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a  b  s  t r  a  c  t

Studies  on  kinetic  analysis  and  process  modeling  are  important  and  necessary  for  the  development  of
novel and  efficient  technology  for cellulose  utilization.  In  this  study,  a kinetic  model  for  the  batch  reactor
was  described  for catalytic  cellulose  degradation  in cooperative  ionic  liquid  pairs  based  on an  intensive
analysis  of the experimental  parameters.  Our  fitting  results  show  that  the  proposed  model  agrees  well
with the  experimental  data. The  kinetic parameters  obtained  from  the  above  model  were  subsequently
applied  to the  continuous  stirred  tank  reactor  (CSTR)  by constructing  a mathematical  process  model
for  the  continuous  operation  of cellulose  degradation  combined  with  product  separation.  The effects
of  reaction  temperature,  retention  time,  extract  flow  rate  and  distribution  coefficients  were  intensively
onic liquids
atalytic degradation
ellulose

investigated.  The  numerical  results  demonstrate  that  relatively  high  temperature  and  larger  retention
time  are  favorable  in  cellulose  conversion,  whereas  the  product  distribution  coefficient  and  extract  flow
rate mainly  affect  the concentration  of the  hexane-soluble  fraction  (volatile  chemicals).  The  findings
presented  in  this  work  will serve  as  a beneficial  reference  for  further  biomass  transformation  of  industrial
purpose.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Conversion of biomass substance to bio-fuel or chemicals is
eing actively pursued because of its great potential for reliev-

ng the environmental pollution and energy crisis [1]. However,
ypical transformation methods for this process are generally cost-
neffective due to the complex and highly recalcitrant property
f the biomass composition caused by the robust 3D hydrogen
ond network, so the current technologies are unable to meet the
equirement of large scale commercialization [2,3]. Therefore, effi-
ient biomass valorization technology at mild conditions is crucial
nd highly desirable. Catalytic liquefaction is regarded as a use-
ul technique for biomass valorization because of its comparatively

ild reaction condition (low temperature and pressure) and con-
entrated production distribution [4]. In general, both chemical
nd biochemical catalytic processes are considered to be efficient
trategies for biomass liquefaction [5–8]. However, the liquefaction
Please cite this article in press as: S. Liu, et al., Kinetic analysis and proc
pairs, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.

fficiencies are still improvable because the lignocellulosic biomass
s normally non-dissolvable in both water and traditional organic
olvents. Various process intensification techniques thereby have

∗ Corresponding authors. Tel.: +86 20 87114707.
E-mail addresses: cejyguan@scut.edu.cn (J. Guan), cexhli@scut.edu.cn (X. Li).

ttp://dx.doi.org/10.1016/j.cattod.2015.07.039
920-5861/© 2015 Elsevier B.V. All rights reserved.
been extensively explored for promoting the liquefaction degree,
product yield and selectivity, and reducing the reaction tempera-
ture and time [9–11].

In 2002, Rogers and coworkers found that cellulose can be
directly dissolved in alkyl-imidazolium ionic liquids (ILs) under a
moderate condition with 10 wt% solubility [12], which opens up
a new perspective for the homogeneous liquefaction of biomass
and its components. ILs as a novel solvent or efficient catalyst
for biomass disposition has thereby received increasing attention
[13–16] and it is regarded as a useful solvent to achieve biomass
valorization. For example, the efficient hydrolysis of cellulose was
reported with more than 77% yield of reducing sugar over the
ILs [bmim]Cl and proton acid catalyst [17]. The conversion of cel-
lulose and real lignocellulosic biomass to fine chemicals, such
as 5-hydroxymethylfurfural (HMF) and levulinic acid, were also
extensively examined [18–20]. However, in most of the above-
mentioned processes, cellulose should be pre-dissolved in the ILs.
Therefore, the liquefaction efficiency in these processes is still an
issue due to the limited solubility of biomass in ILs. In order to
solve this problem, we  previously proposed a dissolution and in-situ
ess modeling for cellulose valorization in cooperative ionic liquid
039

degradation mode for cellulose and lignocellulosic biomass lique-
faction at mild conditions using cooperative IL pairs [21–23]. In
a typical approach [21], the cellulose was  first partially dissolved
by the IL solvent to give a homogeneous medium, and then this

