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Abstract: In this work, kinetic models are developed to interpret the fractionation dynamics
under varying pretreatment conditions. Specifically, aspen wood chip samples were prepared
with three different dimensions for pretreatment using 72% 4-phenolsulfonic acid in an
isothermal reaction vial. Then, the solid recovery and residual lignin content in the wood chip
were measured, which was then utilized to estimate the model parameters. The effects of biomass
size and temperature on the solubilization and delignification kinetics are discussed and assessed

for further utilization.
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1. INTRODUCTION

With the global depletion of petroleum resources and
emerging pollution, lignocellulosic biomass has been intro-
duced as a promising resource for alternative fuels, chem-
icals, and materials because of its sustainability and re-
newability. Over the last several decades, biomass conver-
sion technologies have been significantly improved; how-
ever, those biomass-derived products are still not cost-
competitive compared to petroleum-derived products. The
biorefinery concept has been proposed to maximize the
utilization of biomass components by covering an extensive
range of combined technologies for a wide range of value-
added products like today’s petrorefineries (Morais et al.,
2015). This approach expands the use of biomass com-
ponents from cellulose alone to entire biomass, including
hemicellulose and lignin, to enhance the economic feasibil-
ity of biomass utilization.

Lignin is the largest non-carbohydrate component in the
plant cell walls. It has been reported as a major recalci-
trant factor in many biological conversion processes. It is
shown in Yoo et al. (2020) that lignin interferes with the bi-
ological conversion of cellulose by limiting cellulose access
as a physical barrier, non-productive binding to enzymes,
and inhibiting microorganisms’ activities. Therefore, it is
necessary to remove or modify lignin prior to the biological
conversion processes. In this regard, pretreatment is an
essential step to reduce the recalcitrance factors. Various
pretreatment methods using acid, alkaline, organic solvent
and hot water have been investigated to increase the
biomass conversion efficiency (He et al., 2020).
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Fig. 1: A schematic illustration of fractionation
process

However, harsh reaction conditions have caused the un-
wanted transformation of biomass components such as
dehydration of the hydrolyzed sugars and condensation of
lignin in many pretreatments. Recent pretreatment meth-
ods have been developed to maximize both carbohydrates
(i.e., cellulose and hemicellulose) and lignin through effec-
tive fractionation (Fig. 1). These pretreatments achieved
an effective delignification under relatively mild reaction
conditions using organic co-solvent, ionic liquid, acid hy-
drotrope, and others (Meng et al., 2020). The dehydration
of solubilized hemicellulose and condensation of lignin
were significantly reduced, while a certain degree of lignin
modification was unavoidable.

Motivated by the limitation, in our previous study, 4-
phenolsulfonic acid (PSA) was considered for an effective
fractionation of poplar wood chips. In this pretreatment,
PSA not only performs as a catalyst but is also used as
a solvent (Yoo et al., 2020). PSA has a unique perfor-



mance due to its amphiphilic structure composed of a
hydrophobic benzene ring and a hydrophilic sulfonic acid
together. It could cluster and aggregate with lignin in
water due to this amphiphilic property. In addition, PSA
could solubilize the lignin fragments by accumulating them
via a hydrophobic effect. As a result, cellulose and lignin
were effectively fractionated from poplar wood chips under
mild temperature (50 — 80°C) and atmospheric pressure
using PSA.

Even though the fractionation of lignocellulose has im-
proved significantly by developing such novel agent for
delignification, these technologies are still at the early
stages of industrialization. While experimental approaches
(e.g., development of solvent and catalyst) have been
widely proposed, the applications of systematic model-
ing and optimization techniques have received relatively
small spotlight due to the lack of understanding on the
dynamic behavior of fractionation. Recently, kinetic mod-
eling has become an important tool in the analysis of
chemical reaction system by virtue of the advanced com-
putation performance (e.g., collection and processing of
large amount of elementary data and regression of the re-
lationship between system variables). In this sense, when it
comes to these biomass utilization, there have been several
approaches to mathematically elaborate wood chip treat-
ment processes with multiscale modeling strategies (Choi
and Kwon, 2020b; Son et al., 2020). Motivated by the
improvement, the kinetics of degradation of lignocellulose
under varying dimension is studied in this work, through
a series of laboratory experiments using PSA solvent and
a kinetic modeling approach.

