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Abstract

In this paper, in-situ X-ray microtomography was used to analyze liquor penetra-
tion/impregnation and delignification of wood chips during kraft pulping, allowing
microstructural changes to be assessed over time. The study was conducted with
sapwood of three hardwood species (alder, aspen and birch), using a reactor de-
signed to provide liquor circulation and temperature control. Each wood sample
was digested at 141 °C for four hours and, throughout this time, fifteen 3D images
of the central portion of the samples were acquired. The images were segmented
and used to measure lumen size, cell wall thickness and wood chip porosity. The
results confirmed that vessels offered the preferred path for liquor penetration in
the hardwoods. Moreover, liquor penetration from ray cells to adjacent fibers was
shown to be a less efficient path for impregnation. Regarding delignification, fi-
ber separation began first in aspen and last in alder, and the complete separation
took between 1 and 1.5 h to occur in the center of the samples. The porosity of
the chips increased continuously after liquor penetration, whereas cell wall thick-
ness decreased more substantially during fiber separation, especially in aspen, but
remained relatively stable afterwards. Furthermore, the position of the fibers in
relation to vessels and rays did not impact the rate of delignification significantly.
Overall, this work shows that in-sifu tomography can be a valuable technique to
move forward research on wood impregnation and on topochemistry of lignin re-
moval during pulping.
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Introduction

Ensuring uniform delignification of wood is vital during the production of kraft pulp.
A heterogeneous distribution of lignin in the pulp affects properties such as tensile
strength and fiber-fiber bonding strength, which can compromise further process-
ing (e.g., papermaking). In addition, nonuniform delignification can result in pulps
with high content of shives, and it can lead to high consumption of bleaching agents
(Gullichsen et al. 1992; Bacarin et al. 2017). Not surprisingly, understanding how
lignin removal progresses inside wood chips has been a topic of extensive research
throughout the years (Whiting and Goring 1981; Gustafson et al. 1989; Malkov et al.
2003; Aguayo et al. 2014). In this area of research, two prominent fields include the
topochemistry of delignification (i.e., the study of delignification in different frac-
tions of the wood tissue) and the study of wood impregnation.

Proper impregnation of chips with cooking liquor is a key step for achieving
the most uniform removal of lignin possible during pulping (Gustafson et al. 1989;
Malkov et al. 2003; Brannvall 2018). The impregnation process involves two main
mechanisms: liquor penetration and diffusion of cooking chemicals into the wood
structure. In hardwoods, the most accepted path for liquor penetration begins in the
vessels and spreads through the pits to the lumen of adjacent cells. In addition, ray
cells can contribute to short distance lateral penetration, spreading the liquor in the
radial direction (Stone and Green 1959; Wardrop and Davies 1961). The diffusion of
cooking chemicals occurs due to concentration gradients inside the wood chips. The
magnitude of these gradients depends on several variables, including the consump-
tion of chemicals due to neutralization and other reactions, chip thickness, wood
morphology, and processing conditions such as temperature and liquor-to-wood ratio
(Gustafson et al. 1989; Zanuttini et al. 2005).

The uniformity of lignin removal within a wood chip is also affected by the topo-
chemistry of delignification. In kraft pulping, delignification has been shown to occur
faster in the secondary wall than in the middle lamella of fibers (Whiting and Gor-
ing 1981). Such behavior, while not fully understood, may be connected to the high
degree of swelling of the cell wall under alkaline conditions (Koch et al. 2003; Reh-
bein et al. 2010; Hubbe et al. 2024). It may also be related to the increased accessi-
bility of lignin in the secondary wall due to the removal of hemicelluloses (Wood et
al. 1972; Kerr and Goring 1975; Maloney and Paulapuro 1999). The topochemistry
of delignification can also be affected by the heterogeneity of lignin distribution and
lignin structure through the wood tissue (Aguayo et al. 2014; Takada et al. 2016,
2021). In hardwoods, the cell walls of vessels and rays are usually thinner than the
ones of fibers but have a higher lignin content. Likewise, the lignin concentrations
are higher in the middle lamellas when compared to secondary walls (Donaldson
2001). The proportion between guaiacyl and syringyl units also varies between dif-
ferent cells. In general, middle lamellas and the secondary walls of vessels are rich
in guaiacyl, whereas secondary walls of fibers are rich in syringyl (Saka and Goring
1988; Donaldson 2001).

Still, despite the numerous attempts to unveil the course of kraft delignifica-
tion inside wood chips, there are several aspects that could be further explored. For
instance, few impregnation and topochemical studies have compared the evolution
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of lignin removal in different hardwood species. As a result, the impact of their spe-
cific anatomical features on the progression of delignification is not fully understood.
Moreover, past topochemical and impregnation research often relied on techniques
that demand extensive sample preparation, such as light and UV microscopy, and
scanning UV microspectrophotometry (Wardrop and Davies 1961; Wood et al. 1972;
Koch et al. 2003; Aguayo et al. 2014). Consequently, these studies suffered from the
inability to track the evolution of delignification continuously in one single sample.
Therefore, there is still limited understanding of how delignification evolves in dif-
ferent hardwoods.

