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Graphical abstract

Levulinic acid

Schematic diagram of the hydrolysis of lignocellulose biomass solid residues to levulinic acid (LA) and solid-liquid dissolution.

Public summary

m In order to explore the reaction and transport inside the porous biomass solid residue, based on the lattice Boltzmann
method, a numerical model coupling physicochemical processes was established.

m By changing the reaction parameters, the optimal reaction conditions under different working conditions were explored.
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Abstract: Lignocellulose biomass has been recognized as one of the most promising sources of low-cost and renewable
biofuels, and its conversion into alternative fuels and valuable platform molecules has attracted widespread attention. The
porous solid residue from lignocellulose biomass, which was pretreated by steam-stripping, is catalyzed by dilute sulfuric
acid to form levulinic acid (LA). The process includes porous media diffusion, multicomponent reactive transport, liquid-
solid interface reaction, and cellulose dissolution. Understanding the interactions between these complex physicochemical
processes is the basis for optimizing the performance of the hydrolysis reaction. In this study, a porous reaction transport
model based on the lattice Boltzmann method (LBM) was established to simulate the conversion of cellulose to LA which
was catalyzed by dilute acid. The simulation results were compared with the existing experimental results to verify the ac-
curacy of the model. The simulation results showed that temperature has a significant effect on hydrolysis and the highest
carbon yield was obtained at 180 °C. Without considering the lignin reaction, the higher the sulfuric acid concentration, the
better is the hydrolysis efficiency in the range of 4% — 8%. The influence of cellulose content and steam-stripping the
residue porosity on the dissolution rate of cellulose was also evaluated. The average dissolution rate of cellulose is the

highest within 75 min, when the porosity is 0.7 and the cellulose content is 50%.

Keywords: lattice Boltzmann method; multiphase reactive transport; porous media structure; cellulose dissolution
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1 Introduction

The massive consumption of fossil resources exacerbates en-
vironmental problems, whereas biomass energy conforms
with carbon neutralization and environmental protection
strategies. Lignocellulose biomass has been recognized as a
promising low-cost and renewable biofuel, and its conversion
into alternative fuels and valuable platform molecules has at-
tracted widespread attention!™. One of the important plat-
form molecules, levulinic acid (LA), can be used as a fuel ad-
ditive, polymer precursor, and resin precursor. Many studies
have reported the properties and potential industrial applica-
tions of LA and its derivatives™® .

The extraction of LA from lignocellulose is technically
challenging due to the complex composition of lignocellu-
lose raw materials, including cellulose, lignin, and hemicellu-
lose. Cellulose is the key raw material for the extraction of
LA. The process of LA extraction from lignocellulose bio-
mass has multiple steps, including pretreatment, hydrolysis,
dehydration, and rehydration™. After the steam-stripping pre-
treatment of biomass raw materials, the hemicellulose is re-

moved” '’ The remaining solid residue is composed of cellu-

lose and lignin and a porous medium, which improves the re-
action efficiency of the subsequent hydrolysis of cellulose!'" '\,

Two different methods are usually used for the acid-cata-
lyzed hydrolysis of cellulose. The first uses a high concentra-
tion of inorganic acid as the catalyst'”! and has a low operat-
ing temperature (20 — 50 °C), but a high catalyst recovery
cost. The second uses a dilute acid catalyst at high temperat-
ures (170 — 240 °C). This method is low cost and a common
method for cellulose hydrolysis'“'?. During the hydrolysis
process, the conversion of cellulose to LA is catalyzed by di-
lute acid solution at high temperature and two main factors af-
fect the LA yield: (i) the process operation parameters (e.g.,
different temperature, dilute acid concentration, and cellulose
content) which significantly affect the reaction performance
of cellulose hydrolysis!; and (ii) the reaction by-products are
surrounded by the formation of humins which reduces the se-
lectivity of LA!'" ',

The process of extracting LA from lignocellulose biomass
is shown in Scheme 1. The hydrolysis process of cellulose in
solid residue includes complex physicochemical phenomena
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Scheme 1 Technological process for the preparation of levulinic acid (LA) from lignocellulose.

