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Abstract: High alkali impregnation (HAI) increases the to-
tal yield of softwood pulps following kraft cooking. This
yield improvement is also maintained after oxygen delig-
nification. This study evaluates how bleaching with ei-
ther chlorine dioxide or hydrogen peroxide affects the fi-
nal yield of samples obtained with standard and HAI. The
chemical composition, viscosity, brightness, mechanical
and morphological properties were studied. Compared to
cooking after standard impregnation the yield improve-
ment achieved by HAI was preserved in both types of
bleaching sequences (2% units for chlorine dioxide and
4% units for hydrogen peroxide). The introduction of
charged groups into the cellulose fibers was higher with
hydrogen peroxide bleaching than with chlorine dioxide
however, no significant impact was seen on the swelling
or mechanical properties. The brightness was higher for
the pulps bleached with chlorine dioxide compared with
hydrogen peroxide. Hydrogen peroxide bleaching resulted
in similar brightness development for both standard and
HAI. Fibers bleached with chlorine dioxide had the high-
est curl index (16–17%) compared to the fibers bleached
with hydrogen peroxide (15%).

Keywords: brightness; curl index; fiber charge; morphol-
ogy; tensile index.
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Graphical abstract

Introduction
Bleaching is a chemical process required for some appli-
cations to increase pulp brightness, pulp cleanliness and
printability. Bleaching efficiency is dependent on the type
of raw material, the bleaching chemicals used and the
process parameters in the bleaching stages. Brightness
improvement and carbohydrate degradation are the main
factors to consider when evaluating bleaching efficiency.
The degradation of the carbohydrates leads to a viscosity
and yield decrease, which can also lead to pulp strength
loss.

Chlorine dioxide (D-stage in the bleaching sequence)
is a powerful bleaching chemical capable of achieving
high brightness without strength loss of the pulp (Rudie
1979). Cellulose is almost unaffected, and hemicelluloses
are not significantly affected, making it very attractive for
residual lignin removal (Reeve 1996). The first stage of
chlorine dioxide bleaching is normally denominated D0,
while the following stages are denominated D1, D2, etc.
Typically, a lower pH is used in the first stage (below pH 3)
to promote delignification reactions, while the following
stages are usually performed at a higher pH (above pH3) to
promote the brightening reactions. Depending on the con-
ditions (time, temperature and pH) chlorine dioxide can
degrade phenolic and, to some extent, nonphenolic struc-
tures in lignin through lignin oxidation and the introduc-
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Figure 1: Chlorine dioxide reactions with phenolic rings in lignin (adapted from Ragnar et al. 2014).

tion of carboxylic acid groups. Additionally, chlorine diox-
ide can interact with and remove hexenuronic acid groups
(HexA) however, some amount of quinone type structures
can be formed, limiting the brightness gain (Laine and Ste-
nius 1997) (Figure 1).

Despite chlorine dioxide being a very strong oxidant
capable of reducing lignin content, and thus greatly in-
creasing the brightness, it also has a negative environ-
mental impact (Rudie 1979, Reeve 1996). The formation of
chlorinated products such as adsorbable organic halides
(AOX), some of which are proven carcinogens and mu-
tagens with a tendency to bioaccumulation makes chlo-
rine dioxide bleaching a non-environmental friendly pro-
cess (Axegård et al. 1993, Savant et al. 2006) and requires
their removal from wastewater. The amount of these com-
pounds is directly proportional to the consumption of
chlorine, which explains the recent efforts in moderniz-
ing the bleaching process by reducing the amount of chlo-
rine dioxide used, f. ex. in ECF-light bleaching sequences
(Starrsjö et al. 2020, 2021).

Hydrogen peroxide (P-stage in the bleaching se-
quence), on the other hand, has lower delignification and
brightening capacity, but has some environmental advan-
tages, with lower emissions and easier handling and stor-
age. It is used in alkaline conditions, and its oxidative ac-
tion is due to the hydroperoxide ion (HO−2 ) formed by the
addition of alkali to hydrogen peroxide – as illustrated in

Equation (1).

HOOH + HO− ↔ HOO− + H2O (1)

Hydrogen peroxide can react with phenolic structures and
chromophoric groups in lignin, including quinones, but
does not interactwithHexA.However, it is very sensitive to
transition metal ions in the pulp, which contribute to per-
oxidedecompositionand the subsequent formationof rad-
icals that can degrade cellulose (Abbot and Brown 1990,
Gierer et al. 1991). Therefore, a chelating stage, using a
sequestrating agent like ethylenediaminetetra-acetic acid
(EDTA) or diethylenetriaminepenta-acetate (DTPA), is re-
quired to improve bleaching efficiency with hydrogen per-
oxide (Gellerstedt 2009).

