, i.e. hemiac-
etals. The method developed involves oxidation using
hydrogen peroxide at mildly acidic conditions. It was
found that the carbonyl group content increased with
both increasing temperature and residence time when
oxidized at acidic conditions. The number of car-
boxylic groups, however, remained approximately
constant. There was virtually no increase in carbonyl
groups when oxidation was performed at alkaline
conditions. The maximum increase in carbonyl groups
was found at a residence time of 90 min, a reaction
temperature of 85 °C and a pH of 4. These conditions
resulted in an increase in carbonyl groups from 30 to
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122 pmol/g. When formed into a sheet, the pulp
oxidized at acidic conditions proved to maintain its
structural integrity at aqueous conditions. This indi-
cates the formation of hemiacetal bonds between the
introduced carbonyl groups and the hydroxyl groups
on the carbohydrate chains. Thus, a possible applica-
tion for the method could be fibre modification during
the final bleaching stage of softwood kraft pulp, where
the wet strength of the pulp could be increased.

Keywords Hydrogen peroxide - Cellulose
oxidation - Carbonyl groups - Wet strength - Bleaching

Introduction

Wet strength is an important property in some paper-
based products, e.g. various packaging and absorbing
applications. It is not easily achieved, however,
because when a paper material is wetted, the inter-
fibre hydrogen bonds that keep the material together
are broken; the strength of the material is reduced by
more than 90% (Dunlop-Jones 1991). Although tech-
niques such as wet pressing and refining have been
implemented to overcome this and reduce the loss in
strength, they nevertheless have a very limited effect
on the wet strength. Wet strength agents are therefore
commonly added to increase the wet strength further,
after which between 10 and 30% of the initial strength
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can be maintained under wet conditions. These
additives can be expensive and have negative envi-
ronmental impacts or health hazards, both in use and in
production. Aldehyde-based additives, such as urea
formaldehyde and melamine formaldehyde, require
formaldehyde in their manufacture, which is a known
carcinogen. The production of polyamide or epoxide-
based additives are associated with emissions of
adsorbable organic halides (AOX). These additives
can also cause issues when the fibre material is re-
pulped, as they result in apermanent increase in wet-
strength, which requires oxidizing treatments to
successfully re-pulp (Bates et al. 1999; Epsy and
Geist 1993). Another wet strength agent also used is
dialdehyde starch which, unfortunately, is linked to
effluent emissions of iodine as a result of the sodium
periodate used for oxidation (Bates et al. 1999). The
action of these aldehyde-based additives relies on the
introduction of covalent bonds, i.e. hemiacetals,
between the aldehyde groups of the additives and the
hydroxyl groups in the carbohydrate structure. These
covalent bonds are not broken by water as rapidly as
the hydrogen bonds that normally hold the fibre
network together. The addition of the above-men-
tioned wet strength agents could be avoided altogether
if aldehyde groups could be introduced to the cellulose
structure itself by appropriate oxidation.

Oxidizers such as chlorine dioxide, ozone and
hydrogen peroxide are commonly used in the pulp
bleaching process; the conditions are optimized to
favour the removal of residual lignin while minimiz-
ing reactions with cellulose. If the conditions of the
final bleaching stage could be altered to favour the
formation of carbonyl groups on the fibre surface, the
resulting pulp could have sufficient wet strength due to
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Fig. 1 Cellulose chains cross-linked by the formation of
hemiacetals or hemiketals between neighbouring carbonyl and
hydroxyl groups. Here, a C6 hemiacetal and a C3 hemiketal are
shown
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the cross-linking effect of the carbonyls and thus not
require any additives (Fig. 1). Of the more common
bleaching agents available, hydrogen peroxide is a
good candidate; being chlorine free, it is suitable for
both ECF and TCF applications. It is also commonly
used as a final stage in the production of high
brightness pulps and is moreover an economical
alternative to ozone.