A promising approach to complement past delignification studies and overcome
some of the shortcomings of the aforementioned techniques is the use of in-situ X-ray
computed tomography (CT) to investigate kraft pulping of different hardwoods. This
would enable X-ray imaging of hardwood samples while pulping is underway and
under the appropriate processing conditions. X-ray imaging techniques are extremely
valuable in the field of wood research, being non-destructive and allowing for multi-
dimensional analysis of wood samples with varying degrees of spatial and temporal
resolution, depending on the technique (e.g., synchrotron, lab-based, micro or macro
scanner). In ex-situ experiments, CT was utilized successfully in morphological stud-
ies of wood (Koddenberg and Militz 2018; Hu et al. 2022; Fabian-Plesnikova et al.
2022; Viljanen et al. 2023), in the evaluation of density variations (De Ridder et al.
2011; Biziks et al. 2019; Martha et al. 2025), and in the assessment of structural
changes caused by various processes (Koddenberg et al. 2020; Garskaite et al. 2021;
Wagih et al. 2021; Hartwig-Nair et al. 2024), among other investigations. In-situ
X-ray CT experiments can be considerably more challenging, as they require not only
suitable spatial resolution, but also reduced imaging times (i.c., increased time reso-
lution). Additionally, they should be designed to mimic the conditions of the process
under study, but without disturbing image acquisition, which means the experimental
setup should allow the passage of X-rays and the rotation of the sample (Patterson
et al. 2018). Most in-situ CT studies with wood have focused on phenomena occur-
ring at mild environmental conditions, like moisture transport and mechanical tests
(Forsberg et al. 2008; Mékinen et al. 2022; Martin et al. 2023; Wang et al. 2025).
Hence, the potential of this technique to monitor harsher processes, like pulping, has
yet to be fully explored. One encouraging result was achieved by Wagih et al. (2022):
they designed a reactor suitable for synchrotron CT and capable of withstanding the
conditions utilized in alkaline pulping processes. As a result, changes in the wood
structure of spruce could be tracked throughout soda pulping, like the swelling and
separation of the cell walls.

In this current work, the same reactor developed by Wagih et al. (2022) was used
to investigate kraft pulping. The aim was to utilize in-situ X-ray microtomography
to monitor the evolution of liquor penetration into and delignification of hardwoods
through time, with focus on assessing how different morphological features impact
the process. The experiments evaluated the behavior of the least accessible cells
within wood chips of three commercially relevant species (Alnus glutinosa, Betula
pubescens, and Populus tremula), comparing their structural changes during pulping,
including changes in the porosity of the chips and variations in cell wall thickness.
These results are particularly relevant to understanding changes in mass transport
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resistance during kraft cooking and may be useful, for example, in modeling the
delignification of wood chips.

Materials and methods
Sample preparation

Small sapwood chips were prepared from logs of alder (Alnus glutinosa), aspen
(Populus tremula) and birch (Betula pubescens). The logs were provided by Sodra
Skogsédgarna and came from trees grown in southern Sweden (ages: alder=43+2
years old, aspen=28=+1 years old, and birch=27+1 years old) taken at breast height
(approx. 1.2 m).

Two chips of each species were analyzed during the in-situ experiments. To
prepare them, sapwood parts of the logs were hand sawn into pieces with specific
dimensions. The chips were 30+ 1 mm long, with width of 5+ 1 mm and thickness of
8+ 1 mm on top and 5+ 1 mm on the bottom, as shown in Fig. 1. The specific dimen-
sions were needed to allow mounting the samples onto the reactor and to facilitate
the comparison between different hardwoods. After the sawing process, the chips
were air dried inside a fume hood (final dry content>89.0% w/w) and kept at room
temperature. Thus, when compared to wood chips produced in industrial chippers,
the samples utilized in this study had less cracks in their structure and significantly
lower water contents.

Width

Thickness Fiber orientation:l
I ’\ 5mm

Length

Field-of-view

8 mm

/ 30 mm
5mmf
ey

Oh 4 h

Fig. 1 Hand-cut wood chips of alder before (0 h) and after (4 h) pulping. The main dimensions of the
chips and the region observed via tomography are indicated directly in the picture
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Kraft cooking

Batch kraft cooking experiments were conducted inside a small reactor (Fig. 2) suit-
able for in-situ testing using synchrotron X-ray CT. The system included a sample
holder, a safety valve, a heater coil connected to a temperature controller, a mag-
netic drive gear pump to circulate the liquor inside the cell, an external cover, and a
sample cover. Both covers were made of polyether ether ketone (PEEK) to allow a
high transmission of X-rays and no interaction with the pulping chemicals. A more
detailed description of the reactor is provided by Wagih et al. (2022).

The cooking experiments were conducted at the ForMAX beamline (MAX IV
Laboratory, Lund, Sweden) and X-ray CT was used for in-sifu monitoring of the
kraft process. The reactor was initially assembled in a supporting lab. One wood chip
was placed on the sample holder and white liquor was added to the system until the
sample cover was completely submerged. Next, the pump was activated (circula-
tion=24 mL/min) and the temperature controller was set to 60 °C. The system was
left open (Fig. 2a) under these conditions for 10 min to allow most of the air to leave
the cell. After 10 min, the pump and the heating system were turned off. The cell was
closed by securing the safety valve on top of the external cover, and the system was
taken to the beamline.

After mounting the reactor on the beamline stage (Fig. 2b), the cooking experi-
ment began by activating the pump and setting the temperature controller to 141 °C
(the system took approximately 10 min to reach the set point). It must be noted that
no pre-steaming and no separate impregnation step were performed. The experiments
were conducted in duplicates, and each sample was cooked for 4 h whilst mounted
on the sample stage and monitored with X-ray CT. During cooking, the tempera-
ture inside the reactor varied between 135 and 150 °C, as the liquor circulation was
stopped every time the reactor was exposed to the X-ray beam. A summary of the
experimental conditions utilized for the tests is given in Table 1.