The article is organized as follows: we designed an experi-
ment to investigate the dynamic behavior of pretreatment
under PSA (i.e., solubilization and delignification). Then,
kinetic models are developed to capture the effect of pre-
treatment conditions (e.g., biomass thickness and reactor
temperature), followed by estimation of the model pa-
rameters by utilizing the experimental results. Lastly, the
kinetic modeling results are discussed and the conclusion
of the proposed work is provided.

2. MATERIALS AND METHODS
2.1 Materials

4-hydroxybenzenesulfonic acid (also known as 4-phenolsul-
fonic acid, PSA, 85 wt.%) is purchased from TCI AMER-
ICA, and Aspen wood chips are supplied by SUNY ESF.
The wood chips are air-dried and sliced into three different
thicknesses (0.8, 3.0, and 5.0 mm). Specifically, the wood
chips are Wiley-milled and screened using a 20-mesh sieve
for 0.8 mm thickness samples, whereas wood chips with
the thicknesses of 3 and 5 mm are manually trimmed
with cutters. Prior to the experiment, the powder and
chips are soaked in deionized water for 48 hours at room
temperature. In this work, the moisture content of the
soaked samples is measured.

2.2 PSA pretreatment of aspen wood chip

In the pretreatment experiment, 2.0 + 0.3 g (dry weight) of
water-soaked aspen samples are loaded to a 40 mL glass

reaction vial with a pressure-relief cap. Then, PSA (85
wt.%) is loaded into the reaction vial to make a 72 wt.%
PSA solution with the water in the aspen sample. The
reaction vial is placed in an oil bath at 70 — 90°C for
10 — 30 minutes. Upon the completion of the reaction, the
softened aspen wood chips are manually disintegrated with
glass stirring rods until jelly-like pulps are obtained. After
skimming, the mixture is soaked in acetone for 20 minutes
and filtrated. The solid residue is washed with acetone
and water until the surface pH reaches 5. Both the solid
residue and filtrate are collected and stored for further
analysis. While treating the aspen samples with thickness
of 0.8 mm, the mixture is directly soaked in acetone-water
mixture (1:1, v/v) after pretreatment without manual
disintegration.

2.8 Klason lignin analysis

Lignin content of biomass before and after pretreat-
ment are measured according to NREL standard pro-
cedure (Sluiter et al., 2008). Specifically, untreated and
pretreated wood chips are ground to 14 mesh prior to the
analysis, and the size-reduced biomass is hydrolyzed by
72% sulfuric acid at 30°C for 1 hour and then diluted to 4%
sulfuric acid by adding deionized water. The biomass and
hydrolysate in 4% sulfuric acid are autoclaved at 121°C for
1 hour. After the two-stage hydrolysis, insoluble samples
are filtered, washed by deionized water and oven-dried to
quantify the acid-insoluble residue. After measuring the
dry weight of acid-soluble residue, the samples are placed
in the muffle furnace at 575°C for 24 hours. Lastly, the
Klason lignin content are obtained by measuring deashed
acid-soluble residues.

2.4 Model development

Since experiments are limited in analyzing the dynamic
behavior of unmeasured conditions, in this work, kinetic
models are developed by utilizing the experimental data,
which is then employed to predict and further investigate
the pretreatment dynamics. Specifically, the two kinetic
models are capable of predicting the solid recovery and
lignin content in pretreated biomass; the structure of
models are adopted from references and the parameters
of the models are estimated based on the experimental
measurement.