When oxidizing cellulose using hydrogen peroxide,
the hydroxyl radicals formed are capable of oxidizing
the secondary alcohols at the C2 and C3 positions, as
well as the primary alcohol at C6 to form carbonyl
groups. This reaction is initiated by the abstraction of
hydrogen from the respective carbon by the hydroxyl
radical, followed by the elimination of a superoxide
anion radical (Lewin 1997; Gierer 1997). One process
parameter that could be altered to favour carbonyl
formation when bleaching with hydrogen peroxide is
the pH. Hydrogen peroxide bleaching is usually
performed under alkaline conditions, with a final pH
of around 10.5-11 (Gullichsen and Fogelholm 1999).
The fact that oxidation using acidic conditions favours
the formation of carbonyl groups, and alkaline oxida-
tion favours the formation of carboxylic groups, has
been long known (Rutherford and Harris 1943).
Changing the pH in a hydrogen peroxide bleaching
stage could potentially yield a pulp with drastically
altered properties.

The aim of this study was to investigate hydrogen
peroxide oxidation as a tool for modifying softwood
kraft fibres. The effects of process parameters such as
pH and temperature on the formation of oxidized
functionalities on the fibres, as well as the degradation
of the carbohydrates, are evaluated. Furthermore, the
fibre network integrity of the oxidised pulp in water is
evaluated and compared to a fully-bleached kraft pulp.

Experimental section
Materials

A fully-bleached, softwood kraft pulp was provided by
Sodra Cell Viro. Hydrogen peroxide, hydroxylamine
hydrochloride, sodium hydroxide, bis (ethylenedi-
amine) copper (II) hydroxide solution, peracetic acid
(40%), sulphuric acid, hydrochloric acid, sodium
chloride and sodium borohydride were purchased
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from Sigma-Aldrich. All reagents were of analytical
quality and used as received.

Oxidation of bleached kraft pulp

The fully-bleached kraft pulp was oxidized using
hydrogen peroxide. The reaction was performed in a
jacketed glass reactor equipped with baffles. The
vessel was heated using a circulating heater and stirred
using a pitched blade impeller rotating at 1000 rpm.
The oxidation was performed at a pulp consistency of
2.5% and a hydrogen peroxide concentration of 5% (of
total weight of the liquid fraction). The starting pH of
the reaction was adjusted to 4 for the acidic experi-
ments and 10 for the alkaline oxidations, using either
sulphuric acid or sodium hydroxide. No adjustment of
the pH was made for the experiments performed in
buffered solutions.

After oxidation, the reaction was quenched by
adding 500 ml of cold deionized water. The suspen-
sion was filtered and the filtrate recirculated once,
followed by washing using 1000 ml of deionized
water. The filter cake was then allowed to rest in
500 ml of deionized water for 10 min, filtered off and
the filtrate recirculated once again. Finally, the filter
cake was washed using 1000 ml of deionized water,
pH adjusted to pH 3.5 using sulphuric acid to
minimize the impact of degradation due to B-alkoxy-
elimination (Miinster et al. 2017; Hosoya et al. 2018).
One portion of the washed pulp was then solvent
exchanged with 95% EtOH. The samples were stored
refrigerated.

The various experiments had residence times that
varied between 30 and 90 min and temperatures that
varied between 50 and 85 °C. As the suspension was
not expected to have any oxidizing effect without the
presence of the hydrogen peroxide, no blank runs were
performed.

Determination of carbonyl content using
hydroxylamine hydrochloride

Carbonyl groups were quantified using a method based
on that of Zhao and Heindel (1990). A 500 mg sample
(O.D. weight) of never-dried pulp was added to 50 ml
of deionized water, adjusted to pH 4 using hydrochlo-
ric acid. Each sample was then stirred to disperse the
fibres and, after 10 min, filtered and washed using
50 ml deionized water adjusted to pH 4. The sample

was then added to 25 ml of 0.25 M hydroxylamine
hydrochloride solution adjusted to pH 4 and left for
2 h (at room temperature and constant mixing). The
sample was thereafter filtered, and the filtrate titrated
back to pH 4 using 0.01 M NaOH (aq). The filter cake
was placed in an oven at 105 °C for 24 h and used to
determine the mass of the sample. The number of
carbonyl groups were calculated using the amount of
NaOH (aq) consumed in the titration and the dried
weight of the sample. Analyses were performed in
duplicates.

