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Abstract: A new laboratory reactor to perform in situ
studies of structural changes in wood during soda pulping
using synchrotron X-ray tomography is presented. The
reactor is of recirculation type to provide stable reaction
conditions andmimic the industrial situation. Experiments
have been performed using this reactor in situ at a syn-
chrotronmicrotomography beamline to provide sequences
of 3D images from which measurement of wood cell wall
thickness have been possible for the first time. The results
showed that the cell wall thickness increased significantly
in the early stage of pulping (<10 min), which is due to the
transportation of cooking chemicals through the tracheids,
resin channels and pits into the cell wall, which is swollen
with the increased pH. Subsequently, the cell wall thick-
ness reduces over the processing time up to 60 min with a
high rate, which is inferred to be due to the dissolution and
transport of lignin and hemicellulose from the secondary
walls, allowing for better transportation of active chem-
icals deep through the cell wall layers. After 60 min pro-
cessing, the cell wall thickness reduction rate reduced, as
dissolution of lignin and hemicelluloses from the cell walls

ceased, while the remaining dissolution occurs mainly at
the middle lamella.

Keywords: compression wood; microstructure; soda
pulping; synchrotron X-ray tomography.

1 Introduction

Chemical pulping, including kraft and soda pulping, is
the most common technology for paper pulp production
and has been the “work horse” of this industry for the last
60 years. During the pulping process, complex chemical
reactions occur leading to partial depolymerization and
solubilization of lignin and hemicelluloses. Different
underlying phenomena, involving chemical reaction ki-
netics, solubility and mass transport of wood tissue
components, govern the course of the pulping process.
The reaction mechanisms (and their intermediates and
products) are well addressed in the literature (e.g. Chakar
and Ragauskas 2004; Gierer 1980; Gellerstedt, Majtner-
ova, and Zhang 2004; Santos et al. 2013; Sjöström 1977).
Moreover, the characterization of the dissolved lignin is
well addressed and reported (e.g. Baptista, Robert, and
Duarte 2006; Labidi, Robert, and Pla 1993; Robert et al.
1984). Additionally, the evolution of fiber quality and
their mechanical properties after kraft pulping has been
extensively investigated (e.g. Tikka and Kovasin 1990).
However, the solubilization kinetics and mass transfer
details of the delignification mechanisms, their se-
quences and sub-processes, such as mass transport of
cooking chemicals in the cell wall and to the middle
lamella along with the mass transport of dissolved wood
constituents, are less well addressed. Consequently, there
is no kinetic delignification model based on first princi-
ples available, as deep understanding of the above-
mentioned mass transport is of crucial importance for the
development of such a model. An important step towards
obtaining the required deeper understanding is to study
the morphological changes of cell walls and middle
lamella during a pulping process. Wagih et al. (2021)
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investigated these aspects using ex situ X-ray tomography
of wood samples extracted at different stages of the
pulping process. However, the approach was limited by
the ex situ analysis of the different samples from each
specific stage of the process. This work aims for a deeper
understanding through in situ experiments where the
processes can be followed in the same sample through the
pulping process.

X-ray Tomography (XRT) is an efficient 3D visualiza-
tion tool that has been found to be useful in many areas of
research, such as medicine, biology, material science and
nanoscience (e.g., Ebner et al. 2013; Harry et al. 2014; Maire
andWithers 2014; Wagih et al. 2019). Using this technique,
a 3D representation of a sample can be reconstructed from
large number of 2D projections at different rotation angles,
which allows a nondestructive quantitative analysis of the
microstructure inside a sample and monitoring of struc-
tural changes during sample evolution (e.g., during
chemical reaction and/or mass transport of constituents)
(Villevieille et al. 2015). Today, with the vast progress in the
implementation of XRT, a wide spectrum of length scales
from tens of nanometers to millimeter size are applied
using lab or synchrotron basedmeasurements (e.g., Scheel
et al. 2008; Withers 2007). For example, entire plant cycles
occurring over weeks or months have been studied using
lab XRTmachines (Ahmed et al. 2016), whereas fast events,
such as the flying mechanism of insects, that occur in
milliseconds have been studied using synchrotron XRT
(Walker et al. 2014). In situ investigations of, for example,
tests on materials at high temperatures, under mechanical
loads and during solidification of metals are currently
achievable using synchrotron XRT (e.g., Bale et al. 2013;
Villevieille et al. 2015).

