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Brönsted acidic ionic liquid 1-(1-propylsulfonic)-3-methylimidazolium chloride (PSMIMCl) shows a higher catalytic activity than
sulfuric acid in the hydrolysis of D-cellobiose to D-glucose in water at 90–120◦C. This catalytic activity enhancement is more
significant at higher temperatures, and at 120◦C, PSMIMCl produced 64.5% glucose yield, whereas H2SO4 produced only 42.2%
after 40 min. reaction, and this is a 52.8% enhancement of catalytic activity due to the alkylimidazolium group attached to the
sulfonic acid group. 1H NMR monitoring of the D-cellobiose hydrolysis in PSMIMCl and sulfuric acid mediums failed to reveal
intermediates in the hydrolysis reaction, and this is probably due to rapid conversion of the intermediate(s) to a mixture of D-
glucose anomers with α : β ≈ 1 : 1.6.

1. Introduction

Hydrolysis of lignocellulosic biomass to fermentable sugars
is an essential step in the production of cellulosic-ethanol
and is the most challenging step in the whole process [1–
5]. Enzymatic hydrolysis is the widely used technology in
current pilot plants, but this method requires a drastic
pretreatment at high temperature and pressure to disrupt
the strong hydrogen bonding network in cellulose, before
exposure to the enzyme. Furthermore, commercialization of
the enzymatic process is hindered by the prohibitive cost
of the currently available enzyme preparations as well [6].
As an alternative to the enzymatic methods, dilute aqueous
solution of sulfuric acid can also be used as a catalyst for the
direct hydrolysis of cellulose at high temperature and pres-
sure. Even though, the direct dilute acid saccharification gives
lower sugar yields compared to enzymatic saccharification,
a number of research groups have taken an interest in this
old process [7–9] taking a second look at this technology
due to its simplicity, and lower cost when compared to

enzymatic saccharification, which anyhow requires an energy
consuming pretreatment.

Ionic liquids are well known for their unique combi-
nation of attractive properties and as green solvents for
numerous applications, but currently there is a marked
interest in using ionic liquids in a number of other functions
such as electrolytes [10], polymeric materials [11, 12], and
catalysts [13]. In addition to this, 2002 discovery [14] of
the use of ionic liquids as a cellulose dissolving solvent has
sparked a new field of research on the use of ionic-liquid-
based systems for the depolymerization of cellulose. The
initial efforts in this direction were reported by Li et al.
in 2007, where they published the use of catalytic amount
of H2SO4 and controlled small amount of water for the
hydrolysis of cellulose dissolved in butylmethylimidazolium
chloride under mild conditions [15, 16]. Later, the use
of solid acid catalysts [17–19], as well as an immobilized
acidic ionic liquid catalyst [20] was reported as well for
the hydrolysis of cellulose dissolved in imidazolium ionic
liquids. In 2009, our research group developed the use of
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Brönsted acidic ionic liquids with a built-in-SO3H group
for the dual role of solvent and acid catalyst [21]. Where
we reported that cellulose dissolved in Brönsted acidic ionic
liquids 1-(alkyl sulfonic)-3-methylimidazolium chloride can
be hydrolyzed by the addition of 2.0 equivalents of water per
glucose unit of cellulose and heating the solution at 70◦C,
and at atmospheric pressure to give glucose along with other
reducing sugars in good yields [21].

As these ionic-liquid-based cellulose depolymerization
methods require large volumes of ionic liquids as solvents, a
complete recovery for reuse of the ionic liquid is essential in
any large scale industrial process, and this is quite challenging
since both the resulting sugars and these ionic liquids are
highly soluble in water. Therefore, the use of an ionic liquid
as a glycosidic bond hydrolysis catalyst in aqueous medium
is a very attractive proposition [22]. However, the ionic
liquid-cellulose system is typically studied under anhydrous
conditions, and the use of ionic liquids in water as a catalyst
is a relatively unexplored area. In a recent account of the use
of ionic liquids in water, Dwiatmoko et al. reported [23] the
enhancement of the catalytic activity of Nafion NR50 in the
hydrolysis of cellulose model compound D-cellobiose to glu-
cose, with the addition of halogenated ionic liquid 1-butyl-
3-methylimidazolium chloride, to the aqueous medium. Our
interests [20–22] in the development of an efficient chemical
cellulose depolymerization catalyst have led us to study the
SO3H group substituted Brönsted acidic ionic liquid 1-(1-
propylsulfonic)-3-methylimidazolium chloride (PSMIMCl)
(Figure 1) as a catalyst in aqueous medium for the hydrolysis
of cellulose model compound D-cellobiose.

