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Abstract Catalytic activities of eight sulfonic acid group functionalized ionic liquids in water were compared for
the hydrolysis of Sigmacell cellulose (DP ~ 450) in the 150-180°C temperature range by measuring total reducing
sugar (TRS) and glucose produced. The catalytic activity of acidic ionic liquids with different cation types decreases
in the order imidazolium > pyridinium > triethanol ammonium cation. Among the sulfonic acid group functionalized
imidazolium ionic liquids, the catalysts which contain a single imidazolium ion and a flexible linker between
sulfonic acid group and the imidazolium ionic liquid core structure are the most active catalysts.
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1. Introduction
Efficient
hydrolysis
of
polysaccharides
in
lignocellulosic biomass to fermentable monosaccharides is
a challenging step and the primary obstacle for the large
scale production of cellulosic ethanol from abundant
lignocellulosic biomass [1,2,3,4]. Enzyme technologies
are currently being tested in more than a dozen of
cellulosic ethanol pilot plants in the US and other parts of
the world; yet these operations are confronting major
challenges in bringing the production cost competitive
with gasoline [5]. This is due to factors like high enzyme
cost of current cellulase preparations, inability to recycle
the enzyme, and energy costs associated with high
pressure, high temperature pretreatment step [6,7,8]. The
alternative method of saccharification using dilute
aqueous sulfuric acid at high temperature and pressure is
the older method used in the cellulosic ethanol plants in
the 1940's. In fact acid saccharification was replaced by
enzyme methods developed in the last two decades due to
certain disadvantages of acid hydrolysis. Some of the
main disadvantages include poor sugar yields, resulting in
low ethanol yield, formation of fermentation inhibitors,
and the high energy cost associated with operating at
temperatures above 250°C at high pressures [9,10]. Even
though the direct aqueous acid saccharification gives
comparatively low sugar yields, several research groups
have taken a renewed interest in recent times in reviewing
this classical method due to its simplicity and lower cost
compared to enzymatic saccharification, which nevertheless
requires an energy intense pretreatment [11,10,12].

Ionic liquids are well known [13,14] for their ability to
dissolve cellulose and our interest in the search for
efficient catalytic methods for saccharification of cellulose
has led us to develop -SO3H group functionalized
Brönsted acidic ionic liquids as solvents as well as
catalysts for the degradation of cellulose and cellulosic
biomass [15,16,17]. Later we found that these sulfuric
acid derivatives with ionic liquid characteristics can be
used as catalysts in aqueous phase as well [18]. For
example, a dilute aq. solution of acidic ionic liquid 1-(1propylsulfonic)-3-methylimidazolium chloride was shown
to be a better catalyst than aq. sulfuric acid of the same H +
ion concentration for the degradation of cellulose at
moderate temperatures and pressures [18]. In the cellulose
hydrolysis experiments using aq. solutions of 1-(1propylsulfonic)-3-methylimidazolium
chloride
and
sulfuric acid of the same acid strength, these catalysts have
been shown to produce total reducing sugar (TRS) yields
of 29.5 and 22.0 % respectively [18].
This enhanced catalytic activity of the 1-(1propylsulfonic)-3-methylimidazolium chloride when
compared to sulfuric acid can be explained as a result of
an interaction or binding of the ionic liquid catalyst on the
cellulose surface, which facilitates the approach of -SO3H
group for the hydrolysis of the glycosidic link.
Furthermore, this observation can be seen as an important
lead for the development of an ionic liquid based cellulase
mimic type catalyst for depolymerization of cellulose. We
hypothesized that this binding ability may depend on the
nature of ionic liquid core structure of the catalyst. As far
as we are aware the effects of structural variations of any
type of ionic liquid core structures, anions, and the
separation between -SO3H group and cationic core in the
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Brönsted acidic catalysts in the hydrolysis of cellulose in
aqueous phase is not known. Therefore, in an attempt to
develop a recyclable, simple enzyme mimic type acid
catalyst and as an extension of our earlier work
[15,16,17,18,19] on sulfonic acid substituted imidazolium
Cl

H3C

-

ionic liquid catalysts, we have studied a series of sulfonic
acid group functionalized Brönsted acidic ionic liquid
catalysts shown in Figure 1 for the hydrolysis of cellulose
in water at moderate temperatures and pressures.
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Figure 1. Sulfonic acid group functionalized Brönsted acidic ionic liquid catalysts (1-8)