Fig. 2 Reactor: a open cell highlighting the main components and the path of liquor circulation, b
picture of the reactor mounted at the ForMAX beamline
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Table 1 Cooking conditions and  parameter Value
white liquor composition Temperature (set point, °C) 141
[HO] (mol/kg liquor) 0.55
[HS™] (mol/kg liquor) 0.25
Na,CO; (mol/kg liquor) 0.10
Liquor: wood (w: w) ? Approx. 90:1

# High liquor-to-wood ratio was used due to the reactor design and
to ensure somewhat constant concentration of cooking chemicals in
the bulk liquor

In-situ X-ray tomography

Fifteen local tomography measurements were taken for each sample during the reac-
tion time. The use of local CT meant that the 3D images covered a field-of-view
within the sample volume, and the full sample cross-section was not captured, which
enabled higher resolution whilst maintaining a pertinent sample size. The first 7 mea-
surements were spaced by 10 min, whereas the last 8 were performed every 15 min
(to minimize radiation damage). During image acquisition, the liquor circulation
inside the reactor was stopped to minimize motion artefacts and noise.

The beam energy was 22.5 keV and the detection system included a 10x zoom
optical microscope (Optique Peter) reaching an effective pixel size of 0.65 x 0.65 pm?
with a sSCMOS camera (Andor Zyla 5.5). The nominal field-of-view was 1.1 mm x
0.7 mm? and the scanned volumes corresponded to the middle portion of the chips
(Fig. 1). In addition, all the scans were performed over a 180° rotation of the stage
with a total of 1800 projections acquired over 18 s (with increments of 0.1° and 10
ms of exposure time). More details about the beamline and its experimental station
are described by Nygard et al. (2024).

Image reconstruction and analysis

Image reconstruction was carried out using the Gridrec algorithm (Dowd et al. 1999;
Rivers 2012) implemented via TomoPy (Giirsoy et al. 2014). Prior to tomographic
reconstruction, phase retrieval was performed on the radiographic projections
(Oregularization=0-001 and sample to detector distance of 1 cm). After the reconstruc-
tion it was noticed that the position of the samples shifted slightly between the first
scanned image (time=0 min) and the subsequent 14, likely due to the penetration of
the liquor. Hence, to allow a better comparison of the tomograms, the reconstructed
images were registered spatially and re-aligned using zero-normalized correlation
routines (see the Supplementary Information). Gaussian filtering was also applied
to minimize noise (sigma values: x=y = 15, z=5). One example of a 2D slice of a
reconstructed tomogram can be seen in Fig. 3a.

Further image processing was conducted using ImageJ-Fiji (Schindelin et al.
2012). Image segmentation (binarization) was performed with the Trainable Weka
Segmentation Imagel-plugin (Arganda-Carreras et al. 2017), by creating a classi-
fier based on two classes, pores and cell walls, and applying the default settings for
training. The segmented (binary) images were corrected by removing unconnected
regions utilizing the Interactive Morphological Reconstruction 3D tool in the Mor-
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Fig. 3 Example of image
reconstruction and segmenta-
tion: a 2D transverse slice of
the reconstructed tomogram, b
same 2D transverse slice after
segmentation, ¢ 3D segmented
image from which the 2D slice
was taken, and d tangential
view of the segmented volume.
All images were taken from a
birch sample after 57 min of
pulping

phoLibJ plugin (Legland et al. 2016), utilizing reconstruction by dilation and con-
nectivity=6. Segmented images of tomograms collected before cell wall separation
were also corrected by using the Remove Outliers tool, selecting the radius according
to visual inspection. One example of a segmented 3D image and some of its 2D slices
are shown in Fig. 3b-d.

The porosity of each sample was computed from the 3D segmented (binarized)
images based on the percentage of 0-value (dark) voxels within the binary volume.
Prior to the full data analysis, preliminary tests involving the comparison of porosi-
ties estimated from different trainings of the Weka algorithm were used to estimate
the error associated with the binarization process. These tests were conducted by seg-
menting one reconstructed 3D image using different classifiers and then determining
the residual standard deviation among the porosities of the resulting binary images.
According to this analysis, the binarization error was estimated to be about 5% with
respect to the computed global porosity values.

3D binary images were also used to measure the average values of cell wall thick-
ness and lumen size. These averages were determined using the Local Thickness
plugin (Dougherty and Kunzelmann 2007), which evaluates the diameter of the larg-
est sphere that fits inside the object defined by non-zero voxels at a given point.
Thus, when calculating the averages of cell wall thickness, no distinction was made
between the different cells, as all of them were classified under the same label. More-
over, the results were expressed as either double wall thickness, measured between
two lumens before cell wall separation, or single wall (measured after cell wall sepa-
ration). To determine the average lumen size, the binary segmented images were
inverted before performing the local thickness analysis and a threshold was applied
to the result to exclude vessels.
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The separation of cell walls was also investigated by comparing the grayscale
levels in different reconstructed images. This comparison was conducted by sub-
tracting a reference (image taken after complete liquor penetration) from the image
under analysis (e.g., image taken after significant delignification) and applying the
segmented image of the reference as a mask. Before subtraction, the consecutive
images were re-aligned locally by registering smaller sub-volumes within the sam-
ple. Furthermore, the spatial evolution of gray levels within the cell wall and middle
lamella was investigated. This analysis was carried out by creating a distance field
based on the segmented reference (mask) and then using it as a label to compute
the local averages of grayscale levels in the consecutive reconstructed images. The
distance field was created using Chamfer Distance Map 3D, and the local averages
were calculated using Intensity Measurements 2D/3D, which are both tools available
in the MorphoLibJ plugin. Refer to the Supplementary Information for more details
about these steps.

