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On the mechanistic and kinetic role of hydrogen sulfide during kraft 
delignification
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aDivision of Forest Products and Chemical Engineering, Department of Chemistry and Chemical Engineering, Chalmers University of 
Technology, Gothenburg, Sweden; bWallenberg Wood Science Center, Chalmers University of Technology, Gothenburg, Sweden

ABSTRACT
A mechanistic understanding of kraft delignification remains incomplete, particularly regarding 
the role of hydrogen sulfide in the reaction kinetics. This work examines its influence from 
both mechanistic and kinetic perspectives. Laboratory-scale kraft cooks on birch wood meal 
were conducted in a flow-through reactor, providing two main advantages: (i) continuous 
sampling of the immediately cooled cooking liquor, enabling snapshots of dissolved 
components throughout the cook, and (ii) rapid adjustments of the liquor composition, 
enabling kinetic evaluation without a priori assignment to simplified rate constants. The 
sulfide dependency was found to cease partway through the process, persisting longer than 
expected from the reactions typically considered to control delignification, while simultaneously 
indicating that said reactions are unlikely to control the rate throughout the entire process. 
Furthermore, significant and previously unreported differences in the molecular weight 
distribution between kraft and soda lignin were observed. These differences were further 
investigated through transient experiments and 2D NMR analysis. The results suggest that 
HS- also enhances the delignification rate by the more extended demethylation occurring 
during kraft pulping, thereby enabling larger fractions of dissolved lignin to be removed 
compared with soda pulping.

Introduction

Lignocellulosic biomass is expected to play an increas-
ingly important role in reducing reliance on fossil 
carbon, with applications spanning across a wide field, 
e.g.: packaging, construction, pharmaceuticals, and 
energy. A major current use is in the paper and board 
industry, where global production exceeds 400 million 
tonnes annually and represents a market value of 
roughly 325 billion USD. The kraft process supplies 
more than 75% of this pulp,[1] meaning that even 
modest gains in material and/or energy efficiencies 
could translate into substantial economic and envi-
ronmental benefits. Although ongoing research con-
tinues to target such improvements,[2] modeling and 
control of kraft pulping still rely predominantly on 
simplified empirical models rather than chemically 
and physically grounded models.[3] This gap 

underscores the need to further develop the mecha-
nistic understanding of the kraft process.

The core operation in kraft pulping is the delig-
nification, in which lignin is removed from the wood 
to liberate the fibers. The structure of lignin has since 
long been extensively investigated,[4] yet the full pic-
ture remains debated, and new insights continue to 
emerge.[5,6] It was from early on generally accepted 
that the key step in kraft delignification is the cleavage 
of the β-O-4 aryl ether linkages in lignin.[7] In the 
presence of HS-, as is the case in kraft pulping, phe-
nolic β-O-4 linkages are cleaved after a nucleophilic 
attack of HS- on the quinone intermediate. In the 
absence of HS- (such as during soda cooking), the 
quinone intermediate instead undergoes a proton or 
formaldehyde elimination, leaving the β–O–4 linkage 
intact. Under these conditions, only β–O–4 linkages 
in non-phenolic structures are cleaved, a process that 

© 2026 The Author(s). Published with license by Taylor & Francis Group, LLC.

CONTACT Merima Hasani  merima.hasani@chalmers.se  Division of Forest Products and Chemical Engineering, Department of Chemistry and 
Chemical Engineering, Chalmers University of Technology, Chalmersplatsen 4, 412 96 Gothenburg, Sweden; Wallenberg Wood Science Center, Chalmers 
University of Technology, 412 96 Gothenburg, Sweden.

 Supplemental data for this article can be accessed online at https://doi.org/10.1080/02773813.2026.2671261.

https://doi.org/10.1080/02773813.2026.2671261

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting 
of the Accepted Manuscript in a repository by the author(s) or with their consent.

KEYWORDS
Hardwood; sulfidity; soda; lignin; 
molecular weight

http://orcid.org/0000-0003-3510-9826
http://orcid.org/0000-0002-2501-9918
http://orcid.org/0000-0002-2120-6513
mailto:merima.hasani@chalmers.se
https://doi.org/10.1080/02773813.2026.2671261
https://doi.org/10.1080/02773813.2026.2671261
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com


258 L. KRON ET AL.

also occurs independently of HS- during the kraft 
process.[8] Since these reactions have been attributed 
as the limiting factor to the overall delignification 
rate, their kinetics have been the main topic of interest 
in many previous studies.[9–11] Based on observations 
of model compounds, the rate of the HS--aided phe-
nolic β-O-4 cleavage has been estimated to be >20 
times faster than the non-phenolic counterpart[9,12] 
Consequently, kraft delignification has often been 
described as a homogeneous pseudo–first-order reac-
tion, governed by fast and slow lignin reactions that 
dominate at different stages of the cook.[13]

While the presence of HS- undoubtedly has a ben-
eficial effect on the rate of delignification, previous 
reporting has been inconsistent regarding the effect 
of varying the concentration. The model compound 
studies by Ljunggren et  al. found the phenolic β-O-4 
cleavage to be independent on HS- above a certain 
level (about 0.1 M),[12] which has seen support in pulp-
ing studies on chips as well.[14,15] Later studies have, 
however, reported a dependence on HS- on the order 
of 0.1–0.4 for the majority of the cook, with only the 
initial and residual stage being independent on sulfide 
concentration.[13,16–18] In comparison, the dependence 
on OH- is reported to be between slightly larger[17,18] 
up to twice that of HS-.[13,16]

Despite the partly unclear role of HS- in kraft pulp-
ing kinetics, little research has been dedicated to this 
topic outside cleavage of the β-O-4 bond. Traditionally, 
the only considered side reactions involving sulfur are 
the demethylation of aromatic methoxy groups, and, 
to some extent, its incorporation in thiolignin inter-
mediates, neither of which has earlier been considered 
having an effect on the delignification kinetics.[8,19] 
More recently, radical-induced repolymerization reac-
tions have also been brought up to potentially involve 
sulfur, although any potential effects on the delignifi-
cation rate remain unclear.[20]

The purpose of this work is to revisit the role HS- 
in kraft pulping kinetics. Simulated kraft cooks on 
birch are performed in a lab-scale flow-through reac-
tor which allows swift variations in the process con-
ditions. This feature enables a novel approach to study 
transient behaviors during kraft pulping, with the goal 
to discuss the role of sulfur in kraft kinetics, without 
necessarily limiting it to simplified reaction kinetics. 
The discussion is further supported by characterization 
of the dissolved lignin to further evaluate the relative 
impact from different sulfur-involving mechanisms.

