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Abstract: Oxidation of kraft pulp using hydrogen peroxide
under mild acidic conditions can be applied in order
to obtain new functionality of the fibres, in the form of
carbonyl groups. The hydrogen peroxide concentration
must, however, be higher than consumed by the oxidation
reactions meaning that the liquid must be recirculated to
fully utilize the hydrogen peroxide. This paper investigates
the consequences of recirculation of the oxidation liquor. It
was found that recirculation results in an accumulation of
ions of transition metals (copper, iron and manganese) in
the oxidation liquor. The transition metal ions are known
for catalytic decomposition of hydrogen peroxide, pro-
ducing radicals which may react with carbohydrates,
forming carbonyl groups as well as causing carbohydrate
degradation. This was confirmed through the recirculation
of oxidation liquor as well as through controlled addition of
transition metals. At high transition metal ion concentration
the reactions were fast and a severe degradation of carbo-
hydrates was observed, accompanied by a rapid hydrogen
peroxide consumption. The consequence of this, in an
industrial context, is that the concentration of metal ions
must be carefully controlled in order to add functionality to
the cellulose without causing excessive degradation of car-
bohydrates or consumption of hydrogen peroxide.
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1 Introduction

The wet tensile strength of fibre-based materials is a key
property for a wide range of applications, ranging from
packaging to certain types of tissue products. The fibre ma-
trix that makes up paper relies mainly on hydrogen bonds,
formed during drying, for its strength. Since these bonds are
hydrolysed during rewetting the fibre materials only retain
a few percent of the initial dry tensile strength when wetted
(Fellers and Norman 1998). Improved durability of a fibre
material in wet conditions can be achieved through two
main means: inhibition of water uptake, which protects inter-
fibre hydrogen bonds, or the formation of covalent bonds,
using additives such as wet strength resins (Andreasson
and Wagberg 2009). These resins are able to form covalent
bonds between the fibres and the resins, which enables the
material to maintain some of its initial tensile strength even
when wetted (Bates et al. 1999). Wet strength resins, however,
introduce environmental disadvantages, as they may be
linked to emissions of adsorbable organic halides (AOX) (Bates
et al. 1999). As a result, the search for less harmful and bio-
based alternatives to wet strength resins has gained interest
in recent years (Sun et al. 2015).

Bio-based alternatives to wet strength resins typically
depend on the formation of crosslinks, hemiacetals. Hemi-
acetal linkages are formed between aldehyde or ketones and
hydroxyl groups in the carbohydrate fractions of the fibres
and result in an enhanced wet tensile strength of the mate-
rial (Dunlop-Jones 1991; Saito and Isogai 2005). In order to
form carbonyl groups in the carbohydrate fractions, oxi-
disers such as sodium metaperiodate (Hollertz et al. 2017;
Sun et al. 2015) or 2,2,6,6-tetramethylpiperidine-1-oxy radical
(TEMPO) (Saito and Isogai 2006) are used. This results in 2,3
dialdehyde cellulose and C6 aldehyde cellulose, respectively.
However, both of these oxidisers have disadvantages: sodium
metaperiodate is harmful to the environment (Koprivica et al.
2016), and the high cost of TEMPO makes large scale produc-
tion using this oxidizer improbable (Serra et al. 2017).

Previous research conducted by the authors has
shown that hydrogen peroxide under acidic conditions can
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be utilised to both successfully increase the carbonyl content
of kraft pulp and enhance the durability of sheets formed
from the oxidised pulps under aqueous -conditions
(Martinsson et al. 2020, 2021). However, these studies have
been focused on the ability of the method to introduce
carbonyl groups. Therefore, they have been performed at a
low consistency (~2.4%) and it was found that it was neces-
sary to have a large excess of hydrogen peroxide (>10 wt% on
pulp basis) in order to oxidize the pulp. Consequently, in an
industrial case, the oxidation liquor must be recirculated in
order to efficiently use the added hydrogen peroxide. This
means that non-process elements may accumulate in the
recirculation stream in the oxidation stage. However,
according to Reaction 1, non-process elements, such as
transition metal ions, are expected to influence the oxidation
by catalysing the decomposition of hydrogen peroxide
(Wuorimaa et al. 2006).