dx.doi.org/10.1016/j.cattod.2015.07.039
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Nomenclature

c0 initial cellulose concentration in reactor (g/L)
cc catalyst concentration (g/L)
cf fast-reaction part concentration (g/L)
ch hexane-soluble products concentration (g/L)
cm methanol-soluble products concentration (g/L)
cE

m methanol-soluble products concentration in extract
(g/L)

cE
h

hexane-soluble products concentration in extract
(g/L)

crf active concentration of fast-reaction part (g/L)
crs active concentration of slow-reaction part (g/L)
cs slow-reaction part concentration (g/L)
k rate constant
k′ reaction constant correlated with catalyst concen-

tration (s−1)
m0 initially total cellulose mass (g)
ms0 initial slow-reaction part mass (g)
R1 distribution coefficient of methanol-soluble prod-

ucts
R2 distribution coefficient of hexane-soluble products
r reaction rate (g/sL)
rc cellulose degradation rate (g/sL)
S solubility of cellulose in ILs (g/100 g ILs)
T temperature (K)
t time (s)
tR average retention time of feedstock (s)
V volume (L)
v mass flow rate (g/s)

 ̊ ratio of slow-reaction part
� density (g/L)

Subscripts
f fast-reaction
IL ionic liquid
m methanol-soluble products
h hexane-soluble products
s slow-reaction
1 methanol-soluble products conversion to hexane-

soluble products
−1 hexane-soluble products conversion to methanol-

I
u
s
(
a
c
a
l
d
p
b
i
a
c
t
t
t
a
s
a

soluble products

L/cellulose homogenous medium was catalytically degraded to
seful chemical while a coordinated acidic IL was used as catalyst
imultaneously. With the synergic effect of the cooperative IL pairs
one IL serving as the solvent for cellulose dissolution and the other
s the catalyst for the degradation), cellulose can be completely
onverted to useful industrial chemical in a single batch reaction
t mild conditions (473 K for 15 min). The dragging of the disso-
ution equilibrium, combined with the rapid, in situ acid-catalyzed
egradation of bulk insoluble cellulose, overcame the long intrinsic
roblem of cellulose insolubility encountered in the conversion of
iomass to biochemical. However, as the most prominent problems

n current biomass conversion processes, complex combination
nd optimization of process factors, such as product separation,
omprehensive energy utilization, solvent recycling and realiza-
ion of continuous operation are far from being resolved [3] and
hus should be comprehensively understood and intensively inves-
Please cite this article in press as: S. Liu, et al., Kinetic analysis and proc
pairs, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.

igated. In contrary to catalysis chemistry studies, kinetic modeling
nd whole process simulation are able to provide deep under-
tanding about the optimal design of the process. Such efforts
re currently still in great need [24]. Our previous dissolution
 PRESS
 xxx (2015) xxx–xxx

and in situ degradation method for the transformation of cellulose
and lignocellulosic biomass was originally focused on the biomass
valorization in batch reactor. Its effectiveness and efficiency in com-
prehensive utilization of energy, convenient separation of products
and mass production of biomass need to be examined and evaluated
in the industrial scope.

In this work, we proposed a reaction kinetic model for the cellu-
lose catalytic liquefaction based on the cooperative IL pairs system.
The kinetic property of the cellulose degradation in a batch reac-
tor was first investigated and analyzed. And then, based on the
parameters obtained from the batch reactor, an intensive process
simulation of the continuous process for cellulose depolymeriza-
tion plus the product separation in an integrated reactor was put
forward to provide an insight into the industrial valorization of
lignocellulosic biomass and its components.

2. Experimental

Cellulose degradation is carried out in a 150 mL  stainless
autoclave as a batch reactor. Typically, 5 g cellulose, desig-
nated amount of cooperative ILs (20 g bmimCl and 3.5 mmol
C4H8SO3HmimHSO4), 10 mL  methanol and 80 mL  hexane are added
to the reactor. After displacing the air in the reactor with nitro-
gen, the reactor is heated and kept at designated temperature for
15 min, and then the mixture of IL and products are cooled to room
temperature for separation.