Determination of carboxyl content
by potentiometric titration

The carboxyl content of the pulp was analysed using a
potentiometric titration method based on that of
Barbosa et al. (2013). 0.5 g of (O.D. weight) never-
dried pulp was placed in a flask containing 60 mL of
0.1 M hydrochloric acid. The flask was then shaken to
disperse the sample well and left at room temperature
for 2 h to fully protonate the carboxyl groups. The
sample was then washed with deionized water until the
filtrate was neutral before being transferred to a
100 ml beaker, where 50 mL of 0.5 M NaCl was
added to control the ionic strength. The mixture was
stirred continuously and titrated with 0.02 M NaOH
(aq) in 0.5 M NaCl (aq). The number of carboxylic
groups was thereafter calculated from the titrant
volume at the equivalence point. After titration the
sample was filtered and washed once again, and the
filter cake used to determine the exact mass of the
sample. Analyses were performed in duplicates.

Intrinsic viscosity measurements

The intrinsic viscosity of a sample dissolved in bis
(ethylenediamine) copper (II) hydroxide solution was
determined using capillary viscosimetry according to
the SCAN-C 15:99 method. Intrinsic viscosity values
were converted to viscosity-average molecular weight
using the Mark-Houwink-Sakurada equation, employ-
ing the parameters calculated by Kes and Christensen
(2013). Prior to making the viscosity measurements,
the samples were reduced using 5% sodium borohy-
dride at 4% consistency and room temperature for
24 h in order to prevent degradation due to B-alkoxy-
elimination.

@ Springer



Cellulose

Determination of carbonyl content by CCOA-
labelling

Carbazole-9-carbonyl-oxy-amine (CCOA) labelling
of carbonyl groups was performed as described earlier
by Rohrling et al. (2002). After labelling the samples,
dissolution in N,N-dimethylacetamide/lithium chlo-
ride 9% (w/v) (DMACc/LiCl) was achieved after a
solvent exchange at room temperature. Cellulose
analysis was performed with a GPC (gel permeation
chromatography) coupled with a MALLS (multi-angle
laser light scattering)—fluorescence RI detection
system, which yields the molecular weight distribution
(MWD) in addition to the profiles of oxidised groups
relative to the MWD.

The GPC system was comprised of a TSP FL2000
fluorescence detector for monitoring the label, a
MALLS detector, (Wyatt Dawn DSP, Wyatt Inc.,
Santa Barbara, USA) with a diode laser (A = 488 nm)
and a refractive index detector (Shodex RI-71). Four
serial GPC columns, PL gel-mixed ALS, 20 um and
7.5 x 300 mm (Agilent, Waldbronn, Germany) were
used as the stationary phase. A degasser (Dionex DG-
2410), autosampler (HP 1100), pulse damper pump
(Kontron pump 420) and column oven (Gynkotek
STH 585) were also part of the system.

The operating conditions of the GPC were as
follows: 1.00 mL/min flow rate, 100 pL injection
volume, 45 min run time, Aex = 290 nm and Aem =

340 nm for fluorescence detection of the CCOA
label. DMACc/LiCl (0.9%, w/v) was used as an eluent
after filtering through a 0.02 pm filter.

The data was evaluated using standard Chrome-
leon, Astra 4.73, and GRAMS/32 software.

