
http://www.diva-portal.org

This is the published version of a paper published in Nordic Pulp & Paper Research Journal.

Citation for the original published paper (version of record):

Esteves, C., Brännvall, E., Östlund, S., Sevastyanova, O. (2022)
The effects of high alkali impregnation and oxygen delignification of softwood kraft
pulps on the yield and mechanical properties
Nordic Pulp & Paper Research Journal, 37(2): 223-231
https://doi.org/10.1515/npprj-2022-0022

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-321343



Nordic Pulp & Paper Research Journal 2022; aop

Chemical pulping

Cláudia V. G. Esteves*, Elisabet Brännvall, Sören Östlund and Olena Sevastyanova*

The effects of high alkali impregnation and oxygen
delignification of softwood kraft pulps on the yield
and mechanical properties
https://doi.org/10.1515/npprj-2022-0022
Received March 4, 2022; accepted April 20, 2022

Abstract: This study investigated whether the yield im-
provement after high alkali impregnation (HAI) is main-
tained after oxygen delignification and whether the po-
tential of oxygen delignification to increase the mechan-
ical properties is affected by high alkali impregnation.
The yield improvement achieved by high alkali impreg-
nation (1%) was preserved after oxygen delignification,
particularly of glucomannan. The total fiber charge and
swelling increased after oxygen delignification regardless
of the type of impregnation in the cooking step. The ten-
sile index improvement obtained by oxygen delignifica-
tion was retained if this was preceded by high alkali im-
pregnation. The stiffness index was higher and elongation
slightly lower after HAI impregnation than after a stan-
dard (REF) impregnation. Fibers obtained through high al-
kali impregnation seem to be slightly less deformed and
slightlywider thanfibers obtainedafter a standard impreg-
nation.
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Graphical abstract

Introduction

In chemical pulpmills, kraft cooking is themost frequently
used process to remove lignin, with a yield loss of about
50%; but a significant part of the polysaccharides are also
lost (Brännvall 2017), due to peeling reactions, where a
sugar unit at the reducing end of the carbohydrate chain
is removed. Glucomannans are strongly affected by these
reactions, already in the initial phase of the cooking, lead-
ing to dissolution and severe losses (Sjöström 1993, Paana-
nen et al. 2010), and it is essential to improve the delig-
nification while preventing unnecessary polysaccharide
losses.

Impregnation can have a significant impact on the fi-
nal yield, and by improving the diffusion of chemicals
inside the wood chips, the delignification can be im-
proved and carbohydrate degradation reduced (Malkov
et al. 2003, Tavast and Brännvall 2017, Brännvall 2018).
The chemical transport in the impregnation phase is ac-
complished by liquor flow into the air-filled voids and by
ionic movement in solution. Increasing the initial alkali
concentration in the impregnation will increase the gra-
dient concentration and will therefore promote the diffu-
sion rate of chemicals into the chips, giving a faster re-
moval of acetyl groups and a better ion mobility (Määt-
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tänen and Tikka 2012). An increase in alkali concentra-
tion can lead to a higher rate of peeling reactions, but also
a higher rate of stopping reactions. While the rate of the
peeling reaction tends to level off when the alkali concen-
tration is higher than 0.1mol/l, the rate of the stopping re-
actions does not level off until 1.5mol/l, favoring the stop-
ping reactions over the peeling reactions (Paananen et al.
2010, Brännvall andBäckström2016). Brännvall andBäck-
ström (2016) have shown that a uniform distribution of
the cooking chemicals contributes to a more efficient cook
with less rejects and an increase in the final yield of almost
2%-units.

Oxygen delignification is a well-established process
and has recently proved to be an efficient way to improve
the tensile index when the fiber charges are sufficiently in-
creased (Esteves et al. 2020, Esteves et al. 2021b). Oxygen
can remove a large amount of residual lignin and intro-
duce carboxylic acid groups by oxidation of lignin and car-
bohydrates leading to a significant increase in swelling,
conformability and fibrillation (Laine et al. 1997, Zhang
et al. 2005, Zhao et al. 2016, Esteves et al. 2020).

