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ABSTRACT: This paper introduces a multiscale 1D model to describe the
delignification inside hardwood chips during kraft pulping. The proposed approach
combines our previously developed model encompassing the kinetics of lignin reaction
and the transport of lignin fragments inside fiber walls (microscale) with the transport of
alkali across the chip (macroscale). Validation was performed using experimental
measurements of local lignin content inside birch chips subjected to batch kraft cooking.
The results showed it was possible to capture the delignification behavior of the least
accessible fibers by focusing on modeling the lignin removal along the thickness of the
chip. Additionally, sensitivity analysis indicated the model was heavily influenced by
parameters governing the availability of alkali at the chip macroscale. Moreover, similar to what has been reported for softwoods, the
model suggests that a virtually uniform delignification could only be achieved under the studied conditions when using thin chips
(thickness <2 mm).

1. INTRODUCTION
The kraft pulping process is central to manufacturing several
forest-based products, including many renewable materials that
can help reduce society’s reliance on fossil carbon. Never-
theless, to meet global demands, it is essential to increase the
resource efficiency of the process, including the utilization of
finite lignocellulosic feedstocks.1 Nonuniform delignification
should therefore be avoided, as it leads to lower pulping yields,
as well as a variance in the properties of the fibers. Thus,
effective control of the delignification process during kraft
cooking is crucial.2 However, advancements in this area require
a comprehensive understanding of the underlying phenomena
taking place during kraft cooking, which involves the
simultaneous interplay of various chemical reactions, inter-
phase transport across multiple length scales, and the inherent
heterogeneity of the feedstock.3

Historically, many modeling efforts describing delignification
have emphasized the kinetics of the reactions taking place
during kraft cooking, particularly the cleavage of β-O-4
linkages, which was considered the controlling factor in the
overall delignification rate.4 Consequently, numerous mathe-
matical models have focused on these reaction types with
varying degrees of complexity.5 These models frequently
assume that the transport of cooking chemicals and dissolved
wood components proceeds rapidly, an assumption that faces
increasing scrutiny.6−8 For instance, increased wood chip
thickness is known to impact pulping uniformity.9 Similarly,
significant discrepancies have been documented between the
chemical environment within the wood chip and the
surrounding liquor.10−12 These observed discrepancies cannot
be explained by a strictly reaction-controlled process,
indicating that the transport of both chemicals and dissolved

wood components is more significant than previously
recognized.

In recent years, delignification models have strived to build
upon early kinetic models and incorporate the anisotropic
nature of wood chips and the different mass transport
resistances that impact the process. For instance, Greńman et
al.13 proposed a 3D model in which reaction kinetics was
combined with the diffusion of alkali and wood components
along the length, width and thickness of chips, accounting for
the variations in mass transport resistance caused by changes in
porosity and composition of wood during pulping. Gilbert et
al.14 used a different approach: instead of considering the
anisotropy of wood, the authors opted for a less complex
system, where the wood chips were represented by a solid
phase and a liquid phase (entrapped liquor). In this case, the
reactions take place in the solid phase, whereas diffusion of
wood components and alkali occurs in the entrapped liquor
and outside the chip (in the free liquor). A combination of
these two strategies was suggested by Bijok et al.8,15 They
proposed adopting the three-phase system mentioned by
Gilbert et al. but modeling the diffusion of alkali and wood
components in the liquid phases considering the anisotropy of
wood, i.e., using distinct effective diffusivities in each direction
of the chips.
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These examples, while providing significant advances in
modeling kraft cooking, also face criticism. From a
phenomenological point of view, the aforementioned models
are able to describe the mass transport in the pore system of
the chips but lack the explicit description of the transport
taking place inside the fiber walls, which has been suggested to
limit the delignification rate to some extent.16,17 In addition,
the high computational cost of multidimensional and/or
multiscale models can hinder their applicability, limiting their
use to operational systems in which memory and CPU time are
not restricted, or demanding the development of alternative
methods to solve them.18 Furthermore, model validation often
focuses on comparing the predicted results with average data
based on lignin content of the pulp throughout cooking.
Hence, there is little information regarding how reliable these
models are in capturing the lignin gradients inside the chips.

In this context, the present study introduces a simplified
multiscale model of delignification in wood chips during batch
kraft cooking. The proposed approach expands our previously
developed cell wall-level model,19 combining reaction kinetics,
the diffusion of alkali and lignin inside the fiber walls, and the
diffusion of alkali across the chip. The goal was to provide a
modeling framework that accounts for the main mechanisms
limiting the rate of delignification, but with a relatively low
complexity, so that the model can be easily adapted and used
in industry to predict the defibration point, for example. Thus,
the model focuses on describing the delignification of the least
accessible fibers, being limited to one dimension (chip
thickness) to reduce the computational load. Additionally,
the model is validated by comparing simulation results with
experimentally determined lignin distributions in wood chips
during pulping.