Compositional analysis

The composition of the sample was determined using
the method of Jedvert et al. (2012) which, in turn, is
based on the research of Theander and Westerlund
(1986). 3 ml of 72% H,SO, (aq) was added to a
sample of 200 mg (O.D.), followed by evacuation for
15 min. The sample was then placed in a 30 °C water
bath for 1 h and stirred every twenty minutes;
thereafter 84 g of deionized water was added before
it was placed in an autoclave at 125 °C for 1 h. The
sample was filtered and diluted 10 and 50 times
respectively, with an addition of 8 mg/l fucose as an
internal standard. The filter cake was dried and used
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for quantification of Klason lignin and the filtrate
analysed for acid soluble lignin (ASL) using an
Analytik Jena UV spectrometer at a wavelength of
205 nm, with an absorptivity constant of 110 dm3/
g cm. The monomeric sugars were then analysed
using a Dionex ICS-5000 equipped with CarboPac
PAT1 columns using NaOH/NaAc (aq) and NaOH (aq)
as eluents. Detection was performed using an electro-
chemical detector, using Chromeleon 7, Version
7.1.3.2425 as the software. For conversion of mono-
meric sugars to carbohydrates the molar ratio between
mannose and glucose in galactoglucomannan was
assumed to be 3.5:1 (Meier 1958).

Wet durability test

The impact that the oxidations had on the wet strength
was evaluated by producing sheets from two different
pulps: one reference pulp (bleached kraft pulp) and
one highly oxidized pulp (carbonyl content:
121.6 pmol/g). Each pulp was placed in a pulp
disintegrator at 30,000 revs in 2 L of water. The
slurry was then filtered using a Biichner funnel to
produce the final sheet, which was then allowed to air
dry. Once dry, a square of 3 x 3 cm was cut out,
placed in a beaker containing 400 mL of deionized
water and observed over the following 2 h to monitor
any changes. A stir bar was added after 48 h, and the
two samples were stirred for 1 min each at 120 rpm.

Analysis of total organic carbon

Analysis of total organic carbon (TOC) was performed
according to the SS-EN 1484 standard. Total carbon
(TC) is quantified by combusting the sample catalyt-
ically at 680° and any CO, produced is detected using
an NDIR detector. Inorganic carbon (IC) is quantified
as CO, released during acidification with phosphoric
acid. The TOC is calculated as the difference between
the TC and IC.

Fibre image analysis

The dimensions of the fibres were analysed using a
Kajaani FS300 fibre image analyser. A sample of
50 mg of never-dried pulp was added to 2 L of
deionized water and defibrillated for 30,000 revs in a
pulp disintegrator. 50 mL was then transferred from
this sample to a beaker for analysis.
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Results and discussion

Oxidation of cellulose in systems without a pH
buffer

The pH of the suspension changes over time during
oxidation. This is due to the formation of both
hydroxide ions (from the decomposition of hydrogen
peroxide) and organic acids, such as formic acid
(during cellulose hydrolysis) (Jung et al. 2009; Wen
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Fig. 2 Change in pH during oxidation in alkaline and acidic
conditions

et al. 2019). Figure 2 shows the change in pH during
the oxidations performed under both acidic and
alkaline conditions. The significant changes in pH
that occur during the reaction mean that a suit-
able buffer is required to evaluate oxidation at a
specific pH.

Furthermore, a compositional analysis was carried
out to investigate the extent to which the carbohy-
drates were affected during the reaction. The results
reported in Table 1 show that the amount of hemicel-
luloses is slightly lower in the oxidized samples. The
amount of non-detected material increases slightly,
which is expected, due to the oxidation and hydrolysis
of cellulose and hemicelluloses. This yields shorter,
soluble fragments that cannot be detected by the
method, such as humins (also known as pseudo-lignin)
(van Zandvoort et al. 2013) or uronic acids. The mass
of Klason lignin is also higher in the oxidized samples
compared to the reference, something that has been
reported previously for acid treatments of biomass
(Sannigrahi and Ragauskas 2008). Li et al. (2005)
reported that about 50% of Klason lignin may consist
of humins.