Materials and methods

All experimental work was carried out on birch 
(Betula pubescens) wood meal from industrially cut 

chips, ground in a Wiley mill and sieved to particles 
passing a 1-mm mesh. The wood meal was air dried, 
and the dry content analyzed before each cook, typ-
ically about 92%. Pulping experiments were performed 
in a flow-through reactor setup as described else-
where.[21] In short, a known mass of 4–5 g wood meal 
was evenly distributed within a tube reactor. The 
reactor was capped and connected to a pump system 
supplying a continuous flow of liquid, typically at 
2.5 ml/min, but with an initially higher flow to coun-
teract the alkali-consuming reaction predominantly 
occurring during the early stage of the cook. After 
impregnation at room temperature (maintaining a 
continuous flow of liquor), the reactor was submerged 
in an oil bath at 150 °C, reaching the target tempera-
ture within a few minutes. In runs with transient 
conditions, variations in the liquor composition were 
achieved by a second liquor container connected to 
a 3-way valve prior to the reactor inlet, with the 
exchange estimated to occur in below 3 min.[22] The 
cooks were terminated by submerging the reactor in 
room temperate water. The spent cooking liquor 
(black liquor, BL) was immediately cooled upon exit-
ing the reactor through a heat exchanger connected 
to cold tap water. The pulp was then washed until 
neutral and dried at 105 °C overnight. Calculated pulp 
yields for selected experiments are reported in the 
supplementary material.

Cooking liquor was prepared fresh from Na2S 
(hydrate) flakes in de-ionized water in concentrated 
form and diluted to the required HS- concentration 
following standard ABC titration (e.g SCAN N 2:88.) 
Assuming full hydrolysis of Na2S into equal parts 
HS- and OH-, the total OH- concentration was then 
for all cases adjusted to 0.35 M by addition of NaOH 
(with the exception of comparisons made with pre-
viously published data using 0.7 M OH-[23]). The soda 
liquor was prepared using only NaOH to 0.35 M. Five 
different levels of HS- was investigated: 0 (soda), 
0.008 M (Ultra-low, UL), 0.05 (Low, L), 0.15 (Medium, 
M), and 0.35 (High, H).

The BL was sampled at different intervals, mea-
sured from the submersion of the reactor into the 
heating bath: 0–5 min was sampled in a single interval, 
between 20 and 60 min the sampling interval was 
20 min, and from 60 min onwards the sampling inter-
val was 30 min. Each sample was denoted by the final 
time of the interval, e.g. liquor sampled between 60 
and 90 min was denoted the “90 min” fraction. Lignin 
was separated from the BL by acid precipitation to 
pH 2.5 using H2SO4, followed by freezing and filter-
ing, as described elsewhere.[24]

The extent of delignification was followed by deter-
mination of the remaining lignin content of the pulp 
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in terms of Klason (acid-insoluble) lignin, following 
the procedure by NREL.[25] The acid-soluble lignin 
(ASL) was quantified, but excluded from subsequent 
analysis as it is subject to several uncertainties, such 
as species dependent absorptivities and interference 
from extractives and carbohydrate degradation prod-
ucts.[26,27] The molecular weight of the precipitated BL 
lignin was estimated using gel permeation chroma-
tography in DMSO + LiBr (10 mM) as eluent. 
Calibration was performed using pullulan standards 
ranging from 0.18-708 kDa. Accurate estimation of 
molecular size is challenging for lignin, particularly 
for hardwood kraft lignin. However, pullulan exhibits 
a log-linear response comparable to MALS measure-
ments, making it suitable for relative comparison 
among similar samples.[28] Accordingly, any discussion 
of specific molecular sizes herein serves mainly to 
facilitate interpretation and clarify the figures. 
Structural characterization of the precipitated lignin 
was carried out using 2D NMR HSQC spectroscopy, 
in DMSO-d6, using a probe operating at 800 MHz. A 
full description of the analytical procedure is found 
in our previous work.[24]

Results and discussion

The impact of hydrogen sulfide on the 
delignification rate

The effect of sulfide ion concentration on the remain-
ing lignin content in the pulp is shown in Figure 1. 
A clear dependence on HS- concentration is observed, 
with the influence appearing more pronounced during 

the middle stage of the cook than at the beginning 
or end. The initial rate, as inferred from the slope 
between successive time points, continues to increase 
with HS- concentration even above 0.15 M, although 
the impact appears to become progressively smaller. 
Figure 1 also presents corresponding data for varia-
tions in OH- concentration at constant HS-. Within 
the concentration ranges studied, the HS- level exerts 
a relative influence on the overall delignification rate 
comparable to that of OH-. These observations align 
more closely with reported values from wood pulping 
studies (e.g Nieminen and Sixta, 2012) than with ear-
lier findings based on model compounds,[9] suggesting 
that the behavior of isolated model compounds may 
be of limited relevance for predicting kraft pulping 
kinetics.

Figure 2 illustrates the transient behavior of the 
dependence on HS- concentration. In these experi-
ments, the cooking liquor was switched from a regular 
kraft liquor (containing both HS- and OH-) to a soda 
liquor (containing only OH-) at various times during 
the cook. When the replacement was performed at 
the beginning of the process, the average delignifica-
tion rate was substantially reduced. In contrast, 
replacement after 60 min resulted in no significant 
difference compared to the pure kraft cook at the end 
of the process. This indicates that under the condi-
tions studied, essentially no sulfide-dependent reac-
tions affecting delignification occur beyond 60 min. 
At this point, the degree of delignification is approx-
imately 80% (corresponding to a lignin content of 
4.1% o.w.), which occurs earlier than previously 
reported. The Gustafsson model suggest that the tran-
sition to the sulfide-independent residual stage occurs 

Figure 1.  Variations in remaining Klason lignin content in the 
pulp over time during kraft pulping at Ultra-low (UL), Low (L), 
Medium (M), and High (H) HS- concentrations, as well as for 
soda pulping. The OH- concentration was kept constant at 
0.35 M, except where otherwise indicated. Normalized to origi-
nal wood weight.

Figure 2.  Variations in remaining Klason lignin content in the 
pulp during pulping under transient conditions. The cooking 
liquor was switched from Medium kraft (HS-: 0.15 M; OH-: 
0.35 M) to soda (no HS-; OH-: 0.35 M) after the time points indi-
cated in the legend. Normalized to original wood weight.
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at around 2% lignin content for spruce and eucalyp-
tus,[13,17] and even lower for birch.[29] However, models 
based on the Purdue approach assume that all lignin 
reactions are sulfide dependent,[13,30,31] although 
Andersson et  al. allowed a small fraction (1.5% o.w.) 
of lignin to react independently of the HS- concen-
tration.[18] It should be emphasized, however, that 
these models are based on batch cooking of wood 
chips. Therefore, direct comparison with the present 
study, which employs flow-through cooking of wood 
meal, should be made with caution.