Regarding studies on wood structures, the wood
anatomy at the submicron level has been investigated us-
ing XRT (e.g., Van den Bulcke et al. 2008). The density
evolution ofwoodwhen subjected tomoisture andheat has
also been studied (Derome et al. (2011) and Lazarescu,
Watanabe, and Avramidis (2010)) and Muzamal et al.
(2016) studied the structural changes in wood after steam
explosion. Recently, the micro- and nano-structure evolu-
tions of spruce wood during soda pulping were studied
(Wagih et al. 2021). In this previous study, the pulping
process was interrupted every 30 min and a treated wood
chip was extracted and washed to enable study of struc-
tural changes using lab XRT. A data analysis procedure
was optimized to quantify the changes in the cell walls and
the resin channels. The obtained results provided new in-
formation regarding the relation between the composi-
tional (quantities of dissolved lignin and carbohydrates)
and morphological changes in the wood tissue and cell

walls, in particular. Despite the successful monitoring of
the microstructural changes over the process time two
main challenges were faced: (a) due to the saturation of the
walls with water, the contrast between celluloses and
lignin was reduced and hindered more comprehensive
assessment of the observed changes (e.g. changes in the
cell wall thickness and porosity); (b) the interruption of the
experiment every 30 min exposed the samples to external
conditions, which is known to affect the microstructure.
Additionally, the fact that the XRT analysis wasmade every
30 min implies that only “snap-shots” of the structural
changes were obtained and important information, in
particular in the beginning of the operation associatedwith
the fast delignification, might have been missed. Further-
more, different samples were analysed for each stage and
so the true evolution of the microstructural changes could
not be tracked. Therefore, to accurately investigate the
structure evolution, imaging of samples while the experi-
ment is running, is necessary, which presently is not
possible with lab XRT due to the required fast acquisition
times.

In this study, the evolution of microstructural changes
in spruce wood during model alkaline (soda) pulping was
visualized by monitoring the process in situ using syn-
chrotron XRT. For this purpose, a reaction cell that enables
in situ pulping in the XRT set-up was designed and man-
ufactured. From the obtained in situ XRT images, the
morphology during soda pulping process could be studied;
among other things, the evolution of cell wall thickness
could be estimated. Moreover, the different sub phases
during soda pulping and their sequence was analyzed.

2 Materials and methods

2.1 Material

Norway spruce (Picea abies) wood chips (420 kg/m3 density) of square
cross section 5 × 5 mm2 and 25 mm length were used. To ensure as
similar as possible structure and geometry of the different samples
used in this test campaign, a longwood chip of 150mm length and 10×
10 mm2 cross section from the external part of a wood log (i.e.
sapwood), where themajor dimension is alignedwith the longitudinal
fiber direction, was cut. The samples for the study were extracted from
the same wood log as in the previous study by Wagih et al. (2021),
which had been stored in a freezer to preserve its state.

2.2 Reaction cell design

A small reaction cell for in situ study of structural changes in wood
structure during soda pulping using synchrotron XRT was
designed, as shown in Figure 1. The developed reaction cell, at
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least partly, mimics an industrial process for soda pulping: the
wood chips were cooked inside the autoclave together with sodium
hydroxide solution at high temperature and under pressure.
Figure 2 shows schematic representation of the reaction cell
mounted at the TOMCAT beamline at Swiss Light Source (Paul

Scherrer Institut, Switzerland). The reactor was designed to have
low X-ray attenuation materials to allow the penetration of the
X-rays with minimum intensity loss, whilst still satisfying the
constraints relating to the pressure and temperature conditions of
the pulping process.

