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Abstract: The delignification of birch chips during kraft
pulping was investigated, targeting both the impregnation
and cooking steps. Wood chips were impregnated using
white liquor, white liquor + NaCl, water or NaCl aqueous
solution. Then, the chips were cooked in batch autoclaves
applying the same constant composition cooking conditions
for all samples. Pulp and two fractions of black liquor (bulk
liquor and centrifuged liquor representing the liquor inside
the wood chips and fibers) were collected after different
pulping times and analyzed for lignin and carbohydrate
content. The dissolved wood components were precipitated
from selected samples and characterized with respect to
composition, molecular weight distribution and structural
motifs. Cooking chemicals in the impregnation liquors led to
faster delignification and xylan removal during cooking.
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Higher contents of lignin and xylan were measured in the
lumen than in the bulk. The concentration profiles also
showed accumulation of dissolved material in the lumen over
time, suggesting significant mass transport limitation from
lumen to bulk. Further analysis revealed higher fragmenta-
tion/degradation of dissolved material with increasing pulp-
ing time and in the bulk when compared to the lumen liquor,
as demonstrated by the lower molecular weights and the
changes in chemical shifts in the NMR spectra.

Keywords: black liquor; hardwood; impregnation; kraft
delignification; mass transport

1 Introduction

The pulp and paper industry has the potential to be a major
player in the change towards a bio-based circular economy.
With its currently wide selection of available products,
as well as promising new alternatives derived from side
streams, it can aid in decreasing the production and con-
sumption of fossil-based material. Yet, like many other large-
scale industries, it faces the challenge of an increasing global
energy demand and raw material scarcity (Pétari et al. 2016).
There is, thus, an ever-present need for a better understanding
of the process, in order to increase efficiency and decrease
material use. This is particularly relevant in kraft pulping, as it
remains the dominant process in the pulp and paper industry.

Throughout the years, many studies have shown
how the yield and pulp quality are affected by pulping con-
ditions (e.g., liquor:wood ratio, H-factor, liquor composition,
impregnation strategy, etc.) and raw material characteris-
tics, such as chemical composition and wood morphology
(Dang and Nguyen 2008; Hatton 1973; Henriksson et al. 2007;
Lindgren and Lindstrém 1996; Santos et al. 2012; Tavast and
Brannvall 2017). Still, thorough descriptions of the pulping
process, considering not only the overall delignification
kinetics, but also including other phenomena such as
dissolution of wood components (e.g., lignin and xylan
fragments) and mass transport across the heterogeneous
system, remain scarce in the literature.
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The mechanisms of the main reactions taking place
during pulping have been elucidated (Chakar and Ragauskas
2004; Gellerstedt et al. 2004; Gierer 1980; Santos et al. 2013;
Sjostrom 1977) and the dissolution, sorption and desorption
of wood components have been studied (Brelid et al. 2011;
Dang et al. 2013, 2016; Saltberg et al. 2009). However, many of
the most commonly used models are based on the assump-
tion that the cleavage of lignin inter-unit bonds is the rate
limiting step (Nieminen and Sixta 2012; Rahman et al. 2020),
often ignoring other effects in favor of a simpler and less
computationally demanding approach. The heterogeneous
nature of wood and the mass transport of reactants and
dissolved products are even more neglected, although more
recently, some authors have tried to account for these phe-
nomena, with varying degrees of complexity (Bijok et al.
2022; Dang and Nguyen 2008; Gilbert et al. 2021; Grénman
et al. 2010; Nguyen and Dang 2006; Simdo et al. 2011, 2008).

Hence, it seems imperative to further characterize the
system undergoing kraft cooking, in order to ensure
reasonable assumptions when modelling the process. For
instance, recent studies have found large differences in
concentrations of wood components and cooking chemicals
between the liquor in the bulk and that within wood chips
(Brdannvall and Ronnols 2021; Gilbert et al. 2021; Pakkanen
and Alén 2012; Siméo et al. 2011). In addition, the mass
transfer resistance in the cell wall has been suggested to
also provide a considerable impact on the overall pulping
behavior (Brannvall and Ronnols 2021; Mattsson et al. 2017,
Mortha et al. 1992). Moreover, among the already scarce
number of studies on this topic, many have focused on
softwood, thus even less is known regarding hardwoods.