H,0, + M** — OH- +OH™ + M* )

The decomposition of hydrogen peroxide, according to
Reaction 1, caused by ferrous ions at acidic pH (Fenton’s
reagent) has especially been thoroughly studied due to its
early use as an analytical reagent (Barb et al. 1951; Haber and
Weiss 1934). The use of manganese at acidic conditions has
also been studied and found to result in the formation of
hydroxyl radicals (Watts et al. 2005). Furthermore, hydrogen
peroxide is commonly used under alkaline conditions for
bleaching of kraft pulp. It is well known that the decompo-
sition of hydrogen peroxide, caused by transition metal ions,
during bleaching of kraft pulp affect the pulp quality nega-
tively and result in increased consumption of this reagent.
Hence, it is of importance in the bleaching process to ensure
that the transition metal ion concentrations are controlled.
In order to minimize the accumulation of metal ions, the
pulp is subjected to pre-treatments where the transition
metal ion content of the pulp is lowered, prior to bleaching.
Common pre-treatments include acidic (A) or chelating
(Q) steps (Brelid et al. 1998; Lapierre et al. 1995). However, at
mildly acidic conditions, the influence of transition metal ions
on the oxidation of kraft pulp, and its properties, is not as
thoroughly studied. This study aims to investigate the influ-
ence of hydrogen peroxide concentration and an elevated
content of transition metal ions, on the oxidation of kraft pulp.

2 Materials and methods
2.1 Materials

A fully bleached (ECF) softwood pulp was used as starting material
for the oxidations. Hydrogen peroxide (30%), sodium acetate (299%)
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and glacial acetic acid were all purchased from Merck and used as
received.

2.2 Oxidation of pulp

Batches of 15 g fully bleached softwood kraft pulp were oxidised using
hydrogen peroxide in a 0.1 M acetate buffer at pH 4 at a solid to liquid
ratio of 1:40. The reaction was carried out in a jacketed glass reactor
(100 mm diameter) equipped with baffles and stirred with a pitched
blade impeller (50 mm diameter) at 1000 rpm during the experiments.
The temperature was of 85 °C and kept constant using a circulating
heating bath. At the end of the oxidation, the suspension was added to
500 mL of cold, deionised water to quench the reaction. The suspension
was filtered and the filtrate recirculated once, after which the pulp was
washed with 1000 mL of deionised water. After washing, the pulp was
transferred to a beaker containing 500 mL of deionised water and let to
stand for 10 min. Thereafter, the suspension was filtered and the
filtrate was recirculated once, followed by an additional washing with
1000 mL of deionised water adjusted to pH 3.5. The investigated
hydrogen peroxide charges were 10 wt%, 50 wt% and 200 wt% (on pulp
basis). Recirculation of the liquid phase was studied by reusing the
filterate after oxidation of pulp using a hydrogen peroxide charge of
50% (on pulp basis). The filtrate was weighed, and a new batch of pulp
was oxidised using the same liquid phase. The mass of the second pulp
batch was calculated in order to maintain the same solid to liquid ratio
as for the first batch. The same residence time was applied as for the
two batches.

2.3 Oxidation of pulp at elevated metal ion
concentrations

Figure 1 demonstrates schematically the calculation model used to
investigate the effect of oxidation at elevated metal ion concentrations
under acidic conditions. The low pH results in a partial protonation of
carboxyl groups. It also prevents formation of insoluble hydroxide
salts on the fibres (Eriksson and Gren 1996). In addition, the high
temperature reduces the bonding strength between fibres and metal
ions (Eriksson and Gren 1996). Therefore, it is a reasonable assumption
that all metal ions added to the system through the addition of new
pulp will end up in the liquid phase, as the sorption should be negli-
gible. The elevated metal ion concentrations were replicated through
the addition of the metal ions (copper, iron and manganese) in the form
of acetate salts. Acetates were chosen for their solubility and to elim-
inate the addition of foreign anions to the system, as the buffer used
was also acetate-based.