The product from the cellulose degradation forms two phases
in a separating funnel, and is first separated. The heavy component
fraction is then exacted by hexane for three times to remove the
residual volatile chemical in the IL. By collecting the extract and
the upper phase product, the hexane-soluble fraction is obtained.
After a sequence of IL removal operations (extracted by CH2Cl2) and
dilution with methanol, the nonvolatile product from the cellulose
dissolution and degradation process is obtained as the methanol-
soluble fraction. The volatile components are determined with a
gas chromatography mass spectrometry (GC-MS). The molecular
weight distribution of the methanol-soluble fraction is measured
with a gel permeation chromatography (GPC) and the particle size
of this fraction was  measured with the Malvern analysis [21].

3. Modeling

3.1. Kinetic model in batch reactor

The dissolution and in situ catalytic degradation of cellulose by
cooperative IL pairs are a complex process [21], in which part of the
feed cellulose is dissolved by the IL solvent to yield a homogeneous
solution at first, and then it can sufficiently contact with another
acidic IL catalyst to form an efficient process. At the same time,
the depolymerization of cellulose in the first step can be divided
into two fractions: fast-reaction and slow-reaction parts to obtain
the methanol-soluble products. Then, the second step about further
degradation of the methanol-soluble products, as a homogeneous
reaction, can be simplified as a reversible first order process. This
two-step reaction model in a batch reactor is described as Eq. (1):

(1)
ess modeling for cellulose valorization in cooperative ionic liquid
039

where MP and HP represent the methanol-soluble and hexane-
soluble products, respectively. The rate constants kf and ks are for
the fast reaction and slow reaction, whereas k1 and k−1 denote the

dx.doi.org/10.1016/j.cattod.2015.07.039
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Fig. 1. Molecule structure of ce

ate constants for the degradation of the methanol-soluble prod-
cts and its reversible process.

During the degradation, the cellulose is first depolymerized to a
onvolatile oligomer (the methanol soluble fraction), and then this
ligomer is further degraded to the final products, which may  be
xtracted by hexane. Fig. 1 describes the molecule structure of cel-
ulose and the representative degradation products. The methanol
oluble fraction has a molecular weight of 788–1025 [21], which is
onsidered to be oligomer of the products and the part degradation
ellulose. The Malvern analysis demonstrates their size distribution
ithin 20–300 nm.  The lighter fractions that dissolve in the hexane

re small molecule compounds such as levulinic acid, furfural, butyl
cetate and 2-(diethoxymethyl)furan. All of them have a high sol-
bility in hexane. Cellulose and all of the degradation products are
issolvable in the IL, but due to extracting by hexane and methanol,
nly a trace of products existed in the IL, therefore the products in
he IL may  be neglected in this batch reactor model.

According to this model, the kinetics of cellulose degradation
an be proposed by the following power-law equations including
he reaction constant, reactant concentration and catalyst concen-
ration (Eqs. (2)–(5)).

f = dcf

dt
= −kf c˛

c cf (2)

s = dcs

dt
= −ksc

ˇ
c cs (3)

1 = dcm

dt
= kf c˛

c cf + ksc
ˇ
c cs − k1c�

c cm + k−1cϕ
c ch (4)

−1 = dch

dt
= k1c�

c cm − k−1cϕ
c ch (5)

here cc, cf, cs, cm and ch stand for the concentration of catalyst, cel-
ulose in fast reaction, cellulose in slow reaction, methanol-soluble
roducts and hexane-soluble products, respectively, r is the reac-
ion rate, and ˛, ˇ, � and ϕ are the corresponding exponent of the
atalyst concentrations.

Generally speaking, the content of the slow-reaction cellulose
s mainly dependent on the source of cellulose and the tempera-
Please cite this article in press as: S. Liu, et al., Kinetic analysis and proc
pairs, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.

ure [25]. Recent studies also shows that the crystallinity, which
sually directly relates to the contents of the slow-reaction and
ast-reaction cellulose, positively depends on the temperature [26],
hich is also accords well with our previous studies about the
e and its degradation products.

process of biomass degradation [21–23]. Therefore, the same cor-
relation of cellulose crystallinity and temperature is adopted to
describe the ratio of the slow-reaction ˚,  and the interrelation
between the crystallinity and the reaction temperature T can be
expressed in Eq. (6), according to the experimental data obtained
under temperature of 460 K [26]. At high temperature (higher than
460 K), the value of  ̊ is set to be equal to zero.