2. MATERIALS AND METHOD

2.1. Model Development
2.1.1. Geometry and General Assumptions. In this multiscale

approach, the delignification of a wood chip during kraft pulping was
modeled using two characteristic geometries: across the wood chip at
the macroscopic level, and within a single fiber wall at the microscopic
level, as illustrated in Figure 1. In this geometry, the distance between
the lumens of adjacent fibers (i.e., the double wall) was set to 5 μm,
which agrees with literature data reported for birch.20,21 Focused on
describing the delignification of the least accessible fibers in the chip,
the macroscale of the 1D model was simplified to the radial direction

at the center of the chip, i.e., across its thickness (chip thickness = 8
mm). This choice reflects previous findings showing that chip
thickness constitutes the critical dimension for diffusion in wood
chips,9,22 as the diffusional path lengths in the longitudinal and
tangential directions (i.e., the chip’s length and width) are
substantially greater, while the effective diffusivities of ions are on
the same order of magnitude in all directions under alkaline
conditions.6,23

To combine the two characteristic geometries, it was assumed that
the rate of lignin removal in each element along the radial direction of
the chip could be reasonably described by the behavior of a single,
representative fiber. Other general assumptions used to develop the
model included the following:

a) At the fiber-wall level, the transport of cooking chemicals and
the dissolution and transport of lignin followed the framework
proposed by Kron et al.19 In short, Fickian diffusion of lignin
fragments limits the delignification in the cell wall, whereas
both the diffusion of alkali and the reaction kinetics are
comparatively fast.

b) The dissolved lignin fragments and the lignin still bound to the
lignocellulosic matrix were described as different species (LD
and LS, respectively). At the wood chip level, the lignin content
(LC) corresponded to the sum of LD and LS still remaining in
the fiber wall.

c) Given the uncertainty regarding the influence of hydrosulfide
ions on the delignification rate, the current model did not
explicitly include a dependency on sulfidity. Instead, the effect
of hydrosulfide ions was assumed to be constant. This
simplification follows the previous approach applied when
modeling the delignification of woodmeal.19

d) Carbohydrate reactions were not described explicitly. Instead,
the mass of carbohydrates that react at a given time was
estimated based on empirical correlations to the mass of lignin
in the pulp (refer to Section 2.2).

e) The consumption of hydroxide ions during pulping was
approximated by 0.21 g NaOH/g of lignin dissolved and 0.49 g
NaOH/g of carbohydrates that reacted (also including
neutralization and deacetylation), which are typical values
found during kraft pulping of hardwoods.14,24,25

f) The transport of dissolved lignin fragments in the wood chip
level and their additional reactions with the cooking chemicals
were not described explicitly. Still, their impact over the
hydroxide concentration should be at least partially accounted
for, given the use of experimental correlations for hydroxide
consumption. In addition, experimental verification of the
degree of delignification was conducted on washed and leached
chips, which should reduce the effect any remaining dissolved
lignin fragment has on the residual lignin content.

g) The temperature increased with time according to the heating
profile used in the pulping experiments (refer to eq 16 in
Section 2.3). This temperature rise was quite slow compared to
the heat conduction in the wood; therefore, the temperature
throughout the chip was assumed to be uniform and equal to
the bulk liquor temperature. This assumption is reinforced by
the relatively high thermal diffusivity of wood (∼3−5 × 10−7

m2/s),26 resulting in approximately 1 min to achieve a Fourier
number of about 1.

2.1.2. Equations: Wood Chip Level. Given the assumptions
described in Section 2.1.1, the delignification at the wood chip level
was described by the system of PDEs represented in eqs 1 and 2:
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where t is the time, LC is the lignin content in the wood chip level,
which is dependent on the bound (LS) and dissolved (LD) lignin in
the fiber wall (Section 2.1.3), OH is the concentration of hydroxide

Figure 1. Schematic representation of the geometries considered in
the delignification model: (a) radial direction in the middle portion of
the wood chip (0.5 × thickness = 4 mm), and (b) a single fiber wall
(0.5 × double wall thickness = 2.5 μm). The geometries are based on
the hand-cut chips used in the experimental kraft cooking trials.
Discretization: wood chip = 70 elements; fiber wall = 30 elements.
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ions, denoted by subscript C for the wood chip level and subscript W
for the fiber wall level, y is the direction along the thickness of the
chip, β is the factor accounting for the consumption of hydroxide ions
due to reactions with lignin and carbohydrates (Section 2.2), DOHdC

is
the effective diffusivity of OH− along the radial direction of the chip,
and ε is the wood chip porosity, which is included to correct for the
different volumes occupied by the lignocellulosic matrix and the liquid
phase (e.g., the lumens). The overbar notation represents average
values across the thickness of the fiber wall.