In this context, the delignification behavior of birch is
investigated by varying the composition of the liquor applied
for impregnation and analyzing fractions of the black liquor
at different pulping times, aiming at improving the under-
standing of the impact of mass transport on kraft pulping.
The study is carried out with birch, given its abundance in
European forests and the increasing relevance of hardwoods
in the context of forest management (Forest Europe 2020).
Emphasis is put on characterizing the dissolved wood com-
ponents with respect to composition, mass distribution and
structural motifs.

2 Materials and methods
2.1 Materials

Wood chips of mixed birch (Betula pendula and Betula pubescens) from
industrially cut logs grown in southern Sweden were screened to be free
of bark and knots, and with thickness between 2 and 6 mm. The chips
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were air dried and stored at room temperature, yielding an average dry
content of 93 % (w/w).

2.2 Kraft cooking

Initially, approximately 25 g of chips were impregnated in 1.5 L auto-
claves containing 250 g of one of the four impregnation liquors shown
in Table 1. The liquors were chosen to compare the transport of ions via
advection and diffusion (impregnating with white liquor) to transport
via diffusion only (impregnating with water). Furthermore, the effect
of addition of sodium ions in either of the cases was studied. The
impregnation was carried out at room temperature: Each vessel was
loaded with chips and impregnation liquor, deaerated and left under
vacuum for 5min, and then pressurized with nitrogen (5 bar/15 min),
according to the procedure of Bogren (2008). Afterwards, the impreg-
nation liquor was removed, and 500 g of fresh cooking liquor, corre-
sponding to liquor WL in Table 1, was added. The high liquor:wood
ratio was chosen to ensure an excess of cooking chemicals and near
constant concentration in all samples throughout pulping. The resid-
ual concentration of OH™ in the spent impregnation liquor WL was
0.55 mol/kg liquor.

The autoclaves were placed in a polyethylene glycol bath (160 °C)
and heated for different time periods (10, 20, 30, 60, 90 and 120 min).
Samples taken after the first two time points (10 and 20 min) were still in
the heating up phase, whereas the other four (30, 60, 90 and 120 min)
were taken after the final cooking temperature was reached (heating up
time inside the autoclaves: approximately 25min). The temperature
profile of the heating up time is given in the Supplementary Material
(Supplementary Figure S1).

After termination of the cook, the black liquor was collected via
filtration (bulk liquor, BL). The remaining moist solid residue was
centrifuged following the procedure described by Brannvall and Ron-
nols (2021) to separate the liquor still trapped in the pore system of the
treated chips (centrifuged liquor, CL). After centrifugation, the solid
residue was washed with distilled water, leached in 4 L of distilled water
until neutral pH (leaching water was changed every other day) and
dried overnight (105 °C).

Table 1: Composition of the impregnation liquors.

Liquor® Conc. OH™ & HS™ NaCl addition Total Na*

(mol/kg liquor) (mol/kg liquor) (mol/kg liquor)
WL 0.60 & 0.15 - 0.75
WLNa 0.60 & 0.15 1.25 2.00
w - - 0
WNa - 2.00 2.00

WL, white liquor; WLNa, white liquor with addition of NaCl; W, water; WNa,
water with addition of NaCl.

2.3 Lignin precipitation

Lignin was precipitated from the two fractions of liquor, BL and CL,
following the procedure described by Dang et al. (2016), but consid-
ering a final pH of 3.0. In short, concentrated sulfuric acid was added to
50 mL of liquor at room temperature until the final pH was reached.
The samples were then frozen overnight, thawed, and the precipitated
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lignin was collected on glass fiber filters. The material was dried in an
oven (40 °C) for three days.

2.4 Klason lignin quantification

Klason lignin content was determined after acid hydrolysis, following
a slightly modified version of the procedure described by the National
Renewable Energy Laboratory (Sluiter et al. 2012). The detailed pro-
cedures used for pulp and black liquor samples are described in the
supplementary material. The measured residual standard deviation
(RSD) of the analysis was 4.0 %.

2.5 Acid soluble lignin (ASL) measurement

The filtrate solutions obtained after hydrolysis were analyzed at
205 nm using an UV spectrophotometer (Specord 205, Analytik Jena)
and 1cm quartz cuvettes. The ASL content was calculated based on
absorbance measurements and considering an absorptivity constant
of 110 dm® g cm™ (Dence 1992). The RSD was 6.2 %.