The impact of hydrogen sulfide on the molecular 
weight of the precipitated lignin

To further investigate the effect of hydrogen sulfide, 
lignin dissolved in the black liquor from kraft and 
soda cooks was precipitated and analyzed for its 
molecular weight distribution (MWD). The results are 
shown in Figure 3. Notably, the first fraction of BL 
contained high amounts of dissolved xylan, resulting 
in a precipitated “lignin” heavily contaminated (about 
50%) with carbohydrates. The contamination is sub-
stantially lower for the remainder of the cook, as 
>75% of xylan removal occurred in the first 10 min. 

Correspondingly, the carbohydrate content of the 
60 min fraction was 6%.

A clear distinction is observed between the MWD 
of soda and kraft lignin when the sulfide concentra-
tion is at least 0.05 M. Soda lignin lacks the distinct 
peaks at approximately 350 and 1600 Da that dominate 
the early-stage kraft lignin profiles. Instead, it is char-
acterized by a single, broad peak around 3000 Da, 
accompanied by a smaller peak near 150 Da. 
Furthermore, the MWD of kraft lignin shifts progres-
sively toward higher molecular weights over time 
(Figure 3c), whereas the MWD of soda lignin remains 
essentially constant during the first 120 min and only 
begins to increase at later stages (Figure 3d). At 
ultralow HS- concentrations (0.008 M), the MWD 
closely resembles that of soda lignin, although a minor 
fraction of structures around 1600 Da is still present. 
Similar trends were noted in Figure 1, where the final 
degree of delignification differs clearly between the 
soda and ultralow-HS- kraft cooks on one hand, and 
the rest of kraft cooks on the other.

Figure 4 shows the transient response of the lignin 
MWD when shifting from kraft to soda liquor after 
60 min, together with reference kraft cooks. Notably, 
the distinctive peak around 1600 Da was still present 

Figure 3. M olecular-weight distributions of lignin precipitated from black liquor sampled after 5 (a), 60 (b), 120 (c), and 180 (d) 
minutes during soda, and kraft cooks at Ultra-low (UL), Low (L), Medium (M), and High (H) HS- concentrations. Legends include degree 
of delignification for each sample, which were measured (b & d) or estimated (a & c) based on the data presented in Figure 1.
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in the 150-minute fraction of the kraft cook (dashed 
line), whereas it was completely absent in the corre-
sponding HS-free transient data (solid line). As 
inferred from Figure 2, there was no significant dif-
ference in the extent of delignification of delignifica-
tion between these two cases. Whatever reaction 
produces these peaks appears to be fast, as they 
emerged already at the beginning of the cook (see 
Figure 3a). Likewise, additional transient kraft-to-soda 
experiments showed that these structures are removed, 
either through diffusion or further degradation, within 
10–20 min after switching to soda liquor (results 
included in the Supplementary Material).

Altogether, these results suggest that a reaction 
occurs continuously throughout the entire kraft cook, 
generating relatively low-molecular-weight structures 
(ca. 1600 Da) without having a significant impact on 

the overall delignification rate. Although the cleavage 
of phenolic β-O-4 linkages is known to occur pre-
dominantly under kraft conditions, this reaction is 
unlikely to explain the observed behavior, since it is 
generally considered mainly in the early stages of 
pulping and, in addition, to have a large influence on 
the delignification rate. Hence, other sulfur-involving 
reactions likely occur during kraft cooking, affecting 
both the lignin structure and, possibly, the delignifi-
cation rate.

Structural variations between kraft and soda 
lignin

Variations in the structure of the precipitated lignin 
was further studied using HSQC NMR spectroscopy. 
The resulting spectra of the aromatic regions are shown 
in Figure 5 for pure Kraft and Soda lignins. Spectra 
of the aliphatic regions, as well as of lignin from tran-
sient kraft-to-soda cooks are included in the 
Supplementary Material. The most notable difference 
in the aromatic region is the presence of several signals 
in the kraft lignin spectra that are absent or strongly 
reduced in the soda spectra. Similar trends are observed 
in the transient runs, where these signals are dimin-
ished when switching to soda liquor after 25 min. On 
the basis of the available literature, these peaks could 
only be partially identified.[32–35] Differences in the ali-
phatic region between soda and kraft lignin were rel-
atively minor. Expectedly, the soda lignin contained 
more β-O-4, albeit these structures are highly dominant 
in the kraft samples as well. Other inter-lignin linkages 
(β-5, β-1, β-β’ and enol ethers) were all detected in 
both kraft and soda lignin, though no quantitative 
difference could be determined due to the qualitative 
nature of the applied HSQC sequence.

Figure 4. M olecular-weight distributions of lignin precipitated 
from black liquor during regular kraft (black) and transient 
(green) conditions. For the transient cooks, the liquor was 
switched from regular kraft to soda after 60 min.

Figure 5. HS QC NMR spectra of lignin precipitated from kraft (a) and soda (b) cooks. Samples were taken after 5 min (kraft) and 
20 min (soda), corresponding to delignification degrees of 30% and 34%, respectively. Highlighted areas indicate regions with 
substantially weaker signals in the soda spectrum. Region 4 (grey) remains unidentified.

https://doi.org/10.1080/02773813.2026.2671261
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One structure that appears only in the kraft spec-
tra, labeled as region 1 in Figure 5, can be attributed 
to guaiacyl stilbenes.[36,37] Stilbene structures are 
known to be generated during kraft cooking by 
removal of formaldehyde from phenyl coumaran and 
β-1 structures.[5] The increased presence of stilbenes 
in the kraft lignin likely stems from the greater nuc-
leophilicity of HS- compared to OH. However, because 
these reactions neither cleave interunit linkages nor 
introduce additional charged groups, they are expected 
to have only a limited influence on the overall del-
ignification rate. Conversely, these reactions remove 
hydroxyl groups, which may otherwise contribute 
positively to lignin solubility. On the other hand, it 
has also been suggested that stilbenes may form from 
condensation reactions with phenolic structures which, 
notably, would also result in a cleavage of β-aryl ether 
linkages,[38] although this view has later been 
criticized.[39]

Another difference between the kraft and soda 
spectra are the regions labeled 2, which are tentatively 
attributed to correspond to downfield shifted signals 
of the C2 and C6 guaiacyl peaks. Similar HSQC shifts 
have previously been suggested to be caused by con-
densed structures such as 1-1′ and 1-5′ linkages,[34,36] 
and the 5-5′ structure in dibenzodioxocin.[35] Similar 
shifts appear to occur to a greater extent also in the 
C2,6 signal of the syringyl peaks in the kraft spectra, 
albeit the overlap with the non-shifted signals is more 
severe than for the guaiacyl counterpart, complicating 
even semi-quantitative assessment of these peaks. 
Further, the region labeled 3 appears only in the kraft 
lignin but is absent in the soda lignin. This region 
could possibly correspond to 4-O-5 structures,[40] 
although these are notoriously difficult to assign in 
carbon-proton HSQC as the namesake linkage itself 
lack C-H bonds, in addition to the overlap with the 
dominating C2,6 signal of the syringyl units.