 ̊ = ms0

m0
= −0.0153T + 7.0437, (6)

where ms0 is the initial slow-reaction part mass, and m0 is the
initially total cellulose mass.

Because the detailed quantitative effect of acidic IL catalyst on
this process is difficult to obtain, the influence of catalyst is assumed
to be contained in the rate constants. Furthermore, taken into
consideration of the feature of heterogeneous reactions, the con-
centration of cellulose should be adjusted in the first step of the
reactions. In fact, cellulose particles are dissolved in the IL pairs
prior to reacting, so the concept of an active reaction concentration
that relates to the solubility is adopted. The rate equations for the
batch reactor can thereby be modified and listed in Eqs. (7)–(10):

rf = dcf

dt
= −k′

f crf (7)

rs = dcs

dt
= −k′

scrs (8)

r1 = dcm

dt
= k′

f crf + k′
scrs − k′

1cm + k′
−1ch (9)

r−1 = dch

dt
= k′

1cm − k′
−1ch (10)

where k′ represents the reaction constant correlated with the cata-
lyst concentration, crf is the active concentration in the fast reaction
and crs is the active concentration in the slow reaction. The value
of crf and crs may  be calculated as follows:

crf = min
(

cf ,
(1 − ˚)S�IL

100

)
(11)

( )
ess modeling for cellulose valorization in cooperative ionic liquid
039

crs = min cs,
˚S�IL

100
(12)

where S is the solubility of cellulose in the IL pairs, and �IL is the
density of IL pairs.

dx.doi.org/10.1016/j.cattod.2015.07.039
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ig. 2. Diagram of the combined process of cellulose degradation and product sep-
ration.

.2. Continuous model

Coupling reaction with a separation unit in an integrated reac-
or has the potential for enhancing the conversion and selectivity of
n equilibrium reaction, and reducing the cost of equipment [27],
s is always being used in the industry. Hence, a continuous model
f cellulose degradation and product separation in an integrated
eactor is proposed based on the above reaction mechanism and
rocess analysis. Fig. 2 shows the schematic flowsheet of this pro-
ess. The cellulose particles at a rate of v1 are well mixed with the
eflux cooperative IL pairs to form IL/cellulose slurry. The slurry is
umped into the integrated continuous stirred tank reactor (CSTR)
t a rate of v2 to conduct the depolymerization reaction. During this
rocess, the mixture of the lower phase containing solid cellulose,
roducts, by-products generated by the repolymerization reaction
nd IL pairs will be delivered to a settler at a rate of v3 to separate
olid and liquid and to recycle the ILs and other liquid contents.
n the reactor, the extract phase (upper phase), which contains the
alue-added volatile products, is transported to a distillation col-
mn  to separate the extractant and products at a rate of v4. The
arameter v5 is the flow rate of recycled pure extractant, v6 is the
ate of recycled ILs, v7 is the unreactive cellulose rate, and v8 is
he rate of pure products. Parameters vm and vh are rates of pure

ethanol-soluble and hexane-soluble products transferring from
he IL phase to the extract phase.

Just as in most biomass-based processes, the lack of correlative
xperimental data and precise physical and chemical properties is
he main obstacles to the proper model exploration. Here are some
ypotheses that we propose to simplify the simulation, based on
he experimental data and theoretic analysis.

. No cellulose particles exist in the extract.

. When the extract flow rate v4 is ten times higher than cellulose
feeding rate, the product distribution coefficient R1 and R2 equal
0.5 and 1.0, respectively. And the rate of mass transfer is not
taken into account.

. The unreacted cellulose settles in the settler entirely.

. The operation is under steady-state condition.

. The reactive cellulose concentration in the CSTR remains con-
stant and it equals the saturated concentration.