High alkali impregnation has previously been shown
to improve the yield of kraft cooking (Brännvall and Bäck-
ström2016, Brännvall 2018), but it is yet unknownwhether
this yield increment remains after subsequent oxygen
delignification.

To clarify this, the present study has included a com-
parison between a delignification performed with only
kraft cooking to a kappa number of ca. 25 and a combined
delignification performed at first with kraft cooking to a
kappa number of ca. 50 followed by oxygen delignifica-
tion to a kappa number of ca. 25. In addition, the study has
included a similar comparison where the kraft cook had
been carried out with a high alkali impregnation (HAI), in
order to see whether oxygen delignification has the same
potential to increase themechanical properties after cook-
ing performed with HAI as it has after REF cooking.

Materials and methods

Material

A mixture of softwood chips from BillerudKorsnäs Skär-
blacka Mill (70% Spruce (Picea abies) and 30% Pine (Pi-
nus sylvestris)) was used in this study. With a dry solid
content between 91–93% the chips prior to cooking were
placed in autoclaves and soaked in water applying a pres-
sure of 5 bar by nitrogen gas overnight. After draining the
water, there remained between 1.6–1.9mL/g water inside

the chips, considering the wood fiber saturation point of
30 to 40% and a void fraction of ca. 73%, this means that
the lumen is most likely filled with water. It is assumed,
therefore, that the chemical transport occurs mainly by
diffusion and not penetration.

The white liquor was prepared from stock solutions of
sodium hydroxide (NaOH) and hydrogen sulphide (Na2S)
to obtain the desired effective alkali charge and sulfidity in
the kraft cooking.

Methods

The chips were subjected to kraft cooking with either
standard impregnation (REF) or high alkali impregnation
(HAI). For pulps to be subsequently delignified by oxygen,
the cooks were stopped at a kappa number of ca. 50 while
pulps delignification by only kraft cookingwere continued
to a kappa number of ca 27. The cooks which were stopped
at a high kappa number were further subjected to oxygen
delignification to a kappa number of ca 25. The procedure
is schematically illustrated in Figure 1. Pulps are denomi-
nated 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 for
“high alkali impregnation”.

Kraft cooking with standard impregnation (REF)

The kraft cooks were performed with batches of 2 kg o. d.
chips in a digester with recirculation of cooking liquor,
with controlled temperature and a forced liquor flow. The
effective alkali (EA) charge was 22% and the sulfidity of
30% at and a liquor/wood ratio of 4.5 l/kg.

During the impregnation, the temperature was raised
from 20 °C to 100 °C at a rate of 5 °C/min. After 30min at
100 °C, the temperature was raised to 160 °C at 3 °C/min.
The cooks were stopped at different H factors (cooking
times) to achieve the desired kappa numbers. After the
cooking, the steam flowwas stopped, and the spent liquor
was drained off and collected for analysis – Table S1.

The delignified chips were washedwith deionizedwa-
ter for 10 h in self-emptying metal cylinders and subse-
quently defibrated and screened in aNAFwater jet defibra-
tor (NordiskaArmaturfabriken). The shiveswere collected,
dried at 105 °C, and weighed. The pulp was collected and
centrifuged to increase the solid content. For homogeniza-
tion of the centrifuged pulp, it was passed through a chan-
nel with a rotating shaft with horizontal bars that ripped
the pulp into smaller dimensions.
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Figure 1: Schematic representation of kraft cooking performed with standard (black arrows) and high alkali (orange arrows) impregnation,
followed by oxygen delignification (white arrows).