which have a significant effect on the performance of the
cellulose hydrolysis, such as transport problems in porous
media, multicomponent mass transfer, liquid-solid interface
reaction, and dissolution of cellulose. Investigating and un-
derstanding the influence mechanism of these physicochemic-
al processes is crucial for reaction optimization. However,
due to the complexity of the reactive-transport process in por-
ous media, the coupling mechanisms are difficult to obtain
through experimental study alone. Therefore, in this study, we
developed a numerical model for the simulation of the hydro-
lysis process of cellulose in solid residues which may elucid-
ate the interactions of various physicochemical sub-processes
involved in the reaction system.

Computational fluid dynamics (CFD) methods are power-
ful tools to study complex multiphase fluid flow and chemic-
al reactions and provide insights for optimizing reactor oper-
ating conditions. Among the various CFD methods, the lat-
tice Boltzmann method (LBM) is a mesoscopic numerical al-
gorithm based on the Boltzmann transport equation, which
plays an important role in multi-scale and multiphase flow
simulation. In recent years, it has developed into a reliable
and efficient numerical simulation method*). LBM is

4-2
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widely used to study a variety of physical and chemical phe-
nomena, such as heat transfer™, phase transition™*, trans-
port in porous media®>*’, and heterogeneous catalysist’.
LBM has distinct advantages in the numerical simulation of
multiphase reaction flow and interface dynamics of complex
pore-scale systems because of its efficiency for modeling the
transport process of various complex structures and the relat-
ively simple program implementation™.

Among the LBM models related to multiphase flow, the
Shan-Chen (SC) pseudopotential model® has been widely
used because of its simplicity and efficiency. Pan et al.”” used
the SC model to simulate two-phase flow in porous media
and obtained results which were consistent with the experi-
mental data. Mei et al.”" used the SC model to simulate the
reaction and mass transfer process in a liquid membrane cata-
lytic reactor. In recent years, many studies have proposed im-
proved models of the SC model, including models coupled
with non-ideal equations of state such as the Carnahan-
Starling equation®**], models using the multi-relaxation time
(MRT) scheme, or the Bhatnagar-Gross-Krook (BGK) ap-
proximation™. While efforts have been made to introduce
CFD technology into related chemical industries, the applica-
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tion of LBM in heterogeneous catalysis of lignocellulose
biomass and its derivatives has rarely been reported. Few
studies have focused on the hydrothermal catalytic conver-
sion of biomass and its derivatives™ " ",

Constructing a reasonable numerical model to study the in-
teraction of complex physicochemical processes in the hydro-
lysis of solid residues still presents various challenges. The
reaction systems in the existing models are also quite differ-
ent from the models required for catalytic conversion of bio-
mass. The purpose of this study was to establish a multiphase
reactive transport model in porous media and then simulate
the process of hydrolysis of pretreated solid residues to LA.
The model considers the multi-component transport of por-
ous solid residue, the dissolution of cellulose at the solid-li-
quid interface, and heterogeneous catalytic reactions. The
quartet structure generation set (QSGS)¥! was used to con-
struct the porous structure of the solid residue pretreated by
steam-stripping. The effects of different temperatures and
acid concentrations on the hydrolysis reaction were investig-
ated, and the response of the hydrolysis performance to the
porosity of the solid residues were analyzed. The influence of
the proportion of cellulose in the solid residue on the hydro-
lysis performance was also evaluated and based on the results,
improvement strategies for reactor performance have been
proposed.