Hydrogen peroxide has some similarities with oxy-
gen delignification due to its ability to introduce charged
groups into the fibers (Figure 2) of the pulp. Charged
groups are known to improve fiber swelling and pulp beat-
ability (Laine and Stenius 1997, Dang et al. 2007, Loureiro
et al. 2010).

Since lignin reacts differently with each chemical,
bleaching efficiency can be improved when bleaching se-
quences with different chemicals are used. Typically, the
first bleaching stage is a delignifying stage, while the lat-
ter stages aim to increase the brightness of the pulp. An
alkaline extraction between acid stages is also needed to

Figure 2: Hydrogen peroxide oxidation of phenolic-lignin mechanisms: aromatic ring cleavage (adapted from Dence and Reeve 1996).
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dissolve and remove the degraded lignin and increase the
efficiency of subsequent stages (Biermann 1993).

High alkali impregnation (HAI) is an efficient way to
increase the yield in kraft pulping. The concept of high al-
kali impregnation utilizes the fact that a higher initial al-
kali concentration leads to a larger concentration gradient
between the cooking liquor and chipmoisture, thus result-
ing in a faster diffusion rate of hydroxide ions into the chip.
It has been shown that by employing HAI, the screened
yield is increased compared to impregnationwith lower al-
kali concentration (Brännvall and Bäckström 2016, Brän-
nvall 2018, Esteves et al. 2022). This is due to the more
uniform distribution of the cooking chemical in the chips,
improving the impregnation efficiency (Tichy and Proc-
ter 1981, Gullichsen et al. 1992, Gullichsen and Sundqvist
1995). High alkali concentration is important for improved
diffusion rate (Määttänen and Tikka 2012, Brännvall 2018).
Degradation of carbohydrates,mainly glucomannans, due
to peeling in the heating step can be overcome with the
increased rate of the stopping reactions in higher alkali
concentrations. While the peeling reaction rates tend to
become stable in alkali concentrations higher than 0.1M,
the stopping reaction rate continues to increase up to 1.5M
(Lai and Sarkanen 1969, Paananen et al. 2013). Although a
higher portion of xylan is dissolved at a higher alkali con-
centration, this loss is well compensated for by a higher
yield of cellulose and glucomannan (Brännvall 2018, Es-
teves et al. 2022). Recent studies concluded that the yield
improvement achieved by HAI could be preserved even af-
ter oxygen delignification (Esteves et al. 2022). The main
goal of this work is to investigate whether the yield can
also be preserved after bleaching and what role the vari-
ous bleaching chemicals have on the overall yield. Specifi-
cally, the impact of bleaching chemicals was evaluated by
comparing a chlorine dioxide bleaching sequence with a
hydrogen peroxide bleaching sequence (i. e., DED vs. PP).
The focus was to study and compare the yield, chemical
composition, and brightness evolution of oxygen deligni-
fied pulps obtained after standard (REF) or high alkali im-
pregnation (HAI) subsequently bleached with either DED
sequence or with PP sequence.

Materials and methods

Material

A mixture of softwood chips from BillerudKorsnäs Skär-
blacka Mill (mixture of 70% Norway Spruce and 30%
Scots Pine) was used in this study. The chips were

soaked in deionized water applying 5 bar nitrogen pres-
sure overnight before the cooking. The following day, the
water was removed and weighed to determine the amount
of liquor needed for the cooking step. Separate stock
solutions of NaOH and Na2S were prepared. For NaOH,
pastilles of puriss grade NaOH (VWR International AB,
Radnor, PA, USA) were dissolved in deionized water to ap-
proximately a concentration of 10M. Technical grade Na2S
flakes (VWR International AB) were dissolved in deionized
water to a concentration of approx. 1.5M NaSH and 1.3M
NaOH.

Methods
Kraft cooking

The REF andHAI kraft cooks were performedwith batches
of 2 kg o. d. chips in a digester with forced liquor circula-
tion. The liquor/wood ratio was 4.5 l/kg and the cooking
temperature was 160 °C. The REF trials used an effective
alkali concentration of 1.2M and a hydrosulfide ion con-
centration of 0.2M to H-factor 1150. The HAI trials used an
effective alkali concentration of 1.7M and a hydrosulfide
ion concentration of 0.6M to H-factor 800. The impregna-
tion in both trials was performed at 100 °C for 30min. For
REF, the cooking step started immediately after impreg-
nation. For HAI, after impregnation, a black liquor sam-
ple was collected, and the residual alkali was measured
to ensure that the effective alkali (EA) concentration was
around 0.9M. Approximately 4 L of black liquor was re-
moved from the digester, corresponding to the free liquor,
and another approximately 4 L remained in the digester,
corresponding to the entrapped liquor. The cook was per-
formed with an effective alkali of 0.5M by adding a certain
amount of water previously calculated according to titra-
tion results. Then, the mixture was added to the digester
and the cooking step proceeded as detailed above. The
schematic representation of the different procedures for
the impregnation are illustrated in Figure 6. After the cook-
ing step, the black liquor was drained from the chips and
collected for analysis. Finally, the chips were washed, de-
fibrated, screened and homogenized into smaller dimen-
sions. A more detailed description of the procedure is de-
scribed in Esteves et al. (2022).