2.4 Hydrogen peroxide titration

The concentration of hydrogen peroxide in the buffer and hydrogen
peroxide solution was measured using iodometric titration. A 2 mL
sample of the buffer-hydrogen peroxide mixture was added to a beaker
containing 30 mL of water, 10 mL of 10% potassium iodide, 10 mL of
20% sulphuric acid and three drops of saturated ammonium molyb-
date. The solution was titrated using 0.1 M sodium thiosulphate and a
starch solution was used as an indicator.
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Figure 1: Model used for calculation of elevated transition metal ion concentrations. Hydrogen peroxide and water are assumed to be added in order to

maintain a constant hydrogen peroxide concentration and consistency.

2.5 Intrinsic viscosity measurement

Intrinsic viscosity measurements of the pulp, dissolved in bis(ethyle-
nediamine)copper(Il) hydroxide solution (CED), were carried out
according to the SCAN-C 15:62 standard. Prior to dissolution in CED the
pulps were reduced using 3% sodium borohydride at 4% consistency
for 24 h in order to prevent alkaline degradation of chain induced by
oxidized groups. An air-dried pulp sample of known dry content was
dispersed in 25 mL of water, to which 25 mL of 1.0 M CED solution was
added. The solutions were placed in a water bath set to 25 °C, for 30 min,
after which the intrinsic viscosity was measured using a capillary
viscosimeter. The elution times were measured in triplicates and from
the average elution time the intrinsic viscosity was calculated. The
samples were analysed in duplicates.

2.6 Carbonyl group measurement

The total number of carbonyl groups in the pulps was measured based
on the method described by Zhao and Heindel (1991). A 0.5 g (O.D.
weight) sample of never-dried pulp was added to 100 mL of deionised
water and adjusted to pH 4. After 10 min, the sample was filtered, the
filtrate was recirculated and washed with an additional portion of
500 mL of pH 4 water. The pulp sample was then transferred to a beaker
containing 25 mL of 0.25 M hydroxylamine hydrochloride (aq.) adjusted
to pH 4. The beaker was left for 2 h with constant mixing, after which the
suspension was filtered. The filtrate was used for titration back to pH 4
and the filter cake was washed and placed in an oven at 105 °C and used
for determination of sample mass. The number of carbonyl groups was
calculated based on the amount of titrant used and the oven-dry weight
of the sample.

2.7 Total acidic group content

The total acidic group measurement of the pulp was carried out
according to the SCAN-CM 65:02 standard. A sample of about 1 g (oven-
dry weight) of never-dried pulp was protonated in 0.1 M HCl at 1%
concentration for 15 min. Thereafter, the suspension was filtered and
the filtrate was recirculated once. The pulp was then washed with
deionised water until the conductivity of the filtrate was below 5 uS. The
washed pulp was added to a 600 mL beaker containing 490 mL of
deionised water and 10 mL of 0.05 M NaCl. The suspension was titrated
using 0.05 M NaOH in 0.1 mL additions. After titration the pulp was
filtered and dried in order to determine the sample mass. The acidic
group content was calculated based on the consumed sodium hydroxide
at the end of the second phase and the dried mass of the sample.

2.8 ICP-MS analysis

The amount of iron, manganese and copper in the liquid phase of the
oxidation slurry was measured using a Thermo iCAP Q, ICP-MS. A1mL
sample was diluted to 5 mL using 0.5 M nitric acid (Merck Suprapur)
containing an internal standard of 2 ppm Sc and In. External standards
of 0, 2, 20 and 200 ppb were prepared from 10 ppm standards (VHG
Labs, CPA Chem) by dilution using the same nitric acid. A 1 mL blank
solution was added to each standard to compensate for any effects of
the sample matrix. The concentrations were calculated based on five
replicates.