2 Model framework

2.1 Catalytic reactions model

Lopes et al."! established a kinetic model for the conversion
of cellulose to LA catalyzed by dilute acid. After the steam-
stripping pretreatment, the hemicellulose in the biomass was
removed, and the solid residue mainly consisted of cellulose
and lignin. During hydrolysis, due to the low reactivity of
lignin in dilute acid catalysis, the hydrolysis of lignin can be
ignored"”. The physicochemical processes of hydrolysis in-
clude the following: (i) cellulose is broken down into smaller
fragments and then converted into glucose; (ii) glucose is iso-
merized to fructose and further dehydrated to form 5-hy-
droxymethylfurfural (HMF), in which parts of the glucose are
converted to humins; (iii) HMF is rehydrated to form LA and
formic acid (FA). The reaction kinetic models are as follows:
Cellulose dissolution:

11ul
W = —k, [cellulose]. (1

Glucose dehydration:

dlglucose] [gh;(;ose] = k, [cellulose] — k, [glucose] — k; [glucose]. (2)
Reaction of HMF:
% =k, [glucose] — k, [HMF]. 3)
Side reaction:
@ =k, [glucose]. “)

Generation of LA:

d[LA]

—— =k [HMF]. )

The specific reaction rate constant is obtained from the
Arrhenius formula:

k=Aexp(—I%). (6)

The Arrhenius formula was modified based on a previous
study of the hydrogen ion catalytic reaction mechanism in
cellulose acid hydrolysis®®. Thereafter, the numerical model
of the coupling acid concentration influence mechanism is
constructed:

E,
k= A exp (—ﬁ) (Cp)™, @)

where 4; (min™) is the frequency factor, E,; is the activation
energy (kJ-mol™), m; is the reaction order of the concentra-
tion of hydrated hydrogen ions, T is the temperature (K), Cy;,
is the concentration of H,SO,4, and R is the ideal gas constant.
The reaction kinetic model parameters used in the experimen-
tal study were based on Ref. [36] and are listed in Table 1.

2.2 3D geometric model

For the construction of the model and the simulations of fluid
reaction, mass transfer, and phase transition, the following as-
sumptions are made:

(i) The hemicellulose is removed during the pretreatment
process® and due to the low acid concentration and non-reac-
tion of lignin, the humin does not form a solid residue during
hydrolysis!"’.

(ii) The two components (cellulose and lignin) are all re-
garded as impermeable solids, and the full bounce boundary
scheme is adopted.

(iii) The physical parameters remain unchanged during the
reaction.

(iv) Only diffusion is considered in this single particle
model study which focuses on the internal transport reaction

Table 1. Variables of the reaction kinetic model and simulations"".

Parameters Values Description

Acgr (min™) 1.12x10°  Frequency factor of converting cellulose
Agre (min™) 4.50x10° Frequency factor of glucose to HMF
Agrcr (min™) 4.01x10*  Frequency factor of glucose to humins
Ayye (min™)  3.18x10°  Frequency factor of converting 5-HMF

Ecg (kI mol™) 57.5
Egrer (kKI'mol™) 3254
Egrca (kI'mol™) 37.6
Eymr (kJ-mol™) 24.42

Activation energy of converting cellulose
Activation energy of glucose to HMF
Activation energy of glucose to humins

Activation energy of converting HMF

McEL 0.31 Hydrogen ion order of cellulose
Mmgrcl 2.3 Hydrogen ion order of glucose to HMF
MGLca 1.084  Hydrogen ion order of glucose to humins
Myve 1.94 Hydrogen ion order of HMF
R (Jrmol™-K™) 8.31 Gas constant
Ax 3.75%107 Grid step
At 4.45%10 Time step
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process of porous residues. The lattice sound speed equation is:
Since most of the hemicellulose is removed from the ligno-
cellulose, the geometric model mainly contains cellulose and ¢, =Ax/ ( \EAI)’ (1)

lignin. In lignocellulose, the cellulose is mainly in the shape
of tube bundles, while the lignin is disordered and reticulate.
The geometric model was generated by QSGS"”**. First, the
growth nuclei of the cellulose were randomly generated in the
cylindrical space and therefore the growth probabilities in all
directions were adjusted to produce cellulose with a regular
arrangement of tube bundles. Second, the growth nuclei of
lignin in the cylinder space were randomly arranged based on
the generated cellulose, and the growth probabilities in all dir-
ections were adjusted to form irregular lignin fragments. The
green in Fig. 1 is cellulose and the orange is lignin.