Solid recovery  During the fractionation process, cellulose
is liberated while degrading and solubilizing solid compo-
nents including lignin, hemicellulose and extractives (He
et al., 2020). To evaluate the efficiency of the process,
the weight loss of the solid phase is commonly measured;
the amount of the residual solid (i.e., solid recovery) is
proportional to that of cellulose, which is the most im-
portant value of pretreatment. Since the solubilization
dynamics is affected by the dimension of reactant (i.e.,
wood chip), a kinetic model is developed to predict the
solid recovery after the fractionation under the varying
thickness of wood chip. By following previously developed
assumptions, a conventional differential equation for the
acid solubilization is developed in this work as follows:

dSre
dt

= _kS(STe - SS:)Q (1)



where S, is the solid recovery (%), ks is the rate constant
of the solubilization reaction, Sy¢ is the unreactive fraction
of the wood chip, and « is the reaction order.

While pretreating biomass, cellulose is relatively stable
and resistant to acidic attack, leaving unreactive compo-
nents when treated under a mild condition (Hendriks and
Zeeman, 2009). The stable structure of cellulose is known
to be responsible for the phenomenon under the given
operating range, which has been captured by introducing
an unreacting solid component in several kinetic models
for delignification (Choi and Kwon, 2019a,b, 2020a). Sim-
ilarly, the unreactive fraction term (S22) is included in the
solubilization model of the proposed work to accurately
capture the dynamic behavior.

Lignin content In conventional pulping processes (i.e.,
delignification), lignin has been considered as a low value
by-product. However, recently, it has been suggested that
lignin can be a valuable source of chemicals if it would
be broken into smaller molecular units while preserving
its stability. In other words, simultaneously removing
the lignin from biomass and protecting the C-O bond
of dissolved lignin is very important in lignocellulose
fractionation process. In this work, PSA is applied for
the pretreatment which is effective for this objective; PSA
effectively dissolves the lignin fragments and secures the
structure using its amphiphilic property. To evaluate the
extent of delignification, an ordinary differential equation
is employed to capture the delignification dynamics under
PSA as follows:

Table 1: Solid recovery after PSA pretreatment

Thickness | Temperature | Time | Solid recovery
(;m) (°C) | (min) (%)
10 40.3+3.3
70 20 40.7£0.2
30 36.4+£6.3
10 444+ 3.6
0.8 80 20 40.3£2.5
30 41.3£0.3
10 41.0 £2.7
90 20 39.5£0.2
30 39.0+0.3
10 44.2
70 20 41.8
30 409+£14
10 43.6
3.0 80 20 41.0£1.0
30 43.4
10 43.6
90 20 414
30 39.3
10 NEGL
70 20 NEGL
30 NEGL
10 NEGL
5.0 80 20 55.2+4.9
30 53.2+3.2
10 NEGL
90 20 56.5 £ 3.0
30 54.6 £0.2

L

L b, 2)
where L is the lignin content in biomass, Ly is the dis-
solved lignin content, k1 and ky are the rate constants of
delignification and condensation reaction, respectively. It
is important to note that acid delignification is generally
considered as an reversible first-order reaction (Dapf et al.,
2002); experiments of delignification by acidic solvents at
atmospheric pressure showed the condensation (i.e., repre-
cipitation) of lignin which is unfavorable for lignocellulose
fractionation. The model parameters in (1) and (2) are
estimated based on the experimental measurements, which
are then utilized to analyze the underlying dynamics of
pretreatment.

3. RESULTS AND DISCUSSION
3.1 Acid solubilization

In this work, PSA pretreatments are conducted with the
three different thicknesses of aspen wood chips (i.e., 0.8,
3.0, and 5.0 mm) under the three different temperatures
(i.e., 70, 80 and 90°C). During the pretreatment, PSA re-
acts with the biomass components and selectively dissolves
hemicellulose and lignin, as discussed in our previous
study (He et al., 2020). Table 1 presents the solid recovery
after PSA pretreatment. By utilizing the measurements
in Table 1, the parameters of (1) are estimated (i.e., rate
constants and orders). Please note that while pretreating
the 5 mm thickness wood chips, PSA did not show a
significant biomass decomposition at 70°C for 10 — 30
minutes and 80°C for 10 minutes, resulting in the solid
recovery of over 90%. Therefore, these conditions are not
further studied in this work.