The effective diffusivity DOH dC
was determined based on the

diffusivity of sodium hydroxide in water at infinite dilution corrected
by the temperature (DOH,free) and adjusted according to the local
effective capillary cross-sectional area (ECCSA) in the chip. The value
of DOH,free was calculated according to Poling et al.,27 as presented in
eqs 3 and 4:
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where DNaOH,∞ is the diffusivity of sodium hydroxide in water at 25 °C
and infinite dilution, R is the gas constant, F is the Faraday constant,
λ+ is the limiting ionic conductance of Na+ at 25 °C, λ− is the limiting
ionic conductance of OH− at 25 °C, T is the temperature of the wood
chip, and μH2O is the viscosity of water at T in centipoise. The
calculated values of DOH,free were also used to describe the diffusivity
of hydroxide ions in the lumen of the fibers and in the bulk liquor
surrounding the wood chip.

To determine DOHdC
, the ECCSA of the radial direction of the chip

was calculated based on the experimental data from aspen reported by
Stone,23 according to
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in which OHC is in mol/L.

The initial conditions of eqs 1 and 2 are given by
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The initial LC value (0.94) is the sum of LS and LD at the beginning of
pulping (Section 2.1.3), and OH0 is an estimated initial concentration
of hydroxide that was assumed to be uniform throughout the
thickness of the chip. Different values of OH0 were tested, ranging
from 0.06 M, which is an average experimental value measured in the
center of the wood chip after impregnation, to a limit of 0.55 M
(approximately the concentration of hydroxide in the bulk cooking
liquor). This range was considered since the consumption factor β
already accounts for the total consumption of hydroxide during
impregnation, which means OH0 should represent the alkali content
inside the chip after liquor penetration plus the alkali consumed
during impregnation due to neutralization and other minor reactions.

The boundary conditions of eq 2 are described by
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which correspond to the symmetry of the chip and the mass transfer
of hydroxide between the surface of the chip and the surrounding
cooking liquor. In this case, the model considered the diffusion of
hydroxide ions from the cooking liquor toward the chip, and a linear
concentration profile over a layer of 5 μm (approximately the size of
the lumen radius) was assumed.

2.1.3. Equations: Cell Wall Level. The delignification at the fiber
wall level was modeled following the same procedure described by
Kron et al.,19 resulting in the set of PDEs shown in eqs 8−10:
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where rL is the effective reaction rate (representing all reactions which
contribute toward solubilizing lignin from the lignocellulosic matrix),
LD,i is the ith size fraction of the dissolved lignin remaining in the fiber
wall, DL dD,i

is the effective diffusivity of the corresponding lignin
fraction, xi is the mass fraction of the ith lignin fraction, OHW is the
hydroxide concentration in the cell wall, and z is the spatial direction
along the fiber wall thickness. More details regarding the motivation
and application of the dissolved lignin fractions can be found in the
previous paper.19 In the original model, the diffusivity of hydroxide in
the cell wall (DOHdW

) was assigned a single constant value. The current
work extended this to include a temperature dependence based on the
expression developed by McKibbins,28 with the same activation
energy. The pre-exponential factor was scaled to correspond to 10−11

m2/s at room temperature, which was the value previously used.19 It is
possible the diffusivity could be closer to an order of magnitude larger,
as indicated in studies focused on ozone bleaching,29 although it is
difficult to compare such systems with kraft pulping, since the
flexibility and swelling of the fibers may differ substantially due to the
distinct process conditions (e.g., pH) and degrees of delignification.
However, as shown in our original cell wall model, the effect of alkali
transport within the cell wall is negligible even using the present
conservative diffusivity value. The resulting expression of DOHdW

is
presented in eq 11:

= ×D T e2.5 10 ( ) RTOH
9 4870

W (11)

where T is the temperature in kelvin, and R is the thermodynamic gas
constant in cal/(mol K).