The formation of these condensed (C-C and C-O-
C) linkages have been suggested to be induced by 
radical couplings,[39,41] which has recently gained more 
support.[5,34] Majtnerová and Gellerstedt proposed the 
involvement of sulfur as an electron acceptor in these 
reactions in the form of lignin disulfides, although it 
could not be demonstrated conclusively. Nevertheless, 
the results of this study lends support to this theory, 
as these condensed structures appears to a much 
greater extent in lignin from kraft liquor compared 
with soda liquor. However, it is uncertain whether 
the radical-induced condensation reactions would have 
any significant impact on the delignification rate, as 
was initially suggested by Gellerstedt et  al.: Although 
condensation increases the molecular weight of lignin 

(which in general would be detrimental to the delig-
nification rate), Crestini et  al. showed that the 
branched structures suggested to stem from the 
radical-induced reactions are mostly prevalent in the 
easy-soluble low MW fraction.[5] Consequently, the 
radical reactions would then mostly result in relatively 
easily removed oligomeric fragments, which shouldn’t 
hinder the overall delignification.

Such oligomeric fragments could possibly be the 
cause of the distinctive peaks which only appear in 
the MWD of the kraft lignin of Figure 3. In a similar 
vein, the peak appearing in the monomeric range 
(150 Da) predominantly occurs in the soda lignin, 
which could potentially stem from degradation prod-
ucts which haven’t re-polymerized due to the absence 
of organic sulfur compounds. The 1600 Da peak in 
the MWD could also be caused by the stilbene struc-
tures which were found only in the kraft lignin, albeit 
our previous data showed that the stilbene signals are 
heavily diminished in late fractions (120 min), despite 
still showing a significant peak in the MWD data.[21] 
Consequently, at this stage, only preliminary conclu-
sions can be drawn regarding the chemical structures 
responsible for the distinctive peaks in the molecular 
weight distribution.

The interplay of sulfide-involving mechanisms

The pulping results in this work reaffirm the 
well-established observation that the presence of HS- 
enhances the rate of delignification. However, notable 
discrepancies exist between previously reported exper-
imental observations of the apparent HS- dependence 
and the mechanistic assumptions typically proposed 
to account for it: Sulfides are likely only affecting the 
rate of β–O–4 cleavage when the linkage is of the 
phenolic type.[9] Yet, phenolic β–O–4 linkages consti-
tute only approximately 17–32% of all β–O–4 struc-
tures in softwood lignin,[42–44] and as little as 6% in 
the S-type lignin of poplar.[43] Furthermore, as previ-
ously discussed, the reactions involving phenolic 
structures are believed to proceed significantly faster 
than those involving non-phenolic β–O–4 linkages. 
Therefore, if overall delignification kinetics were gov-
erned solely by these reactions, the dependence on 
sulfide would be expected to diminish much earlier 
in the process—both in terms of time and degree of 
delignification. This suggests that additional mecha-
nisms must contribute to the observed overall kinetics.

A possible explanation for the extended HS- depen-
dence is the cleavage of non-phenolic β–O–4 linkages. 
Although these reactions are essentially HS--
independent, each cleavage generates a new phenolic 



Journal of Wood Chemistry and Technology 263

unit, which can subsequently participate in HS--
facilitated β–O–4 scission if it is involved in another 
ether linkage. This cascading transformation, some-
times described as “peeling” of aromatic units, has 
been proposed to contribute to overall delignification 
kinetics.[45] However, such a sequence can only con-
tinue while successive β–O–4 linkages are present. 
Given that hardwood lignin contains roughly 60 
β–O–4 linkages per 100 aromatic units,[46] and assum-
ing an approximately even distribution of linkage 
types,[6,47] the overall extent of this peeling mechanism 
is expected to be limited.

Another potential explanation for the extended HS- 
dependence is that not all β–O–4 linkages are equally 
accessible throughout the cook. If a fraction of the 
lignin remains initially inaccessible—a deviation from 
the homogeneous-reaction assumption commonly used 
in kinetic models—continued reliance on HS- could 
still be reconciled with the rapid cleavage of phenolic 
β–O–4 structures. Lignin accessibility heterogeneity 
has been considered primarily in the context of chip 
impregnation[48,49] and although some pulping models 
incorporate heterogeneous delignification,[31,50,51] 
experimental evidence remains limited.[52,53] Moreover, 
in the present work, pulping was performed on wood 
meal rather than chips, yet the prolonged HS- depen-
dence persists, indicating that any accessibility con-
straints must in this case arise at the fibre-wall scale. 
To our knowledge, no studies have investigated the 
lignin heterogeneity at the microscale during kraft 
cooking, as experimental verification at such scale 
(~μm) is inherently challenging. Regardless, cleavage 
of β–O–4 linkages alone cannot account for the con-
tinuously increasing molecular weight of the dissolved 
lignin, indicating that additional mechanisms contrib-
ute to the overall delignification rate during this 
time frame.

Consequently, the sulfide-dependent behavior may 
most probably arise from additional HS--mediated 
reactions. As already addressed, the formation of stil-
benes and possible radical-induced polymerization 
likely exert only minor influence on the overall del-
ignification rate. However, demethylation, which 
mainly occurs during kraft pulping, introducing C3,5 
phenolic groups (potentially as catechols), warrants 
consideration. These phenolic groups enhance lignin 
solubility[54,55] and may in addition undergo further 
reactions.[5,9] Similarly, in fractionation of kraft lignin, 
the less soluble fractions have shown higher content 
of the remaining methoxy groups, further indicating 
that demethylation may be beneficial for lignin solu-
bility.[5,56] A semi-quantitative evaluation of our NMR 
data suggests similar trends, with the kraft samples 

appearing more demethylated than the soda samples 
and the 120 min fraction more demethylated than the 
60 min fraction (see Supporting Material).