3 Results and discussion

Initial experiments were conducted in order to study the
influence of the hydrogen peroxide concentration on the
oxidation of the pulp. Figure 2 demonstrates the influence of
various hydrogen peroxide charges and residence times
on the carbonyl content and intrinsic viscosity. It can be
concluded that the hydrogen peroxide content has a notable
influence on both the carbonyl content and the intrinsic
viscosity. A single experiment with a hydrogen peroxide
charge 0f 10% was carried out. At the given temperature and
pH, this was found to not cause any significant change in
carbonyl content or intrinsic viscosity and no further
experiments were conducted using this charge. It should be
noted that the modest change in intrinsic viscosity at 10%
charge indicates that the impact of the acidic conditions
alone on the degradation of the pulp is more or less negli-
gible. At 50% charge, a noticeable increase in carbonyl group
content can be noted accompanied by a decrease in intrinsic
viscosity. However, a large difference is evident between
50% and 200% charge, both in terms of carbonyl content and
intrinsic viscosity. The need for a high hydrogen peroxide
charges is not fully understood, however, a likely reason is
the stability of hydrogen peroxide at acidic conditions due to
the equilibrium of the decomposition reaction of hydrogen
peroxide according to Reaction 2 (Schumb 1949). Addition-
ally, the temperature utilized (85 °C) is in the lower end in
of the temperature range for bleaching with hydrogen
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peroxide at industrial scale. For reference, a hydrogen
peroxide bleaching stage may utilise temperatures as high as
110 °C for pressurized bleaching stages (Germgard 2009).
However, hydrogen peroxide bleaching is carried out under
alkaline conditions, which may have a different temperature
dependence.

H,0, = H* + HOO™ 2

It should be noted that the 200% charge experiments
were made in an earlier study (Martinsson et al. 2020).
However, since a different batch of pulp was used in this
study, one additional point at 200% was made in order to
investigate if the two pulp batches behave in a similar way.
In Figure 2 it can be found that the two pulps behave in the
same way, the intrinsic viscosity is virtually the same and the
carbonyl content is in the same order.

It was found that only a small fraction of the added
hydrogen peroxide was consumed, see Table 2, which means
that it will be necessary to recycle the oxidation liquor in
order to fully utilize the hydrogen peroxide.

The results from the study of recirculation of the liquid
phase, found in Figure 3, demonstrate that when using the
recirculated hydrogen peroxide and buffer solution a more
substantial oxidation has been obtained compared to when
a fresh solution was used. This is shown by the higher
carbonyl content and lower intrinsic viscosity of the pulp,
compared to the oxidation of the first batch. However, the
same trend was not found in regard to the total acidic group
content, which remains relatively unchanged. This is in
accordance with previous studies regarding the oxidation
of kraft pulp using hydrogen peroxide under acidic
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3 140 . |© 200 % on Pulp (Previous study)
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3 2
— 120 r [@) mE
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3 100 r o X z
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c o K]
_g 60 3
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Q2
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conditions, carried out by Martinsson et al. (2020, 2021),
indicating that the oxidation of secondary hydroxyl groups
into ketones is substantial, while the introduction of alde-
hydes (through primary alcohol oxidation or chain cleav-
age) that would be further oxidized into carboxyl groups, is
much less significant.