The initial conditions assumed a reduced starting concentration of
the bound lignin to account for the easily soluble fraction of lignin
which is removed even at room temperature. This value was estimated
from measurements of the Klason lignin content in the center of the
chip 15 min into the process, before the target cooking temperature
had been reached.30 The initial concentration of dissolved lignin was
assumed zero, and the OH− level was assumed identical in the fiber
wall as in the chip. The boundary conditions were defined on similar
premises as in the model by Kron et al., with the exception that the
hydroxide gradient across the lumen was now evaluated using the
local concentration in the chip, OHC, rather than the bulk
concentration in the surrounding liquor. The following initial and
boundary conditions are presented in eqs 12 and 13:
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where the gradient of dissolved lignin in the lumen ( )LDB was

assumed to be linear, decreasing from LD,i at the cell wall surface to
zero at the center of the lumen (5 μm, which is approximately the
radius of the lumen). Similar assumptions were applied to OHB ,
although in this case, the lumen concentration corresponded to the
simulated concentration in the wood chip node, OHC, instead of zero.
The subscript B denotes conditions in the lumen.
2.2. Parameter Analysis and Model Evaluation
In the model, a consumption factor (β) was used to describe the
consumption of hydroxide ions in reactions with lignin and
carbohydrates. This factor was calculated according to eq 14:

=
+ L
M

(0.21 0.49 ) L

NaOH

0

(14)

where 0.21 and 0.49 are, respectively, the consumptions of sodium
hydroxide per mass of lignin and per mass of carbohydrates that
reacted during pulping (as mentioned in Section 2.1.1). ρL is the
density of wood substance, which was approximated by 1500 kg/m3.
MNaOH is the molar mass of sodium hydroxide and L0 is the content of
lignin in the wood before pulping, which was measured (L0 = 0.193 g
Klason lignin/g odw). Since carbohydrates are not represented
explicitly in the model, the mass of carbohydrates that reacted at a
given time was estimated based on the amount of lignin reacted. In eq
14 this is represented by α, that is the ratio between carbohydrates
and lignin that remain in the pulp after a given time of cooking. This
ratio was determined experimentally for the chips used in this study,
as shown in Figure 2.

As the data from Figure 2 do not extend into the final stage of
delignification, which is known to have a greater extent of
carbohydrate removal relative to lignin, a second carbohydrate/
lignin-ratio was fitted to the data of Kron et al.19 The resulting
expression for α is given in eq 15.
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2.3. Experimental Data
The experimental data used to evaluate the model was acquired in
earlier studies.30,31

Batch kraft cooking experiments were conducted using hand-cut
chips of birch, as described in previous work.30 Initially, the chips
were placed in autoclave vessels together with white liquor. They were
impregnated (partial vacuum using a water aspirator for 10 min,
followed by pressurization with 5 bar N2/ 20 min) after which the
vessels were placed in a preheated polyethylene glycol bath under
agitation. The temperature profile inside the vessels followed the
equation derived by Bogren et al.32

=T T T e( 293.15)B B
t T/(918 1.26 )B (16)

where T is the temperature inside the vessel, and TB is the
temperature of the cooking bath (both in K).

Table 1 summarizes the experimental conditions utilized during
cooking:

After reaching the desired cooking time, the process was stopped
by placing the vessels in a cooling bath. The chips were separated
from the black liquor via vacuum filtration and washed with 2 L of
distilled water. To remove any residual liquor, the chips were leached
in distilled water for about 2 weeks (leaching water was changed every
other day).

To assess the composition in the middle of the chips, they were cut
to separate sides, corners, and the center. Next, the center piece was
sliced into different layers (surface, intermediate and inner layer) with
1−1.5 mm each. Each layer was subjected to acidic hydrolysis to
determine the Klason lignin content, providing the lignin gradient
used to evaluate the goodness of fit of the model.

To measure the average hydroxide content in the middle portion of
the chip at the beginning of cooking, wood chips were collected right
after impregnation and placed in liquid nitrogen for 5 min. These
samples were then cut into different pieces and placed in distilled
water. They were left leaching in water at room temperature
overnight, under constant agitation. The following day the hydroxide
content was determined by titrating the leaching water with HCl (end
point = pH 7). More details about the determination of hydroxide
content are mentioned elsewhere.30

3. RESULTS AND DISCUSSION

3.1. Model Response: Original Parameters
3.1.1. Radial Profile. Figure 3 shows radial lignin gradients

in the chips at different pulping times according to
experimental data and model predictions when setting OH0
to 0.06 and 0.55 M. The corresponding simulated profiles of
lignin content and hydroxide concentration across the
thickness of the chip over time are displayed in Figure 4. All
the lignin data presented in the Results and Discussion section
have been normalized to the initial content of lignin in the
untreated wood (0.1930 g/g odw), as measured in previous
work.30

When comparing the modeled lignin gradients in Figure 3, it
is apparent that the starting concentration of hydroxide (OH0)
had a considerable impact on the simulated extent of