Optical microscopy

Optical micrographs of untreated wood were acquired to provide a basis of compari-
son for the images attained via in-situ CT (at pulping time=0 min). To prepare the
slides used in the microscopy analysis, air-dried sapwood chips of the three hard-
woods under study were softened in deionized water. The small pieces (~1.5 cm x
8 mm x 8 mm) were first soaked for 10 min in water with the aid of a vacuum cham-
ber and then heated (approx. 80 °C / 1-2 h) under constant agitation. Transverse sec-
tions (thickness=100—-150 um) of the softened samples were produced with the aid
of a microtome (Jung AG, Heidelberg). These sections were mounted in microscope
slides using deionized water as mounting medium and covered with coverslips. The
slides were observed with a light microscope (Axio Imager Z2m, Zeiss) in bright-
field mode with a maximal magnification of 400x. Image processing was performed
with ImagelJ-Fiji, using an approach similar to the one described in Sect. 2.4 (i.e.,
image segmentation followed by Local Thickness analysis).

Lignin and carbohydrates analysis

In order to assess the extent of delignification achieved after subjecting sapwood
chips to the pulping conditions utilized in the beamline, wood and pulp samples were
analyzed to determine the contents of Klason lignin and carbohydrates. The pulp
samples were prepared in a lab, using the same reactor and the same cooking condi-
tions utilized in the in-situ experiments (Table 1), including the intervals in which
the pump was shutdown. Then, both sapwood and pulp samples were subjected to
acidic hydrolysis, using a procedure based on the NREL’s method for determination
of structural carbohydrates and lignin (Sluiter et al. 2012). A detailed description of
the procedure is given in previous work (Marion de Godoy et al. 2024).

To measure Klason lignin, the hydrolysate was filtered in glass microfiber filters
(Whatman GF/A), and the solid residue was dried at 105 °C overnight and weighed.
The filtrate was used to quantify the carbohydrates using anion exchange chromatog-
raphy (HPAEC-PAD Dionex ICS-5000, Thermo Fisher Scientific). Separation was
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carried out with two 250 mm Dionex CarboPac PA1 columns, and detection was
done with a pulsed amperometric detector equipped with a gold reference electrode.
The results were corrected by the yields of hydrolysis, as reported by Wojtasz-Mucha
et al. (2017). The final concentrations of carbohydrates were expressed as anhydro
sugars.

Estimate of porosity based on density

The porosity calculated via tomography (pulping time=0 min) was compared to the
porosity of untreated sapwood samples calculated based on density measurements.
Initially, the density values (in dry basis) were determined by measuring the oven-
dried mass of wood pieces with specific dimensions and then dividing the results by
the volume of said pieces. The density was used to calculate the porosity according
to Egs. 1,

Pi

611177 1
Pw M

where €; is the porosity of the wood sample, p; is the density of the wood sample in
dry basis, and p,, is the density of the wood substance. The value of p,, was set to
1500 kg/m?, which is an approximate value (Malkov et al. 2001a).

Results and discussion

Microstructure of untreated hardwoods and assessment of reconstructed
tomograms

The microstructures of the three hardwoods under study (untreated samples, pulping
time=0 min) are shown in Fig. 4. The first images (Fig. 4a-c) display 2D slices of the
reconstructed tomograms, in which it is possible to observe some of the anatomical
differences between the species, like the presence of slightly smaller vessels in alder
(Fig. 4a) and slightly thicker rays in birch (Fig. 4c). The quality of the reconstructed
tomograms was on par with the results achieved by Wagih et al. (2022). The spa-
tial resolution and voxel contrast of the images is limited due to inherent external
interference present in the system and the pronounced local tomography. With these
limitations, smaller features, such as pits (~1-2 um), could not be properly detected
in the samples.

Measurements of morphological data based on the reconstructed tomograms (3D
images) were also compared with results attained using micrographs acquired via
optical microscopy, €.g., as shown in Fig. 4d-f. Table 2 summarizes this comparison
and presents porosity data calculated from the binarized tomograms and based on the
density measurements.

Overall, the results shown in Table 2 indicate that the reconstructed tomograms
provided reasonable measurements of the selected structural features with respect to
the more standard measurement approaches. The porosity values reflected microstruc-
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Fig. 4 Microstructure of the hardwoods under study. The grayscale images show 2D transverse slices
of the reconstructed tomograms acquired in the beginning of the experiments (pulping time=0 min) for
a alder, b aspen, and ¢ birch. The images in the second row show transverse slices of d alder, e aspen,
and f birch observed with light microscope. Scale bars=20 pm

Table 2 Porosity, double wall Alder Aspen Birch
thickness, and lumen diameter (A (P tremula) (B. pube-
(of ﬁbers) in different hardwood glutinosa) scens)
species Porosity (%)
via tomography * 654+33  68.5+34  56.6+2.8
based on density ° 66.7+1.0  71.5+1.8  61.7+0.0
Double wall thickness
(um) ©
via tomography 7.1£1.8 7.2+1.9 7.4+1.7
via microscopy 6.5+£2.5 6.6+2.3 7.1£23
Lumen diameter (um) ©
via tomography 13.9+5.0 13.0+4.6 9.9+3.1
via microscopy 12.7+£4.0 11.4+3.4 11.5+2.7

 The standard deviations were calculated considering the estimated
error of the segmentation procedure (5%)

b Porosity estimated based on density measurements of oven-
dried wood chips and considering the density of the wood
substance=1500 kg/m?