Oxygen delignification

Oxygen delignification was performed in polyethylene
bags with 60 g of oven-dried (o. d.) pulp and with water,
0.5% MgSO4, 3% NaOH for REF and 3.2% NaOH for HAI,
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Figure 3: Schematic representation of kraft cooking performed with standard (black arrows) or HAI (orange arrows) impregnation, followed
by oxygen delignification (white arrows) and followed by chelating “Q” and extraction “Op” stage (grey arrows). Pulps are denominated
KX_OY, where X is the kappa number of the cooked pulp and Y is the kappa number of the oxygen-bleached pulp. REF stands for “standard
impregnation,” and HAI stands for “high alkali impregnation.” Oxygen trials were performed at 100 °C and 0.7MPa but with varied alkali
charges and times as given in the figure. A chelating and extraction stage was performed at 90 °C and 60 and 70min, respectively. Green
arrows represent the chlorine dioxide bleaching trials, and the blue arrows the hydrogen peroxide bleaching trials (conditions given in Ta-
ble 1).

Figure 4: Schematic representation of the experimental procedure of the kraft cooking performed with standard or with HAI impregnation.

resulting in a consistency of 12%. The bags were closed by
heat-welding, kneaded by hand initially and then placed
in a vibrational shaker for uniform mixing of the chem-
icals. After the mixing, the pulp was removed from the
bags and placed in pressurized steel autoclaves coated

with Teflon. The autoclaves were closed, pressurized with
7 bars O2, and then placed in an electrical-heated glycol
bath at 100 °C, with rotation at a slight inclination. After
the oxygen delignification process, the pulps were washed
with deionized water.
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Table 1: Bleaching conditions for the chelating “Q” and extraction “Op” stage, followed by the bleaching conditions for chlorine dioxide
trials (D0 and D1), alkaline extraction (E) and hydrogen peroxide trials (P1 and P2).

Q Op D0 E D1 P1 P2

Charge (%) 0.27% DTPA- 0.6H2O2; 5 bar O2 2.5 0.6 2.5 3 3
Temperature (°C) 90 90 75 70 75 75 90
Time (min) 60 70 70 60 120 120 110

Figure 5: Schematic representation of the bleaching procedure for REF and HAI pulps bleached with DED and PP sequence.

Bleaching trials

After oxygen delignification to kappa number of 15–16, all
the samples were subjected to a chelating stage (Q), an ex-
traction stage reinforced with oxygen and hydrogen per-
oxide (OP) (Table S1) and two bleaching stages with chlo-
rine dioxide or hydrogen peroxide (Table 1). For the chlo-
rine dioxide bleaching, an alkali extractionwas performed

between the stages to dissolve and remove the degraded
lignin. The bleaching sequences used were OQ(Op)DED
and OQ(Op)PP. All the bleaching trials were conducted at
a consistency of 10% in strong polyethylene plastic bags,
double sealed in water baths at the desired temperature,
except the Op stage, which was performed in pressurized
autoclaves (Figure 5).
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The chlorine dioxide solution was prepared from a
chlorine dioxide stock solution and the concentration was
always calculated after a titration before each trial. Pre-
trials with different charges of active chlorine (1.5, 2 and
2.5%) were performed for the first and second stages to
evaluate the behavior of the final brightness (Table S2).
The final pH was between 3.5 and 4, and the residual
amount of chlorine dioxide was determined with a thio-
sulfate titration.

A 30% hydrogen peroxide stock solution was pre-
pared and titrated every time before the bleaching trial
to determine the concentration. Pre-trials with different
charges of hydrogen peroxide (2, 2.5 and 3%) were per-
formed for the first and second stages to achieve the de-
sired final brightness and the applicable chemical charge
(Table S3). The initial pH was between 11–11.5, and the fi-
nal pH was 10.5–11. Finally, the residual amount was de-
termined with a thiosulfate titration.

Refining and paper sheet making

All pulps samples were refined in a PFI mill according to
ISO 5264-2. Handsheets were prepared according to the
standard ISO 5269-1. All sheets were made with deionized
water, and the grammage of the hand sheets for mechani-
cal testing was 60 g/m2. The sheets were characterized by
grammage (ISO 536), structural thickness (SCAN-P 88:01),
brightness (ISO-brightness 2470:1999) performed with El-
repho equipment in R457nm, and tensile strength, stiff-
ness and elongation (ISO 1924-3).