2. Experimental
2.1. Materials and Instrumentation
Sigmacell cellulose - type 101 (DP ~ 450, from cotton
linters), chemicals for the synthesis of sulfonic acid group
functionalized ionic liquid catalysts (1-8) were purchased
from Aldrich Chemical Co. USA. 1H NMR Spectra were
recorded in DMSO-d6 on a Varian Mercury plus
spectrometer operating at 400 MHz and chemical shifts
are given in  (ppm) downfield from TMS ( = 0.00). 13C
NMR were recorded in the same spectrometer operating at
100 MHz; chemical shifts were measured relative to 
(CD3)2SO and converted to  (TMS) using  (CD3)2SO =
39.52. Cellulose hydrolysis experiments were carried out
in 25 mL stainless steel solvothermal reaction kettles with
Teflon inner sleeves, purchased from Lonsino Medical
Products Co. Ltd., Jingsu, China. These reaction kettles
were heated in a preheated Cole-Palmer WU-52402-91
microprocessor controlled convention oven with ±1°C
accuracy. Total reducing sugars (TRS, total of glucose and
glucose oligomers with reducing groups) and glucose
concentrations in aqueous solutions were determined
using a Carey 50 UV-Vis spectrophotometer and 1 cm
quartz cells.

2.2. Synthesis of Sulfonic Acid Group
Functionalized Ionic Liquid Catalysts (1-8)
Synthesis of Ionic Liquid Catalysts 1, 2, 3, 5, and 6
Catalysts 1, 2, 3, 5, and 6 were prepared following
literature procedures [15,20]. The structures and purity of
the samples were confirmed by 1H, 13C NMR and acid
group determination by titration with standardized
aqueous sodium hydroxide, using phenolphthalein as the
indicator.
Synthesis of Ionic Liquid Catalyst 4

A mixture of 1,1'-(1,4-butanediyl)-bis-imidazole (3.80
g, 20.0 mmol) [21] and 1,3-propanesultone (4.89 g, 40.0
mmol) was heated in a closed round bottom flask at 110°C
for 14 h in an oil bath to give imidazolium salt as a white
solid mass. The product was cooled in an ice bath at 0°C,
cold concentrated hydrochloric acid (4.06 g, 40.0 mmol)
was slowly added, closed reaction flask was allowed to
warm to room temperature in 2 h, and then heated at 90°C
for 14 h in an oil bath. The resulting liquid product was
washed with t-butyl methyl ether (2x10mL) and dried
under vacuum overnight to give sulfonic acid group
functionalized ionic liquid catalyst 4 as a colorless viscous
oil, 9.64, 96% yield. Titration of a sample with
standardized 0.05 M aqueous sodium hydroxide using
phenolphthalein as the indicator showed that product is >
99% pure.
1
H NMR  1.76 (4H, m), 2.07 (4H, m), 2.47 (4H, m), 4.20
(4H, m), 4.27 (4H, t, J = 6.8Hz), 4.76 (2H, bs), 7.79 (4H,
s), 9.26 (2H, s)
13
C NMR  26.3, 28.8, 47.9, 48.2, 60.4, 122.9, 136.8
Synthesis of Ionic Liquid Catalyst 7
A mixture of triethanolamine (2.98 g, 20.0 mmol) and
1,3-propanesultone (2.44 g, 20.0 mmol) was heated in a
closed round bottom flask at 110°C for 14 h in an oil bath
to give triethanolammonium salt as a colorless solid mass.
The product was cooled in an ice bath to 0°C, cold
concentrated sulfuric acid (1.00 g, 10.0 mmol) was slowly
added, closed reaction flask was allowed to warm to room
temperature in 2 h, and then heated at 90°C for 14 h in an
oil bath. The resulting product was washed with t-butyl
methyl ether (2x10mL) and dried under vacuum overnight
to give catalyst 7 as a pale yellow viscous oil, 5.81 g, 91%
yield. Titration of a sample with standardized 0.05 M
aqueous sodium hydroxide using phenolphthalein as the
indicator showed that product is > 99% pure.
1
H NMR  2.58 (2H, m), 3.27-3.35 (10H, m), 3.63 (6H,
m,), 4.78(3H, bs), 7.75(1H, bs)
13
C NMR  22.1, 28.8, 46.9, 52.6, 60.4
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Synthesis of Ionic Liquid Catalyst 8
A mixture of triethanolamine (2.98 g, 20.0 mmol) and
1,3-propanesultone (2.44 g, 20.0 mmol) was heated in a
closed round bottom flask at 110°C for 14 h in an oil bath
to give triethanolammonium salt as a colorless solid mass.
The product was cooled in an ice bath to 0°C, cold
concentrated hydrochloric acid (2.03 g, 20.0 mmol) was
slowly added, closed reaction flask was allowed to warm
to room temperature in 2 h, and then heated at 90°C for 14
h in an oil bath. The resulting liquid product was washed
with t-butyl methyl ether (2x10mL) and dried under
vacuum overnight to give catalyst 8 as a pale yellow
viscous oil, 5.66 g, 92% yield. Titration of a sample with
standardized 0.05 M aqueous sodium hydroxide using
phenolphthalein as the indicator showed that product is >
99% pure.
1
H NMR  2.50 (2H, m), 3.27-3.35 (10H, m), 3.73 (6H,
m,), 4.43(3H, bs), 9.00(1H, bs)
13
C NMR  22.9, 31.6, 45.7, 50.8, 60.9