Figure 2. Carbohydrates remaining in the pulp (g/g odw) as a
function of Klason lignin in the pulp (g/g odw). Data from the
experiments of Marion de Godoy et al.30

Table 1. Cooking Conditions and Liquor Composition

Parameter Value

TB (K) 438.15
Time (min) 15, 30, 45, 60
[OH−] (mol/kg liquor) 0.55
[SH−] (mol/kg liquor) 0.25
Na2CO3 (mol/kg liquor) 0.10
Liquor:wood (w:w) 22:1
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delignification across the thickness of the chip. Interestingly,
this impact increased with pulping time, being more
pronounced after 45 and 60 min compared to 15 and 30
min. In both scenarios, OH− was virtually depleted in the
center of the wood chip within 10 min, as indicated in Figures
4b and 4d. If the initial OH− concentration had influenced
only the early extent of delignification�simply causing more
lignin to react before the depletion of alkali in the 0.55 M
case�then any difference between the two scenarios would
have remained unchanged after this point. However, this was
not observed, implying that the initial OH− concentration has
a relatively long-lasting influence on the overall delignification
rate. A likely explanation is the increased influx of alkali
occurring when using a high OH0 value, which is driven by the
higher swelling of wood (represented by the increasing ECCSA
in the model, see eq 5). This effect is visible in Figure 4, where
the OH− gradient penetrates further into the chip for the 0.55
M case compared with the 0.06 M case.

The results in Figure 4 also show that, regardless of OH0,
lignin and hydroxide displayed essentially inverse profiles. This
suggests that the hydroxide ions were not readily available
within the wood; otherwise, the delignification would have
progressed more uniformly across the chip. Furthermore, after
significant delignification near the surface, a steep lignin

gradient developed and gradually moved inward over time,
although the chip center remained largely undelignified even
after 60 min. Meanwhile, the predicted OH− gradient was
approximately linear and penetrated progressively deeper into
the chip, indicating that hydroxide diffusion was slow relative
to its consumption.

3.1.2. Longitudinal Profile. To verify the soundness of
modeling the delignification of the chip center using a 1D
approach across the chip thickness, the proposed model was
also used to describe the lignin removal along the longitudinal
direction of the chip (Figure 5a). For this simulation, the
ECCSA was set to 0.51, regardless of the local concentration of
alkali, following the data reported by Stone.23 In addition, the
chip half-length in the longitudinal direction was set to 1.5 cm,
i.e., 3.75 times longer than in the radial case, and the initial
hydroxide concentration (OH0) was 0.55 M. Figure 5b shows
the predictions of the model for the longitudinal lignin
gradients in the chips at different pulping times compared to
experimental data.

Based on Figure 5b, it is evident that the extent of lignin
removal observed in the chip center was not captured by
modeling the longitudinal transport of alkali alone. This
behavior reflects the increase in the characteristic time for the
diffusion of OH−, defined by τ = l2/DOHdC

, which, depending on

Figure 3. Normalized Klason lignin content over the radial direction in the middle of the wood chip (refer to Figure 1). First line: results achieved
after (a) 15 min, (b) 30 min, (c) 45 min, and (d) 60 min of cooking when using OH0 = 0.06 M. Second line: results achieved after (e) 15 min, (f)
30 min, (g) 45 min, and (h) 60 min of cooking when using OH0 = 0.55 M.
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the local concentration of alkali, was roughly 3−11 times
higher in the longitudinal case than in the radial case.
Consequently, the delignification predicted by the model in the
central portion of the chip had no substantial contribution
from the longitudinal transport of alkali. This reinforces the
importance of the radial transport of alkali as the major driver
of delignification in the least accessible fibers. Furthermore,
similar conclusions can be drawn from the predicted
distributions of lignin and hydroxide content along the length
of the chip (Figure 6), as they indicate the complete depletion
of alkali (concentration <10−4 M) at a distance of 6 mm from
the chip surface.

3.1.3. Sources of Model Uncertainties. Regarding the
goodness of fit of the model, Figure 3 indicates two main
discrepancies between predicted and experimental data. First,
the model with the original parameters consistently over-
estimated the degree of delignification at the point closest to
the surface (y ≈ 0.8) for the intermediate (30 and 45 min)
time points. Second, the model underestimated the degree of
delignification at the center of the chip toward the longer times

(i.e., 45 and 60 min, position y ≈ 0.1). These shortcomings
probably arise due to inaccuracies in the value of some
parameters and due to specific assumptions made when
developing the model.

