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In this paper, the kinetics of acid-catalyzed cellulose hydrolysis in ionic liquids (ILs) was investigated by
using 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) as the model IL. General kinetic equations for
the formation of glucose as well as cellooligomers were constructed at a molecular level, assuming that
cellulose is fully dissolved to form a homogenous solution and that the scission of the glycosidic bond
occurs randomly within the cellulose chain. Experimental data were well fitted according to these equa-
tions. Variations of kinetic parameters in the presence of different water content indicated that water

Iézﬁvl\;ﬁ) rif" behaved also as a base to decrease the acidity of the reaction medium. More importantly, it offered a pro-
Hydrolysis file of the evolution of cellooligomers. These results provided insights into the detailed mechanisms of
lonic liquids cellulose hydrolysis in a non-aqueous, homogenous environment and should be valuable for developing

Kinetic equations

strategies to depolymerize lignocellulosic biomass.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass represents a promising carbon-based alternative as an
energy source and a sustainable chemical feedstock (Sheldon,
2011; Chheda et al., 2007). To facilitate a more efficient biotrans-
formation, monomeric sugars have to be prepared by hydrolysis
of (hemi)cellulose presented in biomass. Thus, the hydrolysis pro-
cess is intensively studied to improve the efficiency and economics
(Blanch et al., 2011). Recently, it was found that ionic liquids (ILs)
can dissolve cellulose (Swatloski et al., 2002) as well as raw ligno-
cellulosic materials (Kilpelainen et al., 2007). It was demonstrated
that cellulose could be depolymerized in ILs in the presence of a
catalytic amount of mineral acids to afford glucose and total reduc-
ing sugars in good yields (Li and Zhao, 2007). Later, a number of
similar studies have been carried out using solid acids (Rinaldi
et al., 2008, 2010; Zhang and Zhao, 2009) as well as mineral acids
(Rinaldi et al., 2010; Vanoye et al., 2009; Li et al., 2008; Binder and
Raines, 2010) as the catalysts.
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Kinetics of acid-catalyzed cellulose hydrolysis under an aque-
ous environment has been studied (Saeman, 1945; Fagan et al.,
1971; Thompson and Grethlein, 1979). A two consecutive first-
order reaction model was proposed for the dilute-acid catalyzed
cellulose hydrolysis, and experimental data were well fit into the
model (Saeman, 1945). Because cellulose was not solubilized and
physio-chemical properties of cellulose varied substantially during
the course of the experiment, it turned out challenging to reach an
insightful view for the hydrolysis process. Thus, kinetic studies
based on this early model led to different kinetic parameters
(Fagan et al., 1971; Thompson and Grethlein, 1979). Moreover, it
was difficult to link those kinetic parameters to detailed reaction
mechanism.

Homogenous cellulose hydrolysis in ILs is expected to have dis-
tinct kinetics. One of the most important features is to accumulate
sugar oligomers over time. The production of oligosaccharides has
already been pursued (Rinaldi et al., 2008; vom Stein et al., 2010).
Interestingly, the formation of cellobiose and other oligomers can
be advantageous for downstream biotransformations, because
these water-soluble products can provide an approach to circum-
vent the notorious ‘“glucose effect” which significantly reduces
the efficiency of microbial transformations (Ha et al., 2011). Re-
cently, a kinetic equation for glucose formation from cellulose in
ILs was developed based on a first-order random chain scission
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followed by a first-order glucose degradation (Vanoye et al., 2009).
However, the formation of cellooligomers, for example, cellobiose,
has not been addressed. In another study, the reaction profile of
cellulose hydrolysis in ILs catalyzed by hydrogen chloride was de-
scribed, but kinetic equations were not proposed (Rinaldi et al.,
2010). In this context, it remains interesting to look into the kinetic
details of homogeneous cellulose hydrolysis.