The acidic conditions during the oxidation operation
favour the desorption of metal ions, present in the pulps
being during the experiments. Furthermore, it is estab-
lished that transition metal ions cause the decomposition
of hydrogen peroxide, forming radical species during
bleaching of kraft pulp (Bryant and Edwards 1994). This is a
plausible reason for the increase in the introduction of
carbonyl groups and the increased degradation of carbo-
hydrates for pulps oxidised using recirculated liquid. An
ICP-MS analysis of the liquid phase was therefore carried
out to evaluate the accumulation of transition metal ions
during recirculation experiments. The results of the anal-
ysis of the considered elements: copper, iron and manga-
nese, are found in Table 1. All of these metal ions are known
to contribute to the formation of radicals through decom-
position of hydrogen peroxide to different extent, depending
on, for example, aqueous solubility of the different species
(Bokare and Choi 2014).

Particularly the amount of manganese present in the
samples indicates that transition metal ions are accumu-
lating in the liquid phase, which potentially leads to an
enhanced oxidation. The amount of copper and iron in the
samples pertaining to shorter residence times was pre-
dominantly below the detection limit of the analysis.
However, one anomaly has been observed: the copper

X Reference
X 10 % on Pulp
900 ~ | X50%on Pulp
0 200 % On Pulp (Previous study)
800 ¢ | x200% on Pulp (New pulp)
700 %
600 ) X x
o}
500 r X
400 X
o)
300 %
200 ©
100 -
0 1 1 1 1 1 J
0 20 40 60 80 100 120

Residence Time (minutes)

Figure 2: Carbonyl group content (A) and intrinsic viscosity (B) for oxidations carried out at varying hydrogen peroxide concentrations and residence
times. Data points with x markers utilise the same pulp, whereas the additional data points are from a previous study, using a different batch of softwood

kraft pulp.
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Figure 3: Carbonyl content (A), intrinsic viscosity (B) and total acidic group content (C) for the experiments with recirculation of the liquid fraction and the
starting material for the oxidation (reference). Batch 1 and Batch 2 are the first and second batch of pulp, oxidised by the same, recirculated liquid fraction.
A hydrogen peroxide charge of 50% on pulp was used.

concentration of the second batch oxidised at 30 min. This
anomaly may be due to impurities, either in the pulp or
in the experimental setup. As depicted in Figure 3, the

Table 1: Concentrations of transition metal ions found in the liquid
phase.

increase in carbonyl groups, between batch 1 and 2, oxi- Residence time (min) Batch number Cu (ppb) Fe (ppb) Mn (ppb)
dised at 30 min, was greater than the difference between 30 1 <7 <3 129+7
batches oxidized at longer residence times. This is poten- 2 307 3 257+8
tially caused by the higher copper content seen in Table 1, ! <7 3 1367
resulting in an increased formation of radicals and thereby 90 ? Z 7 ;z f;: i ;3
a more substantial oxidation. The increase in transition 2 10+7 49+3 291+8
metal ions not only impacts the formation of oxidised 120 1 122 57+6 2084
functionalities and the intrinsic viscosity, but the con- 2 29+2 118+7 401+38

sumption of hydrogen peroxide is also affected, as seenin  concentrations below 7 ppb for copper and 3 ppb for iron are below the

Table 2. This was likely a result of the metal ion catalysed
decomposition of the hydrogen peroxide (De Laat and
Gallard 1999).

Based on ICP-MS analysis of the liquid fraction after
120 min of oxidation, the content of copper (Cu), iron (Fe) and
manganese (Mn) in the pulp was assumed to be 0.468 ppm,

detection limit. Batch 1 and 2 refer to the first and second batches of pulp
oxidised with the same liquid fraction.

2.22 ppm and 8.11 ppm, respectively. These concentrations
were used as input in the model pictured in Figure 1,
resulting in an expected increase in metal ion concentrations,
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Table 2: Hydrogen peroxide concentration for oxidations carried
out at 90 min at time 0, after one oxidation and after two
oxidations.

Number of oxidations H,0, (g/L)
0 13.4
1 12.9
2 11.7

according to Figure 4. After 10 recirculations the resulting
concentrations of transition metal ions in the liquid fraction
were approaching an asymptotic value and were calculated to
be 193 ppb Cu, 918 ppb Fe and 3348 ppb Mn. These concen-
trations were used in the experiments at elevated metal ion
concentrations.