2.6 Carbohydrate quantification

The carbohydrates were quantified using the filtrate solutions pro-
duced after acid hydrolysis. The samples were analyzed via anion
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD Dionex ICS-5000, Thermo Fisher Scientific). The system
was equipped with a gold reference electrode and Dionex CarboPac
PA1 columns (a 2 x 50 mm guard column and a 2 x 250 mm analytical
column). The elution (dual pump: 0.26 mL/min and 0.13 mL/min) took
place at 30°C for 25min using H,0/200 mM NaOH, followed by a
washing step of 13 min using 200 mM NaOH/200 mM NaOH + 170 mM
sodium acetate. The injection volume was 10 pL. All samples were
filtered with 0.2 ym PTFE filters prior to analysis. Data processing
was carried out with the Chromeleon software v. 7.1. The detected
amounts of sugar monomers were corrected for the yield loss after
acid hydrolysis (Wojtasz-Mucha et al. 2017) and expressed as anhydro
sugars (Janson 1974). Thus, the reported data is referred to as poly-
saccharides (e.g., xylan), however without accounting for any sub-
stituents. The highest RSD calculated was 3.6 % (for Rhamnan
measurements).

2.7 GPC

The molecular weight distribution (MWD) of precipitated lignin sam-
ples was measured using gel permeation chromatography (PL-HPC 50
Plus Integrated GPC system, Polymer Laboratories, Varian Inc.). The
system used two 300 x 7.5 mm PolarGel-M columns and one 50 x 7.5 mm
PolarGel-M guard column. Dimethyl sulphoxide (DMSO) with 10 mM
LiBr was used as the mobile phase and the flow rate was 0.5 mL/min at
50 °C. Detection was made using a UV detector operating at 280 nm,
as well as a refractive index (RI) detector. Both detectors were cali-
brated with 10 Pullulan standards ranging from 0.180 to 708 kDa
(Varian PL2090-0100, Varian Inc). Samples were dissolved in the mo-
bile phase overnight, diluted to 0.25 mg/mL and filtered with 0.2 ym
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syringe filters. Each sample was run in duplicate. Analysis of data was
made with the Cirrus GPC Software 3.2.

2.8 NMR

The precipitated lignin samples were also analyzed with 2D NMR
spectroscopy (heteronuclear single quantum coherence, HSQC). The
spectra were recorded at 25°C using a Bruker Avance III HD (Rhein-
stetten, Germany) with a 5mm TXO cold probe operating at 800 and
200 MHz for 'H and “C, respectively. The pulse program used was
hsqcedetgpsisp2.3 with 96 ms and 6 ms acquisition time for 'H and ®C, in
that order, an FID size of 3072 and 512 points, respectively, and 24 scans
with 1s relaxation time, resulting in an experimental time of 3 h 51 min.
Samples were dissolved in deuterated DMSO-dg to a concentration of
140 mg/mL. A small fraction could not be dissolved and was separated by
centrifugation (12,500 rpm for 5 min). The supernatant was then used for
analysis in 3 mm tubes. Data analysis was done in Bruker TopSpin 4.1.4
software.

3 Results and discussion
3.1 Wood composition

The chemical composition of the untreated wood is pre-
sented in Table 2. The overall composition of the raw
material agreed with what is usually reported for birch
wood. The content of Klason lignin was slightly higher than
the average found for B. pendula (Olm et al. 2009; Pinto et al.
2005; Santos et al. 2011), being closer to results attained with
B. pubescens (Luostarinen and Hakkarainen 2019; Mulat
et al. 2018). Also, the levels of carbohydrates, especially
xylan, were somewhat lower than previously reported.
A possible reason for the discrepancies could be the pres-
ence of extractives, as no extraction was made prior to the
measurements. Extractives may co-precipitate with the
lignin, thus explaining the high Klason lignin content, as
well as hinder the hydrolysis of the polysaccharides (Shin
et al. 2004).

Table 2: Composition of birch wood (%, w/w).