Kraft cooking with high alkali impregnation (HAI)

The HAI trials were performed using the same equipment,
using an EA charge of 31%and a sulfidity of 52%. The high
sulfidity in the impregnation was chosen so that the hy-
drosulfide ion concentration in the cooking stage would
be similar to the hydrosulfide concentration after REF im-
pregnation. The impregnation was done with a tempera-
ture increase from 20 °C to 120 °C at a rate of increase of
5 °C /min. After the impregnation, a black liquor sample
was collected and the residual alkali was measured to en-
sure that the EA concentration was ca. 0.9M – Table S1.
Approximately 4 l of free black liquor was removed from
the digester, and approximately 4 l, corresponding to the
entrapped liquor, remained in the digester. The alkali con-
centration in the cooking stage was adjusted to 0.5M by
dilution with deionized water and the temperature was
raised to 160 °C at a rate of 3 °C/min.

As in the standard kraft cooking, the trials were
stopped at different H-factors.

Oxygen delignification

Oxygendelignificationwas performedwith batches of 60 g
of oven-dried (o. d.) pulp, placed inpolyethylenebagswith
3.2% of NaOH, 0.5% of MgSO4 and water at a consistency
of 12%. The bags were closed by heat-welding, kneaded
initially byhandand then in a vibrational shaker. The pulp
was then removed from the bags and transferred to a pres-
surized steel autoclave coated with Teflon with a volume
of (2.5 dm3). The autoclaves were closed, pressurized with
oxygen (7 bars), and then placed in an electrically heated

glycol bath at 100 °C, with rotation at a slight inclination.
The conditions are given in Figure 1. After the oxygendelig-
nification, the pulps were washed and filtered with dis-
tilled water.

Refining and paper sheet making

The pulp samples were refined in a PFI-mill according to
ISO 5264-2 and handsheetswere prepared according to ISO
5269-1 with deionized water, to a grammage of 60 g/m2.
The sheets were characterized by grammage (ISO 536),
structural thickness (SCAN-P 88:01) andmechanical prop-
erties, suchas tensile index, stiffness indexandelongation
(ISO 1924-3).

Pulp analysis

The residual alkali and the HS− concentration were de-
termined in duplicate according to SCAN-N 33:94 and
SCAN-N 31:94 respectively.

The kappa number was determined according to the
ISO 302:2004 standard. This method assumes that the
potassium permanganate consumed is directly related to
the lignin content present in the pulp because lignin is ox-
idized faster than carbohydrates.

The carbohydrate composition was determined ac-
cording to SCAN-CM 71:09. The xylan, glucomannan and
cellulose contents were calculated from the monosaccha-
rides (Table S2) according to (Janson 1974), using a uronic
acid content of 4.25 and a glucose:mannose ratio of 4.17.
The water retention value (WRV) was determined accord-
ing to SCAN-C62:00and the Schopper-Riegler numberwas
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Table 1: Yield and rejects after kraft cooking and oxygen delignifica-
tion for REF and HAI cases.

Wood REF-
K50

HAI-
K51

REF-
K26

HAI-
K28

REF-
K50_
O25

HAI-
K51_
O26

Total yield,
% on wood

100 49.4 50.5 46.5 47.3 47.7 48.5

Screened yield,
% on wood

– 45.7 47.0 46.4 47.1 44.2 45.1

Rejects,
% on wood

– 3.7 3.5 0.1 0.3 – –

determined according to ISO 5267-1. All the tests were per-
formed in duplicate.

The total fiber charge was determined by conducto-
metric titration according to themethod described by Katz
et al. (1984).

The fiber morphology was studied with the L&WFiber
Tester, where fiber parameters such as curl index, fiber
width, number of kinks and length were determined (Ta-
ble S3). The curl index was calculated according to Page
et al. (1985).

Curl Index (%) = 1
shape factor

− 1. (1)

Results and discussion

Pulping

Kraft and oxygendelignified pulps after conventional kraft
cooking (REF) and after kraft cooking using high alkali
impregnation (HAI) were compared with regard to yield,
chemical composition and fiber charge.