One example of uncertainty is related to the original
hydroxide content (represented by parameter OH0), which
most likely varies according to the position in the chip (y) and
can assume values between 0 and 0.55 M. Another parameter
with a high degree of uncertainty is the effective diffusivity of
hydroxide (DOH,r). To calculate the values of DOH,r, the local
ECCSA values inside the chip were estimated based on
literature data, which was collected after exposing a different
hardwood species (aspen) to alkaline media for several hours
at room temperature. Hence, the current values used in the
model may not reflect the real effective diffusivity of hydroxide
in birch wood under pulping conditions. In fact, the values may
overestimate the actual effective diffusivity of hydroxide, partly
due to the relatively short pulping time used in this study and
partly because the experiments were conducted on a denser
wood species (birch) than the original aspen data.

Figure 4. Concentration profiles across the radial direction of the wood chip over time. Distribution of (a) Klason lignin and (b) hydroxide ions, as
predicted by the model with OH0 = 0.06 M. Distribution of (c) Klason lignin and (d) hydroxide ions, as predicted by the model with OH0 = 0.55
M.
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In terms of assumptions, hydroxide ion consumption in
lignin- and carbohydrates-related reactions (used to calculate
β) was simplified to a single parameter for each component:
0.21 g NaOH/g and 0.49 g NaOH/g, respectively. Although
this simplification is common practice,14,24,25 it fails to capture
the complex interplay of the various alkali-consuming
reactions. In particular, the consumption factors were assumed
to be constant, despite the fact that most of the alkali
consumption associated with carbohydrates occurs at the
beginning of pulping. For example, reactions mainly targeting

hemicelluloses (e.g., deacetylation and peeling) account for the
majority of the alkali consumption3,33 and predominantly
occur early in the process,34,35 yet no distinction was made
between them and cellulose-related reactions in this frame-
work.

Another relevant simplification relates to assuming a
constant effect of sulfidity on the delignification rate. As
discussed in connection with Figure 4, OH− diffusion was
relatively slow, suggesting that HS− transport may have been
similarly constrained. However, alkali availability is also

Figure 5. Delignification across the longitudinal direction of the chip: (a) scheme illustrating the new geometry of the model; (b) normalized lignin
content in the middle of the wood chip across the longitudinal direction at 45 min of cooking (on the left) and 60 min of cooking (on the right).
Model parameters: ECCSA = 0.51, OH0 = 0.55 M.

Figure 6. Distribution of (a) Klason lignin and (b) hydroxide ions across the longitudinal direction of the wood chip over time. Model parameters:
ECCSA = 0.51, OH0 = 0.55 M.
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influenced by its consumption in various reactions. Although
OH− consumption far exceeds that of HS−, sulfidity levels do
vary during delignification.36,37 It is therefore reasonable to
expect a limited availability of HS− in the chip center, albeit to
a lesser extent than OH−. Consequently, the simplification of
constant HS− concentration should lead to an overestimation
of delignification at the chip center, but this effect was not
observed in the simulated data. An additional issue regarding
the assumption of constant HS− concentration concerns
modeling systems that operate with different sulfidity levels
than those applied to estimate the kinetic parameters of the
model. In fact, the kinetic parameters at the cell wall scale were
adjusted based on pulping data acquired using 0.15 M HS−/kg
liquor,19 which represents a lower sulfidity than that applied
during the experiments used in this study. However, as the
kinetic role of HS− is not yet fully understood, further research
is required to overcome these limitations and explicitly account
for sulfidity in the model.
3.2. Sensitivity Analysis

During the development of the model, the value of OH0 was
further varied in the range of 0.06−0.55 M. Simultaneously,
the carbohydrate/lignin ratio α was varied based on the
experimental results of our previous work.12 A discussion
detailing the analysis of the model based on these variables is
included in the Supporting Information. Regardless, these
attempts only achieved a somewhat improved fit. Moreover,
the issues highlighted in Section 3.1.3 remained, i.e., lignin
removal was overestimated by the model at the surface of the
chip and it was underestimated at the center, where the results
predicted the depletion of alkali. Hence, the analysis of the
model was then focused on parameters directly affecting the
profile of alkali in the chip, including the effective diffusivity of
hydroxide and the kinetics of alkali consumption.

To address the first discrepancy, the value of ECCSA was
decreased, which should mainly affect the rate of alkali
diffusion at the surface of the chip, where the total OH−

concentration is high. As an initial test, the ECCSA was set to
0.1 (i.e., that of unswollen wood), regardless of OH−

concentration. While this change represents an extreme
scenario, the results in Figure 7a demonstrate that it is
possible to capture the slower delignification at the surface of
the chip by decreasing the ECCSA, as evidenced by the
comparison with Figure 3g. As previously discussed, this
adjustment may also more closely reflect the actual conditions
associated with shorter pulping times, since the swelling of
wood is not instantaneous.6 In addition, a small ECCSA could

be more appropriate to describe denser wood species such as
birch.