Component Xts
Klason lignin 240+£1.0
Acid soluble lignin 3.0+0.0
Glucan 383 +0.1
Xylan 18.4+0.0
Arabinan 0.4+0.0
Galactan 0.7+0.0
Mannan 1.8+0.0

Detected amount: 86.6 + 1.0 %.
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Figure 1: Content of residual Klason lignin (A) and xylan (B) in pulp samples collected throughout cooking. Results in g/g of oven-dried wood (odw).
Values at 0 min represent samples of wood chips analyzed after impregnation.

3.2 Effect of the impregnation liquors over
pulping

Figure 1A shows the residual Klason lignin content in the
pulp versus the cooking time for samples impregnated us-
ing different liquors. Similarly, Figure 1B presents the xylan
content in the pulps. Although no large differences occurred,
samples impregnated with the active ions (liquors WL and
WLNa) showed a higher rate of delignification and carbo-
hydrate degradation, when compared to samples impreg-
nated with liquors W and WNa (pure water and NaCl
solution, refer to Table 1). This behavior is reasonable and
highlights the impact of the transport of cooking chemicals
within the wood chips: In wood chips samples impregnated
with liquors W and WNa, the active ions that were added in
the cooking step had to be transported exclusively via
diffusion within the system. Whereas in cases WL and
WLNa, some ions had already been transported due to
advection during the impregnation phase, resulting in
overall faster reactions.

Regarding the conditions with increased sodium
concentration during impregnation (samples treated with
liquors WLNa and WNa), only a marginal increase in
delignification rate was observed when applying the present
conditions. Moreover, this difference was only significant
between WL and WLNa (at a = 0.05), whereas the same could
not be seen between W and WNa. A possible explanation for
an increase is the Donnan effect (Bogren et al. 2009), which
predicts the local concentration of hydroxide ions within the
cell wall to be increased in liquors with higher ionic strength,
thus increasing the rate of delignification. This observation

is different from previously reported effects of inactive ions
during cooking (Brdnnvall and Ronnols 2021; Sixta and
Rutkowska 2006), in which the delignification rate was
shown to decrease with increasing sodium addition (0-1.7 M
NaCl and 0-0.25M Na,COs;, respectively). The decrease in
delignification at higher ionic strength has been suggested to
result from the decreased solubility of lignin at these con-
ditions (Dang et al. 2013; Saltberg et al. 2009). Estimated from
the amount of impregnation liquor remaining in the chips,
the corresponding value in the present study is 0.1 M NaCl. It
is likely that, by adding extra salt only during impregnation,
the final sodium content during pulping was not sufficient to
affect lignin solubility and thus the delignification as a
whole.

Further analysis of Figure 1A shows that the delignifi-
cation rate reached a maximum between 30 and 60 min,
which coincides with the system achieving the final cooking
temperature. After 60 min, the rate decreased, but the lignin
content in the pulp continued to decline for the remainder of
the cook. In the case of xylan (Figure 1B), the dissolution rate
decreased significantly between 30 and 60 min. The early
decrease in reaction rate indicates that most xylan is dis-
solved at relatively low temperatures, which corresponds
well with earlier findings (Axelsson et al. 1962). After 60 min,
the xylan concentration remained fairly stable, some mea-
surements (e.g., WLNa) even suggested a slight increase in
xylan content. A likely explanation for any increase in con-
centration is the deposition of xylan onto the fibers, however
more experiments in this time range would be necessary in
order to draw further conclusions about this phenomenon.
The stabilization of xylan concentration in the pulp also
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hints at the presence of a fraction of xylan that is more
resistant to the pulping condition. It has previously been
suggested that two different fractions of xylan exist within
the cell wall: one having more interaction with lignin, and
the other more resistant fraction associated with cellulose
instead (Dammstrom et al. 2009; Ruel et al. 2006).

3.3 Comparison between pulp, BL and CL

The contents of dissolved lignin and xylan in the fractions
of liquor are presented in Figure 2. Both curves associated
with BL followed a similar, but opposite behavior when
compared with pulp. However, due to the small amount
of lignin removed from pulp after 60 min, no significant
increase in the amount of dissolved Klason lignin was
detected in the BL at the end of the process, even though
delignification occurred throughout the whole cook (refer
to Figure 1A). On the other hand, the profile of the CL data
was highly affected by the changes in total dissolution rate
from the cell wall, so much so that the lignin content
decreased after 60 min, which agrees with the reduced
delignification rate at this point.