It is observed that the solid recovery under the identical
temperature and time increases as the thickness of biomass
increases (Fig. 2). In particular, the aspen wood of 5 mm
thickness showed relatively higher solid recovery (Figs. 2b
and 2¢) and higher reaction order (Table 2) compared to
those of 0.8 and 3 mm thicknesses. The two following
factors are expected to be responsible for the observation.
First, owing to the high thickness, PSA is not able to
properly penetrate the biomass (i.e., aspen wood chip),
thereby leaving the core of wood chip intact. Second, thick
wood chips have longer pores that dissolved molecules have
to diffuse, compared to thin wood chips. Accordingly, the
dissolved bulky molecules in thick wood chips are more
likely to be trapped in the cell matrix; pore size is known
to significantly affect the lignin dissolution kinetics (Zhang
et al., 2020). Moreover, the dissolved molecules are likely
to adsorb onto the surface of cellulose-rich residue.

This interpretation is also supported by the estimated
reaction rates in Fig. 3 and unreactive fraction of biomass
in Fig. 4; small wood chips have relatively high reaction
rates and small unreactive fractions. In addition, even
though the unreactive fraction decreases along the dimin-
ishing thickness of biomass under the given condition,

Table 2: Solubilization reaction order

Thickness | 0.8 mm
« 1.46

5.0 mm
0.63

3.0 mm
0.90
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Fig. 2: Experimental and predicted solid recovery
under varying temperatures.

the unreactive fraction is expected to converge to a cer-
tain value even when the thickness is less than 0.8 mm.
Since the high rigidity of cellulose-rich solids makes the
cellulose stable under the given acidic condition, some
portion of biomass remain unreacted regardless of reaction
time; however, cellulose can be hydrolyzed to sugars under
severe temperatures and high acidic conditions.
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Fig. 3: Acid solubilization reaction constants under
varying temperature and biomass size
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Fig. 4: Unreactive fraction of lignocellulose under
varying temperature and biomass size

8.2 Delignification

In this work, the delignification kinetics of PSA pretreat-
ment is studied by measuring Klason lignin content. Simi-
lar to the acid solubilization, the Klason lignin contents
of the three different thicknesses of aspen wood chips
(i.e., 0.8, 3.0, and 5.0 mm) under the three different
temperatures (i.e., 70, 80 and 90°C) are measured for the
analysis. The lignin content of untreated biomass is 19.6%
and decreases during the PSA pretreatment as a result of
delignification (Table 3). The parameters in (2) (i.e., delig-
nification and condensation rate constants) are estimated
based on the measurements, which are then embedded in
the model to predict the trajectories of lignin contents. The
profiles of predicted and measured Klason lignin content
under the three different temperatures are demonstrated
in Fig. 5, and the estimated model parameters are shown
in Fig. 6.

Under the given operating condition, the pretreatment
temperature plays an important role in determining the
kinetics of delignification. At high temperatures, the Kla-
son lignin rapidly reaches the equilibrium state where
the delignification and condensation rates are equal. For
example, the Klason lignin content of 0.8 mm thickness



Table 3: Klason lignin content in wood chips after
PSA pretreatment

Thickness | Temperature | Time | Lignin content
(mm) (°C) (min) (%)
Untreated - - 19.6 £ 0.5
10 5.2+0.3
70 20 2.0
30 1.6£0.5
10 2.4
0.8 80 20 1.6
30 2.1
10 1.8
90 20 1.8
30 2.2
10 8.2+1.0
70 20 5.0+0.6
30 3.1+0.7
10 7.3+0.7
3.0 80 20 4.6+0.3
30 3.9
10 4.9+0.6
90 20 22402
30 1.5+£0.1
10 N/A
70 20 N/A
30 N/A
10 N/A
5.0 80 20 7.4
30 5.9+0.6
10 N/A
90 20 7.5+0.1
30 8.1+0.3

biomass no longer changes after 10 minutes at 90°C
(Fig. 5¢), whereas that in 70°C continuously decreases
until 30 minutes of pretreatment (Fig. 5a). The rising lines
in Fig. 6a clearly demonstrate the temperature dependence
of delignification kinetics.