2. Experimental

2.1. Materials and Instrumentation. D-cellobiose (99.9%),
D2O (99.9% atom D), sulfuric acid-d2 (99.9% atom D),
1-methylimidazole, and 1,3-propanesultone were purchased
from Aldrich Chemical Co. Brönsted acidic ionic liquid 1
was prepared by condensation of 1-methylimidazole with
1,3-propanesultone and acidification of the resulting salt
with conc. HCl according to the literature procedure [24,
25]. D-Cellobiose hydrolysis experiments were carried out
in 25 mL glass vials with polycarbonate screw caps. These
vials were heated in a preheated mineral oil bath placed
on a VWR Scientific 1500 W ceramic hotplate with VT-
5 temperature controller of temperature accuracy ±0.1◦C.
Glucose concentrations in aqueous solutions were deter-
mined using a Carey 50 UV-Vis spectrophotometer and 1 cm
quartz cells. 1H NMR Spectra in D2O were recorded on a
Varian Mercury plus spectrometer operating at 400 MHz, rd
= 1s, spectral width of 6398 Hz, and typically 16 scans were
collected for spectra. All NMR spectra were collected at room
temperature, 23◦C.

2.2. General Experimental Procedures for the Hydrolysis of
D-Cellobiose Using Aqueous 1-(1-Propylsulfonic)-3-Methy-
limidazolium Chloride, and Sulfuric Acid Solutions at 90,
105, and 120◦C. Stock solutions of the acids, 1-(1-propylsul-
fonic)-3-methylimidazolium chloride and sulfuric acid were

N N+

Cl−

SO3H
H3C

Figure 1: Brönsted acidic ionic liquid 1-(1-propylsulfonic)-3-
methylimidazolium chloride (PSMIMCl).

prepared by dissolving appropriate amounts of these acids
in deionized water to give acid concentration of 0.0321 mol
H+/L in each solution. The accuracy of the concentration was
checked by titration with standardized aq. NaOH solution
using phenolphthalein as the indicator.

D-Cellobiose (0.0300 g, 0.0877 mmol) was dissolved in
10.00 mL of aqueous acid solution in a 25 mL glass vial
with a skrew cap. The vial was firmly closed and heated in
a preheated mineral oil bath maintained (±0.1◦C) at the
desired temperature for a specified length of time. Then,
0.30 mL Aliquots was withdrawn from the reaction solution
at specific time intervals for glucose analysis, and an aliquot
taken at room temperature before heating begins is referred
to as zero time.

2.3. Glucose Assay. 0.30 mL of Aliquots taken from the
reaction vial at specific time intervals was transferred to
glass vials, neutralized by drop wise addition of 0.5 M aq.
NaOH, and then diluted to 2.00 mL. At zero time, reaction
was started by adding 2.00 mL of glucose oxidase-peroxidase
assay reagent [26, 27] to the vial and mixing thoroughly,
and the vial was incubated in a water bath at 37◦C for
30 min. Then reaction was quenched by adding 2.00 mL
of 6 M HCl to give a pink solution. The reagent blank
was prepared by mixing 2.00 mL of deionized water and
2.00 mL of assay reagent and was treated similarly. Then the
absorbance was immediately measured at 540 nm against the
reagent blank, and glucose concentration in the solution was
calculated by employing a standard curve prepared using
glucose. The changes in percent yields of glucose produced
during the hydrolysis of D-cellobiose in aqueous 1-(1-
propylsulfonic)-3-methylimidazolium chloride (PSMIMCl),
and H2SO4 mediums at 90, 105, and 120◦C are shown in
Figure 2.