Fig. 1. Residue structure generated by the program .The green part is
cellulose, the yellow part is lignin.

2.3 Multiphase lattice Boltzmann method (LBM)

The LBM can be divided into two parts. The first step is colli-
sion, which updates the density distributions according to the
equilibrium distribution function. The second step is the
streaming of the distributions toward the neighbor nodes. In
this study, the simulation region was discretized into nodes.
To simulate the coupling of reactive transport and multiphase
fluid flow in the LBM, we used the lattice Bhatnagar-Gross-
Krook (LBGK) model as the discrete approximation of the
Boltzmann equation. In the LBGK model, the fluid discrete
distribution function g was introduced, the D3Q19 discrete
velocity model was adopted, and the evolution equation is ex-
pressed as:

G (X+eAt 1+ A =g, (x,1) =T}, [gi,k (x,N—=g(x, t)]+w,-,kS WAt
®)

where g;, is the concentration distribution function of the &
component at site x and time ¢. 7;), is the dimensionless relax-
ation time of mass transfer, and S is the source term of the
catalytic reaction. Af and w;; are the time step and the weight
factor, respectively. The corresponding equilibrium distribu-
tion is expressed as:

e-ut  (e-ut)y (u)y
e 2¢t 2¢t |

K

gfl (x,1) = wy G (x, 1) | 1+

©)

The weight factor (w,) corresponding to the D3Q19 model is
expressed as:

1

§,i=0;
w=1Li-1-6 (10)
i = 18,1— 5

L.

%,l—7—18.

4-4

where Ax is the lattice spacing. The concentration and source
terms are obtained by the following equations:

Cox0 =) gulx,0), (12)
S =) kC. (13)

k, is the kinetic parameter of the reaction and C, is the con-

centration of the substrate. The macroscopic governing equa-

tion of the concentration is:
aC,

—+V-(C) =

DV*C,.
or ,

(14

2.4 Dissolution model

Solid cellulose dissolves to form glucose, and the glucose re-
acts in the dissolved liquid phase and therefore, building a
suitable dissolution model is necessary. The volume of pixels
(VOP) method, introduced by Chen et al.”>* is widely used
and can solve most phase transition problems. Liu et al.™
successfully used the VOP method to simulate the coking
process which involves the catalytic conversion of glucose to
LA. Chen et al."" studied the polyreactive migration in CO,
dissolution and trapping using the VOP method. At each time
step, at the solid-liquid interface of the reaction, the volume
of the solid node V| is updated according to Chen et al."":

av,
tS = iA,‘/mk,-C,-,

(15)

where V,, is the molar volume and 4, is the specific surface
area.

Using the VOP method, the dimensionless solid volume ¥
of a node represents its ability to become a solid node at that
time. When the solid dissolves, the right side of Eq. (14) is
negative, but when the liquid product condenses, it becomes
positive. At the end of each iteration, if ¥ reaches 0, the node
changes from a solid state to a flow state. If V reaches a crit-
ical value, a random fluid node near this node changes from a
flow state to a solid state.

For this model of cellulose hydrolysis, the solid form is not
considered, and the V; decreases continuously during the cel-
lulose hydrolysis. In each time step, the V; of the correspond-
ing cellulose solid node will decrease if dissolution occurs at
this node. When ¥ is reduced to 0 or less than the set value,
the solid node will be converted into a fluid node. The move-
ment of the solid-liquid interface is shown in Fig. 2.

By substituting Eq. (7) into Eq. (14), Eq. (16) is derived:

v,

E = —A,VmA] exp(—

Eal
RT

)c;: c. (16)

From this, it can be inferred that:
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E
Vs(t+At)=Vs(t)—A,V,,,Alexp(— ‘“)cm c. (17

RT) ™™

Since cellulose is solid, its initial concentration cannot be
obtained directly. In this study, the initial dimensionless solid
volume of each cellulose node is V;, and the mass of cellu-
lose in each node is:

masscg, = k* V% p. (18)
The initial concentration of cellulose can be expressed as:

k=V,xp

_— 19
Mgy # Vieacion ( )

CCEL,O =

px,t)=(1+8p(x,t—Ar)

where M, is the molar mass of cellulose and V., ion 1S the
volume of the reaction.