The present work reports the kinetics of acid-catalyzed cellu-
lose hydrolysis in ILs. General kinetic equations for the estimation
of glucose as well as cellooligomers were constructed at a molecu-
lar level, and experimental data were fit well according to these
equations. In particular, some parameters of the hydrolysis process
were identified, and the profiles of cellooligomers evolution were
also obtained. These results provided insights into the detailed
mechanisms of homogeneous cellulose hydrolysis in a non-aque-
ous environment and should be valuable for developing strategies
to depolymerize cellulose and lignocellulosic biomass.

2. Experimental
2.1. Materials

Spruce cellulose (Cat. No. 22182) was purchased from Sigma (St.
Louis, USA), and was dried under vacuum at 100 °C for 24 h before
use. lonic liquid 1-butyl-3-methylimidazolium chloride ([Bmim]Cl)
was supplied by Lanzhou Greenchem ILS, LICP, CAS (Lanzhou, Chi-
na). Sulfuric acid (98 wt.%) was of analytical grade. Ultrapure water
was generated by Milli-Q system (Bedford, USA).

2.2. Typical procedure for cellulose hydrolysis

A mixture of cellulose (0.24 g, 1.5 mmol AGU) in [Bmim]Cl
(4.0 g) was heated with stirring at 94 °C in a 10-mL round bot-
tomed flask with a lip until a clear solution was formed. To this
solution was added a set amount of ultrapure H,O and 56 mg
98 wt.% H,SO4 (0.56 mmol). Samples were withdrawn, weighed
(usually less than ca. 50 mg), quenched with water, and the
aqueous solution was centrifuged at 10,000 rpm for 5 min, then
diluted with deionized water to appropriate concentrations for
ion chromatography analysis.

2.3. Determination of glucose and cellobiose

Glucose and cellobiose were analyzed by using the ion chroma-
tography ICS-2500 system (Dionex, USA) equipped with a GP50
gradient pump, an ED50A integrated amperometry detector, a
CarboPac PA10 guard column (4 mm x 50 mm), a high capacity
CarboPac PA20 analytical column (3 mm x 150 mm), a 25 pL sam-
ple loop (Zhang et al., 2011). Samples (20 pL) were injected and
eluted with 30 mmol/L NaOH at a rate of 0.5 mL/min. Glucose
and cellobiose standards were used to generate standard curves
for quantification purpose.

3. Results and discussion
3.1. Developing kinetic equations for cellulose hydrolysis

Cellulose, the major component of lignocellulosic materials, is
composed of B-(1 — 4)-linked anhydroglucose units (AGU). How-
ever, due to the extensive network of inter- and intra-molecule
hydrogen bonds and van der Waals interactions, cellulose is
insoluble in most conventional solvents, leading to notoriously
recalcitrant to processing (Nishiyama et al., 2003). Yet, progresses
have been continuously made. For example, the depolymerization
of cellulose and lignocelluloses was reported by using cyanuric

chloride to increase glucose yield (Jiang et al., 2012). Autoclave
parr reactor system was also developed for the hydrolysis of muni-
cipal bio-wastes catalyzed by dilute phosphoric acid to obtain
xylose and glucose in 100% and 30% yield, respectively (Orozco
et al.,, 2011). Acid-catalyzed hydrolysis of cellulose could be real-
ized efficiently in ILs, likely because the reaction took place in a
homogenous solution (Li and Zhao, 2007). Thus, individual cellu-
lose molecules are expected fully accessible for hydrolysis. More-
over, acid-catalyzed scission of the glycosidic bond should occur
randomly within the cellulose chain, because there is no driving
force for regio-selectivity. Apparently, the ILs system distinguishes
from conventional systems where hydrolysis reaction takes place
at the cellulose matrix surface.