2.3. General Experimental Procedure for
Hydrolysis of Cellulose Samples in Aqueous
Brönsted Acidic Ionic Liquid Catalyst
Solutions
Stock solutions of the Brönsted acidic ionic liquid
catalyst solutions were 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. Sigmacell cellulose-type
101 (DP ~ 450) (0.030 g, 0.185 mmol of glucose unit of
cellulose) was suspended in 2.00 mL of aqueous acid
solution in a 25 mL high pressure stainless steel reaction
kettle with Teflon inner sleeve. The reaction kettle was
firmly closed and heated in a thermostated oven
maintained at the desired temperature for 3.0 h. Then
reaction kettle was removed from the oven and
immediately cooled under running cold water to quench
the reaction. The contents were transferred into a
centrifuge tube and diluted to 10.0 mL with deionized
water, neutralized by drop wise addition of 0.5 M aq.
NaOH, and centrifuged at 3500 rpm for 6 min. to
precipitate the solids before total reducing sugar (TRS)
determination using 3,4-dinitrosalicylic acid (DNS)
method [22]. The glucose formed was measured using
glucose oxidase/peroxidase enzymatic assay [23]. A series
of experiments were carried out in duplicate in the 150180°C temperature range to study the variations in TRS
and glucose yields at different temperatures. The plots of
changes in percent yields of total reducing sugar (TRS)
and glucose produced at different temperatures are shown
in Figure 2 and Figure 3 respectively.

Figure 2. The changes in % yields of total reducing sugar (TRS) produced during the hydrolysis of Sigmacell cellulose (DP ~ 450) in aqueous solutions
of sulfonic acid group functionalized Brönsted acidic ionic liquid catalysts 1-8 at different temperatures. All acid solutions are 0.0321 mol H+/L,
reaction time: 3.0 h, 0.030 g of Sigmacell cellulose in 2.00 mL of aq. acid was used in all experiments. Averages of duplicate experiments
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Figure 3. The changes in % yields of glucose produced during the hydrolysis of Sigmacell cellulose (DP ~ 450) in aqueous solutions of sulfonic acid
group functionalized Brönsted acidic ionic liquid catalysts 1-8 at different temperatures. All acid solutions are 0.0321 mol H+/L, reaction time: 3.0 h,
0.030 g of Sigmacell cellulose in 2.00 mL of aq. acid was used in all experiments. Averages of duplicate experiments

2.4. Analysis of Hydrolyzate
TRS Assay
A 1.00 mL portion of the clear hydrolyzate solution
from the centrifuge tube was transferred into a vial and
2.50 mL of deionized water was added. To this, was added
0.50 mL of DNS reagent [22] and the mixture was
incubated in a water bath maintained at 90°C for 5 min.
The reagent blank sample was prepared with 3.50 mL of
deionized water and 0.50 mL of DNS reagent and heated
similar to the samples. Then the absorbance was measured
at 540 nm, against the reagent blank, and TRS
concentrations in solutions were calculated by employing
a standard curve prepared using glucose.
Glucose Assay
A 0.20 mL portion of the clear hydrolyzate solution
from the centrifuge tube was transferred into a vial, and
diluted with 1.80 mL deionized water. At zero time,
reaction was started by adding 2.00 ml of glucose oxidaseperoxidase assay reagent [23] 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.