In this system, steady-state operation makes sure that the cellu-
ose concentration does not change with time. Then, Eqs. (13)–(14)
ive the two parts of cellulose concentration in the CSTR under
Please cite this article in press as: S. Liu, et al., Kinetic analysis and proc
pairs, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.

teady-state condition.

rf = (1 − ˚)S�IL

100
(13)
 PRESS
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crs = ˚S�IL

100
(14)

In above expressions, only  ̊ changes with temperature while
the concentration of active cellulose is constant at a certain temper-
ature. Because the reactant concentration does not change in this
continuous process, the kinetic expression under the steady-state
operation should be modified from Eq. (9) and (10) and is given as
Eqs. (15)–(16).

k′
f crf + k′

scrs − k′
1cm + k′

−1ch − R1
v4

�4

cm

VIL
= 0 (15)

k′
1cm − k′

−1ch − R2
v4

�4

ch

VIL
= 0 (16)

VIL is the volume of IL pairs in the reactor, �i is the density of each
flow i (i = 1–8). R1 is the distribution coefficient of methanol-soluble
products and R2 is the distribution coefficient of hexane-soluble
products, expressed by

R1 = cE
m

cm
(17)

R2 = cE
h

ch
(18)

where cE
m and cE

h
are the methanol-soluble and hexane-soluble

products concentration in the extract phase.
The mass balance in the whole system, mixer, reactor, settler

and distillation column yields the relations

v1 = v8 + v7 (19)

v1 + v6 = v2 (20)

v2 + v5 = v4 + v3 (21)

v6 + v7 = v3 (22)

v4 = v5 + v8 (23)

Apart from the mass balance equations mentioned above, there
are some equations relating to the concentration and flow rate
by considering the mass conservation of each species. Following
equations show the flow rate of pure methanol-soluble and hexane-
soluble products transferring to the extract phase.

vm = v4

�4
cE

m (24)

vh = v4

�4
cE

h (25)

By comparing the Eqs. (15)–(20) with Eqs. (24)–(25), we can
get Eq. (26) and deduce the following density relation by assum-
ing those three liquids being idea liquid, Eq. (27). The others flow
density can also be calculate using this method.

v8 = vm + vh (26)

1
�8

= vm

v8�m
+ vh

v8�h
(27)

There is a characteristic equation to describe the relation
between the volume of IL pairs in the reactor and the rate of feed-
ing, Eq. (28). And the conversion of cellulose can be described as
Eqs. (29)–(30).

VIL = v2

�2
tR (28)
ess modeling for cellulose valorization in cooperative ionic liquid
039

VIL =
(−rc)�2

X (29)

X = v8

v1
(30)

dx.doi.org/10.1016/j.cattod.2015.07.039
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Table  1
Determined rate constants of cellulose degradation in cooperative ILs at various
temperatures.

Temperature (K) Rate constant (s−1)

k′
f

k′
s k′

1 k′
−1

433 2.88 × 10−3 2.96 × 10−6 2.93 × 10−2 8.84 × 10−3
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C4H8SO3HmimHSO4 is adopt for the modeling of cellulose catalytic
degradation in the integrated CSTR.
453 3.22 × 10−3 1.09 × 10−5 1.72 × 10−1 4.06 × 10−2

473 1.15 × 10−2 1.30 × 10−5 1.73 × 10−1 3.93 × 10−2

here tR is the average retention time of feedstock, and X and rc

re the conversion and degradation rate of cellulose. Eqs. (15)–(30)
ave a general description of the continuous operation in the

ntegrated CSTR, and those relative equations were solved by
rogramming with the software package Matlab to get a clear
ecognition of the continuous process.

. Results and discussion

.1. Kinetic study in batch reactor

.1.1. Kinetic parameters estimation in batch reactor
The kinetic constants were estimated by the experimental data