Further analysis of Figure 2A reveals the differences in
concentration of Klason lignin in the two fractions of spent
cooking liquor during the pulping process. Independent of
impregnation scenario, the concentrations in the centri-
fuged liquor are substantially higher compared to the bulk.
Similar relative differences are found in literature (Pak-
kanen and Alén 2012; Simdo et al. 2011). Furthermore, the
shapes of the concentration profiles differ between the two
liquors. For the bulk fraction, the concentration of lignin
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initially increases until a virtual plateau is reached. Whereas
for the centrifuged fraction, there is a steep rise in concen-
tration, leading to a maximum (about 2 %, w/w), followed by
a gradual decrease. These profiles can be explained by the
interplay between the dissolution of lignin and the transport
of the lignin fragments within the system. At the beginning
of the cook (<60 min), the high delignification rate leads to a
quick dissolution of lignin fragments, that are then removed
from the cell wall into the lumen. However, the subsequent
diffusion of the fragments from the lumen to the bulk liquor
appears to be relatively slow when compared to the reaction
rate and mass transport in the cell wall, resulting in the
sharp increase of concentration in the centrifuged liquor,
which is not reciprocated in the bulk. Thus, the difference in
concentration between the two liquor fractions increases
over time.

Then, after 60 min of cook, the rate of dissolution starts
to decrease (refer to Figure 1A). In addition, the changes
in the wood chip microstructure (e.g., separation of cell
walls, formation of cracks, changes in cell wall thickness,
etc.) possibly increased the transport rates of lignin frag-
ments from the cell wall towards the lumen, and from the
lumen towards the bulk liquor. Ultimately, the dissolution
rate seems to fall below the rate of transport of the lignin
fragments, so that the concentration in the lumen decreases.

A similar behavior can be observed in Figure 2B, though,
while the maximum concentration of lignin occurs after
60 min in the CL, it occurs already around 30 min for xylan.
This profile implies an early dissolution of xylan, which is
also seen in Figure 1B, as the xylan concentration in the pulp
decreases faster than the lignin content, and reaches a final
value after 60 min. Again, this result reinforces that most of
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Figure 2: Content of Klason lignin (A) and xylan (B) in bulk (BL) and centrifuged (CL) liquor samples collected throughout cooking. Values at 0 min

represent the composition of the spent impregnation liquor.
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the xylan is removed during the heating up period, which is
likely due to dissolution and, to a moderate extent, peeling.
After 30 min, the xylan content in the CL decreases abruptly,
which is explained by the transport from lumen to bulk,
although xylan redeposition and degradation cannot be
completely ruled out.

3.4 Composition of the precipitated lignin

To assess further differences between the two liquor frac-
tions, lignin was precipitated from the centrifuged and
bulk liquors originated from samples impregnated with
liquor WL and cooked for either 30 or 90 min. The two time
points were selected to represent early and late delignifi-
cation, and to reflect the accumulating and decreasing
phases of the lignin concentration in the CL fraction, as
seen in Figure 2A. A compositional analysis was made, and
the results are presented in Table 3. As expected, besides
lignin, a large portion of the precipitated material consists
of coprecipitated carbohydrates (mainly xylan). It is also
worth noting that the percentage of lignin in the

Table 3: Composition (%, w/w) of the precipitated material from bulk
(BL) and centrifuged (CL) liquor.

Component BL30min BL90min CL30min  CL 90 min
Klason lignin 51.2+0.3 558+0.8 46.7+05 52.0+07
ASL 10.5+0.2 137+14 128+0.7 11.9+03
Carbohydrates 28.7+0.3 232+ 041 344 +1.8 27.8+0.2
Glucan 0.4+0.0 0.3+0.0 0.3+0.0 0.4+0.0
Xylan 283+0.3 22,7 +0.1 342+18 263+02
Total 90.4+0.5 927+16 939+20 91.7+0.8
Reported values: X + s.
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precipitated material increases over time and is larger in
the bulk fraction. This is in line with the relative contents of
lignin and xylan in the different liquid fractions: In CL 30,
lignin and xylan are of approximately equal concentration,
whereas in BL 90 the lignin concentration is more than
twice as high as that of xylan. Additionally, the dissolved
carbohydrates in the bulk liquor are likely more degraded
than in the lumen, and thus are less likely to coprecipitate
in polymeric form.