Although previous research on the effect of demeth-
ylation on the delignification rate is scarce, it has 
been shown in enzymatic studies that these reactions 
enables extraction of the residual lignin in pulp.[57,58] 
Moreover, demethylation may be quite extensive in 
kraft cooking, with more than 20% of aromatic units 
in softwood lignin reported to be demethylated,[5,59] 
and likely to an even greater extent in hardwood.[60] 
Demethylation proceeds more slowly than β–O–4 
cleavage[45] which may explain why sulfide concentra-
tion affects the kinetics for an extended period 
(approximately 60 min in Figure 2) without contra-
dicting the established rapid cleavage of phenolic 
β–O–4 linkages.

This interpretation suggests that HS- also contrib-
utes to delignification by enhancing lignin solubility 
rather than solely by cleaving phenolic β–O–4 link-
ages, consistent with recent views regarding the impact 
of lignin solubility.[45,55,61,62] If bond cleavage were the 
dominant effect, kraft pulping should, if anything, 
yield smaller dissolved fragments than soda pulping. 
Although this is observed early in the cook, larger 
fragments appear under kraft conditions after about 
60 min (cf. Figure 3), pointing to the increasing role 
of solubility. Without HS-—and thus with limited 
demethylation—lignin solubility remains insufficient 
to release such large fragments, even at extended 
times. In transient cooks (Figure 4), the high-molecular- 
weight fractions resemble those from continuous kraft 
pulping, indicating that the initial HS--rich stage had 
already rendered the lignin soluble. Beyond roughly 
60 min (for the given conditions), delignification is 
therefore governed mainly by diffusion of these large, 
solubilized fragments rather than by further chemical 
reactions.

Overall, the evidence indicates that several HS--
mediated processes may shape the delignification 
kinetics, extending well beyond the cleavage of β–O–4 
linkages. Based on our interpretation of the data, we 
propose that in the early stage of the cook, rapid 
β–O–4-scission reactions fragment the lignin network 
and introduce hydrophilic groups, leading to fast, 
strongly HS--dependent delignification and the for-
mation of relatively small, uniform fragments (Figure 
3a and b). Concurrently, the slower yet sustained 
demethylation reaction continues to generate addi-
tional phenolic groups, enhancing solubility and main-
taining an HS- influence on the overall rate. Once the 
bulk of the lignin has been rendered soluble, the 
process becomes increasingly governed by the 
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diffusion of the remaining large fragments, with lim-
ited further contribution from HS-. Other HS--
dependent reactions, such as stilbene formation or 
radical-mediated condensation, occur concurrently but 
appear to have only minor impact on the overall 
removal rate.

Conclusions

•	 The effect of HS- concentration on the kraft 
delignification kinetics was re-visited. The 
results showed a pronounced HS- dependence 
which ceased partway through the delignifica-
tion. This behavior cannot be explained by 
β–O–4-cleaving reactions alone, suggesting that 
HS- affects delignification rate through addi-
tional mechanisms.

•	 The molecular-weight distributions of kraft and 
soda lignin were determined, revealing substantial 
and previously unreported differences. The 
observed trends of large, dissolved lignin frag-
ments suggest that lignin solubility differs mark-
edly between kraft and soda pulping in the later 
stage of delignification. The results are consistent 
with a diffusion-limited process in which 
sulfide-induced demethylation likely plays a sig-
nificant role in promoting lignin solubility, thereby 
explaining the observed HS--dependence.

•	 Supported by additional structural character-
ization the results indicated that HS- contrib-
uted to the formation of stilbenes and low- 
molecular conjugated structures, neither of 
which appeared to significantly affect the del-
ignification rate.

Acknowledgments

Language improvements of the text were performed through 
generative AI (model GPT-5) through alterations of tone 
and grammar. The use did not include analysis of data, 
review of literature, or synthesis of original text. All revi-
sions were manually reviewed by LK. All the authors have 
accepted responsibility for the entire content of this article 
and agreed on its submission for publication.

Authors’ contributions

CRediT: Linus Kron: Conceptualization, Formal analysis, 
Investigation, Methodology, Writing – original draft, Writing –  
review & editing; Hans Theliander: Conceptualization, Formal 
analysis, Funding acquisition, Supervision, Writing – review & 
editing.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Collaboration and financial support of the Resource-smart 
Processes network financed by Vinnova via BioInnovation 
and industrial partners (Billerud, Holmen, SCA, Stora Enso, 
Södra Skogsägarna and Valmet), are gratefully acknowledged.

Data availability statement

The data that support the findings of this study are available 
from the corresponding author, MH, upon reasonable 
request.

ORCID

Merima Hasani  http://orcid.org/0000-0002-2501-9918
Hans Theliander  http://orcid.org/0000-0002-2120-6513
Linus Kron  http://orcid.org/0000-0003-3510-9826

References

	 1.	 FAO. Pulp and Paper Capacities, Survey 2021–2026/
Capacités De La Pâte Et Du Papier, Enquête 2021-2026/
Capacidades De Pulpa y Papel, Estudio 2021-2026; 
FAO: Rome, 2022.

	 2.	 Mboowa, D. A Review of the Traditional Pulping 
Methods and the Recent Improvements in the Pulping 
Processes. Biomass Conv. Bioref 2024, 14, 1–12. DOI: 
10.1007/s13399-020-01243-6.

	 3.	 Rahman, M.; Avelin, A.; Kyprianidis, K. A Review on 
the Modeling, Control and Diagnostics of Continuous 
Pulp Digesters. Process. 2020, 2020, 8(10), 1231.

	 4.	 Adler, E. Lignin Chemistry-Past, Present and Future. 
Wood Sci. Technol 1977, 11, 169–218. DOI: 10.1007/
BF00365615.

	 5.	 Crestini, C.; Lange, H.; Sette, M.; Argyropoulos, D. S. 
On the Structure of Softwood Kraft Lignin. Green 
Chem 2017, 19, 4104–4121. DOI: 10.1039/C7GC01812F.

	 6.	 Balakshin, M.; Capanema, E. A.; Zhu, X.; Sulaeva, I.; 
Potthast, A.; Rosenau, T.; Rojas, O. J. Spruce Milled 
Wood Lignin: Linear, Branched or Cross-Linked? 
Green Chem 2020, 22, 3985–4001. DOI: 10.1039/
D0GC00926A.