xclusively considering the final reaction chemical equilibrium
sing the optimizing program in Matlab. The obtained constants
t different temperatures are summarized in Table 1 when the acid
L C4H8SO3HmimHSO4 is used as the cellulose degradation cata-
yst. As shown in Table 1, the value of kf is far higher than that of
s (more than 103 times) in each case, which is similar to the ratio
hat recently reported [25], indicating that the content of the fast-
eaction cellulose is crucial in this cooperative IL pairs system. This
esult also explains well with our previous studies, where amor-
hous cellulose and natural cellulose in lignocellulosic biomass
re more flexible than the microcrystal cellulose for degradation
21,22], because of lower crystallinity and more fast-reaction con-
ent there. Table 1 demonstrates that the reaction constants of the
ellulose degradation to intermediate (methanol-soluble fraction)
re significantly influenced by the reaction temperature. And an
bvious increase is shown when the reaction temperature is ele-
ated from 453 to 473 K, which suggests the sharp disappearance
f the residual solid (unreacted feed) in the cooperative IL pairs
t 473 K [21] where the degradation of cellulose in the presence of
ooperative IL pairs is a continuous process of cellulose depolymer-
zation to methanol soluble fraction and then the degradation of
he intermediate (methanol soluble fraction) to the hexane soluble
hemical (the final products). Table 1 also shows that the reac-
ion rate constant of cellulose depolymerization (kf) is far less than
hat of hexane-soluble products (k1) under various reaction tem-
eratures during this two-step continuous process. It also implies
hat the heterogenetic reaction of cellulose particles to methanol-
oluble compounds by cooperative IL pairs is the rate-controlling
tep as analyzed before [21–23].

The changes of cellulose and product concentration under
arious reaction temperatures are also simulated using Matlab.
he initial cellulose concentration (c0) is designated to be 200 g/L
ccording to the feed cellulose ratio in the cooperative IL pairs
eported in [21]. The solubility of cellulose in ILs is set to 12 g/100 g
3]. As shown in Fig. 3, the reaction temperature has a significant
ffect on the cellulose degradation. For example, nearly 50% of
he cellulose is converted when it is treated at 433 K for 1500 s.
owever, when the reaction temperature is elevated to 473 K,
00% cellulose can be converted with more than 80% of the
Please cite this article in press as: S. Liu, et al., Kinetic analysis and proc
pairs, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.

exane-soluble fraction selectivity during 500 s. These results are
tted well with our previous experimental results [21], where
ellulose can be converted 100% in 15 min. Fig. 4 further demon-
trates that the species of the cellulose are also a key factor for
Fig. 3. Concentration–time profiles of cellulose to methanol-soluble and hexane-
soluble products at different temperatures in the batch reactor.

cellulose depolymerization. As shown in Fig. 4, the fast-reaction
cellulose fragment suffers a sharp depolymerisation at each case,
whereas, the concentration of the slow-reaction fraction has no
significant change. Therefore, the high content of the refractory
slow-reaction cellulose at 433 K (measured according to Eq. (8)) is
considered to be responsible for its low conversion. And the high
concentration of slow-reaction fragment significantly hinders its
efficient utilization, which is also a main reason for the fact that
many investigations focus on the cellulose pretreatment [2].

4.1.2. Catalyst effect
Fig. 5 shows the variation of cellulose and product concentra-

tion in the batch reactor with time under three different catalysis
conditions (C4H8SO3HmimHSO4, H2SO4 and no catalyst) base on
the optimized kinetic parameters obtained from Matlab. As shown
in Fig. 5, the conversion rate of cellulose without any catalyst is far
away from the catalytic system and with less cellulose conversion
and product formation. The acid IL C4H8SO3HmimHSO4 is the most
efficient catalyst in this system for cellulose degradation, and the
cellulose reach a complete degradation at 500 s. However, when
H2SO4 is used as catalyst, just 72.4% of the cellulose degradation
is attained at the time. Considering that the acid IL has higher cat-
alytic effect than mineral acid and less corrosion of the equipment,
ess modeling for cellulose valorization in cooperative ionic liquid
039

Fig. 4. Concentration–time profiles of the fast-reaction and slow-reaction cellulose
in  the batch reactor at various temperatures.
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ARTICLE IN PRESSG Model
CATTOD-9714; No. of Pages 8

6 S. Liu et al. / Catalysis Today xxx (2015) xxx–xxx

Fig. 5. Concentration–time profiles of cellulose to methanol-soluble and hexane-
soluble products by different catalyst in the batch reactor.

Table 2
Simulation parameters for integrated CSTR model.

No. Parameter Value Ref.