¢ The averages and standard deviations were calculated based on
the histograms of the measurements conducted in the segmented
images

tural differences between the hardwood species, especially the size and frequency of
vessels, as other important factors such as cell wall thickness and the lumen diameter
of fibers appear to be similar among the samples. Moreover, the CT-based porosi-
ties of aspen and alder were in good agreement with the data estimated using wood
density. A small difference was observed between the porosity values calculated for
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birch, which may be due to the small field-of-view used in the tomography experi-
ments. This difference could also be associated with the simplifications performed
when estimating the porosity via density, as more accurate results could be achieved
if p,, was measured or calculated based on the composition of the hardwoods under
study.

Regarding double wall thickness and lumen diameter, the results were within the
range found in previous works (Kaakinen et al. 2004; Patt et al. 2006; Kiaei et al.
2016; Takata et al. 2021), and no significant differences were observed between the
species. However, the standard deviation of the results was substantial, although it
likely reflected the intrinsic variations in the wood tissue rather than measurement
errors. The large deviations are also explained by the fact that in both the tomography
and the microscopy data no distinction was made between the fibers and the other
cells in the wood tissue (except for vessels, which were excluded from the lumen
measurements).

Liquor penetration in hardwoods during kraft pulping

Figure 5 presents tomogram slices of birch (Fig. Sa-c) and aspen chips (Fig. 5d-f).
The images include the first acquired after starting the pulping experiments (Fig. Sa
and d), the last before complete liquor penetration (Fig. Sc and f), and some collected

Fig. 5 In-situ tomograms following the penetration of cooking liquor in the center of wood chips. 2D
slices of the reconstructed images of birch a—c¢ after 15, 29, and 43 min of pulping. 2D slices of the
reconstructed images of aspen (d)-(f) after 24, 39, and 67 min of pulping. The regions with lower con-
trast correspond to the areas filled with liquor. In images a and d, the blue and green arrows indicate,
respectively, some of the first rays and vessels to be filled. Similarly, in images b and e the highlighted
areas in blue and green indicate the lumens of the fibers adjacent to a ray cell (rectangles) and a vessel
(circles). The magnified area in f shows the beginning of cell wall separation in aspen
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in between (Fig. 5b and e). Together, they illustrate how the penetration of white
liquor progressed inside hardwoods with different porosities.

Although the conditions for liquor penetration in the experiments differed from
those found in an industrial setting, they allowed comparing the behavior of the hard-
woods when entrapped air is present inside vessels and fibers. More details about
the movement of entrapped air within the chips are described in the Supplementary
Information.

In both species, the rays were the first cells to be fully penetrated by the cooking
liquor, together with a few vessels (refer to the arrows in Fig. 5a and d). This result is
consistent with expectations, as the thickness and width of the samples were consid-
erably smaller than their length, and the region under study was located in the center
of the chips. The result also reinforces previous findings (Wardrop and Davies 1961;
Ahmed and Chun 2011) that indicate that ray cells offer a path for radial transport of
liquor, while vessels offer the main path for penetration in the longitudinal direction
of hardwoods.

In addition to identifying which cells were penetrated first by the liquor, it is inter-
esting to observe how the liquor is transported to the lumen of the fibers. It was
shown by Stone and Green (1959) that longitudinal penetration of liquor from fiber
to fiber is not an efficient path of impregnation and, instead, the penetration of liquor
in the lumens occurs from an impregnated cell to the adjacent ones via the pit system.
In this context, the tomograms presented in Fig. 5b and e suggest that liquor pen-
etration from ray cells to adjacent fibers is not as fast or efficient as the penetration
starting from vessels. This phenomenon can clearly be observed by comparing the
highlighted areas in blue and green in Fig. 5b and e: the lumen of the fibers close to
the rays (blue rectangles) is empty, whereas the fibers close to vessels (green circles)
are filled with liquor. This behavior could be explained by the differences in number,
size, and type of pits in these cells. For instance, the pits in ray cells are relatively
small compared to the pits in vessels (Carlquist 2007; Ahmed and Chun 2011), which
may slow down the passage of liquor to the adjacent fibers. Moreover, differences in
the thickness and porosity of pit membranes have also been suggested to affect the
uniformity of impregnation (Singh et al. 1999).

Nevertheless, despite providing a poor pathway for cross penetration, the rays still
contribute to the transport of cooking chemicals via diffusion through the cell walls.
In addition, they may play an important role in the distribution of cooking chemicals
in the middle lamella, as the percentage of blind pits (i.e., pits connecting the rays
to extracellular spaces) can be quite significant in some wood species (Zhang et al.
2004).