Figure 1: Experimental test set up showing the reaction cell mounted at the TOMCAT beamline.
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The reaction cell was constructed from a polyether ether ketone
(PEEK) tube in the upper part of the cell where the reaction occurs and
the X-rays pass through both the cell and the wood sample. PEEK was
used due to its chemical and thermal stability, high service tempera-
ture, up to 260 °C, and high strength. Moreover, this material has good
transmission of X-rays (∼80%). The internal and external diameter of
the PEEK tube were 25 and 45 mm, respectively. To avoid large
deformations in the reaction cell, the reaction chamber was designed
to have a PEEK tube in the upper part and a steel tube in the lower part;
the latter had 25 mm internal diameter and 30 mm external diameter.
The thickness of the tube wall was determined following pressure
vessel design concepts. A magnetic heater coil was wrapped around
the steel tube to heat up the system to the target temperature (130 °C)
with heating rate at 50 °C/min using a heater controller device. The
high heating rate was used to ensure that the target cooking temper-
ature was reached within 3 min, i.e., except for a very short heating up
period, the conditions were more or less isothermal. The sample was
placed in a sample holder with the dimensions 5 × 5 mm2 (see
Figure 2B) andfixedusing a screwover a hollow tubemade of stainless
steel with 8 and 12 mm internal and external diameters, respectively.
The upper and lower ends of the reaction chamber were closed using
steel covers with seals between the cover and the chamber to avoid
pressure release and liquor leakage. The sample holder was me-
chanically fastened to the lower cover.

A key parameter in this experiment is the circulation of liquor
around the sample to transport the dissolved component away from
the surface. For this, an external pumpwas used to circulate the liquor
around the system from the pump, through the sample holder (see
green arrows in Figure 2) and then out from the reaction chamber in
the area between the sampleholder and the outer steel tube back to the

pump, as shown in Figure 2B with blue arrows. A magnetic drive gear
pump was used with PEEK driving and drive gears and stainless steel
AISI 316 shafts and body (GA-X21J8FSA–IEC56B14–SEMH56-4C) pro-
vided by Techma GPM©. The pump can work with liquids up to a
maximum temperature of 177 °C and pressure up to 21 bar, but higher
pressures reduce the maximum operating temperature, which was,
consequently, limited to 130 °C in the current experiment. A safety
valve at the top of the reaction chamber was used to enable pressure
release if it reaches more than 5 bars.

2.3 Soda pulping

Soda-pulping experiments on the wood chips in sodium hydroxide
solution was performedwith a concentration of 3% and a high solid to
liquor ratio of 1:100 to have approximately constant concentration of
hydroxide ions. The wood chips were charged to the reactor in dry
phase. The temperature of the solution was kept constant and rela-
tively low at 130 °C, which allowed for an easier monitoring of the
progress of the process.

2.4 Synchrotron phase-contrast X-ray computed
tomography

The in situ inspection of the wood microstructure was made using
synchrotron XRT at the TOMCAT beamline (Swiss Light Source, Paul
Scherrer Institut, Switzerland). The reaction cell was placed on the
rotation stage of the beamline, as shown in Figure 1. The reaction cell
with the sample inside was rotated from −90° to 90° in the X-ray beam

Figure 2: Schematic representation of the reaction cell clarifying the main components and dimensions in (A) and the liquor circulation
system in (B). The blue arrows represent the liquor path to the samplewhile the green ones represent its path out to the pump. Di and Do in the
figures refer to the inner and outer diameter of the tubes.
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(50% white beam) with increments of 0.1° to acquire 1800 radio-
graphic projections with 1.1 µm pixel size. Three different exposure
times, 30, 100 and 300 ms, were considered for the radiographies
during the first test to optimize this parameter with respect to the
image quality and the process rate. The wet state of the samples and
system requires longer exposure times to achieve good contrast in the
saturated cell walls of the tracheids. However, the chemical reaction
between wood and sodium hydroxide is fast, which requires short
acquisition time to capture the fast changes in the structure during the
reactions. The optimum exposure time for each radiographic projec-
tion was found to be 100 ms. Additionally, to overcome the noise
caused by the continuous movement of air bubbles during the ex-
periments resulting from the circulation of sodium hydroxide in the
reaction cell, the pump was stopped during the collection of the X-ray
projections and restarted again after the acquisition was completed.
Based on previous ex situ inspections (Wagih et al. 2021), which
demonstrated that fast structural change occur at the early stage of the
test, the tomography measurements were performed every 10 min
during the first hour of the test and then every 15 min in the second
hour. Three tests were conducted with the same experimental condi-
tions to ensure the repeatability of the test and the capability of
recording images with the same quality. The in-house software at
TOMCAT was used to reconstruct the obtained projections using the
propagation-based phase contrast method (Paganin et al. 2002) and
the gridrec algorithm (Marone and Stampanoni 2012). Tomography
datawere acquired to cover the upper part and the center of the sample