The introduction of oxidized groups and the effect
of oxidation on the chemical composition of the pulp
was analysed in the samples presented in Table 1; the

Table 1 Results of the compositional analysis of the oxidized and reference sample

Cellulose Galacto-glucomannan Xylan ASL Klason lignin SUM Not detected
(%) (%) (%) (%) (%) (%) (%)
Bleached kraft 70.7 7.44 8.23 0.77 0.00 87.2 12.8
pulp
Acidic oxidation  70.9 5.96 8.12 0.64 1.65 87.3 12.7
30 min
Acidic oxidation  70.9 5.16 7.95 0.70 1.40 86.2 13.8
60 min
Acidic oxidation  70.1 5.22 8.03 0.69 1.50 85.6 14.4
90 min
Alkaline 69.9 6.43 8.49 0.66 1.70 87.2 12.8
oxidation
30 min
Alkaline 69.5 5.58 8.28 0.65 1.50 85.5 14.5
oxidation
60 min
Alkaline 69.6 5.97 8.25 0.67 1.40 85.9 14.1
oxidation
90 min

@ Springer



Cellulose

6 120 (g
>o ( ) @ Reference Pulp (HA-HCI)
§ o 0O Alkaline Oxidation (HA-HCI) =
T&’ O Acidic Oxidation (HA-HCI)
2 + Alkaline Oxidation (CCOA) X
15} i X Acidic Oxidation (CCOA)
z
é; 60 2]
S
5 40
NS ® bl
'é 20‘ ®
[ + +
3 +
T o0 i i i i ;
§ 0 20 40 60 80 100
Residence Time (minutes)
(b) ® Mv (Visc) - Reference
700 O My (Visc) - Alkaline Oxidation
O Mv (Visc) - Acidic Oxidation
- 600 @ + Mw (GPC-MALLS) - Alkaline Oxidation
Qe X Mw (GPC-MALLS) - Acidic Oxidation
= s00 b a
<
20
%’ 400 + % £
&
3 g
g 300 | °
s
X
S 200 | © C)
o0
E 8
v b
é 100
0 i i i i i
0 20 40 60 80 100
Residence Time (minutes)
(C) @ Reference
60 O Alkaline Oxidation
I 0 Acidic Oxidation
= 20 o 9
o
g 40 o] &
w
o
§ 30
(U]
> 20 F
3
2
S 10t
o . . . : ;
0 20 40 60 80 100

Residence Time (min)

Fig. 3 aTotal number of carbonyl groups in pulp oxidized using
acidic and alkaline conditions, measured using the hydroxy-
lamine hydrochloride method (HA-HCI) and CCOA labelling.
Error bars calculated from the duplicates are included. b Average
molecular weight, calculated from capillary viscosimetry and
GPC measurements, of acidic and alkaline oxidations. Error bars
calculated from the duplicates are included. ¢ Carboxyl content
of pulp oxidized at acidic and alkaline oxidations. Error bars
calculated from the duplicates are included
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Fig. 4 Degree of oxidation (carbonyl content) and size
distribution in samples oxidized for 90 min using acidic and
alkaline conditions

results obtained from these analyses are to be found in
Fig. 3a—c. The total carbonyl content was analysed
using both the hydroxylamine hydrochloride method
and CCOA labelling in combination with GPC-
MALLS. The degradation of the pulp was assessed
using capillary viscosimetry as well as GPC, and the
carboxyl groups were analysed using potentiometric
titration. The standard deviation is low for the two
carbonyl quantification methods however, the hydrox-
ylamine hydrochloride method seems to overestimate
the carbonyl content, compared to the results from
GPC-MALLS. Although the two trends for total
carbonyl content seem to correlate well, the DMAc-
LiCl system dissolves softwood pulps of larger
molecular weight poorly and therefore no comparison
could be made for two data points (reference and
30-min, acidic oxidation). The GPC results and the
viscosity-average molecular weight results obtained
from the capillary viscosimetry measurements also
show similar trends. The carboxyl content of the
oxidized pulp remained relatively unchanged through-
out the oxidation, regardless of the pH of the
oxidation.