Yield after kraft cooking and oxygen delignification

The total and screened yields of the kraft cooks performed
with two types of impregnation–REFandHAI– are shown
in Table 1. After HAI, the kraft cooks clearly showed a
higher total yield than the kraft cooks performed with
standard impregnation (REF), in agreement with previous
studies (Brännvall and Bäckström 2016, Brännvall 2018).
The amount of rejects was, however, similar regardless
of whether the cook was performed with a standard or a
high alkali impregnation, which disagrees with the results
of previous studies where a decrease of ca. 1% was seen
when higher alkali was used in the impregnation (Brän-
nvall 2018). In the study by Brännvall (2018), the cooking

Table 2: Chemical composition, calculated as % on wood using the
screened yield, for REF and HAI pulps after kraft cooking and oxygen
delignification.

Wood REF-
K50

HAI-
K51

REF-
K26

HAI-
K28

REF-
K50_
O25

HAI-
K51_
O26

Xylan,
% on wood

8.9 3.9 3.6 4.1 3.3 3.8 3.3

Glucomannan,
% on wood

17.6 3.8 4.8 4.0 4.7 3.7 4.6

Cellulose,
% on wood

42.3 34.1 34.7 36.1 36.5 34.7 34.8

Lignin,
% on wood

31.3 3.9 3.9 2.1 2.6 2.1 2.5

Total (%) 100 45.7 47.0 46.4 47.1 44.2 45.1

was however performed in autoclaves (with lower sulfid-
ity) and the kappa numberwas in the range of 60 to 30, the
greatest impact on the reject being from kappa number 45
to 60. In the present study, the cookingwas performed in a
digester with forced circulation (with higher sulfidity) and
the starting kappa number was 50. Despite the same reject
level, the screened yield was higher in the HAI case.

The yield increment for HAI (1%-unit at a given kappa
number) remained after oxygen delignification. The yield
in the oxygen stage was 96.6% for REF pulps and 96.0%
for HAI.

Chemical composition

Cooking after high alkali impregnation resulted in pulps
with higher glucomannan content, as shown in Table 2.
The high initial hydroxide ion concentration (1.7mol/l) in-
creases the rate of the stopping reaction whereas the rate
of the peeling reactions remains the same for both REF
and HAI, leading to a greater glucomannan preservation,
due to the stabilization effect of carbohydrates (Paana-
nen et al. 2010, Jafari et al. 2014, Brännvall and Bäckström
2016, Brännvall 2018). Less xylan remained in the pulps af-
ter HAI cooking, in agreement with Brännvall (2018). The
decrease in xylan content was expected since xylan dis-
solves more readily at a higher alkali concentration (Jans-
son and Brännvall 2011). The total hemicellulose content
was similar for REF and HAI pulps, the difference being
in the xylan and glucomannan content for each trial; HAI
pulp had a higher glucomannan and a lower xylan content
than REF.

Oxygen delignification of HAI-cooked pulp from
kappanumber 51 to 26 seems tobebeneficial for thepreser-
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Table 3: Total fiber charge for REF and HAI pulps after kraft cooking
and after subsequent oxygen delignification.

REF-
K50

HAI-
K51

REF-
K26

HAI-
K28

REF-
K50_
O25

HAI-
K51_
O26

Total fiber charges
(meq/kg)

124 115 74 81 143 136

Figure 2: Total fiber charge as a function of kappa number on pulps
produced under REF (black squares), HAI (orange squares) and oxy-
gen delignification (open squares) conditions.

vation of glucomannan and xylan compared to continued
delignification by kraft cooking to similar kappa number.

In the HAI-trials there was a slightly higher preserva-
tion of cellulose than for the REF-trials, in accordancewith
previous studies Brännvall and Bäckström (2016), Brän-
nvall (2018).