2.4. 1H NMR Studies of D-Cellobiose Hydrolysis in D2O
Using1-(1-Propylsulfonic)-3-Methylimidazolium Chloride and
Sulfuric Acid-d2 as Catalysts. Two NMR samples were
prepared in 5 mm NMR tubes by dissolving 10.0 mg
(0.029 mmol) of D-cellobiose in each tube and using
0.6 mL of D2O solutions of 1-(1-propylsulfonic)-3-meth-
ylimidazolium chloride and sulfuric acid-d2 of acid strength
0.0321 mol H+/L. These samples were allowed to stabilize at
room temperature for 24 hr, and then 1H NMR spectra were
recorded as the baseline data. Then the tubes were heated
in a preheated mineral oil bath maintained at 90.0 ± 0.1◦C,
tubes were taken out of oil bath after specified time intervals,
reaction was quenched by immersing the NMR tubes in
cold water, and 1H NMR spectra were recorded immedi-
ately. Then the tubes were returned to the thermostated
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Figure 2: Change in percent yields of glucose produced during the hydrolysis of D-cellobiose in aqueous 1-(1-propylsulfonic)-3-
methylimidazolium chloride (PSMIMCl) and H2SO4(SA) mediums at 90, 105, and 120◦C. 30.0 mg of D-cellobiose in 10.0 mL of 0.0321 mol
H+/L acid mediums were used in all experiments.

oil bath for further heating, and NMR spectrums were
recorded at regular time intervals to monitor the progress
of the reaction. A typical series of spectra recorded for
the sample using 0.0321 mol H+/L of 1-(1-propylsulfonic)-
3-methylimidazolium chloride in D2O medium is shown
in Figure 3. D-Cellobiose sample heated in sulfuric acid-d2

medium also gave a similar series of spectra.

3. Results and Discussion

3.1. Hydrolysis of D-Cellobiose Using Aqueous 1-(1-Propyl-
sulfonic)-3-Methylimidazolium Chloride and Sulfuric Acid

Solutions at 90, 105, and 120◦C. Catalytic activities of 1-(1-
propylsulfonic)-3-methylimidazolium chloride were com-
pared with the activities of sulfuric acid of the same molar
H+ ion concentration, and according to Oscarson and Izatt’s
expression on temperature dependence of the first and
second dissociation constants of sulfuric acid in water, it is
assumed that H2SO4 completely dissociates to give two H+

ions in the temperature range of the study [28, 29]. The
changes in percent yields of glucose produced during the
hydrolysis of D-cellobiose in aqueous PSMIMCl, and H2SO4

mediums at 90, 105 and 120◦C are shown in Figure 2. These
experiments clearly show that Brönsted acidic ionic liquid
PSMIMCl has a higher catalytic activity than sulfuric acid
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Figure 3: A series of 1H NMR spectra recorded during the
hydrolysis of D-cellobiose to D-glucose using 0.0321 mol H+/L
1-(1-propylsulfonic)-3-methylimidazolium chloride (PSMIMCl) in
D2O at 90◦C. ∗= HDO.

of the same acid strength. Furthermore, catalytic activity
enhancement is more significant at higher temperatures, for
instance at 120◦C PSMIMCl produced 64.5% glucose yield
after 40 min. reaction, whereas H2SO4 produced only 42.2%
during the same period, and this is a 52.8% enhancement
of catalytic activity due to the alkylimidazolium group
attached to the sulfonic acid group. This catalytic activity
enhancement may be due to ion-dipole-type interactions of
alkyl imidazolium groups and chloride ions with hydroxyl
groups of D-cellobiose. In fact, Xiang has observed [30]
similar interactions of 1-ethyl-3-methylimidazolium acetate
with D-cellobiose in DMSO using 13C NMR spectroscopy.
Additionally, the glucose yield shows slight decrease with
longer reaction times, especially at higher temperatures,
and this could be due to well-known decomposition of
glucose to various products like 5-hydroxymethylfurfural,
1,6-anhydroglucose, levulinic acid, and formic acid in the
acid medium [31, 32].