Pulp analysis

Thekappanumber of the resultingpulpswasmeasuredac-
cording to the standard ISO 302:2004, the total fiber charge
was determined by conductometric titration according to
the method described by Katz et al. (1984) and the carbo-
hydrate composition was determined according to SCAN-
CM 71:09 (Table S4). The calculation of the contents of
xylan, glucomannan and cellulose contents based on the
monosaccharides were done according to Janson (1974).
The uronic acid content and ratio between glucose and
mannose were calculated depending on the wood species,
using the values 4.25 and 4.17, respectively. The water re-
tention value (WRV) tests were performed according to
SCAN-C 62:00, and the Schopper-Riegler number was de-
termined according to ISO 5267-1. All tests were performed
in duplicate. The total process yield after bleaching was

calculated from Equation (2), where B1 is the first bleach-
ing stage and B2 is the second stage.

Yield (%, on wood)
= yieldkraft cook ∗ yieldoxygen ∗ yieldQ(Op)stage ∗ yieldB1
∗ yieldB2 (2)

The fiber morphology was studied using the L&W Fiber
Tester. The physical fiber parameters, such as shape fac-
tor, number of kinks, kink angles, width, and length of
the fibers, were estimated from the software (Table S5).
Then, the curl indexwas calculatedaccording toPage et al.
(1985) from the shape factor values – Equation (3).

Curl Index (%) = 1
shape factor

− 1. (3)

The measurements were made in duplicate for each pulp
sample.

Results and discussion

Pulping
The chipswere subjected to a kraft cookingwith two differ-
ent types of impregnation (standard impregnation (REF)
and high alkali impregnation (HAI)) to kappa 32–33, fol-
lowed by oxygen delignification to kappa number 15–16.
The pulps were then subjected to a chelating and extrac-
tion stage (Figure 3). This stage is only important for the
hydrogen peroxide bleaching trial, but the Q stage was in-
cluded also prior to chlorine dioxide bleaching, so that
all pulps received the same treatment prior to bleaching.
Subsequently, the pulp was divided into two parts and
bleached with either hydrogen peroxide (PP) or chlorine
dioxide (DED).

Yield

The total screened yield (% of wood) was calculated for
all the delignification and bleaching stages according to
Equation (2) and the results are presented in Table 2. Com-
pared to the REF trials a higher yieldwas obtained for both
bleaching sequences (2%-units for DED and 4%-units for
PP)whenHAIwas employed. This shows that the yield im-
provement fromHAI in the cooking stage can be preserved
during the bleaching step.

The chlorine dioxide bleaching sequence showed
greater selectivity than the hydrogen peroxide bleaching
sequence, resulting in a higher yield at a higher deligni-
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Table 2: Total screened yield for REF and HAI trials (Q(Op) stands for chelating stage + extraction stage, D0 stands for first chlorine dioxide
stage, D1 for the second dioxide stage, E stands for alkaline extraction, while P1 stands for the first hydrogen peroxide stage and P2 the
second stage). The yield improvement obtained by HAI trials is illustrated in the last column.

REF HAI

Ind. yield
(% in stage)

yield
(%,onwood)

Kappa Ind. yield
(% in stage)

yield
(%,onwood)

Kappa Improvement
(HAI vs REF)

Kraft cook 46.9 46.5% 32.1 48.7 48.4% 33.2 2%
Oxygen delignification 98.8 46.0% 15.0 96.2 46.5% 15.7 1%
Q(Op) 99.3 45.6% 11.7 98 45.6% 12.0 0%

D0E 93.6 42.7% 3.0 97.0 44.2% 3.7 1%
D1 98.1 41.9% 1.0 98.8 43.6% 1.3 2%

P1 87.2 39.8% 9.1 96.3 43.9% 9.57 4%
P2 99.4 39.5% 7.0 98.3 43.1% 7.91 4%

Improvement (DED vs PP) 2.3% 0.5%

fication degree. This is in accordance with previous stud-
ies, where chlorine dioxide has been shown to efficiently
remove lignin without significantly attacking the carbo-
hydrates, making it more selective than hydrogen perox-
ide (Lachenal 1996, Reeve 1996, Loureiro et al. 2011, Sev-
astyanova et al. 2012).

Hydrogen peroxide bleaching of HAI pulps had the
greatest yield improvement. The final yield was 4% units
higher than the same sequence for REF pulps. However,
the individual yield in the first hydrogen peroxide stage
for REF pulps was surprisingly low compared to the sec-
ond stage. The yield difference between the chlorine diox-
ide and hydrogen peroxide bleaching sequence seems to
be larger for the REF pulps. For REF, the DED sequence
had a 2.3%-units higher yield than PP, whereas the differ-
ence was less than 1%-unit for HAI. Thus, based on the
higher yield in peroxide bleached HAI pulps, we can say
that the selectivity seems to be higher for hydrogen perox-
ide bleaching of HAI pulps than of REF pulps.