1 �IL 1000 [28]
2 �1 1500 [29]
3 �5 690 [30]
4 �7 1500 [29]
5 �m 1050 –
6  � 850 –

4
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7  V1 100 –
8  VIL 70 –

.2. Integrated CSTR studies

Based on the results from the batch reactor model (Table 1,
igs. 3 and 4), the simulation of the integrated CSTR was  carried out.
t should be noted that this simulation is more complex than that
f the batch reaction. Therefore, in this study, only some important
arameters such as reaction temperature, retention time, extract
ow rate and distribution coefficient are considered and taken
s variables to verify their effect on the cellulose conversion and
roduct distribution in the integrated CSTR, while other param-
ters such as solubility, density of ILs, extractant, cellulose and
he product are assumed as constant. Table 2 gives the simulation
arameters used in the model.

.2.1. Effect of temperature
Table 3 shows the effect of the reaction temperature on the cel-

ulose degradation in the integrated CSTR. In this section, the feed
ate of cellulose (v1, g/s) and the volume of ILs (VIL, L) are desig-
ated as constants (Table 2). However, the value of v6 should be

ess than 100 v1/S as the cellulose in ILs should maintain its satura-
ion concentration in the CSTR, where S (g) represents the solubility
f cellulose in 100 g IL, therefore, v6 with the value of 100 v1/1.2S
s designed with the assumption that 20% of excessive cellulose
Please cite this article in press as: S. Liu, et al., Kinetic analysis and proc
pairs, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.

s added. According to our hypotheses 2, the flow rate of reaction
ixture sent to the distillation column (v4) is designated ten times

hat of the feed cellulose (v1) in order to maintain a steady-state

able 3
roduct concentrations and cellulose conversion at various temperaturesa.

Temperature (K) Product concentration (g/L) X (wt%)

cm ch

433 6.5 6.5 14.1
453  5.0 14.1 24.0
473  19.9 57.9 96.4

a v1 = 100 g/s, VIL = 70 L.
Fig. 6. Product concentration and flow rate profile of the methanol-soluble and
hexane-soluble products at various retention time.

condition. The continuous simulation result shows that cellulose
conversion and the product distribution are significantly affected
by the thermal effect (Table 3). For example, cellulose conver-
sion increases from 14.1% to 24.0% when the reaction temperature
increases from 433 to 453 K, further increasing the temperature to
473 K will enhance the liquefaction of cellulose sharply to 96.4%
conversion. It implies that the relationship between the conver-
sion of cellulose and the reaction temperature is exponential to
some extent. In this process, reaction temperature plays an impor-
tant role in the conversion of cellulose, and there are some key
factors that will push the transformation process forward inten-
sively at relatively higher temperature, for example, the dissolution
cellulose in ILs, the nonvolatile products in methanol and volatile
products in hexane, and the endotherm of depolymerization reac-
tion will also take effect on this conversion. Except for the higher
reaction rate constant at high temperature, this phenomenon is also
greatly caused by the higher content of the fast-reaction cellulose
at elevated temperature, because this fragment is more ready to
be converted (Table 1 and Fig. 4). Moreover, with the increase of
the temperature, the ratio of hexane-soluble to methanol-soluble
products is also increased, which means that the more hexane-
soluble products will be yielded at a high temperature. This well
fits with the simulated results of the kinetic parameters in Table 1
that the value of k1 has a more obvious increasing than that of
k−1. Then, the following analysis is based on the simulated result
achieved at 473 K because the small molecular weight product in
the hexane-soluble part is preferable.

4.2.2. Effect of retention time
In this model, it is assumed that the feeding rate maintains

constant and reactive cellulose concentration is saturate in the ILs
when this process is under the steady state. The cellulose conver-
sion is linearly related to the average retention time according to
Eqs. (28)–(29). In this section, the feeding rate v1 is set to 200 g/L,
due to the high reaction rate under 473 K. It can be calculated that
the cellulose conversion increases from 42.1% to 84.4% linearly,
when the retention time changes from 40 to 80 s. Fig. 6 shows the
change of product concentration and flow rate with the retention
time. It can be seen from Fig. 6 that the four parameters are
increased linearly with the retention time, and among these,
the flow rate of hexane-soluble product increases fastest. Those
ess modeling for cellulose valorization in cooperative ionic liquid
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calculated results illustrate that increasing the retention time
has a positive effect on the product yielding. On the other hand,
longer retention time means bigger reactor volume, resulting in

dx.doi.org/10.1016/j.cattod.2015.07.039
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ig. 7. Product concentration and flow rate profile of the methanol-soluble and
exane-soluble products at various extract flow rates.

ncreasing of equipment cost. Therefore, the appropriate value of
etention time should be determined through optimization.