3.5 Molecular weight of the precipitated
lignin

The precipitated lignin samples were also analyzed for
their molecular weight distribution (MWD). The UV detected
distribution from the GPC is shown in Figure 3A. Lignin
precipitated from the bulk liquor collected after 90 min had
an MWD shifted towards a lower weight, when compared to
the BL 30 min sample. However, studies using flow-through
reactors show that the molecular weight (Mw) of dissolved
lignin from both pine (Dang et al. 2016; Sjoholm et al. 1999b)
and birch (Sjoholm et al. 1999a) increases over time during
pulping. Thus, the decrease in molecular weight observed in
the present study is most likely a direct result of employing
a batch process, as the dissolved lignin was subjected to
further degradation in the bulk prior to sampling. Never-
theless, previous research found this decrease to take place
after reaching higher H-factors than those achieved here
(Brannvall and Ronnols 2021; Pakkanen and Alén 2012),
although the low wood:liquor ratio (and, consequently,
lower residual alkali) applied in these studies may explain
the different behaviors.

B I BL 30 - BLO0=---- CL30—-—- CL 90
0.8 T T T T T
0.6 4
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Figure 3: Differential molecular weight distribution of precipitated lignin from bulk (BL) and centrifuged (CL) liquors, sampled after 30 and 90 min, based

on UV (A) and RI (B) detection.



DE GRUYTER

For lignin precipitated from the centrifuged liquor, the
weight distribution instead shifted towards higher molecu-
lar weights after 90 min, compared to 30 min. With time,
lignin fragments of higher molecular weight, which diffuse
more slowly, had time to be transferred out of the cell wall
and into the lumen. Thus, this shift in molecular weight
suggests a considerable transport resistance in the cell wall.

Finally, when comparing the MWD of lignin in bulk and
centrifuged liquors, the latter showed a larger fraction of high
molecular weight lignin. Interestingly, the increase over time
of high molecular weight (Mw) fragments (>10 kDa) seen in
the CL is not reciprocated in the BL. This could be the result of
either (or both) effects discussed above: smaller lignin frag-
ments are transported more quickly out into the bulk, and
while out in the bulk, the access to an excess of active cooking
chemicals results in continued fragmentation.

Compared to UV signals, the RI data also include
responses from carbohydrates. Figure 3B presents the inte-
grated RI response from the same data as presented in
Figure 3A. The UV data showed the majority of peaks to fall in
the range of 0.25-10 kDa, whereas the RI data in Figure 3B also
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show major peaks around 0.1-0.25 and 10-50 kDa. Conse-
quently, the carbohydrates detected in the compositional
analysis of the precipitated lignin stems from both dissolved
monomers (detected in the low Mw range) and coprecipitated
polymers (detected in the later high Mw range).

Likewise, the RI data exhibit the same trends as seen
above: the centrifuged fractions contain more polymers with
high Mw than the bulk, and the content of especially large
molecules (>40 kDa) increases with time in the centrifuged
fraction. Additionally, the proportion of carbohydrates with
high molar mass decreases over time in the bulk, which
again implies that extensive degradation has occurred.

3.6 NMR analysis of the precipitated lignin

The aliphatic inter-unit linkage region (6¢/8 50-90/3.5-5.5) of
the HSQC spectra is shown in Figure 4. Assignment of selected
peaks based on literature data is presented in Table 4 (Kim
and Ralph 2014; Rencoret et al. 2009; Teleman et al. 1995;
Yuan et al. 2011). Notably, signals assigned to the C, in f-0-4
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Figure 4: The aliphatic inter-unit and non-anomeric carbohydrate region (/85 50-90/3.5-5.5 ppm) of the 2D NMR spectra for precipitated lignin
samples from bulk liquor after 30 min (A) and after 90 min (B) of cook, and from centrifuged liquor after 30 min (C) and after 90 min (D). Annotated peaks

are detailed in Table 4.
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Table 4: Assigned peaks in the HSQC NMR data for lignin and poly-
saccharide structures in the precipitated material (solvent: DMSO-dg).