Correlating the degree of oxidation with the
molecular mass distributions and comparing those
oxidized using acidic conditions with the alkaline ones
(Fig. 4) shows a considerable increase in carbonyl
groups throughout the size-range in the sample
oxidized using acidic conditions, compared to that
using alkaline conditions. However, the largest
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Table 2 Molecular weights and carbonyl content of the various oxidized pulps and the reference pulp

Mn (kDa) Mw (kDa) Mz (kDa)  Dispersity (Mw/Mn)  Reg (umol/g)  C = O (umol/g)

Bleached kraft pulp (24.0) (311) (893) (12.8) (41.3) (6.90)

Acidic oxidation 30 min (28.0) (308) (886) (11.1) (36.5) (16.9)

Acidic oxidation 60 min 432 349 1230 8.09 233 323

Acidic oxidation 90 min 33.6 218 858 6.48 29.8 82.1

Alkaline oxidation 30 min 41.8 384 1440 9.41 24.7 13.8

Alkaline oxidation 60 min 42.8 317 1250 7.40 234 159

Alkaline oxidation 90 min 524 382 1560 7.34 19.2 15.5

Carbonyl groups are reported as total number of carbonyl groups (C=0) and theoretical number of reducing end groups (Reg), based
on Mn. The reference pulp and that oxidized for 30 min under acidic conditions are disregarded due to their poor solubility

Table 3 Total number of carbonyl groups measured using the
hydroxylamine hydrochloride method, and viscosity-average
molecular weight of three different buffered oxidations

Sample Carbonyl content Mv (kDa)
(nmol/g)
Phosphate buffer, pH 5.8 66.4 240
Acetate Buffer, pH 5.6 91.2 111
Acetate Buffer, pH 4.0 115 91.5
O Carbonyl Groups - PAA Oxidation|
50 r 700
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Fig. 5 Total number of carbonyl groups measured using the
hydroxylamine hydrochloride method, and viscosity-average
molecular weight of pulp oxidized using peracetic acid

increase can be found in the shorter chains, due to the
formation of reducing ends.

The results of the GPC measurements for all of the
experiments in this series are shown in Table 2. The
maximum theoretical, amount of reducing end groups

was estimated from Mn in order to estimate their
maximal possible contribution to the total amount
detected carbonyls. It can be seen that the theoretical
number of reducing end groups remains fairly con-
stant, whereas the total number of carbonyl groups
increases quite rapidly during the course of the
oxidations carried out in an acidic environment, which
indicates the introduction of carbonyl groups along the
chain (see also Fig. 4).

Oxidation of cellulose in systems with a pH-buffer
Selection of buffer system

The alkaline oxidation experiments did not lead to
increased carbonyl contents, hence only acidic oxida-
tions were studied further. In order to eliminate
variations in the pH during oxidation, two different
buffered systems were compared: a phosphate and an
acetate buffer. These were evaluated at as close pH as
possible but, as the pH ranges for these buffers do not
overlap, a slight difference in pH had to be accepted.
Two oxidations, performed in a 0.1 M buffer solution
with a residence time of 90 min, were compared. The
oxidation in the acetate buffer resulted in a larger
number of carbonyl groups compared to that in the
phosphate buffer, as can be seen in Table 3. There may
be several explanations for this: one is that phosphate
acts as a stabilizer for hydrogen peroxide (Aggarwal
etal. 1991; Kakarla and Watts 1997) and thereby leads
to reduced oxidation power, and another may be the
formation of peracetic acid, which is a strong oxidant,
in the acetate-buffered system. The role of peracetic
acid in oxidation therefore requires further evaluation.

@ Springer
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Reducing the pH to 4 in the acetate-buffered system
further enhanced the introduction of carbonyl groups.