.2.3. Effects of extract flow rate
Fig. 7 shows the effect of the extract flow rate v4 on the prod-

ct distribution, when the parameters of VIL, T, and v1 are set to
0 L, 473 K and 100 g/s, respectively. As shown in Fig. 7, with the

ncrease of the extract flow rate (v4), the flow rate of hexane-
oluble products (vh) has a small decrease and methanol-soluble
roducts (vm) has a corresponding increase. However, the concen-
rations of products both in methanol and hexane (cm, ch) decrease
harply. Especially, when the extract flow rate increases from 500
o 1500 g/s, the hexane-soluble product decreases sharply from
21.3 to 27.4 g/L. Therefore, we can safely conclude that the hexane-
oluble products are more sensitive than that of methanol-soluble
raction. Although the operation purpose is to get more hexane-
oluble product, the energy consumption should be taken into
ccount. Much lower concentration of products in the extract phase
ill undoubtedly result in an increased cost for the separation of
roducts and extractant. It illustrates that the appropriate value
f extract flow needs more calculation by comprehensive consid-
ration of the product yield and energy consumption before it is
ecided.

.2.4. Effects of distribution coefficients
In this model, the distribution coefficients R1, R2 are assumed,

ue to the lack of precise mass transfer parameters at high temper-
ture. But the mass transfer plays an important role on this process,
aused by its effect on the product distribution in the two phases
Please cite this article in press as: S. Liu, et al., Kinetic analysis and proc
pairs, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.

n fact. Table 4 shows the effect of R1 value on the product dis-
ribution while R2 remains 1.0, and the effect of R2 value on the
roduct distribution while R1 remains 0.5. When the value of R1

able 4
roduct concentration and flow rate at various distribution coefficientsa.

Distribution coefficient Concentration (g/L) and flow rate (g/s)

R1 R2 cm ch vm vh

0.3 1.0 21.2 61.5 9.0 87.4
0.5  1.0 19.9 57.9 14.1 82.2
0.7  1.0 18.8 54.7 18.7 77.7
0.5  0.5 30.2 105.7 21.4 75.0
0.5  0.7 24.5 79.5 17.4 79.0
0.5  1.0 19.9 57.9 14.1 82.2

a v1 = 100 g/s, VIL = 70 L, T = 473 K.
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rises from 0.3 to 0.7, the mass flow rate of hexane-soluble products
vh decreases from 87.4 to 77.7 g/s. Hence, the smaller value of R1 is
desirable since the total mass rate of products is not changed. The
mass flow rate of hexane-soluble products vh increases from 75.0 to
82.2 g/s when the value of R2 increases from 0.5 to 1.0. This increase
is important from the view point of industry as much high concen-
tration of the final products in the reaction phase goes against the
depolymerisation process and repolymerization will always take
place between the products. Therefore, it is important to use an
extractant that has a high value of R2 and a much small R1.

5. Conclusion

In this work, a kinetic model was  firstly proposed to describe
the catalytic degradation of cellulose over cooperative ionic liq-
uids in a batch reactor in view of the experimental data and the
final reaction chemical equilibrium. Then, a mathematical model
including simultaneous cellulose catalytic degradation and prod-
uct separation has been built for the integrated CSTR based on the
kinetic model in the batch reactor. The simulation result shows
that reaction temperature, retention time, extract flow rate, and
the distribution coefficient are all crucial for cellulose degradation.
The first two factors mainly affect the cellulose conversion, in which
relatively high temperature and larger retention time are favorable
in the cellulose conversion. The extract flow rate and distribution
coefficient have a more significant effect on the product concentra-
tion, with a higher hexane-soluble product distribution coefficient
and lower extract flow rate resulting in higher concentrations of
the products. These simulation results should shed light on better
understanding the catalytic conversion of cellulose in ionic liquid
pairs and forecasting the product distribution in a continuous oper-
ation for the industrial transformation of biomass.
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