The yield following oxygen delignification of REF
pulps was 98.8%, whereas it was only 96.2% for HAI
pulps. This higher yield in the oxygen stage for REF pulps
makes the yield improvement after cooking with HAI di-
minish, resulting in similar yield values (only 0.5% higher
for HAI). Previously it was shown that yield improvement
in kraft cooking after HAI could be maintained after oxy-
gen delignification (Esteves et al. 2022). However, the yield
reported by Esteves et al. (2022) in oxygen delignification
of REF pulps was only 96.6%, compared to 98.8% in the
present study. This is likely due to the difference in kappa
numbers. While in Esteves et al. (2022), the oxygen delig-
nification was performed to kappa number 25 on kraft
cooked pulps with kappa number 50, in the present study
the kappa number of the kraft cooked pulp was lower,

33–32, and oxygen delignification was continued to kappa
number 15–16.

The high alkali impregnation showed interesting re-
sults and higher yield even after bleaching; however, to
apply this procedure on an industrial scale, some limit-
ing factors might be considered. Brännvall and Kulander
(2019) have simulated the applicability of the HAI on an
industrial scale. According to their study, HAI can be im-
plemented on an industrial scale by increasedwhite liquor
flow. If the impregnation liquor is recirculated, using
the high alkali content remaining after the impregnation
stage, HAI will have no or little effect on the mill process.

Chemical composition

The hemicellulose content in the pulps is presented in
Figure 6. Clearly, HAI resulted in lower xylan content, as
xylan is more readily dissolved in higher alkali concen-
trations. Moreover, xylan is also removed with the liquor
after impregnation, decreasing the amount of xylan avail-
able for re-precipitation later on (Jansson and Brännvall
2011). The selectivity of the bleaching processes towards
xylan after cooking and oxygen delignification seems to be
slightly lower for the hydrogen peroxide bleaching than
for chlorine dioxide (Figure 6). However, the xylan con-
tent seems to become less affected by hydrogen peroxide
bleaching performed on HAI pulps, resulting in similar
values as for REF pulps.

A higher glucomannan content (around 1%-unit
higher) was observed for the HAI pulps compared to the
REF pulps (Figure 6b). This is attributed to stabilization
of carbohydrates by the stopping reactions. The high hy-
droxide ion concentration can accelerate stopping reac-
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Figure 6: (a) Xylan and (b) glucomannan content on wood for REF and HAI pulps after oxygen delignification, chlorine dioxide and hydrogen
peroxide bleaching.

Figure 7: (a) Cellulose content on wood as a function of kappa number and (b) carbohydrates content as a function of lignin content for REF
and HAI pulps after oxygen delignification, chlorine dioxide and hydrogen peroxide bleaching.

tions and prevent peeling reactions, thus preserving more
glucomannans (Paananen et al. 2010, Jafari et al. 2014,
Brännvall and Bäckström 2016, Brännvall 2018). Interest-
ingly, the bleaching sequence performed with hydrogen
peroxide of HAI pulps showed 4%-units higher total yield
than the same sequence performed on REF pulps (Ta-
ble 2). Despite the hydrogen peroxide’s lower selectivity,
HAI pulps seem to be less affected and, therefore, can
achieve a higher glucomannan yield than REF samples
(Figure 6b).

The cellulose yield seems quite stable during kraft and
oxygen delignification for both REF and HAI (Figure 7a).
However, after thebleachingprocess,more cellulose is lost
following the hydrogen peroxide bleaching of REF pulps,
which helps explain the lower yield seen for the first P
stage (Table 2). A 2.7%-units higher cellulose yield was
achieved for HAI pulps after hydrogen peroxide bleach-
ing compared to the REF pulps. For chlorine dioxide, HAI

pulps had 1.2%-units higher cellulose yield compared to
REF.

The relationship between carbohydrate yield and
lignin content is shown in Figure 7b. REF pulps bleached
with hydrogen peroxide had significantly lower carbohy-
drate yield. The higher selectivity with HAI is evident, in-
dependent of the bleaching chemical used. Furthermore,
the kraft cooking after HAI needed less time to achieve the
same kappa number than REF cooks. The increased delig-
nification rate, resulting in decreased cooking time, may
also have preserved more carbohydrates since they will
have less time in contact with the chemicals, in agreement
with Brännvall (2018).

Fiber charge

No significant difference in the total fiber charge was ob-
served between REF and HAI pulps after cooking and oxy-
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Table 3: Total fiber charge for REF and HAI pulps after kraft cooking,
oxygen delignification, and bleaching.