To simplify the discussion of kinetic equations, O, is used to
represent a cellulose molecule with a DP (degree of polymeriza-
tion) value of n, where the symbol “O” represents the glucose unit.
Thus, a hydrolytic step can be written as O, —» O, + O,_,, (m < n). At
least three chemical steps are involved to facilitate a glycosidic
bond cleavage in the presence of an acid (Rinaldi and Schiith,
2009). The first step for the protonation of the glycosidic oxygen
is assumed a fast equilibrium reaction with the equilibrium con-
stant K; (Supplementary Fig. 1). Then the protonated glycosidic
bond cleaves to form a six-membered cyclic cation with the rate
constant k,. This step is slow and assumed rate-limiting. Finally,
a water molecule attacks the cyclic cation leading to the formation
of the reducing end and the release of a proton. This step is a fast
one.

When considering a system with the cellulose molecule O, at an
initial concentration of Cy, an illustrative scheme can be written as,

| 1 -2 - 3 - n-1 - n
110 bt O b1t O bs1 - O buin O
2 (0 biz O b O b2 O bz O
310 bz O bz O b3z - O bz O

Cy|O biew O bacw O bzce - O bnicw O

In the above scheme, adjacent O in the same row is linked by
“b”, the symbol for the glycosidic bond. The linkage between the
ith O and the (i + 1)th O in the jth row is indicated by b;; (i<n,
j < Co). No linkage is allowed between “O” from different rows. It
is obvious that cellulose hydrolysis is essentially to break the gly-
cosidic bonds, and thus, depending on the concentration of “b”, [b].
When a strong acid, such as sulfuric acid, is used, a complete dis-
sociation is expected to give a free proton concentration (Cy). It
should be pointed out that the presence of the hydrolytic products
0., should not change the probability of the first step and the rate
of the second rate of cellulose hydrolysis (r;) can be written as Eq.
(1), according to the reaction mechanism

hn = K] kZCH [b] (1)

As shown in Eq. (1), the overall rate constant (k) is the product
of K, with k,. Therefore, the reaction rate can also be expressed as
Eq. (2). When the reaction is performed in the presence of a known
amount of acid, the term Cy is a constant. Thus, the hydrolysis reac-
tion is first-ordered with respect to [b] under the specific
conditions

In = thH[b} (2)

The bond concentration of [b] can be obtained from Eq. (2) by
separation of variables and then integral to give Eq. (3)

[b] _ eln[ng(n—l)]—thHr (3)
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An adjacency matrix BJi,j] based on the element “b” is con-
structed, which is derived from the above scheme. The value of
each element b;; is either O or 1, where 1 indicates that the glyco-
sidic bond between the ith O and the (i + 1)th O in the jth row
remains intact, while 0 indicates the glycosidic bond is broken.

b, b b, b, b,

1 0 b 1 b, b, 1 0

210 bl.2 bz.z b, O

310 4 3 bz.s b, 3 0

Gyl 0 bl,cU bz,c0 b, Co 0

In order to understand the reaction more easily, two columns,
by and b, are added into the matrix BJi,j], and the values of both
bo and b, equal to 0, indicating that no additional “O” is attached
at either end of the cellulose chain. As the glycosidic bonds are pro-
tonated randomly, the glycosidic bonds share the same probability
to be cleaved in the hydrolysis process. Therefore, the probability
that element b;; in the adjacency matrix to be 1 can be expressed
as shown in Eq. (4)

P [b} eln[(n—])xCo]—thHt 4
G T m-1)xC (n-1)xGCo @

Accordingly, the probability that element b;; in the adjacency
matrix to be 0 can be expressed as shown in Eq. (5)

[b] eln[(n—l)xco]—thHt 5
m-1)xC =~ (m-1)xGCo ()
Therefore, the concentrations of the monomer O; and oligomers
On, has a direct relationship with the element b;; in the adjacency
matrix B[ij]. To obtain the monomer O,, the values of both b;_;;

and b;; should equal to 0. Thus, [04] can be obtained according to
Eq. (6)