Fiber charges

The total amounts of charged groups are presented in Ta-
ble 3. Kraft delignification from kappa number 50 to 25 re-
duced the amount of charged groups in agreement with
previous studies (Jafari et al. 2014, Esteves et al. 2021a).
Oxygen delignification from kappa number 50 to 25, on
the other hand, increased the amount of charged groups,
as also reported previously (McDonough 1989, Laine 1997,
Yang et al. 2003, Zhang et al. 2005, Esteves et al. 2021a).

As shown in Figure 2, the total amount of charged
groups at a given kappa number was similar, whether
they were produced according to REF or HAI. The car-
boxylic groups in unbleached pulp are found mainly in
xylan (Laine et al. 1996) consisting of methylglucuronic
acid groups (MeGlcA) originally present in xylan, or
hexenuronic acid groups (HexA) formed from MeGlcA
(Sjöström 1989, Laine 1997). In oxygen delignified pulps,

carboxylic groups have been introduced to lignin by oxida-
tion of free phenolic groups into muconic acid structures
in lignin (Snowman et al. 1999, Yang et al. 2003, Dang et al.
2006). The amount of carboxylic groups in HAI pulps was
higher than expected based on the larger amount of xy-
lan dissolved in the HAI process resulting in the loss of
carboxylic acid groups bound to xylan. The higher alkali
concentration in HAI may promote the rate of the stop-
ping reactions, and this can compensate for the loss in
the fiber charge by giving rise to metasaccharinic acid and
other alkali-stable carboxyl groups (Sjöström et al. 1965,
Laine et al. 1996). An increase in the carboxylic groups as-
sociated with stable metasaccharinic acid at the reducing
ends of themolecules was previously reported in cellulose
due to stopping reactions (Johansson andSamuelson 1975,
Mozdyniewicz et al. 2013). It can therefore be assumed that
the carboxylic acid groups formed in the HAI cooking tri-
als were in glucomannan and cellulose chains rather than
in the xylan.

Refinability

WRV and Schopper-Riegler degree

The cooked and oxygen delignified pulps were refined to
different degrees in a PFI-mill. After oxygen delignifica-
tion, thewater retention value increased due to the greater
carboxylic acid content – Figure 3a. The two oxygen delig-
nified pulps presented a similar WRV behavior after refin-
ing, as well as the two cooked pulps.

The Schopper-Riegler value was also higher after oxy-
gen delignification – Figure 3b. The REF and HAI pulps
shared a similar development during refining. The in-
crease in the case of the oxygen pulps was probably due
to the greater fibrillation and greater fines content gen-
erated by the beating, cf. Bäckström et al. (2013), Esteves
et al. (2021b).

Tensile properties

Oxygen delignification had a positive effect on the tensile
index, as shown in Figure 4a. The increase is more obvi-
ous for pulps refined to higher levels (4000 revolutions).
The unrefinedHAI-cookedpulp had a tensile strength sim-
ilar to that of unrefined oxygen delignified pulps, but after
refining, the increase in tensile index was greater for the
oxygen delignified pulps.

Esteves et al. (2020) showed that, compared to the ten-
sile index of cooked pulp at a similar lignin content, the
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Figure 3: a) WRV and b) Schopper-Riegler value as functions of PFI revolutions for REF and HAI pulps after kraft cooking and oxygen delignifi-
cation. The total fiber charge of the pulps is given on the right-hand side of the graph a.

Figure 4: Tensile index as a function of a) PFI revolutions and b) structural density for REF and HAI pulps after kraft cooking and oxygen delig-
nification. The total fiber charge of the samples is given on the right-hand side of the graph a.

increase in tensile index as a result of oxygen delignifica-
tion, was dependent on the extent of the increase in fiber
charge resulting from oxygen delignification. It has previ-
ously been shown that, up to a certain point, the charge
groups increase with increasing degree of delignification
during the oxygen stage (Esteves et al. 2020). A greater de-
gree of delignification is achieved with a longer time and
a higher alkali charge. It is not therefore improbable that a
greater increase in fiber charge results in a more uniform
distribution of the charges on the surface and inside the
fiber wall. Refining a pulp with a more uniform distribu-
tion of chargeswithin the fiberwallwould probably lead to
an increased swelling, greater fiber flexibility, greater fib-
rillation and higher tensile strength.