	 7.	 Rydholm, S. A. Pulping Processes.; Interscience 
Publishers: New York, 1965.

	 8.	 Sjöström, E. Wood Chemistry: Fundamentals and 
Applications; Academic Press: San Diego, 1993.

	 9.	 Gierer, J. Chemical Aspects of Kraft Pulping. Wood Sci.
Technol 1980, 14, 241–266. DOI: 10.1007/BF00383453.

	 10.	 Tsutsumi, Y.; Kondo, R.; Imamura, H. Reaction of 
Syringylglycerol-β -Syringyl Ether Type of Lignin Model 
Compounds in Alkaline Medium. J. Wood Chem. Technol 
1993, 13, 25–42. DOI: 10.1080/02773819308020505.

	 11.	 Shimizu, S.; Yokoyama, T.; Akiyama, T.; Matsumoto, Y. 
Reactivity of Lignin with Different Composition of 

http://orcid.org/0000-0002-2501-9918
http://orcid.org/0000-0002-2120-6513
http://orcid.org/0000-0003-3510-9826
https://doi.org/10.1007/s13399-020-01243-6
https://doi.org/10.1007/BF00365615
https://doi.org/10.1007/BF00365615
https://doi.org/10.1039/C7GC01812F
https://doi.org/10.1039/D0GC00926A
https://doi.org/10.1039/D0GC00926A
https://doi.org/10.1007/BF00383453
https://doi.org/10.1080/02773819308020505


Journal of Wood Chemistry and Technology 265

Aromatic Syringyl/Guaiacyl Structures and Erythro/Threo 
Side Chain Structures in β-O-4 Type during Alkaline 
Delignification: As a Basis for the Different Degradability 
of Hardwood and Softwood Lignin. J. Agric Food Chem 
2012, 60, 6471–6476. DOI: 10.1021/jf301329v.

	 12.	 Ljunggren, S. The Significance of Aryl Ether Cleavage 
in Kraft Delignification of Softwood. Sven. papperst-
idning 1980, 13, 363–369.

	 13.	 Nieminen, K.; Sixta, H. Comparative Evaluation of 
Different Kinetic Models for Batch Cooking: A Review. 
Holzforschung 2012, 66, 791–799. DOI: 10.1515/
hf-2011-0122.

	 14.	 Olm, L.; Tistad, G. Kinetics of the Initial Stage of Kraft 
Pulping. Sven. Papperstidning 1979, 82, 458–464.

	 15.	 LeMon, S.; Teder, A. Kinetics of the Delignification in 
Kraft Pulping. Sven. Papperstidning 1973, 11, 407–414.

	 16.	 Norden, S.; Teder, A. Modified Kraft Processes for 
Softwood Bleached-Grade Pulp. Tappi 1979, 62, 49–51.

	 17.	 Gustafson, R. R.; Sleicher, C. A.; McKean, W. T.; 
Finlayson, B. A. Theoretical Model of the Kraft Pulping 
Process. Ind. Eng. Chem. Proc. Des. Dev 1983, 22, 
87–96. DOI: 10.1021/i200020a016.

	 18.	 Andersson, N.; Wilson, D. I.; Germgård, U. An Improved 
Kinetic Model Structure for Softwood Kraft Cooking. 
Nord. Pulp Pap. Res. J 2003, 18, 200–209. DOI: 
10.3183/npprj-2003-18-02-p200-209.

	 19.	 Lignins: Occurrence, Formation, Structure and Reactions; 
Sarkanen, K. V., Ludwig, C. H., Eds.; Wiley Interscience: 
New York, 1971.

	 20.	 Henriksson, G.; Germgård, U.; Lindström, M. E. A 
Review on Chemical Mechanisms of Kraft Pulping. 
Nordic Pulp and Paper Research Journal 2024, 39, 
297–311. DOI: 10.1515/npprj-2023-0015.

	 21.	 Kron, L.; Hasani, M.; Theliander, H. A Comparative 
Study of the Cell Wall Level Delignification Behaviour 
of Four Nordic Hardwoods during Kraft Pulping. 
Holzforschung 2024, 78, 434–445. DOI: 10.1515/
hf-2024-0011.

	 22.	 Bogren, J.; Brelid, H.; Karlsson, S.; Theliander, H. Can 
the Delignification Rate Be Affected by Previously 
Applied Cooking Conditions? Nord. Pulp Pap. Res. J 
2009, 24, 25–32. DOI: 10.3183/npprj-2009-24-01-p025-032.

	 23.	 Kron, L.; Hasani, M.; Theliander, H. Heterogenous 
Diffusion and Reaction Model of Kraft Delignification 
at the Cell Wall Level. Ind. Eng. Chem. Res 2025, 64, 
1497–1507. DOI: 10.1021/acs.iecr.4c03900.

	 24.	 Kron, L.; Marion De Godoy, C.; Hasani, M.; Theliander, 
H. Kraft Cooking of Birch Wood Chips: Differences 
between the Dissolved Organic Material in Pore and 
Bulk Liquor. Holzforschung 2023, 77, 598–609. DOI: 
10.1515/hf-2023-0018.

	 25.	 Sluiter, J. B.; Ruiz, R. O.; Scarlata, C. J.; Sluiter, A. D.; 
Templeton, D. W. Compositional Analysis of 
Lignocellulosic Feedstocks. 1. Review and Description 
of Methods. J. Agric Food Chem 2010, 58, 9043–9053. 
DOI: 10.1021/jf1008023.

	 26.	 Dence, C. W. The Determination of Lignin. In Methods 
in Lignin Chemistry; Lin, S. Y., Dence, C. W., Eds.; 
Springer Berlin Heidelberg: Berlin, Heidelberg, 1992; 
pp 33–61. DOI: 10.1007/978-3-642-74065-7_3.

	 27.	 Shin, S. J.; Schroeder, L. R.; Lai, Y. Z. Impact of Residual 
Extractives on Lignin Determination in Kraft Pulps. 

J. Wood Chem. Technol 2005, 24, 139–151. DOI: 
10.1081/WCT-200026567.

	 28.	 Zinovyev, G.; Sulaeva, I.; Podzimek, S.; Rössner, D.; 
Kilpeläinen, I.; Sumerskii, I.; Rosenau, T.; Potthast, A. 
Getting Closer to Absolute Molar Masses of Technical 
Lignins. ChemSusChem 2018, 11, 3259–3268. DOI: 
10.1002/cssc.201801177.

	 29.	 Lindgren, C. T.; Lindstrom, M. E. Kinetics of the Bulk 
and Residual Delignification in Kraft Pulping of Birch 
and Factors Affectingthe Amount of Residual Phase 
Lignin. Nord. Pulp Pap. Res. J 1997, 12, 124–127. DOI: 
10.3183/npprj-1997-12-02-p124-127.

	 30.	 Smith, C. C. Studies of the Mathematical Modelling, 
Simulation, and Control of the Operation of a Kamyr 
Continuous Digester for the Kraft Process; Purdue 
University Ann Arbor 1974.