A series of oxidations using 5% peracetic acid in
0.1 M acetate buffer (pH 4.0) were performed. No
significant increase in carbonyl content was found

@ Springer

«Fig. 6 a Carbonyl content at four different oxidation temper-
atures, measured using the hydroxylamine hydrochloride
method. Oxidations performed at pH 4 in 0.1 M acetate buffer.
Error bars calculated from the duplicates are included.
b Viscosity-average molecular weight at four different oxida-
tion temperatures. Oxidations performed at pH 4 in 0.1 M
acetate buffer. Error bars calculated from the duplicates are
included. ¢ Carboxyl content at four different oxidation
temperatures. Oxidations performed at pH 4 in 0.1 M acetate
buffer. Error bars calculated from the duplicates are included
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Fig. 7 TOC of the reaction solution subjected to acidic
oxidation at 85 °C. Reaction performed at pH 4 in 0.1 M
acetate buffer

(however, a slight decrease can be noted) and only a
slight decrease in viscosity-average molecular weight
was observed, see Fig. 5. Consequently, the peracetic
acid does not contribute significantly to the formation
of carbonyl groups at the conditions investigated in
this study.

Acetate was the buffer of choice for further
investigations not only because peracetic acid did
not seem to contribute to any carbonyl formation but
also due to the fact that phosphate may have an
undesired stabilizing effect on the oxidant.

Influence of reaction temperature

Four different reaction temperatures between 50 and
85 °C were investigated to evaluate the influence of
reaction temperature when the carbonyl content,
carboxyl content and viscosity-average molecular
weight were determined (Fig. 6a—c). As expected, the
reaction rate increases with increased reaction temper-
ature: this can be seen from the increase in the
formation of carbonyl group as well as the increase in
degradation of the cellulose. However, previous results
of GPC-MALLS analysis show that the total carbonyl
content increases faster than the theoretical number of
reducing end groups. At residence times shorter than
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Fig. 8 The reference (top W
left) and oxidized (top right)
sheets of pulp 10 min after
submersion in water. The
same reference (bottom left)
and oxidized (bottom right)
sheets after magnetic
stirring

VOLUMES
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Fig. 9 Light microscopy images of the fibre networks in the reference (left) and oxidised (right) pulp

60 min, acidic conditions were found to result in a
lower decrease in molecular weight than alkaline
conditions. When comparing oxidation for 60 min at
85 °C, the buffered reaction at pH 4 and the alkaline,
unbuffered, oxidation resulted in similar viscosity-
average molecular weights (189 and 204 kDa). How-
ever, the acidic oxidation resulted in a threefold
increase in carbonyl groups compared to the reference
and the pulp oxidized at alkaline conditions.

It is interesting to note that, despite the obvious
variations in the number of carbonyl groups intro-
duced, the number of carboxyl groups in the pulp
seems to be more or less constant. Highly oxidized
fractions are generally more soluble in aqueous
solutions because of the increased number of carboxyl
groups and chain cleavage, which is extensive in these

fractions. This may cause a portion of the fractions
containing carboxyl groups to dissolve and, subse-
quently, be washed out of the sample. This hypothesis
was supported by the results of the total organic carbon
(TOC) measurements of the liquors obtained after
oxidation. The liquors show an increase in TOC
content with increasing residence times, see Fig. 7.