The tomograms in Fig. 5¢ and f show the profile of the samples just before being
completely filled with liquor. The fibers were the last features to be filled in birch,
whereas in aspen some vessels were still empty after all fibers were penetrated. Such
a difference is probably related to the porosity of the samples. The aspen sample
had a larger porosity than birch, which most likely extended the time for complete
liquor penetration in the sample, as more liquor had to be transported in and more
entrapped air had to be transported out. This hypothesis is reinforced by the results
obtained for the alder sample, which also had a larger porosity than birch. In this case,
images of liquor penetration reveal that alder behaved like aspen, i.e., the fibers were
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completely filled with liquor while some vessels still had air inside them (refer to
the Supplementary Information). Nonetheless, despite the longer times required for
complete liquor penetration in aspen and alder, the delignification of the fibers did
not seem to be significantly delayed. In fact, the aspen samples even displayed the
beginning of cell wall separation before all vessels were filled with liquor, as shown
by the dark lines along the middle lamella in the magnified area of Fig. 5f.

When comparing the behavior of liquor penetration in this study with the liquor
penetration in more fractured wood chips, like those prepared in industrial chippers,
one can anticipate differences. Based on early impregnation experiments (Gustafson
et al. 1989), most of the differences between liquor penetration in hand-cut chips and
commercial ones are associated with the rate of penetration. Nevertheless, the mode
of penetration, i.e., the transport of liquor between adjacent cells via pits, should
remain the same. Similarly, when comparing the behavior of liquor penetration with
and without the presence of entrapped air, changes in the rate of penetration should
be expected, as the air can create significant back pressure. Still, this effect should be
more pronounced in heartwood than sapwood (Malkov et al. 2001b).

Progression of delignification inside hardwoods during kraft pulping

Table 3 presents the times required to achieve complete liquor penetration and fiber
separation in the center of the hardwood chips, according to visual inspection of
the reconstructed images acquired via in-situ CT. Additionally, Table 3 shows the
changes in composition (specifically Klason lignin, glucan, and xylan) measured
in hardwood chips treated using the same pulping conditions applied in the in-situ
experiments.

The compositional analysis showed that the initial lignin concentration in alder
was substantially higher than in the other species (by approx. 28%), whereas birch

Table 3 Progression of kraft Alder Aspen Birch
pulping in different hardwood (. (P. tremula) (B. pube-
chips glutinosa) scens)
Composition * (%, odw)
Before pulping (0 h)
* Results expressed in Klason lignin 249+04  19.6£0.6  19.3+0.4
weight% "tf d;};(W°fhd~ Minor — Glycan 40.0£0.6  43.0£08  37.0£02
components, ke other Xylan 176202 165403 232402
hemicellulose-related sugars, .
extractives, and ash, were After pulping (4 h)
omitted. The following pulping Klason lignin 1.1£0.4 0.4+0.1 0.6+0.0
yields were measured for the Glucan 30.1+£0.0 30.8+0.0 33.4+0.1
samples after 4 h of pulping: Xylan 6.0+£02  4.7+0.1 7.5+0.1
40% for alder, 39% for aspen Pulping stage ®
and 44% for birch. ping stag
b . . . Complete liquor penetra- 1.4 1.4 1.0
Based on visual inspection tion (h)
of the reconstructed Start of cell wall separa- 1.6 1.1 1.4
tomograms. Note that the .
« P tion (h)
terms “cell wall separation )
Complete separation of 2.9-3.2 2.2-25 2.3-2.7

and “fiber separation” are used
interchangeably in this text

fibers (h)
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had the largest amount of xylan and aspen the highest content of glucan. After pulp-
ing, more than 95% of the initial lignin was removed from all the samples, indicating
that the 4 h experiments were sufficient to capture the overall delignification profile
of all wood species.

The data regarding complete liquor penetration and cell wall separation high-
lighted differences between the three wood species. As discussed in Sect. 3.2, liquor
penetration was likely affected by the porosity of the samples and progressed slightly
faster in birch (the least porous material). Cell wall separation, which is a direct
result of lignin removal, can be influenced by many factors, ranging from local lig-
nin content and composition (Santos et al. 2011; Aguayo et al. 2014; Takada et al.
2016, 2021) to the availability of alkali and the rates of diffusion of lignin fragments
through the fiber walls (Brannvall 2018; Kron et al. 2025). Based on the CT data,
the rate of separation seem to agree with the initial content of lignin in the samples
and their porosity (which impacts the availability of cooking chemicals within the
chip). Aspen was the species in which cell wall separation was detected first and it
was also the species with the highest porosity and a somewhat low lignin content.
Birch, despite the low lignin content, experienced fiber separation later than aspen.
This behavior was probably influenced by the low porosity, as a lower concentra-
tion of cooking chemicals should be available in the middle of the birch chip when
compared to aspen, especially in the beginning of pulping (i.e., right after liquor
penetration). Finally, alder was the last species to go through fiber separation, which
was expected given its significantly higher initial lignin content.

The evolution of fiber separation across the microstructure of the samples is exam-
ined in more detail in Fig. 6. These results were assessed with reconstructed CT
images of birch samples, but similar behavior was observed in aspen and alder (refer
to Supplementary Information). In Fig. 6a it is possible to follow the decrease in
grayscale levels between the fibers through time. The first image acquired after com-
plete liquor penetration (1.2 h of pulping) showed initial signs of material loss in
the middle lamella, as indicated by the decrease in gray values along the boundary
between two adjacent fibers. After 1.4 h of pulping, the initial signs of material loss
also became visible in the cell corners. Next, as delignification progressed, the mate-
rial loss in the previously affected regions was intensified, effectively creating a new
interface between fiber wall and liquor. At 2.0 h of pulping, cell wall separation was
accomplished for most fibers.