Second, the lignin reaction rate was altered. In the model by
Kron et al.,19 the simulated reaction rate corresponded to a
complete conversion of the bound lignin, LS, in about 5 min
(at 150 °C). As noted in the original study, although this
represented the best fit to the experimental data, the actual
reactions solubilizing lignin likely persist for longer times,
albeit still shorter than what has traditionally been considered.
For example, it has previously been suggested that the lignin
cleavage reactions may be as fast as 10−20 min.38 Moreover,
our recent data suggests that rate-affecting reactions, likely
related to demethylation, are significantly diminished after
about 60 min.39 Therefore, the parameter optimization of the
original model was performed again, with constraints on the
reaction rate. An acceptable fit was found, corresponding to a
reaction rate about 4 times slower (more details available in
the Supporting Information). However, since this new cell wall
model was still fitted to the same original data, the apparent
reaction rate, i.e., the combined effect of reaction and diffusion
in the cell wall, remained essentially the same.

The results of the updated model are displayed in Figure 7b.
As apparent from comparison with Figure 3g, the modified
reaction parameters had a rather large impact on the overall
delignification, despite the unchanged apparent delignification
rate. A probable reason is that the slower intrinsic reaction rate
results in a slower consumption of alkali, which allows more
OH− to penetrate further into the wood chip. In the first case
(i.e., fast reaction) the OH− was completely depleted at the
center of the wood chip, reaching simulated values of ∼10−10

M. In contrast, when the reaction rate was reduced, the level of
OH− never dropped below 10−4 M. This difference in available
OH− appears to be enough for, albeit slow, reaction and
diffusion of the dissolved lignin fragments to occur even in the
center, resulting in the more homogeneous profile of Figure
7b. Additionally, it is worth mentioning that the longitudinal
transport of alkali remained negligible at the chip center after
reducing the intrinsic reaction rate, as shown in the Supporting
Information.
3.3. Model Response: Adjusted Parameters

The synergistic effects of reducing the intrinsic reaction rate
and decreasing the ECCSA were combined through manual
iterative adjustment, resulting in a constant ECCSA value of
0.20 (regardless of hydroxide concentration), an OH0 equal to
0.31 M, and the slower intrinsic reaction rate discussed in
Section 3.2. A summary of the parameters used in the model is

Figure 7. Normalized Klason lignin content over the radial direction in the middle of the wood chip after 45 min of cooking, using (a) the reduced
ECCSA or (b) the reduced intrinsic reaction rate. In both cases the initial OH− was 0.55 M.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.6c00374
Ind. Eng. Chem. Res. 2026, 65, 12938−12949

12945

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.6c00374/suppl_file/ie6c00374_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.6c00374/suppl_file/ie6c00374_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.6c00374/suppl_file/ie6c00374_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.6c00374/suppl_file/ie6c00374_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00374?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00374?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00374?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00374?fig=fig7&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.6c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


provided in the Supporting Information. As illustrated in
Figure 8, the new parameters allowed the model to capture the
radial gradient of lignin in the chip throughout the whole
experiment. However, it is worth noting that the purpose of the
altered parameters is not to represent the best fit to the
experimental data, nor provide accurate estimates of physical
data. Instead, these results demonstrate the model’s capability
to capture the physical trends of the experimental data, while
simultaneously highlighting its sensitivity to the altered
parameters.

Figure 9 shows the modeling results in terms of lignin and
alkali distribution within the wood chip over time when
utilizing the new parameters. By comparing the profiles in
Figures 9a,b, it is clear that the availability of OH− continued
to be a limiting factor to the progression of delignification
inside the chip, as suggested by the uneven removal of lignin.
However, unlike the results shown in Figure 4, the center of
the wood chip never reached a complete depletion of alkali.
Instead, delignification occurred throughout the whole thick-

ness of the chip, but the rate varied according to the local
hydroxide concentration.

From a more practical point of view, the profiles in Figure 9
also suggest that a nearly homogeneous delignification could
be achieved under these pulping conditions if a chip with up to
30% of the current thickness was used (i.e., a chip with about
2−3 mm of thickness). This result agrees with the data
reported by Gullichsen et al.,40 although their experiments
focused on lignin removal in softwood chips.