Symbol Structure 3¢/'H chemical shifts

(ppm)
Ay C,-Hy in B-O-4 structure 59.5-59.7/3.4-3.63
Aq Cq—Hq in B-O-4 structure 71.8/4.86
Agg Cg-Hg in B-0-4 with guaiacyl units 83.9/4.29
Ags Cg-Hg in B-0-4 with syringyl units 85.9/4.12
Bg Cp-Hg in resinol structure 54.2/3.06
By C,~Hy in resinol structure 71.6/3.77 & 4.16
Bq Cq—Hg in resinol structure 85.8/4.62
G, C,-H, in guaiacyl unit 111.5/6.99
Ge Ce—He in guaiacyl unit 119.5/6.83
Gs Cs—Hs in guaiacyl unit 115.2/6.71 & 6.94
Sa6 Cy6-Hz6 in syringyl unit 103.8/6.71
Se Cy6-Ha6 in Co-oxidized syringyl 106.7/7.03 & 7.23
unit
0 C-H in methoxyls 56.4/3.74
Mo C-H in MGA® (-OCH3) 59.8/3.38
Ms Cs-Hs in MGA? 70.1/4.50
M, C,-H, in MGA? 72.3/3.23
Ms C3-Hs in MGA? 72.4/3.59
M, C4-H, in MGA? 82.30/3.09
M, Cq-H; in MGA? 97.8/5.10
Xs;i Cs-Hs in xylan (internal) 63.7/3.18 & 3.89
Xoi C,-H, in xylan (internal) 73.2/3.06
Xai C3-Hz in xylan (internal) 74.6/3.27
Xai C4-Hy in xylan (internal) 76.0/3.52
X1i Cy-Hy in xylan (internal) 102.2/4.28
Xsn Cs-Hs in xylan (non-reducing end) 66.3/3.08 & 3.72
Xan C4-Hy in xylan (non-reducing end) 70.0/3.30
Xon C,-H, in xylan (non-reducing end) 73.2/3.06
Xan C3-Hs in xylan (non-reducing end) 76.8/3.12
X1n C4-Hy in xylan (non-reducing end) 102.2/4.28

X5m Cs-Hs in xylan (MGA) 63.7/3.18 & 3.89

Xom Co-H, in xylan (MGA) 76.9/3.22
Xam C3-Hs in xylan (MGA) 72.8/3.37
Xam C4-Hy in xylan (MGA) 76.0/3.52
X1m Cy-Hy in xylan (MGA) 101.7/4.50
Hex, C4-H; in hexenuronic acid 98.6/5.24

°4-0-methyl-a-D-glucuronic acid (MGA).

structures were completely missing in the BL after 90 min,
and corresponding C, signals were weaker compared to the
other samples. The chemical shift of the signal from Cp in
B-O-4 depends on if the ether bond is connected to a
syringyl or guaiacyl subunit. Neither sample showed any
signal for guaiacyl, whereas the syringyl peak was missing
in the BL 90 sample. These observations suggest that some
syringyl B-0-4 bonds were still intact in the dissolved lignin
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inside the lumen of the wood chips, even after 90 min.
However, as lignin was transported out of the wood chip,
and especially as it reached the bulk liquor with a high
availability of cooking chemicals, it continued to fragment
(thus the absence of peaks in the BL 90 sample), which
agrees with the MWD results. Moreover, signals of resinol
structures formed by B—fp’ bonds existed in all analyzed
spectra, but neither sample showed signals corresponding
to B-5 bonds.

Still in the aliphatic region, it is possible to assess the
carbohydrates’ non-anomeric peaks. All samples showed
signals related to 4-O-methyl-o-D-glucuronic acid (MGA) and
xylan, including internal units (MGA substituted and unsub-
stituted) and non-reducing ends. There were no peaks usually
associated with acetylated structures or lignin-carbohydrate
complex linkages. These results indicate that a significant
portion of the carbohydrates that coprecipitated with the
lignin samples was, in fact, dissolved xylan. Moreover, as
the xylan peaks were detected in all samples (regardless of
the liquor fraction or cooking time), it is likely that the xylan
chains were dissolved from the wood chips early on, even at
low temperatures, which supports the observations made
when discussing the decrease in xylan content in the pulp. In
addition, xylan is known to be relatively resistant to alkaline
conditions, which explains its presence as polysaccharide,
even in the BL samples collected after 90 min, as also seen in
the MWD from RI measurements (refer to Figure 3B).