with a 2 mm high field of view for each. Image-J was used to analyse
the obtained reconstructions bymeasuring the cell wall thickness and
to visualise the 3D volumes. At least 50measurement of the double cell
walls thickness for each sample were performed. Figure 3 shows an
example of the image analysis that enabled the measurement of the
cell walls in the wood sample just before the experiment was initiated
(the samples were already submerged in the chemicals). An example
cross-section through the reconstructed XRT image volume of the
sample is shown in Figure 3A. These data were imported into the
Image-J software and the histogram of the image was generated as
shown in Figure 3B. The data were binarized to separate the air/liquid
inside the sample from the cell walls, based on a threshold value
defined from the histogram of the greyscale values in the whole image
volume (the dark phase in Figure 3A is the air/liquid inside the sample,
while the bright phase is the cell walls). Finally, the segmented image
was obtained and the measurement of the cell wall thickness was
performed between points at the borders of adjacent cell walls, as
indicated in Figure 3D.

3 Results

Figure 4 shows transverse and longitudinal cross-section
images through the XRT data volumes of the untreated
wood sample before soda pulping. The typical wood

Figure 3: Image processing using image-J for double cell wall measurement.
(A) Example cross-section through the reconstructed XRT image volume, (B) histogram, (C) binarised image based on histogram segmentation
and (D) binarised data with red lines indicating cell wall measurement lines. The red lines in (D) represents the distance between the two
points used to measure the cell wall thickness.
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microstructure is observed with tracheids, cell walls and
resin channels in the transverse cross sectional view, while
bordered pits are observed in the longitudinal view. These
pits form openings between tracheids through the cell
walls with approximately 3 µm diameter and a membrane
thickness of 1 µm (see, for example, Muzamal et al. 2016).
Due to the small membrane thickness (less than two vox-
els), the complete structure of the openings was not visible
(Muzamal et al. 2016; Walther and Thoemen 2009). The
observed tracheids were of varying size and shape with
elliptical and nonuniform transversal cross sections, which
highlights that the wood considered was, just as in the
earlier ex situ study, a so-called compression wood (Wagih
et al. 2021). Additionally, as expected for a reaction wood,
small pores could be observed in the cell corners.

It is noted that the samples for this study were not
deliberately chosen to be compression wood. As often
when working with a natural material as wood, natural
variations are inevitable and sometimes hard to detect
early on in a study, as was case with the earlier, related ex
situ study (Wagih et al. 2021). In this previous work, both
imaging and compositional studies indicated deviations
from the standard wood resembling a compression wood.
For the sake of comparison, the same wood material was
chosen for this investigation.While delignification behavior

of compressionwoodpresumably reflects thehigher content
of condensed lignin, as well as a different content of non-
cellulose polysaccharides relative to normal wood, moni-
toring it, nevertheless, provides valuable knowledge on
delignification process in general, especially given the fact
that compression wood is often a rather large tissue of the
total wood area and knowledge of it, as such, gains a rele-
vance for pulping.

Figure 5 shows 3D XRT images of spruce wood
acquired in situ at different pulping times. At the begin-
ning of the liquor addition (i.e. 0 min), there was no
observable change in the microstructure; the same
tracheid and cell wall shapes can be seen as in Figure 4.
After 10 min pulping, the cooking chemicals were ex-
pected to have passed through tracheids, resin channels
and pits to saturate the cell walls. Consequently, the cell
walls should have absorbed a large amount of liquor, plus
they are expected to swell in the alkaline environment,
the resulting increase in cell wall thickness, associated
reduction of tracheids inner diameter (i.e. the diameter of
the lumen) and overall increase the volume of sample can
be observed in the XRT images. Moreover, large defor-
mation of tracheids and resin channels was observed.
With further pulping up to 30 min, the cell wall thickness
can be seen to have reduced and tracheid inner diameter
started to increase. Also an initiation of separation be-
tween the cell walls at the middle lamella was observed.
After 50 min, the tracheids inner diameter can be seen to
have further increased and, consequently, the thickness
of the cell walls further decreased. After 80min, extensive
separation between the cells can be seen, especially
around the resin channel. Finally, after 120 min, the cell
wall thickness was seen to be highly reduced with clear
decohesion between cell walls around the resin channel.

4 Discussion

A new device that enables in situ (i.e., during the reaction
process) monitoring with high resolution 3D XRT of the
evolution of microstructure of wood during continuous
soda pulping has been presented. With this device it has
been possible to follow the pulping process for a small
spruce wood sample and the dissolution of different wood
components plus the resulting separation of the cells have
been observed, as shown in Figure 5F. These observations
agree well with previous ex situ experimental observations
that employed a standard laboratory pulping set-up
(Wagih et al. 2021) and, thus, confirms the efficiency of
the new, in situ device to simulate the cooking operation.