The qualitative analysis of grayscale levels shown in Fig. 6a was made quanti-
tative and extrapolated to the whole reconstructed volume in the graph presented
in Fig. 6b. The graph showed a continuous decline in gray-levels close to the lim-
its between two adjacent cells, as indicated by the profiles measured at distances
equal or above half of the average double wall thickness. Such decline was associ-
ated with the decrease in density in the middle lamella region, as the extent of lignin
removal increased, and with the formation of a new wall-liquor interface, as fiber
separation progressed. The analysis of the behavior close to the lumen, however, is
more complex. The gray-levels in this region increased, although the changes were
less pronounced than the ones in the interface between cells. This increase probably
reflected changes in phase-contrast due to the new interfaces between wall and liquor.
Other factors influencing the gray-levels could be related to changes in the secondary
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Fig. 6 Delignification and cell wall separation in birch. a Zoomed-in reconstructed 2D slices acquired
at different pulping times illustrating fiber separation. The areas highlighted in yellow show the initial
material loss in the middle lamella (after 1.2 h of pulping) and cell corners (after 1.4 h of pulping).
b Average spatial variation in grayscale levels across the cell walls and middle lamella of the recon-
structed volumes. The vertical line at 3.7 pm indicates half of the average double wall thickness in
untreated birch. Max. standard deviation of gray-level=0.0006 (dimensionless). ¢ Maps showing the
uniformity of changes in grayscale levels across transverse slices of reconstructed tomograms. Refer-
ence: slice acquired after 1.0 h of pulping. On the left: sample after 1.4 h of pulping, on the right:
sample after 2.0 h of pulping
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wall, as it experiences relatively fast removal of lignin and hemicelluloses followed
by aggregation of cellulose fibrils (Hult et al. 2001; Bardage et al. 2004). In addi-
tion, after fiber separation the variations in gray-levels may also originate from small
movements of the fibers beyond the mask used in the analysis.

In Fig. 6¢, changes in grayscale levels across the microstructure were measured
to provide an indication of the uniformity of delignification in the transverse section
of wood and the potential impact of different cells in the progression of fiber sepa-
ration. This measurement was conducted by subtracting the gray-levels of a refer-
ence (reconstructed slice acquired at 1.0 h of pulping) from re-aligned reconstructed
slices acquired at 1.4 h and 2.0 h of pulping. The resulting maps suggest a seemingly
homogenous extent of delignification along the transverse slices, as indicated by sim-
ilar gray-level changes in the boundary of adjacent fibers spread across the monitored
area. Thus, the position of a fiber relative to other cells did not appear to affect the rate
of lignin removal substantially, i.c., being in the vicinity of a vessel or a ray cell led
to neither speeding-up nor slowing-down of the delignification process (considering
the sensitivity limits of the gray-scale analysis).

The progression of pulping was also described by changes in the porosity of the
samples and changes in the double/single wall thickness, as presented in Fig. 7. Due
to the differences in contrast between regions filled with liquor and those filled with
air, segmentation and subsequent measurements in the reconstructed CT images with
partial liquor penetration were not possible. Hence, the profiles in Fig. 7 show results
acquired before pulping (time=0 h) and after complete liquor penetration.

The overall increase in porosity with cooking time was an expected trend. In
the samples observed before and after liquor penetration there were no significant
variations in porosity, as the only changes seen in the tomograms referred to minor
expansions in the thickness of the rays (see measurements in the Supplementary
Information). The only exception occurred in aspen, as cell wall separation had
already started during liquor penetration. As pulping progressed, the porosity of the
samples increased due to the separation of fibers and, later, due to further distancing
of the cells. Among the hardwoods, birch had the largest increase in porosity (from
56.6% to 75.7%, i.e., 33.7%), which was also anticipated since birch had the highest
ratio between fibers and vessels.

Regarding the evolution of the double/single wall thickness (Fig. 7b), it is interest-
ing to note the differences between the profiles found in this study and the ones found
by Wagih et al. (2022) in their in-situ experiments. When working with soda pulping,
Wagih et al. (2022) observed that the double wall thickness in compression wood of
Norway spruce increased by more than 60% within the first 10 min of process. This
expansion remained significant even after the first hour of pulping, as the double wall
was still approximately 16% larger than in the untreated wood. In the current study,
however, the measurements of double wall thickness in the hardwoods before and
after liquor penetration did not suggest a substantial expansion of the wall. In addi-
tion, visual inspection of the images collected during liquor penetration (i.e., between
0 and 1 h of pulping) also pointed at a relatively constant fiber wall thickness. This
difference suggests how the fiber wall ultrastructure could affect the swelling of the
lignocellulosic matrix. For instance, in regular wood (as the samples investigated in
this study) the almost perpendicular alignment of the cellulose fibrils between the S1,
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Fig.7 Evolution of a porosity and b cell wall thickness in the center of different hardwoods throughout
kraft pulping. The area highlighted in green denotes the time interval in which fiber separation is hap-
pening. ¢ Reconstructed and segmented images of birch illustrating the separation of fibers; from left
to right: sample after complete liquor penetration (1.0 h of pulping), sample in the initial stage of fiber
separation (after 1.4 h of pulping), and sample with most fibers completely separated (after 2.0 h of
pulping). Scale bar =20 pm

S2 and S3 layers likely restricted the swelling of the S2 layer, which is the thickest
and, therefore, the one expected to swell the most (Hubbe et al. 2024). Hence, as the
liquor occupied the macropores formed by the removal of lignin and hemicelluloses,
the swelling was confined by the secondary wall layers (Stone and Scallan 1967),
resulting in minor increase in cell wall thickness. In compression wood, however,
the S3 layer is often missing and the microfibril angles in the S2 and S1 layers dif-
fer from those found in regular wood (Donaldson and Singh 2013). The cell wall is
also thicker and more rounded. These circumstances may allow the wall to expand
towards the lumen area during swelling, resulting in a more substantial increase of
cell wall thickness.