Piyyjm0) =1 -

Co

n-2
0:] =3 {Pwu:m + 2; [P,;—0) % Py, ~0)] + P <bn,u:0)}
i=

=

(6)
= Co x {2 X Pipy;=0) + (M = 2) x [P<b.-_,-:0)}2}

Likewise, Eq. (6) can be extended to fit other cellooligomers
with a DP of m, in which case values of elements b; ;j, bij,
bi+1j.. .bitm-1; and bj.mj should be 0,1,1,...,1 and O, respectively.
Consequently, [O;] can be expressed as shown in Eq. (7)

Co

Om]=3" {2 x (Pwu:n)m X Py, -0) +n:§71 [(Pw.;:m)z x (Pwm]:n)mil} }

j=1
m-1 2
~Cox {2 % (Piyn) x Py + (m=m=1)x (P, o)) x (Prsy o)™ }

)

Upon incorporation of Egs. (4) and (5) into the Egs. (6) and (7),
respectively, Egs. (8) and (9) are obtained
eInln=1)xCol ~knCut 2
T (n-1)xGCo )

eln[(n—])xCol—thHt
77> +(n-2)x <1
8)

[01]:C0><|:2><<1 (nfl)XC()

o c eInl(n=1)xCol—kyCut\ ™ 1
On=cox (=1, )

et

eInl(n=1)xCol~ky Cyt

elnl(n=1)xCol—ky Cut 2
T T (n-1)xGo >+(”_m_1)x(1_ n-1)xCo )

)

To take the O; degradation reaction into consideration, these
equations have to be modified further. It is known that the degra-
dation of glucose is first-ordered when the concentration of free
proton (Cy) is held constant (vom Stein et al., 2010). The rate con-
stant for the O, degradation reaction is assigned as ko. Therefore,
an actual concentration for the monomer O, namely [O14] can be
expressed as shown in Eq. (10)

dO]d = dO1 — koCH[O1] (]O)
Finally, integrating Eq. (10) affords the actual value for [O4], as
expressed in Eq. (11)

2Cge Cukolk , -
[Ona] = i ot (ko (n — 2)eho 24 — (n — 1)eCutto ]

+kh[(n _ Z)eCH(ku—Zkh)f —2(n— 1)eCH(k0_kh>[ +nj}
(11)

According to Eq. (11), a general curve of the evolution of the
concentration of Oq4 (glucose) over time for the acid-catalyzed
hydrolysis of cellulose in ILs can be drawn (Supplementary
Fig. 2). It is clear that [O44] increases over time at the early stage
of the reaction, plateaus, and then decreases over time.

3.2. Fitting experimental data

The concentrations of glucose and cellobiose were monitored
under typical hydrolysis conditions in ILs in the presence of differ-
ent water concentrations. The reason to vary water concentrations
was because water showed notable effects on cellulose hydrolysis
in ILs system (Binder and Raines, 2010). Although water is the
reactant, it can behave as a base to solvate the proton, and conse-
quently, decrease the acidity of the reaction medium (Thornazeau
et al., 2003). On the other hand, excess of water is also expected to
reduce the glucose degradation/dehydration reactions, because
these reactions are largely catalyzed by acids (Binder and Raines,
2010).

Experimental data (Supplementary Table 1) for cellobiose (scat-
tered symbols) are shown in Fig. 1. The highest cellobiose concen-
trations were obtained approximately at 50, 60 and 90 min,
respectively, for the reaction with water loading of 1.5, 3.0 and
4.5 mmol, which were 1.0, 2.0 and 3.0 equiv of that of AGU. It is
clear that higher cellobiose concentrations were observed at a
longer time point, when water contents were higher. The highest
cellobiose concentrations were increased gradually with the in-
crease of water content. These observations suggested that the rate
of cellulose hydrolysis decreased because of excess water leading
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Fig. 1. Experimental data and fitting curves of cellulose hydrolysis with respect to
cellobiose production. Reaction conditions: spruce cellulose 240 mg (ca. 1.5 mmol
AGU), water, 4.0 g [Bmim]Cl, H,SO4 0.56 mmol, 94 °C.
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to a reduced acidity of the reaction medium, which are in line with
the “water effect” discussed above (Binder and Raines, 2010;
Thornazeau et al., 2003).