Sample Kappa Total fiber charge (meq/kg)

REF-K32 32 90
REF-K32_O15 15 100
REF_PP 7 89
REF_DED 1 47

HAI-K33 33 95
HAI-K33_O16 16 102
HAI_PP 8 96
HAI_DED 1 54

Table 4: Bleachability differences between hydrogen peroxide and
chlorine dioxide after REF and HAI trials.

ΔKappa ΔBrightness ΔKappa/ΔBrightness

REF_DED 2.0 46.0 23
HAI_DED 2.4 43.3 18

REF_PP 2.1 36.6 17
HAI_PP 1.7 36.8 22

gendelignification, in accordancewithEsteves et al. (2022)
(Table 3). As expected, the fiber charge generally decreases
with the decrease in kappa number. Even though D and P
steps can introduce some carboxylic acid groups, the ma-
jority of the charged groups are removed along with the
removal of lignin (Sevastyanova et al. 2012).

Pulps bleached with hydrogen peroxide had almost
the same amount of charge as oxygen delignified pulps
(100–102 for oxygen and 89–96 for peroxide) even though
they contained 50% less lignin. Interestingly, the HAI
pulps had a higher amount of charged groups than the
REFpulps even though theHAI pulps had lower xylan con-
tent and consequently fewer uronic acid groups, as also
reported by Esteves et al. (2022).

The pulps bleached with hydrogen peroxide showed
higher fiber charge than the pulps bleached with chlo-
rine dioxide. This was expected since the decomposition
products of hydrogen peroxide lead to additional lignin
oxidation and more carboxylic acid groups in the pulp
(Lachenal 1996). Furthermore, the lignin content in hy-
drogen peroxide bleached pulps was higher than in pulps
bleached with chlorine dioxide (Table 2).

Bleaching with chlorine dioxide gave the lowest fiber
charge. Phenolic structures are the main lignin groups
attacked by chlorine dioxide, either by an oxidative
ring opening, which introduces muconic acid structures,
or demethylation, leading to quinone structures (Reeve
1996). However, oxidized lignin through chlorine dioxide

is mostly removed in the alkaline extraction stage, de-
creasing overall fiber charge. Besides lignin removal, the
decrease can also be caused by the degradation of the hex-
uronic acid groups (Rööst et al. 2000, Loureiro et al. 2010).
While oxygen delignification and hydrogen peroxide do
not interact with the hexuronic acid groups created dur-
ing cooking, chlorine dioxide can almost completely de-
grade them (Buchert et al. 1995, Rööst et al. 2000, Loureiro
et al. 2010). Bleached HAI pulps had slightly higher fiber
charge, 7 meq/kg, compared to bleached REF pulps. Since
HAIpulps, hada lower xylan content, the increased charge
is likely from carboxylic groups formed as a result of the
stopping reaction.

Brightness and viscosity

The brightness improvement achieved by chlorine diox-
ide and hydrogen peroxide bleaching as a function of
kappa number and viscosity is shown in Figure 8. The
pulps bleached with chlorine dioxide achieved 86% ISO
brightness, while those bleached with hydrogen peroxide
achieved only 77% ISO brightness. The hydrogen peroxide
samples had a higher lignin content (7–8 kappa number)
than chlorine dioxide samples (1 kappa number) which ex-
plains the lower brightness.

In Figure 8b, the selectivity of the bleaching is pre-
sented as brightness vs. pulp viscosity.When comparing at
the same brightness level, REF pulps showed a lower vis-
cosity compared to HAI. Apparently, the final brightness
is similar for both REF and HAI, but the final viscosity is
slightly different, with HAI cooking resulting in pulp with
a higher viscosity than the REF cooking.

When comparing the REF and HAI pulps, the hydro-
gen peroxide bleaching had a similar brightness improve-
ment but a slightly lower delignification degree for theHAI
pulps (Table 4). Interestingly, in chlorine dioxide bleach-
ing, the behavior was different. The delignification degree
was higher for HAI pulps, but despite the higher deligni-
fication degree, the HAI pulps showed lower brightness
improvement. This suggests that there may be some differ-
ences in the content of chromophores after the HAI pro-
cess, for example, quinones and conjugated systems, hin-
dering the brightness development. Quinone structures
contribute importantly to brightness development, and
they can be either formed or destroyed during bleaching.
Hydrogen peroxide bleaching can easily oxidate them by
the hydroperoxide anion and subsequently remove them,
whereas chlorine dioxide can increase lignin quinone con-
tent (Gierer 1986, Brage et al. 1991, Zawadzki et al. 1998).
This could be a possible explanation for the differences
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Figure 8: ISO brightness as a function of (a) kappa number and (b) viscosity for REF and HAI pulps after oxygen delignification, chlorine diox-
ide and hydrogen peroxide bleaching.