After complete liquor penetration, the profiles shown in Fig. 7b indicate a sharp
decrease in cell wall thickness, as the measurements change from double wall to
single wall, reflecting the separation of the fibers. In all samples, this separation was
achieved within 1-1.5 h (i.e., after about 2-2.5 h of pulping), as illustrated by the
segmented images of birch in Fig. 7c. During the last hour of pulping, no significant
changes in cell wall thickness were observed in the samples. Moreover, in birch and
alder the final single wall thickness was about 6—8% smaller than half of the double
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wall in the untreated wood (Table 2), whereas in aspen this reduction reached 25%.
This decrease in thickness agrees with the behavior expected during kraft pulping
and likely reflects both the dissolution of the middle lamella and the shrinkage of the
secondary wall. However, Stone and Scallan (1967) suggested a gradual decrease
in cell wall thickness as the pulping yields become lower than 70%, which was not
observed in the profiles of Fig. 7b, although the error bars of the measurements may
overshadow such a continuous decline. In addition, the data presented by Stone and
Scallan (1967) showed about 20% reduction in cell wall volume in spruce fibers
pulped up to 40% yield, which aligns with the results attained with aspen but differs
from the modest 6-8% reduction shown in birch and alder. This suggests that the
shrinkage of the cell wall may vary from species to species. One can suppose that the
small reduction of cell wall thickness in alder and birch may be connected to their
high contents of residual xylan (when compared to aspen), but further research into
the evolution of cell wall density and cellulose fibril aggregation during pulping of
hardwoods is needed to assess this hypothesis.

Final discussion

In-situ X-ray tomography was successfully applied to observe changes in the struc-
ture of three hardwood species during kraft pulping. The 3D reconstructed tomo-
grams allowed measurement of morphological features, namely cell wall thickness
and lumen diameter, of alder, aspen and birch samples, with results comparable to
the ones achieved using optical microscopy and other imaging techniques. Moreover,
the in-situ experiments allowed the structures and their evolution to be followed in
3D during pulping to provide information on liquor penetration and delignification
of the wood chips. Liquor penetration was shown to start in vessels and ray cells,
confirming results from earlier works (Stone and Green 1959; Wardrop and Davies
1961). The images also indicated that the preferred path for the propagation of liquor
penetration in adjacent cells began in vessels rather than in rays, likely due to the size
and configuration of the pits. Hence, future work comparing the pitting system in
rays and vessels and their structural changes when exposed to alkaline medium may
be relevant to elucidate the details of liquor penetration during kraft pulping and to
explain differences in the impregnability of different wood species.

For the hardwoods evaluated in this study, no significant differences were observed
regarding the route of liquor penetration. However, the total time required for com-
plete penetration varied, with the most porous hardwoods (aspen and alder) taking
longer to be filled by liquor. In addition, the samples showed different delignification
rates, as evidenced by the pulping times needed to achieve complete fiber separation.
Aspen was the fastest to delignify, whereas alder took the longest time until fiber
separation. The reasons for these differences in pulpability are still not fully under-
stood, but the porosity of the material and its initial lignin content are suggested to
influence the process significantly.

The reconstructed tomograms also revealed that the extent of lignin removal was
not influenced significantly by the radial or angular position of the fibers relative to
other cells. Furthermore, delignification was shown to affect the middle lamella from
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the early stages of pulping, as observed by changes in grayscale levels of images
acquired after complete liquor penetration.

Measurements of porosity and double wall thickness during pulping indicated
that the most drastic structural changes in all samples happened within 1-1.5 h after
complete liquor penetration. At the end of the pulping experiments, the hardwoods
presented a 21-34% increase in porosity caused by fiber separation and further dis-
tancing of the cells due to slight movement of the fibers and cell wall shrinkage. The
lack of a pronounced increase in double wall thickness during the beginning of pulp-
ing highlighted the impact of the cell wall ultrastructure in restraining the swelling
of the lignocellulosic matrix. Moreover, the results attained after substantial deligni-
fication suggested differences in the intensity of fiber wall shrinkage in the different
wood species.

Conclusion

The present study showed how in-situ X-ray microtomography can be applied to
investigate liquor penetration and delignification during kraft pulping. The recon-
structed images of different hardwood species during cooking indicated that:

e Vessels provide the best path for liquor penetration, allowing it to be transported
to adjacent cells via pit pores. Ray cells, on the other hand, become filled with
liquor relatively quickly but do not allow easy passage of liquor to the surround-
ing fibers.

e Fiber separation starts earlier in aspen, then in birch and later in alder.

e The proximity of fibers to vessels and ray cells does not impact the rate of fiber
separation significantly.

e Cell wall thickness decreases during pulping, which reflects the loss of the middle
lamella and the shrinkage of the secondary wall. The extent of the decrease varies
between species.

o The wood chip porosity increases continuously due to cell wall separation and,
after extensive delignification, due to cell wall shrinkage and small movements
of the fibers.
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