In addition, the delignification reaction is also dependent
on the thickness of biomass; small thickness facilitates the
removal of lignin during the PSA pretreatment (Fig. 5).
Specifically, more than 70% of lignin in 0.8 mm thickness
biomass is removed within 10 minutes for all the three
temperatures and relatively small amount of lignin is re-
moved during the rest of pretreatment period (black lines
in Fig. 5). Similarly, in this experiment, the Klason lignin
content increases as the biomass thickness grows at identi-
cal pretreatment times. It is because higher thickness wood
chips have a smaller surface area which limits the mass
transfer of PSA to the wood chips during the pretreatment.
The higher delignification rates of the thinner biomass in
Fig. 6a also support the interpretation; the reaction rates
of 0.8 mm thickness is greater than those of 3.0 and 5.0
mm at the three temperatures.

On the other hand, the condensation reaction shows a less
significant correlation between the thickness of biomass.
The three different colored lines in Fig. 6b are moderately
overlapping with each other, implying the weak impact
of the biomass thickness on the condensation kinetics.
This observation might be attributed to the following
interpretation.

Lignin content (%)
o

T
e

0 5 10 15 20 25 30
Time (min)

(a) Temperature = 70°C

203 : :
+* £ 0.8 mm, exp.
18 1% —0.8 mm, calc.
N . £ 3.0 mm, exp.
161 ---3.0 mm, calc.
SN t 5.0 mm, exp.
14 ---5.0 mm, calc.

@

Lignin content (%)
o

0 5 10 15 20 25 30
Time (min)

(b) Temperature = 80°C

£ 0.8 mm, exp.
—0.8 mm, calc.
¢ 3.0 mm, exp.
---3.0 mm, calc.
E 5.0 mm, exp.
---5.0 mm, calc.

Lignin content (%)

0 5 10 15 20 25 30
Time (min)

(c) Temperature = 90°C

Fig. 5: Experimental and predicted residual lignin
content under varying temperatures.

The condensation of lignin is mainly caused by the amount
of repolymerized lignin (Shuai and Saha, 2017) and pseudo
lignin, which is formed from the hydrolyzed and de-
hydrated carbohydrates under acidic conditions (Shinde
et al., 2018). The pretreatment temperature is one of the
major parameters to govern the condensation rate. In this
study, the lignin condensation is possible regardless of
thickness as most of hemicellulose and lignin are dissolved
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Fig. 6: Reaction kinetics of lignin under varying
temperature and biomass size

within 10 minutes of the PSA pretreatment, and the in-
crease in Klason lignin content is observed at the latter
half of the PSA pretreatment in some cases (e.g., 0.8 mm
at 80°C and 5.0 mm at 90°C).

4. CONCLUSION

In this work, the fractionation dynamics was quantita-
tively examined by integrating the designed PSA pretreat-
ment experiment and developed kinetic models. Specifi-
cally, first, aspen wood chips were prepared in three differ-
ent thicknesses and pretreated in PSA at three different
temperatures, followed by measuring the solid recovery
and Klason lignin content of biomass. Then, the param-
eters of the two kinetic equations which are describing
the dynamic behaviors of solubilization and delignification,
respectively, are estimated based on the experimental data
and employed to interpret the effect of biomass thickness
on the dynamics. The temperature and size dependence of
PSA pretreatment is analyzed in this work, which would
be further utilized to optimize the fractionation process
by applying the proposed approach to other solvents and
biomass types.
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