To fit the experimental data, a new equation according to Eq. (9)
is constructed. Because the average DP value (n) is 275 (as indi-
cated by Sigma), and m equals to 2 for cellobiose, the function
for the concentration of cellobiose can be simplified as shown in
Eq. (12)

[05] = 272Coe3kiHt _ 546C,e2kCHt 4 274Coe kit (12)

Nonlinear least-squares curve fitting of experimental data
according to Eq. (12) by using the MATLAB software resulted in
smooth curves (Fig. 2), and the fitting parameters are listed in
Table 1.

It is clear that excellent data fittings were achieved. As indicated
in Eq. (12), the highest cellobiose concentration is dictated by the
initial cellulose concentration (Cp). In order to give a high quality
data fitting, it was necessary to vary the Cy values when water
contents were different, albeit the actual cellulose loading was
identical for those reactions. While the theoretical Cy value is esti-
mated as 1.42 pmol mL™! considering the density of [Bmim]Cl as
1.05gmL™! at 80 °C (http://www.basionics.com/en/ionic-liquids/
products/data/st70.htm), the apparent Cy values of 0.79, 0.96 and
1.38 pmol-mL~!, for the reactions with water loading of 1.5, 3.0
and 4.5 mmol, respectively, were required to achieve the best data
fitting. It should be pointed out that kinetic equations were con-
structed assuming that cellulose was dissolved and cellulose mol-
ecules were fully accessible. However, under a specified condition,
a small portion of cellulose molecules may interact with each other
or are not fully accessible for hydrolysis, leading to a lower appar-
ent Cp values. The fact that the apparent Cy values increased con-
currently with increased initial water loadings was interesting. It
was suggestive that the addition of a small amount of water (up
to 2.0% by weight) in ILs was actually beneficial in terms of the for-
mation of a “real” cellulose solution.

According to Eq. (12), the parameter Cy and k, combined to-
gether, therefore it was unable to determine the values of Cy and
ky, but only the value of Cy * k; (Table 1). Noting that k;, equals
to Ki = k,, and K is the equilibrium constant of the first step, i.e.
the bonding between a proton and the glycosidic oxygen. When
the initial water loading increased, the concentration of free proton
(Cy) should be reduced due to the formation of water associated
proton [H30"] (Thornazeau et al., 2003). Therefore, if any changes

150
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1251 > e 3.0 mmol H,O
A 4.5mmol HO
2
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= 100} L
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[
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Fig. 2. Experimental data and fitting curves of cellulose hydrolysis with respect to
glucose production. Reaction conditions: spruce cellulose 240 mg (1.5 mmol AGU),
water, 4.0 g [Bmim]Cl, H,SO4 0.56 mmol, 94 °C.

Table 1
The parameter values of data fitting for cellobiose and glucose.
Entry Water Co Cy + kn Kkolkn Correlation
loading (pmol/mL) (min™1) coefficient?
(mmol)
1 1.5 0.79 0.0194 0.26 0.998 (0.988)
2 3.0 0.96 0.0177 0.24 0.999 (0.987)
3 4.5 1.38 0.0144 0.21 0.967 (0.997)

2 Correlation coefficient in parentheses are associated with results of data fitting
for glucose.

for k;, were neglected, the value of Cy = k; was expected to decrease
with the increase of initial water content, as indicated in Table 1.

The experimental data for glucose (scattered symbols) are
shown in Fig. 2. The highest glucose concentrations were obtained
approximately at 120, 120 and 180 min for the reaction with a
water loading of 1.5, 3.0 and 4.5 mmol, respectively. Similar to pro-
files indicated in Fig. 1, the highest glucose concentrations were
observed at a longer time point when the water content was high-
er, and the highest glucose concentrations were increased gradu-
ally with the increase of water content.