Further analysis of the carbohydrates’ non-anomeric
region shows that samples treated for 90 min have addi-
tional peaks and lower intensity of the MGA signals. The less
intense MGA peaks can be explained by the degradation of
the group with increasing cooking time. Similarly, while it
was not possible to assign the additional peaks, it is likely
that they are associated with the conversion products of
MGA or minor wood components, which were transported
out of the cell wall throughout the cook.

The carbohydrates’ anomeric region (6c/6y 90-105/
3.5-6.0) of the HSQC spectra is shown in Figure 5. Three main
signals were assigned: the C, in substituted xylan, the C; in
unsubstituted xylan (for both internal and non-reducing end
units) and the C; in MGA. Additionally, just as observed in the
non-anomeric region, there were extra peaks detected in the
samples treated for 90 min and the MGA peak lost intensity,
corroborating the hypothesis of MGA conversion/degrada-
tion over time. The increase in intensity of the chemical shift
at §¢/6;;98.6/5.24, for example, could indicate the conversion
of MGA to hexenuronic acid, which has also been observed
in previous studies (Lisboa et al. 2005).

The aromatic region (§./6; 100-130/5.5-8.5) of the HSQC
spectra is shown in Figure 6. The two fractions taken after
90 min show a higher concentration of C,-oxidized syringyl
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Figure 5: The anomeric carbohydrate region (8¢/6 90-105/3.5-6.0 ppm) of the 2D NMR spectra for precipitated lignin samples from bulk liquor after 30
min (A) and after 90 min (B) of cook, and from centrifuged liquor after 30 min (C) and after 90 min (D). Annotated peaks are detailed in Table 4.

units, whereas the two 30 min fractions show a stronger
signal at the unmodified syringyl peak. This is especially
evident for the CL30 sample, suggesting a less modified, and
hence, more recently dissolved lignin.

Lastly, the C, and Cq peaks of guaiacyl were found in
the early samples, however, surprisingly, they disappear
completely in the latter ones. The reason is unclear, as
especially the C, position is generally seen as rather stable,
and condensation products are mainly attributed to covalent
linkages at the 5 position (Chiang et al. 1990). Although,
similar findings of decreasing aromatic peaks have been
reported (Balakshin and Capanema 2015). A possible expla-
nation is the formation of 4-0-5 condensed structures, which
will upfield-shift the C, signal of guaiacyl, which could
explain the peak found at &./6; 109.8/6.99 (Balakshin et al.
2003). As condensation reactions are known to increase
towards the end of delignification, this reasonably explains
why the uncondensed C, is missing only in the 90 min
samples. However, condensation reactions could also
occur during the acid precipitation step, hence further
investigations are required.

4 Conclusions

The presence of active ions during impregnation increases
the overall rate of delignification and carbohydrate degra-
dation/dissolution during cooking, even under the mild
impregnation conditions used in this study. In addition,
there are significant limitations regarding the transport of
dissolved wood components and degradation products from
the lumen towards the bulk, regardless of the impregnation
liquor applied. The lumen liquor was shown to have higher
concentrations of lignin and xylan than the bulk, and the
differences in the concentration profiles throughout cooking
also reveal the effects of the transport resistance in the
cell wall.

Further evidence of transport resistance is given by the
increased concentration of high molecular weight material
in the lumen compared to the bulk, which becomes even
more pronounced as the cooking time increases. Moreover, a
more severe degradation of lignin and carbohydrates is
observed in the bulk liquor and/or with increasing cooking
time, which was confirmed with NMR data showing a more
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Figure 6: The aromatic region (/6 100-130/5.5-8.5 ppm) of the 2D NMR spectra for precipitated lignin samples from bulk liquor after 30 min (A) and
after 90 min (B) of cook, and from centrifuged liquor after 30 min (C) and after 90 min (D). Annotated peaks are detailed in Table 4.

pronounced cleavage of lignin inter-unit linkages and for-
mation of degradation/conversion products.

In conclusion, there is clear evidence that both the
molecular weight and the composition of the dissolved
material differs between the bulk and pore liquor fractions.
Therefore, it seems reasonable to consider the condition
inside the wood chips (i.e., in cell wall and in lumen), and
not only in the bulk liquor, when studying or modelling
delignification kinetics.
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