Managing the flow and concentration information of these
nodes is challenging. The conservation of mass, momentum,
and species in the system should be guaranteed when the re-
action-generated water is sufficient to change a solid node in-
to liquid node. Chen et al.”™! provided a phase change bound-
ary treatment that ensured the mass and momentum conserva-
tion of the system and the convergence of the simulation. The
Prew Which represents the density of the new liquid node, is
the averaged density of the nearest-neighbor liquid nodes.

The density of each fluid node is modified by:

D plxr-An
(20)

where 6 is a random perturbation to achieve phase transition,
Z p(x,t—Ar) is the total density of the system at time /—A¢,

and Z'l"p"ew (x,?) and Zl Puoew (X, —Af) are the densities of
new liquid nodes and old solid nodes, respectively. Eq. (20)
and the hypothesis indicate that the velocity of the newly gen-
erated liquid node is zero. This leads to zero momentum, does
not add additional momentum to the system and ensures the
conservation of mass and momentum in the system.

3 Results and discussion

3.1 Model verification

The simulation results were compared with experimental res-
ults of cellulose hydrolysis from Ref. [36] to verify the accur-
acy and reliability of the present model. Previous studies as-
sessed that the concentration changes of glucose, HMF, and
LA during cellulose hydrolysis occur at 150 — 190 °C temper-
atures and 3% — 7% acid concentration. The relevant paramet-
ers are shown in more detail in Table 1. The dimensionless
concentration is defined as:

| Cellulose o
________ g o c

Liql;l% phase

liquid-solid
interface

Cellulose —H o N A

glucose

o on °
No/\é/krk/o_le °. |i)k/er”_——
g b \ /

o
tcore oF Levulnic acid

Fig. 2. Schematic of the moving liquid-solid interface.
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D P 6D+ Y p et = A= Y p (1= AD)

co=|[ff coxnav [ff cav. 1)

where C(?) is the dimensionless concentration of component i
at ¢ time, and ¥ is the reaction volume.

Figs. 3, 4, and 5 show that the dimensionless concentration
of glucose, HMF, and LA varied with reaction time under dif-
ferent conditions. The evolution curve of the concentration of
each component with the reaction time predicted by the mod-
el showed correlation with the results indicated in the literat-
ure, which demonstrated the accuracy and reliability of the
model used in our study. The experimental results were de-
rived from Lopes et al.™"l.

3.2 Effect of temperature

Previous studies*** have shown that when acid catalyzes the
conversion of cellulose to LA in the y-Valerolactone/H,0O
biphasic solvent system, the LA yield increases when the tem-
perature reaches 160 °C, but decreased rapidly when the tem-
perature exceeds 240 °C. This is likely due to the decomposi-
tion of LA into by-products at higher temperatures®l.
However, when acid catalyzes the conversion of cellulose to

® Liquid node ------ Old liquid-solid interface
@ Cellulose node

Lignin node New liquid-solid interface

i Solid change to liquid
rY

e ¢ oo o o
o @ o
o /o9 /o

o e ° °
o o e o o
o o o

e o o o
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03F

0 20 40 60 80 ) 20 60 80
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Fig. 3. Variation of dimensionless concentration curve with reaction time at 150 °C for (a) glucose, (b) 5-hydroxymethylfurfural (HMF), and (c) levulin-
ic acid (LA).
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°
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Fig. 4. Variation of dimensionless concentration curve with reaction time at 170 °C for (a) glucose, (b) 5-hydroxymethylfurfural (HMF), and (c) levulin-
ic (LA).
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Time (min)
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Fig. 5. Variation of dimensionless concentration curve with reaction time at 190 °C for (a) glucose, (b) 5-hydroxymethylfurfural (HMF), and (c) levulin-

ic (LA).
LA in aqueous conditions at 150 — 200 °C, the LA yield de-
creased with the increase of temperature!l.