Figure 4: Transverse cross section and longitudinal XRT slices of
untreated wood sample before soda pulping.
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Together with the previous study, the results indicate that,
independent of experimental equipment used, fiber sepa-
ration occurs after about 120 min pulping time.

In comparison to ex situ experiments, in situ studies
provide additional information on changes in cell wall
thickness. Figure 6 shows the estimated double cell wall

Figure 5: 3D rendered images of the in situ time-lapse 3D XRT of a spruce wood sample at different pulping times.
In (A), the microstructure corresponds to the sample just after adding the liquor inside the device. In (B)–(F), the microstructures of the wood
sample at different pulping time is presented. The red arrows refer to the separation between cell walls.
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thickness (cell wall–mid lamella–cell wall) of the investi-
gated spruce wood sample at different times during the in
situ soda cooking experiment, including a comparisonwith
the data obtained in the earlier ex situ experiments, where
the same wood log was used (Wagih et al. 2021). The cell
wall thickness evolution agrees well in the later part of the
process (after about 60 min), but at shorter times (60 min
or shorter) there seems to be marked differences. For
instance, at 30 min, the ex situ measured wall thickness
was 9.34 µm, while the in situmeasured thickness from the
current study was 10.60 µm. The ex situ study could not
capture the initial evolution (<30 min), but the in situ data
show a significant increase in the double wall thickness
from 7.5 to 12.1 µm after 10 min. This indicates that one of
the dominant structural changes at the early stage of
pulping is the swelling of cell walls. This likely occurs due
to the transport of the cooking chemicals (in this case
hydroxide ions) through lumen, resin channels and pits
causing an increased pH, which implies deprotonation of
carboxylic and hydroxylic groups, leading to swelling of
the cell walls and a decrease of the diameter of the lumen
(see Figure 5B). Further pulping to 20 min is seen to result
in a slight decrease in the cell wall thickness with a clear
increase of the tracheid diameter. This is inferred to be the
result of gradual dissolution of the lignin and hemi-
celluloses in the cell walls (Wagih et al. 2021) and their
transport out from the cell wall causing voids that further
facilitate the transport of chemicals and dissolved con-
stituents. During this stage of pulping, from 10 to 20 min,
saturation of the inner layers of cell walls and some
dissolution of lignin and hemicelluloses are expected to

give a reduction of the cell wall thickness, but the swelling
effect is seen to be more pronounced than the depletion of
the components from the cell wall. The presence of voids in
the cell walls, due to the removal of lignin and hemi-
celluloses, causes shrinkage of the cell walls and results in
increased lumen size. These voids are also beneficial for
transport of chemicals and dissolved wood components
through the layers in the cell and, thus, accelerated lignin
and hemicelluloses removal, which leads to faster reduc-
tion of the cell wall thickness after 30 min, as shown in
Figure 5c. Thus, the dissolution of lignin and hemi-
celluloses is the dominant mechanism at this stage.

During soda pulping of wood, three main paths are
responsible for transport of chemicals into the wood tissue
that react with wood components to achieve the delignifi-
cation process. Two of these paths are initially part of the
wood structure, while the third is generated by the disso-
lution of wood components. The first path is a longitudinal
path through the lumen and pits as well as resin channels.
The second is radial path through pits and across the
lumen diameter, which facilitates transportation between
tracheids through cell walls and, to some extent, via radial
rays. With increasing pulping time, dissolution of lignin
and hemicelluloses occurs in the outer cross section of the
sample and results in dissolution of these components
from the middle lamella (between cell walls), as marked
with red arrows in Figure 5C. With the removal of these
components, a new transportation path is considered to
have been generated via the voids in the cell walls to the
middle lamella, which likely enables transport of chem-
icals and dissolved wood components in the radial and

Figure 6: Evolution of cell wall thickness with
pulping time. The ex-situ results are
extracted from the authors’ previous work
(Wagih et al. 2021). The black and red
dashed lines represent the linear fitting of
the data between 20–60 min and between
60–120 min (the linear fitting is for
clarifying the cell wall reduction rate).
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tangential directions. The significant and fast (0.08μm/min,
as given by the slope of the black dash line in Figure 6) cell
wall reduction observed from 20 min up to 60 min pro-
cessing time is attributed to the activation of this third
transport path in addition to the first two paths. The acti-
vation of these three paths speed up the reaction and,
hence, allow a higher rate of dissolving wood components.
This increased wall reduction rate starts at the surface of
the wood chip and occurs successively inwards with
increasing reaction time.