To fit the experimental data, Eq. (11) is rewritten into Eq. (13),
where Cy * kg equals to (ko/kp) * (Cy = kp). Therefore, Eq. (13) has
two combined parameters ko/ky, and Cy * kp.

2Co(n— ) 2Co(n —2
[Old] = - - kn —Cykot __ ]?U( )e—ZCHkht
G- 1)-2) -
2C0(Tl - 1) e~ 2Cuknt (13)

ko

kpy

As the values of Cy = k;, and Cy for each dataset have been estab-
lished, it is straightforward to fit the glucose concentration data
according to Eq. (13) and obtain values of ko/ks. It was found that
reactive factors of 0.69, 0.65 and 0.56 were required to ensure good
match for the glucose concentrations for the reactions with water
loading of 1.5, 3.0 and 4.5 mmol, respectively. As shown in Fig. 2
and Table 1, data fitting by least squares techniques affords excel-
lent results, because all fitting coefficients are close to 1.

Data fitting results showed that the values of ko/k, were less
than one, which was consistent with early observations (Li and
Zhao, 2007; Binder and Raines, 2010). The fact that ko/k;, decreased
in the presence of a higher water content suggested that the deg-
radation reaction constant ko dropped. This is understandable be-
cause water consumed free proton and reduced the acidity of the
solution. As a result, a higher maximum glucose concentration
was achieved over a longer reaction time. The values of ko/k; also
indicated that k, was 4- to 5-fold higher than ko, indicating that
the hydrolysis reaction proceeded faster than the degradation
reaction.

It should be emphasized that the usefulness of the current ki-
netic analysis is not limited to the understanding the formation
of cellobiose and glucose. Because values of Cy * kj, and G for a gi-
ven reaction condition have been available (vide ante), concentra-
tions of cellooligomers of any DP values can be calculated
according to Eq. (9). When the reaction was done with 3.0 mmol
H,0, concentrations of cellooligomers with DP values up to 10
can be estimated (Table 2). These data indicated that at the early
stage of the reaction, cellooligomers had similar concentrations.
When the reaction time elapsed, higher oligomers disappeared
rapidly concurrently with the accumulation of lower oligomers.
Taking [O3] and [O4] for example, their maximal concentrations
were found at 60 min and 30 min, respectively. Albeit it remains
technically challenging for quantitative analysis of cellooligomers
in the hydrolysis mixture, application of the general kinetic
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Table 2
Calculated concentrations of cellooligomers.

Time (min)  Concentration of cellooligomer (pumol/mL)

[05] [Oa4] [Os] [Os] [07] [0s] [Os] [O10]
10 2.31 2.15 2.00 186 1.73 161 150 1.40
20 16.27 1268 9.88 770 6.00 469 365 284
30 2825 1844 12.04 786 513 336 219 143
60 30.77 11.81 4.53 174 067 026 0.10 0.04
90 16.80 3.79 0.86 019 0.04 0.01 000 0.00
120 7.29 0.97 0.13 0.02 0.00 0.00 000 0.00
180 1.05 0.05 0.00 0.00 0.00 0.00 000 0.00
240 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reaction conditions: spruce cellulose 240 mg (AGU 1.5 mmol), H,O 3.0 mmol,
[Bmim]Cl 4.0 g, H,SO,4 0.56 mmol, 94 °C.

equation could afford very useful information in terms of the dis-
tribution of the hydrolysis products.

4. Conclusions

In summary, general kinetic equations were formulated for
acid-catalyzed cellulose hydrolysis in ionic liquids. Experimental
data were fit well according to those equations, and the formation
of glucose as well as cellooligomers was successfully described.
Variations of kinetic parameters indicated that water behaved also
as a base to decrease the acidity of the reaction medium. These re-
sults provided insights into the detailed mechanisms of homoge-
neous cellulose hydrolysis in a non-aqueous environment and
should be valuable for developing strategies to depolymerize cellu-
lose and lignocellulosic biomass.
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