From the results of the experiments regarding the
oxidation carried out under elevated metal ion concentra-
tions (Figure 5), it is obvious that the oxidation progressed
rapidly, as demonstrated by the formation of carbonyl
groups, as well as the loss of viscosity. During the final 30 min
of the oxidation, no increase in carbonyl groups occurred. A
slight decrease is observed, which remains within the
experimental error. Only a minor change occurred in terms
of viscosity.

The small change in carbonyl content and intrinsic vis-
cosity during the final 30 min, can likely be explained by
the significant consumption of hydrogen peroxide at the
elevated metal ion concentration (Figure 6). Already after
60 min of oxidation, the concentration of hydrogen peroxide
has been more than halved, compared to the initial

OFe COMn ACu

4000 - 350
3500 300
g O O
3000 | 0 O | 550
S 2500 =
= i O
200 s
& A A
@ 2000 | O A DD A %
2 0 A A L 150 &
2 1500 | A
L 100
1000 iy 4 56000000
soo & o O O L 50
0 1 1 1 1 1 1 1 1 1 0

0O 1 2 3 4 5 6 7 8 9 10
Number of Recirculations

Figure 4: Accumulation of transition metal ions based on the model
pictured in Figure 1.
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concentration. After 120 min of oxidation, the concentration
was approaching levels corresponding to a 10% hydrogen
peroxide charge (2.5 g/L). No change in either carbonyl
content or intrinsic viscosity had been identified in previous
experiments at this hydrogen peroxide charge. Further-
more, contrary to the oxidations with lower content of
transition metal ions (e.g., Figure 2), a slight increase in total
acidic group content can be noted (Figure 5, graph C), indi-
cating that other oxidation mechanisms may play a role at
elevated metal ion concentrations.

The experiments conducted at elevated metal ion con-
centrations demonstrate the need for controlling the metal
ion content of pulp prior to oxidation with hydrogen
peroxide at acidic conditions when recirculating process
streams, which in this case, is necessary due to the need of a
high hydrogen peroxide concentration. Without control of
the metal ion content in the system would lead to an
increased consumption of hydrogen peroxide, as well as a
more severe degradation of the pulp.

4 Conclusions

The formation of carbonyl groups in the fibres during
hydrogen peroxide treatment under weakly acidic condi-
tions was found to be heavily affected by the concentration
of hydrogen peroxide. At a 10% charge, no apparent change
in either carbonyl group formation or intrinsic viscosity was
found. Whereas at a charge of 50% on pulp an increased
number of carbonyl groups could be observed. However, the
increase in introduced carbonyl groups was significantly
higher when the hydrogen peroxide charge was increased
to 200%.

The transition metal ion concentration was found to
influence the oxidation, both in the recirculation experi-
ments as well as in the model experiments with added
transition metal ions. An increased transition metal ion was
found to cause a higher consumption of hydrogen peroxide,
a more rapid introduction of carbonyl groups and a more
severe degradation of the carbohydrates. The high transition
metal ion concentration used in the experiments with the
addition of transition metal ions was also found to cause an
increase in total acidic group content, something that was
not observed during other experiments. The need for a high
hydrogen peroxide concentration leads to a need for recir-
culation in order to fully utilize the hydrogen peroxide. In
turn, this results in a need for controlling concentrations of
transition metal ions in the oxidation stage, which, if too
high, would lead to an increased consumption of hydrogen
peroxide and degradation of the pulp due to the formation of
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Figure 6: Consumption of hydrogen peroxide during oxidation at 50%
hydrogen peroxide charge, and for the same system with added metal

ions.

radicals. With that in mind, this oxidation procedure has the
potential for use in large-scale production of pulp with
inherent wet strength, utilising the existing infrastructure of
a regular kraft pulp mill.
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