Five temperature points were taken between 120 — 200 °C,
and the corresponding reaction constants were obtained using
the modified Arrhenius formula. The parameters were then
added to the LBM to explore the influence of temperature on
the conversion of cellulose in solid residue to LA when cata-
lyzed by acid.

Figs. 6 and 7a show that when the temperature exceeds 180
°C, the consumption rate of glucose is very fast to be main-
tained. When the temperature is low, the hydrolysis rate of
cellulose is slow, resulting in a low glucose concentration.
When Fig. 7a and Fig.7b were compared, it was observed that
the changing trend of HMF concentration was the same as

Convg () =

that of glucose, and the overall difference was one order of
magnitude. This is because the reaction rate of HMF is much
faster than that of glucose and is almost instantly converted
LA. As shown in Fig. 8a, the concentration of LA is the
highest when the temperature is 200 °C, but Fig. 8b shows
that the increasing rate of LA concentration at 200 °C is
slower after 25 min than that at other temperatures.

With the change in temperature, the reaction rate of the
side reaction shows a nonlinear change. To investigate the ef-
fect of temperature on the hydrolysis reaction and identify the
optimum reaction temperature; the conversion rate of glucose,
the yield of the final product LA, and the effective yield of
carbon were calculated according to Egs. (22), (23), and (24),
respectively:

ff " Corep (x,0)dV — JI e Coicremain (X,5)dV

fjj‘/{e Corcwm (x,0)dV
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x 100%, (22)
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e jj " Corowm (x,0)dV x 100%, (23)
B | || L
carbon (£) = j j V Con e0dV X o,
'e 24)

where Cgrc, o (X, ?) is the total concentration of glucose con-
verted from cellulose in the x position from 0 to ¢ and
CoLc, remain (X, #) indicates the concentration of glucose re-
maining at the x position at ¢ time.

Fig. 9a shows that the conversion rate of glucose is posit-
ively related to temperature. The higher the temperature, the
faster is the conversion rate which tends to flatten out over
time. At 180 °C and 200 °C, the conversion rate of glucose
was significantly higher than that at other temperatures.
Fig. 9b and c¢ show that at 160 °C, 180 °C, and 200 °C,
the efficiency of producing LA is higher than the efficiency at
120 °C and 140 °C. When the temperature exceeds 180 °C,
although the increase of temperature increases the hydrolysis
rate of cellulose, the rate of formation of humins is also
strengthened when glucose is converted to HMF. In compar-
ison, the increase in the rate of LA formation caused by the
increase of temperature does not exceed the increase in the
rate of the side reaction. Therefore, the highest LA and effect-
ive carbon conversion rate is at 180 °C rather than at 200 °C.

3.3 Effect of acid concentration

The effects of different dilute sulfuric acid concentrations on
cellulose hydrolysis were evaluated. Assuming that the dilute
sulfuric acid concentrations were 4%, 5%, 6%, 7%, and 8%,
respectively, and combined with the parameters in Table 1,
the reaction rate constants were obtained through the modi-
fied Arrhenius formula, and then added to the LBM.

Figs. 10a and 11a show that with an increase in acid con-
centration, the glucose conversion rate increases, and remain-
ing glucose concentration is low. Figs. 10b and 11b show that
the dimensionless concentration of LA increases with the in-
crease of acid concentration, the trend of the LA concentra-
tion curve at each concentration is the same, and the final
overall reaction rate tends to be equal. Fig. 12a and b show
that the simulation results where the dissolution rate of cellu-
lose increases with the increase of acid concentration at the
same temperature within the acid concentration range of 4% —
8%.