3.2. 1H NMR Studies of D-Cellobiose Hydrolysis in D2O
Using1-(1-Propylsulfonic)-3-Methylimidazolium Chloride and
Sulfuric Acid-d2 as Catalysts. A typical series of 1H NMR
spectra recorded during the hydrolysis of D-cello-biose
in 0.0321 mol H+/L 1-(1-propylsulfonic)-3-methylimid-
azolium chloride in D2O medium is shown in Figure 3. D-
Cellobiose sample heated in sulfuric acid-d2 medium also
gave a similar series of spectra. The spectrum recorded at
t = 0 h. shows a mixture of α and β anomers of D-
cellobiose and only a trace amount of D-glucose. The
anomeric composition of D-cellobiose in this mixture was
calculated as α := β 1.00 : 1.60 using the peak area ratio

Table 1: α : β Anomeric ratios of D-glucose produced during the 1-
(1-propylsulfonic)-3-methylimidazolium chloride (PSMIMCl) and
sulfuric acid catalyzed hydrolysis of D-cellobiose to D-glucose.
10.0 mg of D-cellobiose in 0.60 mL acid solutions (0.0321 mol
H+/L) were used.

Time h.
Catalyst

PSMIMCl
α : β

H2SO4

α : β

2 1 : 1.56 1 : 1.62

6 1 : 1.65 1 : 1.58

12 1 : 1.60 1 : 1.59

24 1 : 1.63 1 : 1.65

of two doublets at 4.97 ppm (J = 3.6 Hz) and 4.40 ppm
(J = 8.4 Hz, in Figure 3, t = 0 h), and this value is
compatible with the reported anomeric ratio [33] of D-
cellobiose in water. A gradual increase in D-glucose and
the disappearance of D-cellobiose is seen in the series of
spectra recorded during the course of the reaction. Only the
anomeric hydrogens of D-cellobiose and D-glucose could
be assigned due to the complexity of the spectra shown in
Figure 3. The anomeric ratios of D-glucose formed during
the PSMIMCl and sulfuric acid catalyzed hydrolysis were
calculated by using the following equations, assuming that
anomeric ratio of D-cellobiose remains constant throughout
the reaction.

Cα + 2Gα = Peak area at 4.97 ppm, (1)

Cβ + 2Gβ = Peak area at 4.37–4.42 ppm, (2)

Cα + Cβ = Peak area at 4.25 ppm, (3)

where, Cα = peak area of D-cellobiose 1α or 1′α hydrogen. Cβ

= peak area of D-cellobiose 1β or 1′β hydrogen. Gα = peak
area of D-glucose 1α hydrogen. Gβ = peak area of D-glucose
1β hydrogen.

Calculated anomeric ratios of D-glucose produced
remains approximately constant during the course of the
reactions as seen in Table 1, and this may be due to a rapid
equilibration of D-glucose formed. Furthermore, as seen in
the array of NMR spectra of PSMIMCl-catalyzed hydrolysis
of D-cellobiose in Figure 3, 1H NMR study failed to reveal
any reaction intermediates, and similarly NMR spectra of
H2SO4-catalyzed reaction also showed no reaction interme-
diates. This can be explained by a mechanism involving a
slow protonation of glycosidic oxygen in D-cellobiose and
fast attack of water on the anomeric carbon, resulting fast
hydrolysis D-cellobiose to D-glucose, as shown in the case of
PSMIMCl catalyzed reaction in Figure 4.

4. Conclusion

We have shown that Brönsted acidic ionic liquid1-(1-pro-
pylsulfonic)-3-methylimidazolium chloride (PSMIMCl) has
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Figure 4: Proposed mechanism for Brönsted acidic ionic liquid 1-(1-propylsulfonic)-3-methylimidazolium chloride (PSMIMCl) catalyzed
hydrolysis of D-cellobiose to D-glucose in water.

a higher catalytic activity than sulfuric acid in the hydrolysis
of D-cellobiose to D-glucose in water at 90–120◦C. This
catalytic activity enhancement is more significant at higher
temperatures and may be due to an interaction of alkylimi-
dazolium group with D-cellobiose. 1H NMR monitoring of
the PSMIMCl as well as sulfuric acid catalyzed D-cellobiose
hydrolysis reactions at 90◦C failed to show any intermediates
in the reaction, and this is possibly due to fast conversion of
any intermediate(s) to products.
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