Wet durability

Carbonyl groups can affect the properties of the pulp
material in multiple ways, for example by decreasing
brightness stability and leading to discoloring of the
final products, which has been studied in recent works
(Ahn et al. 2019). It is known that polysaccharides
with carbonyl functionalities can cross-link through

@ Springer
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Fig. 10 Length weighted length distribution and width distribution of the reference (above) and oxidized (below) pulp

Table 4 Length weighted fibre length and arithmetic fibre
width of the reference and oxidized pulp

Reference pulp Oxidized pulp

L (1) (mm)
W (n) (um)

2.20
26.1

2.26
25.8

the formation of hemiacetal bonds and that it con-
tributes to the wet strength of paper (Saito and Isogai
2005). A simple experiment was performed to inves-
tigate whether or not fibre networks formed by the
oxidised pulp used in this study are more stable in
water than those formed by an unmodified pulp. Two
sheets were prepared: one from an unmodified pulp
(reference) and one from a highly oxidized pulp that
was oxidized at acidic conditions (carbonyl content:
121.6 pmol/g). The two sheets were placed in separate
beakers containing 300 ml of water. After 10 min of
exposure to the water, the reference sample was
noticeably more swollen than the oxidized sample,
which maintained a compact structure, see Fig. 8. No
noticeable change could be observed during the
following 2 h. After 48 h, the surface of the reference

@ Springer

pulp began to disintegrate and loose fibres were
observed. Furthermore, 1 min of stirring with a
magnetic stir bar at 120 rpm resulted in the complete
disintegration of the reference sample whereas the
oxidized sample maintained its structure. This simple
experiment shows the structure of the paper prepared
from the oxidized pulp to be remarkably stable in wet
conditions, the most likely explanation for which is the
formation of hemiacetal bonds. Furthermore, the very
limited swelling of the sheet makes it reasonable to
assume that inter-fibre hemiacetal bonds are formed.
The experiment was repeated with a pulp subjected to
conditions identical to those of the oxidized pulp
(85 °C, pH 4 acetate buffer, 90 min reaction time), but
without the presence of hydrogen peroxide, to deter-
mine whether the beating effect of the stirring or the
presence of the buffer could have affected the
resistance to water. The sheet produced from this
pulp showed an identical behaviour to the reference
pulp: noticeable swelling occurred and the sheet
disintegrated rapidly under stirring with a stir bar.
This further strengthens the theory that hemiacetal
bonds are responsible for the increased resistance to
disintegration in water.
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Potential visual differences between the fibre
networks prepared by the oxidised pulp (90 min, pH
4) and a reference pulp (fully bleached kraft pulp)
were investigated by preparing two thin fibre networks
and analysing them using light microscopy. The
resulting images (Fig. 9) show that no significant
difference can be found between the two samples. The
fibre dimensions seem virtually unaffected by the
oxidising treatment and the resulting networks are
visually similar. This indicates that the resulting
changes in properties, such as reduced swelling and
increased resistance to disintegration in water, are
more likely due to chemical modification rather than
physical changes in the fibre morphology itself, such
as the beating effects of the stirring during the
reaction. This was supported by further analysis
carried out using a Kajaani FS300 fibre image
analyser. An oxidized pulp (90 min, 85 °C, pH 4)
was compared to the unoxidized reference pulp; the
length weighted fibre length and width distribution can
be found in Fig. 10 and the resulting average lengths
and widths in Table 4. The results are within the
margin of error for the analysis and indicate similar
fibre dimensions. This potentially indicates that oxi-
dation, and subsequent cross-linking, predominantly
occur on the fibre surface: the swelling of the fibre is
not inhibited in the oxidized sample, which could be
the case if cross-linking occurred extensively within
the fibre wall.

Conclusions

In this study it has been shown that acidic oxidation,
using hydrogen peroxide at reaction temperatures
between 75 and 85 °C, increased the formation of
carbonyl groups significantly when compared to
oxidation at alkaline conditions. When formed into a
network, the material proved to have a low degree of
swelling and a structural integrity at aqueous condi-
tions, even after 48 h had passed. The low degree of
swelling of the material and the ability to maintain the
fibre network when submerged in water indicate the
formation of inter-fibrillar covalent bonds, most likely
hemiacetals. On the other hand, the decrease in degree
of polymerization most likely implies that the strength
of the fibres most likely will decrease. The conditions
investigated in this study can be easily applied in a
typical industrial bleaching stage.
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