This was observed mainly because hydrolysis only con-
siders the cellulose hydrolysis and neglects the lignin content
in the solid residue. Lignin is not active under the condition
of dilute acid catalysis, however, when the temperature
reaches 180 °C, it will inevitably agglomerate. Therefore, with
higher acid concentration, a part of cellulose will be wrapped
and transferred, resulting in a decrease in the conversion and
reaction rate of cellulose.

Due to the negligible effect of lignin content in the solid
residue, the increase of the reaction rate of the side reaction is

(a)
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Fig. 9. (a) Conversion rate of glucose, (b) levulinic (LA) yield, and (c) effective carbon yield.
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Fig. 10. Time evolution under different acid concentrations of the dimensionless concentration of (a) glucose, and (b) levulinic (LA).
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much lower than that of the main reaction in the acid concen-
tration range of 4% — 8%. The higher the acid concentration,
the more efficient is the hydrolysis effect.

3.4 Response characteristics of the hydrolysis perform-
ance to the porosity

To explore the performance response of the cellulose hydro-
lysis reaction to the porosity of the solid residue, the residue
structure generation program was modified, and models with
porosity of 0.4, 0.5, 0.6, 0.7 and 0.8 were constructed (the
pore structure is shown in Fig. 13). Five solid residue struc-
tures with different porosity were incorporated into the LBM.

Fig. 14a and b show that when the porosity is lower, the
cellulose concentration is higher. The effect of different
porosities is apparent, but the trend over time is the same. Fig.
15a shows that when the porosity increases, the rate of con-
version of solid cellulose nodes to fluid cellulose nodes is
faster, and the average dissolution rate of cellulose is faster.
Fig. 15b shows that the dissolution rate of cellulose with a
porosity of 0.8 is greatest at the beginning and then decreases.
Within 75 min, the average dissolution rate was the highest
for cellulose with a porosity of 0.7, but after 75 min, the dis-
solution rate was the highest for cellulose with a porosity of
0.6.

49

When the porosity is low, fewer fluid nodes lead to fewer
solid nodes for the acid in the fluid to interact with, which
results in the slower dissolution of cellulose. As the porosity
increases, the possibility that there is a fluid node around the

Fig. 13. Schematic diagram of the structure of porous media along the
axial direction of a cylinder under different porosity values. The green
part is cellulose, and the orange part is lignin.

DOI: 10.52396/JUSTC-2021-0268
JUSTC, 2022, 52(7): 4


https://doi.org/10.52396/JUSTC-2021-0268

iitST‘( "

Numerical investigation of cellulose hydrolysis using the lattice Boltzmann method

Wei et al.

@ [

Corc(®

100

Time (min)

Y
35F
30F
25+
20 1

C (D)

15t
10+

0 20 40 60 80 100
Time (min)
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cellulose node becomes greater, therefore the dissolution of
cellulose is accelerated. However, when the porosity is large,
although there are more fluid nodes, the number of solid cel-
lulose nodes that act as substrates is low. Therefore, fewer
cellulose nodes are in contact with the fluid nodes. When the
reaction has progressed to a certain extent, the dissolution of
cellulose leads to an increase in the overall porosity of the
model with low initial porosity, which increases the contact
between the cellulose nodes and the dilute acid catalyst.

3.5 The effect of cellulose proportion

The content of cellulose varies for different biomass raw ma-
terials. Therefore, this section focuses on the influence of
varying cellulose proportions on the effect of hydrolysis. By
adjusting the residue structure generation program, assuming
that the hydrolysis temperature is 180 °C, the acid concentra-
tion is 6%, and the overall porosity is 0.6, and varying the
proportion of cellulose from 40%, 50%, 60%, and 70%, the
four different residue structures were examined in the LBM.
As shown in Fig. 16a and b, when the proportion of cellu-
lose increases from 40% to 70%, the concentration of gluc-
ose and LA increases at the same time, and the trend is the

same over time for materials with different cellulose contents.
However, in Fig. 17a the number of solid nodes to fluid nodes
is not positively related to the cellulose content. Fig. 17a and
b show that within 75 min the model with the cellulose con-
tent of 50% has a higher average cellulose dissolution rate
than the others.