The cell wall thickness estimated from in situ inves-
tigation after 30 min pulping was larger than that
computed from the previous ex situ experiments. This is
most likely due to interrupting of the cooking process and
taking the sample out and extensive washing that inevi-
tably involve cooling and some desaturation, which lead
to shrinkage of the cell walls that could hide some
microstructure characteristics and lead to underestima-
tion in the ex situ measurements of wall thickness. This
highlights the importance of observing microstructure
changes in situ during the experiment and under the
processing conditions.

After 60 min pulping, the cell wall thickness reduction
rate was reduced to about 0.022 μm/min (slope of the red
dash line in Figure 6), which indicates change in the
microstructure of the pulped wood along with continued
removal of dissolved material out from the cell wall. The
majority of the hemicelluloses and lignin should be dis-
solved from the cell walls by this time, 60min, (Wagih et al.
2021) and the dissolution is focused in the middle lamella,
which will result in decohesion between cell walls, as
shown in Figure 5E. In Figure 5E, the decohesion between
cell walls can be seen to be greater around the resin
channel indicating that it likely occurred their first and
propagated in the longitudinal direction faster than in
other cell walls, due to the larger diameter of resin channel
(compared to tracheids), which allows a faster trans-
portation of delignified components and active chemicals
in the longitudinal direction. It is worth noting that the cell
wall thickness observed in the in situ tests and the ex situ
tests are similar at this stage of processing. This is likely
because the removal of the major part of the lignin and
hemicelluloses occurs in the early stages of pulping (upto
30 min). After 60 min there is no significant amount of
these components to be washed out, which reduce the
influence of the washing of the samples in the ex situ
experiments such that the chemicals in the cells walls are
replaced by water during washing and the cell wall thick-
ness remains unchanged.

5 Conclusions

Synchrotron phase-contrast XRT and a new laboratory
reactor have been employed to perform in situ studies of
structural changes in spruce wood during soda pulping. A
reaction cell that allows recording of XRT projections while
performing a continuous soda-pulping experiments was
designed and manufactured such that the microstructural
changes of cell walls and lumen could be followed unin-
terrupted and under processing conditions. The reaction
cell mimics standard lab-scale experiments and industrial
processes well, as it enables the required high temperature
and circulation of the liquor around the samples during
processing. By studying the 3D XRT images obtained at
different intervals during the experiment, the evolution of
morphological changes and cell wall thickness during the
pulping experiment were successfully described, which
cannot be done comprehensively with ex situ experiments.
Moreover, the in situ imaging approach provides improved
understanding on how the local morphology varies with
time, as the evolution single samples can be followed, as
opposed to looking at similar samples fromdifferent stages
in ex situ studies. This is of great importance for further
studies of mass transport of wood constituents as well as
cooking chemicals.

Based on the obtained results, and in connection with
previous studies, the cooking may be divided into different
three phases.
(a) At the early stages of pulping, the first 10min, the cell

walls swell due to absorption of the alkaline cooking
liquor. The active ions (OH–) react and dissolve
lignin and hemicelluloses in the secondary wall to
cause the gradual formation of pores in the cell wall.
These pores increase the possibility of liquor to be
transported inside the cell walls, as indicated by a
slight increase of the cell wall thickness in the
images.

(b) After 20 min pulping, the cell wall thickness rapidly
decreases due to the extensive removal of lignin and
hemicelluloses from the cell walls. Moreover, lignin
in themiddle lamella close to the sample (wood chip)
surface starts to be removed gradually, which allows
faster transportation of active chemicals in the lon-
gitudinal direction and accelerates the removal of
lignin and hemicelluloses. This stage extends up to
60 min.

(c) After 60 min, the cell wall thickness reduction rate is
reduced, indicating a lower removal rate of lignin and
hemicelluloses.
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The timing and duration of the stages defined above may
vary with several process conditions, including wood type,
size of wood chip, cooking chemicals (soda or kraft) and
temperature.
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