Figure 9: (a) WRV and (b) Schopper-Riegler degree as a function of PFI revolutions for REF and HAI pulps after chlorine dioxide and hydrogen
peroxide bleaching. The total fiber charge of the samples is given on the right-hand side of (a).

in brightness and delignification behaviour between the
two procedures, but overall the differences are not largely
significant.

When chlorinedioxide andhydrogenperoxidebleach-
ing are compared, the HAI pulps bleached with chlo-
rine dioxide showed approximately the same viscosity
but higher brightness when compared to the REF pulps
bleached with peroxide (Figure 6b). Hydrogen peroxide
is already known to lead to a significant drop in viscos-
ity with no significant brightness improvement (Axegård
et al. 1996).

Refinability
WRV and Schopper-Riegler degree

After bleaching with chlorine dioxide and hydrogen per-
oxide, the REF and HAI pulps were PFI-refined. Figure 9

shows the effect of PFI beating on thewater retention value
(WRV) and Schopper-Riegler degree (SR°). The hydrogen
peroxide bleached pulps showed a slightly higher WRV
than the chlorine dioxide bleached pulps due to the higher
charge content in the fibers. The chlorine dioxide bleached
pulps after HAI cooking had slightly lower WRV for non-
refined samples compared to the other pulps (Figure 9a).

The WRV is more sensitive to changes in fiber charge
than the Schopper-Riegler degree. The development in the
Schopper-Riegler degree was similar for most of the sam-
ples, regardless of the fiber charge (Figure 9b), except for
the REF pulp bleached with chlorine dioxide, which pre-
sented a slightly lower value. Previous studies suggest that
the increase in total fiber charge can lead to higher fibril-
lation and the formation of fines (Esteves et al. 2021b). Es-
teves et al. (2021b, 2022) reported an increase in WRV of
20–25% and SR° of 55–69% when the fiber charge in un-
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Figure 10: Tensile index as a function of (a) PFI revolutions and (b) structural density for REF and HAI pulps after chlorine dioxide and hydro-
gen peroxide bleaching. The total fiber charge of the samples is mentioned on the right side of figure (a).

bleached samples was increased by 70–90% compared at
similar kappa number. When the increase in fiber charge
is smaller, <55%, the increase in WRV and SR° is also
smaller, only 5% or less. In the present study the increase
in fiber charge caused by the hydrogen peroxide bleach-
ing did not significantly increase the SR° values compared
to the chlorine dioxide bleaching. This indicates that fiber
charge was not increased enough to promote higher fib-
rillation during refining, despite higher WRV for hydro-
gen peroxide bleached pulps. This is potentially because
the majority of the fibre charge is located on the carbo-
hydrates, a conclusion that is supported by the results
from WRV and SR after chlorine and peroxide bleach-
ing.

Tensile properties

There was no difference in the tensile index between the
HAI or REF pulps bleached with hydrogen peroxide (Fig-
ure 10). On the other hand, HAI pulps bleached with chlo-
rine dioxide showed a lower tensile index at lower refin-
ing levels, despite having a higher glucomannan content.
Overall, comparing both bleaching sequences, papers pro-
duced from the DED sequence had lower strength than
those produced from the PP sequence. Nevertheless, it is
important to mention the different lignin content present
in the pulps. Lignin removal throughout the delignifica-
tion process tends to weaken the fibers, decreasing paper
strength (Risén et al. 2004).

The pulps bleached with hydrogen peroxide showed
nearly double the fiber charge than chlorine dioxide, but a
similar tensile index was achieved for the same structural
density (Figure 10b). Following beating, the increase in

tensile index for the hydrogen peroxide bleached fibres,
those with the highest charge, is not as significant as simi-
larly treated unbleached fibres (Esteves et al. 2020, 2021b,
2022). As previously stated in Section “Fiber charge”, the
charged groups within the fiber should be largely con-
tained within the lignin structures for unbleached sam-
ples, whereas in bleached samples charged groups are
mainly distributed on the carbohydrates. These differ-
ent locations can affect the fiber swelling and, conse-
quently, the refining efficiency. This can explain the lack of
strength increase for hydrogen peroxide bleaching, even
with higher charge.

No significant difference in stiffness was observed be-
tween REF and HAI samples following hydrogen peroxide
bleaching (Figure 11a), indicating that stiffness is not in-
fluenced by the type of impregnation for hydrogen per-
oxide bleaching. However, differences between REF and
HAI were observed for the chlorine dioxide bleaching. HAI
pulps showed lower stiffness values than REF pulps, ex-
cept for the highest refining degree (4000 revolutions),
where the results were similar. This is in agreement with
Esteves et al. (2022) who reported a significant increase in
stiffness of bleached pulps following beating, and nearly
constant stiffness values for unbleached pulps. Interest-
ingly, HAI pulps bleached with chlorine dioxide required
more refining (4000 revolutions) to achieve the same ten-
sile index (Figure 10b), and stiffness index (Figure 11b)
as REF and hydrogen peroxide bleached pulps. However,
apart from REF pulps bleached with chlorine dioxide, no
significant difference in elongation at break was observed
for the pulps (Figure 12).
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Figure 11: Stiffness index as a function of (a) PFI revolutions and (b) structural density for REF and HAI pulps after chlorine dioxide and hydro-
gen peroxide bleaching.