For a set porosity, when the cellulose proportion of the sol-
id content is relatively large, the cellulose aggregates. As a
result, the dilute acid in the fluid needs to dissolve the outer
layer of cellulose before the hydrolysis reaction can com-
mence. When the cellulose proportion is lower, its distribu-
tion is more uniform and the degree of aggregation decreases,
and the cellulose interfaces with the fluid nodes more effi-
ciently. However, when the cellulose proportion is less than
50%, fewer total cellulose nodes result in fewer cellulose
nodes in contact with fluid nodes which leads to a lower dis-
solution rate.

Fig. 17b shows that simulations with initial cellulose con-
tent higher than 50% had greater cellulose dissolution rates
than simulations with initial cellulose content of 50% after 75
min as the cellulose nodes were in complete contact with the
fluid nodes.
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4 Conclusions

In this study, a multiphase reactive transport model for the ex-
traction of LA from lignocellulose biomass residue catalyzed
by dilute acid was established based on the LBM. The study
of the complex physicochemical mechanism in this process
identified the improvements for the hydrolysis rate of cellu-
lose and the effect of acid-catalyzed hydrolysis. The pro-
posed model considers the transport of porous media in solid
residue, multi-component transport in solution, liquid-solid
interface reaction, hydrogen ion catalysis in solution, solid
dissolution of cellulose, and the structural evolution of por-
ous solid residue. The dimensionless concentrations of gluc-
ose, HMF, and LA predicted by the simulation were correl-
ated with the experimental results. The effects of different
temperatures, acid concentrations, solid residue porosities,
and cellulose contents in the residue on the hydrolysis per-
formance were also evaluated. The main conclusions of this
study are as follows:

(I) Between 120 — 200 °C, the overall reaction rate was
faster as the temperature increased. For temperatures higher
than 180 °C, the increase of the side reaction rate was higher
than that of the main reaction, resulting in a decrease in the
yield of the final LA product. Therefore, the highest effective

yield of carbon was obtained at 180 °C.

(IT) When the effects of lignin were ignored, the increase in
the side reaction rate caused by the increase in acid concentra-
tion was much lower than the increase in the rate of the main
reaction. Therefore, the higher the acid concentration, the
faster is the hydrolysis rate of the solid residue and the higher
the LA yield.

(III) Under the same reaction conditions, the lower the
porosity, the higher is the concentration of the product.
However, low porosity may decrease the accessibility of the
cellulose solid nodes which leads to the decrease of the over-
all cellulose dissolution rate. However, when the porosity is
very large, the overall dissolution rate decreases because the
number of available cellulose nodes is very low. Therefore,
the increase of overall porosity due to the dissolution of cellu-
lose, leads to a higher dissolution rate of the model with
lower initial porosity. Between 45 and 75 min, when the
porosity is 0.7, the average dissolution rate of cellulose is the
fastest.

(IV) Under the same reaction conditions and porosity, with
the increase in the content of cellulose, the concentration of
the products increase. During the initial period of the reaction,
when the cellulose proportion exceeds 50%, the overall dis-
solution rate of cellulose due to cellulose agglomeration is
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lower than that when the cellulose proportion is 50%. When
the cellulose proportion is less than 50%, the overall dissolu-
tion rate decreases because there is very little cellulose. With-
in 75 min, when the cellulose content is 50%, the average dis-
solution rate of cellulose is the fastest. For cases where the
initial cellulose content is higher than 50%, when the reac-
tion time exceeds 75 min, the increase in porosity caused by
the dissolution of cellulose will increase the dissolution rate
of cellulose.

In this study, the lattice Boltzmann method was used to ex-
plore the hydrolysis of cellulose in solid residues to form
levulinic acid for the first time, which provided a theoretical
basis for optimizing the performance of the hydrolysis reac-
tion. But in order to simplify the model, the influence of
lignin in the residue and the coking phenomenon that might
be caused by side reactions were not considered in this study.
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