In the present study, oxygen delignification resulted
in a fiber charge increase of 68% for HAI-pulps and 81%
for REF pulps – Table 3. The increase in tensile index was
smaller for oxygen delignified HAI pulps than for oxygen

delignified REF pulps, Figure 4a. At 4000 PFI-revolutions,
REF-K50_O25 had a tensile index 18% higher than that of
K26, but the value for HAI-K51_O26 was only 10% greater
than that of HAI_K28. At similar structural densities, the
increase in the tensile index by oxygen delignification of
REF pulp was 6% but only 2% for HAI pulp – Figure 4b.

The stiffness was quite unaffected by the refining pro-
cess, but the HAI-cooked pulp had the highest stiffness at
0 and 1000 PFI-revolutions than the REF-cooked pulp –
Figure 5.

The development of elongation-at-break with refining
was similar for the REF and HAI pulps – Figure 6.

Morphology

Figure 7 shows the tensile strength and density as a func-
tion of curl. The curl index increased with the refining of
the cooked pulps, while the curl index decreased slightly
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Figure 5: Stiffness index as a function of a) PFI revolutions and b) structural density for REF and HAI pulps after kraft cooking and oxygen
delignification.

Figure 6: Elongation-at-break as a function of a) PFI revolutions and b) structural density for REF and HAI pulps after kraft cooking and oxy-
gen delignification.

Figure 7: a) Tensile index and b) structural density as functions of curl index after refining of REF and HAI pulps after kraft cooking and oxy-
gen delignification.

as a result of the oxygen delignification, which is in agree-
ment with Esteves et al. (2021b).

At a given curl index, the HAI-cooked pulp had a sig-
nificantly higher tensile index and a higher structural den-

sity than the REF-cooked pulp. The higher glucomannan
content in HAI pulps probably enhances the conformabil-
ity of the fibers, also seen as a higher swellability (Fig-
ure 3).
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Figure 8: Fiber width as a function of PFI-refining for REF and HAI
pulps after kraft cooking and oxygen delignification.

The HAI-cooked pulps appear to have a lower degree
of deformation at a given density than the REF-cooked
pulps (ca. 1.5%-units lower) – Figure 7b).

HAI pulps had fibers with a slightly greater width than
the REF pulps – Figure 8. Scallan and Green (2007) pro-
posed that the decrease in width is related to the inward
contraction of the fiber wall as lignin and hemicellulose
are removed. In the present study, the HAI fibers had a
greater width at a given lignin content. The difference is
mainly in the glucomannans content, suggesting that the
glucomannan contributes to the greater fiber width.

It should be pointed out that the mechanical and
morphological properties presented in this work were ob-
tained by laboratory trials, in industrial fiberlines the pulp
properties can diverge.

Conclusions

High alkali impregnation led to a higher yield after kraft
cooking than a standard impregnation, due to greater glu-
comannan preservation. The higher yield accomplished
with HAI was preserved after oxygen delignification. Oxy-
gen delignification of HAI-cooked pulp resulted in higher
preservation of glucomannan and xylan than the oxygen
delignification of REF-cooked pulp.

Pulps obtained with a higher alkali impregnation had
a lower xylan content than that after standard impregna-
tion. Despite the lower xylan content, the HAI pulps had
total fiber charge values similar to those of pulps obtained
by standard impregnation.

The development of tensile strength properties was
similar for HAI and REF cooked pulps. Regardless of the
methodof impregnationused in the cooking, oxygendelig-
nification led to an increase in the tensile index due to the
higher fiber charges.

HAI-cooked pulp had a higher tensile strength and a
higher structural density at a given curl index than the
REF-cooked pulp. HAI pulps had a lower curl index and
a greater fiber width.
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