	 31.	 Grénman, H.; Wärnå, J.; Mikkola, J.-P.; Sifontes, V.; 
Fardim, P.; Murzin, D. Y.; Salmi, T. Modeling the 
Influence of Wood Anisotropy and Internal Diffusion 
on Delignification Kinetics. Ind. Eng. Chem. Res 2010, 
49, 9703–9711. DOI: 10.1021/ie101215a.

	 32.	 Rencoret, J.; Marques, G.; Gutiérrez, A.; Nieto, L.; 
Santos, J. I.; Jiménez-Barbero, J.; Martínez, Á. T.; Del 
Río, J. C. HSQC-NMR Analysis of Lignin in Woody 
(Eucalyptus Globulus and Picea Abies) and Non-Woody 
(Agave Sisalana) Ball-Milled Plant Materials at the Gel 
State. Holzforschung 2009, 63, 691–698.

	 33.	 Yuan, T. Q.; Sun, S. N.; Xu, F.; Sun, R. C. Characterization 
of Lignin Structures and Lignin-Carbohydrate Complex 
(LCC) Linkages by Quantitative 13C and 2D HSQC 
NMR Spectroscopy. J. Agric Food Chem 2011, 59, 
10604–10614. DOI: 10.1021/jf2031549.

	 34.	 Giummarella, N.; Pylypchuk, I. V.; Sevastyanova, O.; 
Lawoko, M. New Structures in Eucalyptus Kraft Lignin 
with Complex Mechanistic Implications. ACS Sustain. 
Chem. Eng 2020, 8, 10983–10994.

	 35.	 Ralph, S.; Ralph, J.; Lu, F. NMR Database of Lignin and 
Cell Wall ModelCompounds. 2024. 10.11578/2409191

	 36.	 Jiang, X.; Sun, R.; Kollman, M.; Chang, H. m.; Jameel, 
H. Structure and Property Variations of Mixed 
Hardwood Kraft Lignins. J. Wood Chem. Technol 2023, 
43, 320–336. DOI: 10.1080/02773813.2023.2262974.

	 37.	 Zhao, C.; Li, S.; Zhang, H.; Yue, F.; Lu, F. Structural 
Insights into the Alkali Lignins Involving the Formation 
and Transformation of Arylglycerols and Enol Ethers. 
Int J. Biol Macromol 2020, 152, 411–417. DOI: 
10.1016/j.ijbiomac.2020.02.241.

	 38.	 Gierer, J.; Pettersson, I. Studies on the Condensation of 
Lignins in Alkaline Media. Part II. The Formation of 
Stilbene and Arylcoumaran Structures through 
Neighbouring Group Participation Reactions. Can. J. 
Chem 1977, 55, 593–599. DOI: 10.1139/v77-084.

	 39.	 Gellerstedt, G.; Majtnerova, A.; Zhang, L. Towards a 
New Concept of Lignin Condensation in Kraft Pulping. 
Initial Results. C R Biol 2004, 327, 817–826. DOI: 
10.1016/j.crvi.2004.03.011.

	 40.	 Yue, F.; Lu, F.; Ralph, S.; Ralph, J. Identification of 
4-O-5-Units in Softwood Lignins via Definitive Lignin 
Models and NMR. Biomacromolecules 2016, 17, 1909–
1920. DOI: 10.1021/acs.biomac.6b00256.

	 41.	 Majtnerová, A.; Gellerstedt, G. Radical Coupling - A 
Major Obstacle to Delignification in Kraft Pulping. 

https://doi.org/10.1021/jf301329v
https://doi.org/10.1515/hf-2011-0122
https://doi.org/10.1515/hf-2011-0122
https://doi.org/10.1021/i200020a016
https://doi.org/10.3183/npprj-2003-18-02-p200-209
https://doi.org/10.1515/npprj-2023-0015
https://doi.org/10.1515/hf-2024-0011
https://doi.org/10.1515/hf-2024-0011
https://doi.org/10.3183/npprj-2009-24-01-p025-032
https://doi.org/10.1021/acs.iecr.4c03900
https://doi.org/10.1515/hf-2023-0018
https://doi.org/10.1021/jf1008023
https://doi.org/10.1007/978-3-642-74065-7_3
https://doi.org/10.1081/WCT-200026567
https://doi.org/10.1002/cssc.201801177
https://doi.org/10.3183/npprj-1997-12-02-p124-127
https://doi.org/10.1021/ie101215a
https://doi.org/10.1021/jf2031549
https://doi.org/10.11578/2409191
https://doi.org/10.1080/02773813.2023.2262974
https://doi.org/10.1016/j.ijbiomac.2020.02.241
https://doi.org/10.1139/v77-084
https://doi.org/10.1016/j.crvi.2004.03.011
https://doi.org/10.1021/acs.biomac.6b00256


266 L. KRON ET AL.

Nord. Pulp Pap. Res. J 2006, 21, 129–134. DOI: 
10.3183/npprj-2006-21-01-p129-134.

	 42.	 Saito, K.; Makimura, Y.; Nishimura, H.; Watanabe, T. 
Identifying the Interunit Linkages Connecting Free 
Phenolic Terminal Units in Lignin. ChemSusChem 
2021, 14, 2554–2563. DOI: 10.1002/cssc.202100180.

	 43.	 Lapierre, C.; Rolando, C. Thioacidolyses of Pre-Methylated 
Lignin Samples from Pine Compression and Poplar 
Woods. Holzforschung 1988, 42, 1–4. DOI: 10.1515/
hfsg.1988.42.1.1.

	 44.	 Nanayakkara, B.; Manley-Harris, M.; Suckling, I. D. 
Understanding the Degree of Condensation of Phenolic 
and Etherified C-9 Units of in Situ Lignins. J. Agric 
Food Chem 2011, 59, 12514–12519. DOI: 10.1021/
jf203285r.

	 45.	 Fearon, O.; Kuitunen, S.; Ruuttunen, K.; Alopaeus, V.; 
Vuorinen, T. Detailed Modeling of Kraft Pulping 
Chemistry. Delignification. Ind. Eng. Chem. Res 2020, 
59, 12977–12985. DOI: 10.1021/acs.iecr.0c02110.

	 46.	 Capanema, E. A.; Balakshin, M. Y.; Kadla, J. F. 
Quantitative Characterization of a Hardwood Milled 
Wood Lignin by Nuclear Magnetic Resonance 
Spectroscopy. J. Agric Food Chem 2005, 53, 9639–9649. 
DOI: 10.1021/jf0515330.