3. Results and Discussion
3.1. Synthesis and Characterization of
Brönsted Acidic Ionic Liquid Catalysts (1-8)
Ionic liquid catalysts 1, 2, 3, 5, and 6 (Figure 1) were
prepared following literature procedures [15,20]. The
synthesized samples showed 1H, 13C NMR spectroscopy
data in agreement with the published data of these
compounds [15,20]. The synthesized samples were
confirmed as > 99% pure by titration with standardized
aqueous sodium hydroxide, using phenolphthalein as the
indicator.
The dicationic ionic liquid catalyst 4 was prepared by
condensation of the known 1,1'-(1,4-butanediyl)-bisimidazole [21] with two equivalents of 1,3-propanesultone
and then acidification of the resulting salt with an
equivalent amount of concentrated hydrochloric acid. The
product 4 showed two low field peaks in the 1H NMR
spectrum at  7.79 (4H, s) and 9.26 (2H, s) for
imidazolium ring protons, characteristic of the
imidazolium chloride moieties [21]. The 13C NMR
spectrum of 4 showed seven peaks indicating the
symmetry of the molecule and the two low field peaks at 
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122.9, 136.8 could be assigned to C-4,5 and C-2 in the
imidazolium rings [21]. The triethanolammonium ionic
liquid catalysts 7 and 8 were prepared by condensation of
triethanolamine and 1,3-propanesultone to give
triethanolammonium salt and then acidification with
equivalent amounts of conc. H2SO4 and HCl respectively.
The 13C NMR spectra of compounds 7 and 8 showed five
peaks each and the purity of the samples were further
confirmed by titration with standardized sodium
hydroxide solution.

of 34.4 and 31.4% respectively at 160°C, and the same
two catalysts produced the highest glucose yields of 18.6
and 20.8 % respectively at 170°C. The results indicate that
structure - activity studies can be used as a tool in
designing of an efficient small molecule catalyst system
that can hydrolyze cellulose in the aqueous phase at
moderate temperatures and pressure.

3.2. Comparison of the Activities of Brönsted
Acidic Ionic Liquid Catalysts (1-8)

We thank American Chemical Society-PRF grant UR149436, NSF grants CBET-0929970, HRD-1036593, and
USDA grant CBG-2010-38821-21569 for financial
support.

In this study, eight Brönsted acidic ionic liquid catalysts
(1-8) shown in Figure 1 were compared for the hydrolysis
of Sigmacell cellulose type 101 (DP ~ 450) samples. The
acidic ionic liquid catalysts used are thermally stable in
the temperature range used in this study [24]. The average
TRS and glucose yields produced in a series of
experiments conducted in eight acid media at 150-180°C
temperature range are shown in Figure 2 and Figure 3
respectively. These results show that catalytic activities of
sulfonic acid group functionalized acidic ionic liquids
depends on the ionic liquid core structure and the anion in
the catalyst. For all the Brönsted acidic ionic liquid
catalysts studied the highest TRS yields are observed for
samples heated at 160°C for 3h, whereas the highest
glucose yields are seen for samples heated at 170°C for 3h.
The catalysts 1-(1-propylsulfonic)-3-methylimidazolium
chloride (1) and 1-(1-butylsulfonic)-3-methylimidazolium
chloride (2), produced the highest acid TRS yields of 34.4
and 31.4% respectively. The same two catalysts 1 and 2
produced the highest glucose yields as well; 18.6 and
20.8 % respectively at 160°C. The lowest TRS yield is
produced from pyridinium ionic liquid catalyst Npropylsulfonic pyridinium sulfate (5).
In the comparison of monocationic ionic liquid
catalysts with Cl- counter ion (1, 2, 6, and 8), the activity
of the Brönsted acidic ionic liquid catalysts generally
decreases in the order of imidazolium > pyridinium >
triethanolammonium. The dicationic imidazolium ionic
liquid catalyst 4 showed the third highest TRS and glucose
yields of 30.5 and 17.2% respectively. Interestingly two
binding domains on the catalyst failed to enhance the
catalytic activity, when compared to catalysts 1, and 2.
Even though imidazolium cation containing ionic liquids 1
and 2 are the most active ones, another imidazolium ionic
liquid catalyst 3 with arylsufonic acid function showed
very poor catalytic activity. This catalyst (3) showed the
highest TRS and glucose yields of 20.0 and 11.9 %
respectively. This observation suggests the importance of
a flexible linker to connect the -SO3H group to the
imidazolium cation for a favorable approach towards the
glycosidic links in cellulose.

4. Conclusion
We have shown that catalytic activity of the sulfonic
acid group functionalized acidic ionic liquids depends on
the ionic liquid core structure and the anion in the catalyst.
From the series of Brönsted acidic ionic liquid catalysts
studied catalysts 1 and 2 produced the highest TRS yields
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