Figure 12: Elongation-at-break as a function of (a) PFI revolutions and (b) structural density for REF and HAI pulps after chlorine dioxide and
hydrogen peroxide bleaching.

Morphology

The pulps bleached with the chlorine dioxide sequence
showed a higher curl index and kinks per fiber than the
hydrogen peroxide bleached pulps (Figure 13). This likely
due to the higher delignification degree as it is known that
a decrease in kappanumber can lead to an increase in fiber
deformation (Page 1985, Mohlin and Alfredsson 1990, Es-
teves et al. 2021a). Previously it has been reported that the
tensile index increases with the curl index for unbleached
kraft cooked samples (Esteves et al. 2022), however, here
the tensile strength of bleached samples increaseswith de-
creasing curl index, as similarly reported by Mohlin et al.
(1996) (Figure 14b). From Figure 15b, it seems that a sig-
nificant portion of the initial kinks present in the fibers
are removed after the first refining step. Additionally, for
all samples, regardless of impregnation or bleaching se-

quence the stiffness increases as the curl index and kinks
per fiber decreases. Similar behavior has been reported by
Mohlin andAlfredsson (1990). Comparatively however, for
unbleached samples the stiffness appears to be indepen-
dent of both the curl index and the number of kinks in the
fiber (Esteves et al. 2022).

The width of the bleached fibers appears to be un-
affected by the PFI-refining (Figure 17). This is signifi-
cantly different from previous results, where the width
of unbleached fibers (33–34 µm) decreases with beating
(Esteves et al. 2021b). The reduced width of the bleached
fibers (∼32 µm) is expected to be the result of the higher de-
gree delignification, which can remove components from
the fiber wall, as seen previously for unbleached sam-
ples (Esteves et al. 2021a). No significant difference in fiber
width can be seen between chlorine dioxide and hydro-
gen peroxide bleached fibers, indicating that the width is
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Figure 13: (a) Curl index and (b) kinks per fiber and PFI revolutions for REF and HAI pulps after chlorine dioxide and hydrogen peroxide
bleaching.

Figure 14: (a) Tensile index and (b) structural density and the curl index for REF and HAI pulps after chlorine dioxide and hydrogen peroxide
bleaching.

Figure 15: (a) Tensile index and (b) structural density along with the kinks per fiber for REF and HAI pulps after chlorine dioxide and hydrogen
peroxide bleaching.
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Figure 16: Stiffness index along (a) the curl index and (b) kinks per fibers for REF and HAI pulps after chlorine dioxide and hydrogen peroxide
bleaching.

Figure 17:Width of the fibers along PFI-refining for REF and HAI
pulps after chlorine dioxide and hydrogen peroxide bleaching.

mainly determined by the delignification degree instead of
the process (Esteves et al. 2021a).

Conclusions

HAI prior to kraft cooking resulted in a yield improvement
that could be maintained after bleaching with either hy-
drogen peroxide or chlorine dioxide. However, this im-
provement was more pronounced for the pulps bleached
with hydrogen peroxide. Chlorine dioxide bleaching
showedhigher selectivity for xylan and glucomannans, re-
gardless of the impregnation type (REF or HAI) compared
with hydrogen peroxide bleaching. Yet, hydrogen perox-
ide bleaching of HAI pulps, preserved more of xylan and
glucomannans compared to the REF pulps. Despite the
lower xylan content, fiber charge was higher in HAI pulps
and overall hydrogen peroxide bleaching resulted in more
charged groups than chlorine dioxide bleaching.

Final brightness was similar for both REF and HAI
pulps bleached with either chlorine dioxide or hydro-
gen peroxide, but HAI pulps showed slightly higher vis-
cosity. The mechanical properties were marginally higher
for pulps bleached with hydrogen peroxide than those
bleached with chlorine dioxide. More specifically, there
was no significant difference between REF and HAI pulps
bleached with hydrogen peroxide; however, HAI pulps
seemed to have a lower tensile strength at a given refin-
ing degree when bleached with chlorine dioxide. Even
though the fiber charge increased following hydrogen
peroxide bleaching, there was no significant impact on
the swelling or mechanical properties. The mechanical
properties proved to depend on the morphology of the
fiber, where an increase in fiber deformation led to a de-
crease in strength. In summary, high alkaline impregna-
tion has proved to be an efficient approach to improve
yield and is compatible with subsequent delignification
processes.
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