	 47.	 Bourmaud, C. L.; Bertella, S.; Bosch Rico, A.; Karlen, 
S. D.; Ralph, J.; Luterbacher, J. S. Quantification of 
Native Lignin Structural Features with Gel-Phase 
2D-HSQC0 Reveals Lignin Structural Changes during 
Extraction. Angew. Chemie Int. Ed 2024, 63, e202404442.

	 48.	 Zanuttini, M.; Citroni, M.; Marzocchi, V. Pattern of 
Alkali Impregnation of Poplar Wood at Moderate 
Conditions. Holzforschung 2000, 54, 631–636. DOI: 
10.1515/HF.2000.106.

	 49.	 Brännvall, E.; Reimann, A. The Balance between Alkali 
Diffusion and Alkali Consuming Reactions during 
Impregnation of Softwood. Impregnation for Kraft 
Pulping Revisited. Holzforschung 2018, 72, 169–178. 
DOI: 10.1515/hf-2017-0078.

	 50.	 Yoon, S. H.; Labosky, P. Analysis of Rate Controlling 
Factors in the Kraft Pulping Process. J. Ind. Eng. Chem. 
1996, 2, 56–65.

	 51.	 Simão, J. P. F.; Carvalho, M. G. V. S.; Baptista, C. M. S. 
G. Heterogeneous Studies in Pulping of Wood: Modelling 
Mass Transfer of Dissolved Lignin. Chem. Eng. J. 2011, 
170, 264–269. DOI: 10.1016/j.cej.2011.03.046.

	 52.	 Malkov, S.; Tikka, P.; Gustafson, R.; Nuopponen, M.; 
Vuorinen, T. Towards Complete Impregnation of Wood 

Chips with Aqueous Solutions. Part 5: Improving 
Uniformity of Kraft Displacement Batch Pulping. Pap. 
ja Puu/Paper Timber 2003, 85, 215–220.

	 53.	 Marion de Godoy, C.; Hasani, M.; Theliander, H. Kraft 
Pulping of Model Wood Chips: Local Impact of 
Process Conditions on Hardwood Delignification and 
Xylan Retention. Holzforschung 2024, 78, 446–458. 
DOI: 10.1515/hf-2024-0033.

	 54.	 Orlowska, E.; Enyedy, É. A.; Pignitter, M.; Jirsa, F.; 
Krachler, R.; Kandioller, W.; Keppler, B. K. β-O-4 Type 
Dilignol Compounds and Their Iron Complexes for 
Modeling of Iron Binding to Humic Acids: Synthesis, 
Characterization, Electrochemical Studies and Algal 
Growth Experiments. New J. Chem 2017, 41, 11546–
11555. DOI: 10.1039/C7NJ02328F.

	 55.	 Evstigneyev, E. I.; Shevchenko, S. M. Structure, Chemical 
Reactivity and Solubility of Lignin: A Fresh Look; 
Springer: Berlin Heidelberg, 2019; Vol. 53

	 56.	 Zhu, W.; Westman, G.; Theliander, H. Lignin Separation 
from Kraft Black Liquor by Combined Ultrafiltration 
and Precipitation: A Study of Solubility of Lignin with 
Different Molecular Properties. 2016, 31, 270–278. 
DOI: 10.3183/npprj-2016-31-02-p270-278.

	 57.	 Paice, M. G.; Reid, I. D.; Bourbonnais, R.; Archibald, 
F. S.; Jurasek, L. Manganese Peroxidase, Produced by 
Trametes Versicolor during Pulp Bleaching, Demethylates 
and Delignifies Kraft Pulp. Appl Environ Microbiol 1993, 
59, 260–265. DOI: 10.1128/aem.59.1.260-265.1993.

	 58.	 Archibald, F. S.; Bourbonnais, R.; Jurasek, L.; Paice, M. 
G.; Reid, I. D. Kraft Pulp Bleaching and Delignification 
by Trametes Versicolor. J. Biotechnol 1997, 53, 215–236. 
DOI: 10.1016/S0168-1656(97)01675-1.

	 59.	 Balakshin, M. Y.; Capanema, E. A. Comprehensive 
Structural Analysis of Biorefinery Lignins with a 
Quantitative 13C NMR Approach. RSC Adv 2015, 5, 
87187–87199. DOI: 10.1039/C5RA16649G.

	 60.	 Sarkanen, K. V.; Hrutfiord, B. F.; Johanson, L. N.; 
Gardner, H. S. Kraft Odor. Tappi 1970, 53, 766–783.

	 61.	 Mattsson, C.; Hasani, M.; Dang, B.; Mayzel, M.; 
Theliander, H. About Structural Changes of Lignin 
during Kraft Cooking and the Kinetics of 
Delignification. Holzforschung 2017, 71, 545–553. DOI: 
10.1515/hf-2016-0190.

	 62.	 Bijok, N.; Alopaeus, V. Modelling the Fragmentation 
Kinetics of the Heterogeneous Lignin Macromolecule 
during Kraft Pulping with Stochastic Graphs. Chem. 
Eng. J. 2023, 477, 146964. DOI: 10.1016/j.cej.2023.146964.

https://doi.org/10.3183/npprj-2006-21-01-p129-134
https://doi.org/10.1002/cssc.202100180
https://doi.org/10.1515/hfsg.1988.42.1.1
https://doi.org/10.1515/hfsg.1988.42.1.1
https://doi.org/10.1021/jf203285r
https://doi.org/10.1021/jf203285r
https://doi.org/10.1021/acs.iecr.0c02110
https://doi.org/10.1021/jf0515330
https://doi.org/10.1515/HF.2000.106
https://doi.org/10.1515/hf-2017-0078
https://doi.org/10.1016/j.cej.2011.03.046
https://doi.org/10.1515/hf-2024-0033
https://doi.org/10.1039/C7NJ02328F
https://doi.org/10.3183/npprj-2016-31-02-p270-278
https://doi.org/10.1128/aem.59.1.260-265.1993
https://doi.org/10.1016/S0168-1656(97)01675-1
https://doi.org/10.1039/C5RA16649G
https://doi.org/10.1515/hf-2016-0190
https://doi.org/10.1016/j.cej.2023.146964

	On the mechanistic and kinetic role of hydrogen sulfide during kraft delignification
	ABSTRACT
	Introduction
	Materials and methods
	Results and discussion
	The impact of hydrogen sulfide on the delignification rate
	The impact of hydrogen sulfide on the molecular weight of the precipitated lignin
	Structural variations between kraft and soda lignin
	The interplay of sulfide-involving mechanisms

	Conclusions
	Acknowledgments
	Authors contributions
	Disclosure statement
	Funding
	Data availability statement
	ORCID
	References