4. CONCLUSION
A multiscale model describing the delignification of wood
chips during kraft pulping was developed by coupling
diffusion-dependent delignification within fiber walls with the
transport of hydroxide ions across one dimension of the chip.
The results highlighted the following:

• The model was able to capture the progression of
delignification inside wood chips. Accordingly, one-
dimensional modeling across the chip thickness was

Figure 8. Normalized Klason lignin content over the radial direction in the middle of the wood chip for (a) 15 min, (b) 30 min, (c) 45 min, and
(d) 60 min of cooking. Model parameters: low intrinsic reaction rate (∼20 min) and low effective diffusivity (ECCSA = 0.20). Initial alkali
concentration = 0.31 M.

Figure 9. Distribution of (a) Klason lignin and (b) hydroxide ions across the radial direction of the wood chip over time. Model parameters: low
intrinsic reaction rate (∼20 min) and low effective diffusivity (ECCSA = 0.20). Initial alkali concentration = 0.31 M.
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sufficient to represent delignification in the chip core, as
longitudinal transport effects were comparatively minor.

• The agreement with the experimental data was further
improved by adjusting the effective diffusivity of
hydroxide ions and the intrinsic reaction rate. These
adjustments highlight the model’s sensitivity to alkali
availability at the chip scale, indicating that mass
transport limitations at this level significantly influence
the overall delignification rate throughout the process.

• A more accurate description of the delignification
profiles may require improved modeling of alkali
consumption and explicit incorporation of sulfidity
effects.

• The results further indicate that chip thickness plays an
important role in the uniformity of lignin removal.
Consequently, an increasingly uneven delignification is
expected in chips with thicknesses greater than 2−3 mm.
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■ ABBREVIATIONS
ECCSA Effective capillary cross-sectional area, [-]
Symbols
F Faraday constant, [C/gequiv]
DLD,i

Diffusivity of dissolved lignin (reacted lignin) in the
cell wall, fraction i = [1, 2, ..., 7], [m2/s]

DNaOH,∞ Diffusivity of NaOH in water at 298 K, [m2/s]
DOH Effective diffusivity of alkali, [m2/s]
DOH,free Diffusivity of NaOH in water at infinite dilution

corrected by temperature, [m2/s]
L0 Mass fraction of Klason lignin in the wood before

pulping, [-]
LC Relative mass concentration of lignin in the wood

chip, [-]
LD Relative mass concentration of all dissolved

(reacted) lignin fractions in the cell wall, [-]
LD,i Relative mass concentration of dissolved (reacted)

lignin in the cell wall, fraction i = [1, 2, ..., 7], [-]
LS Relative mass concentration of solid/unreacted lignin

in the cell wall, [-]
l Characteristic length of diffusion, [m]
M Number of discretized elements at the cell wall scale,

[-]
MNaOH Molar mass of NaOH, [mol/m3]
N Number of discretized elements at the wood chip

scale, [-]
OH0 Initial concentration of OH−, [M]
R Gas law constant, [J/(mol K)]
rL Reaction rate of solid lignin, [s−1]
T Temperature, [K]
TB Temperature of autoclave oil bath, [K]
t Time, [s]
xi Mass fraction of dissolved lignin i = [1, 2, ..., 7], [-]
y Position along the thickness of the wood chip, [m]
y, norm Relative position along the thickness of the wood

chip, [-]
z Position along the thickness of the cell wall, [m]
z, norm Relative position along the thickness of the cell wall,

[-]
α Ratio between mass of carbohydrates and lignin

removed during pulping, [-]
β Factor relating consumption of OH− to the reaction

of lignin and carbohydrates, [-]
δ Radius of lumen, [μm]

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.6c00374
Ind. Eng. Chem. Res. 2026, 65, 12938−12949

12947

https://pubs.acs.org/doi/10.1021/acs.iecr.6c00374?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.6c00374/suppl_file/ie6c00374_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Merima+Hasani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:merima.hasani@chalmers.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carolina+Marion+de+Godoy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linus+Kron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3510-9826
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+Theliander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2120-6513
https://orcid.org/0000-0002-2120-6513
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00374?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.6c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ε Wood chip porosity, [-]

λ

Limiting ionic conductance in water at 298 K,

× ×
Ä
Ç
ÅÅÅÅÅÅ
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Ö
ÑÑÑÑÑÑ

A
cm

V
cm

g

cm2
equiv

2

μ Dynamic viscosity, [kg/(m s)]
ρL Density of the lignocellulosic matrix, [kg/m3]
τ Characteristic time of diffusion, [s]
Subscripts

B Conditions in the “lumen” boundary
C Conditions in the wood chip
i Index denoting dissolved lignin fractions
W Conditions in the cell wall
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