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Abstract: Background: Catalytic depolymerization and processing of cellulose can be used to pro-
duce value-added renewable feedstock chemicals.

Objective: This study aimed to develop an acidic ionic liquid-metal ion chloride catalyst system-based
single-reactor method for processing cellulose into value-added products.

Methods: The effect of metal chlorides as co-catalysts on 1-(1-propylsulfonic)-3-methylimidazolium
chloride acidic ionic liquid catalyzed degradation of cellulose in 40% (v/v) aq. ethanol was studied by
measuring levulinic acid, ethyl levulinate, and 5-hydroxymethylfurfural yields.

Results: In experiments with Mn(II) and Zn(II) chloride co-catalysts at 160 and 170°C for 12 h, the
initial yields of ethyl levulinate and 5-hydroxymethylfurfural improved from ~ 7% to ~ 12-15% due to
co-catalytic effects. The highest enhancements in ethyl levulinate yields were observed with CrCl3,
where the yield increased from 6 to 27% with the addition of a 10 mol% co-catalyst.

Conclusion: All three transition metal chlorides studied caused improvements in yields of secondary
products, ethyl levulinate and 5-hydroxymethylfurfural, in acidic ionic liquid catalyzed degradation of
cellulose in aqueous ethanol. The most significant enhancements in ethyl levulinate yields were ob-
served with CrCl3 as a co-catalyst.

Keywords: Cellulose, co-catalyst, ethyl levulinate, levulinic acid, 5-hydroxymethylfurfural.

1. INTRODUCTION

Efficient depolymerization of the most abundant biopol-
ymer cellulose to its monomer glucose and conversion to
renewable feedstock chemicals and fuels is one of the main
challenges in the utilization of renewable biomass in a sus-
tainable carbon-based future. The acid-catalyzed depolymer-
ization of cellulose allows further transformation of glucose
to its downstream dehydration and degradation products,
such as 5-hydroxymethylfurfural (HMF) and levulinic acid
(LA) [1, 2]. There are several innovative approaches tested in
recent years for improving acid-catalyzed biomass pro-
cessing, such as acidic ionic liquids or organic acids in place of
traditional mineral acids [3, 4], solid acids [5], immobi-lized
acidic ionic liquids [6], mechanical activation methods like
ball milling [7] as well as the incorporation of co-catalysts
to acid catalyst system [8-10]. The use of metal ions or salts as
a co-catalyst is a rational choice as carbohydrate oxygen
atoms with lone pairs are well known to interact
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or complex and possibly enhance the effect of acid-catalyzed
hydrolysis of cellulose, as well as further transformations
[10-13]. Even though metal complexes and salts are tradi-
tionally used as catalysts in countless industrial chemical
processes, the application of metal-catalyzed cellulose de-
polymerization and further transformation of monosaccha-
rides is a relatively unexplored area.

The extended aqueous acid hydrolysis of cellulose at
high temperatures is known to give levulinic acid as a result of
a series of reactions involving depolymerization of cellu-lose
to glucose, dehydration to 5-hydroxymethylfurfural, and then
rehydration of levulinic acid; however, many unwanted side
reactions, such as humin formation, can affect the le-vulinic
acid yield in this acid-catalyzed process [14, 15]. In the last
10-15 years, numerous research groups have ex-plored the
potential of levulinic acid-derived compounds, such as 2-
methyltetrahydrofuran, g-valerolactone, levulinate esters [16-
19], and 5-methyl-2-pyrrolidone [20] as green solvents
[21], polymer and resin precursors [22-24], plasti-cizers [25],
as well as building block materials for pharma-ceutical and
food industry [26].

©XXXX Bentham Science Publishers
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The levulinic acid methyl, ethyl, and butyl esters are par-
ticularly attractive groups as blend-in fuels for diesel [27] as
well as for gasoline [28]. Ethyl levulinate (EL) is the most
widely studied ester. Corn, sugar cane, or cellulose-derived
ethanol can be used in esterification [29]. Ghosh et al. have
recently suggested that EL would be more suitable as a
blend-in fuel for gasoline, rather than as a blend-in for diesel as
previously proposed. This proposal was based on their
reaction kinetics studies and octane number measurements.
Furthermore, they reported a significant enhancement in the
octane number of gasoline by blending with ethyl levulinate
[30].

Since 2009, we have studied the use of ionic liquid-based
catalysts and in particular -SO3H functionalized Brönsted
acidic ionic liquids (BAILs) [31-33] for the hydrolysis of
cellulose and cellulosic biomass for biofuel and renewable
feedstock applications. During this work, we first reported
that BAILs, such as 1-(1-propylsulfonic)-3-
methylimidazolium chloride, can be used as an acid catalyst
for cellulose hydrolysis in the ionic liquid itself or water as
the solvent medium [31, 32]. Moreover, our recent studies
have shown that untreated cellulose (DP ~ 450) can be con-
verted to a mixture of levulinic acid, ethyl levulinate, and
HMF in a one-pot reaction using BAIL as the catalyst in
aqueous ethanol medium [34]. In this procedure, the acidic
ionic liquid catalyst is used for multiple processes: such as
hydrolysis of cellulose to glucose, conversion of monosac-
charide to HMF, LA, and formic acid as well as esterification
of LA to ethyl levulinate. The experiment using 1-(1-
propylsulfonic)-3-methylimidazolium chloride as the catalyst
in ~ 40% water in aqueous ethanol at 170 °C, for 12 h, pro-
duced the highest ethyl levulinate yield. However, levulinic
acid yield could be enhanced with water content up to about
54% in aqueous ethanol, and the highest LA yield obtained
was 23.7%. The BAIL catalyst could be recovered for reuse as
well [34]. In attempts to improve the yields of these sec-
ondary products, we studied the effects of adding zeolites as
co-catalysts on the BAIL-catalyzed cellulose degradation in
aqueous ethanol medium [35]. Under this study, the effects of
zeolite-b, zeolite-Y and ZSM-5 on BAIL-catalyzed trans-
formation of cellulose to HMF, levulinic acid, and ethyl le-
vulinate in 40% (v/v) aqueous ethanol were studied by
measuring the yields of these three products. All three zeo-
lites enhanced the product yields, but the zeolite ZSM-5 co-
catalyst was found to be the most effective and a marked
effect was reported in ethyl levulinate yields [35]. The high-
est improvements were observed at 180°C in 24 h experi-
ment and the highest EL yield achieved with ZSM-5 as a co-
catalyst was 29.5% [35]. As the continuation of these efforts
and an innovative attempt to improve the secondary product
yields, in this study, we studied co-catalytic effects of transi-
tion metal salts, such as Mn(II), Zn(II), and Cr(III) chlorides,
on Brønsted acidic ionic liquid catalyzed degradation of cel-
lulose in aqueous ethanol.

2. EXPERIMENTAL SECTION

2.1. Materials and Instrumentation

Sigmacell cellulose - type 101 (from cotton linter, DP ~
450), 1,3-propanesultone, 1-methylimidazole, and analytical
grade chloride salts, including MnCl2.4H2O, ZnCl2, and

CrCl3.6H2O, were purchased from Aldrich Chemical Co.
Catalyst 1-(1-propylsulfonic)-3-methylimidazolium chloride
was prepared by reaction of 1-methylimidazole with 1,3-
propanesultone, followed by acidification of the salt pro-
duced with 37% concentrated hydrochloric acid according to
the literature procedure, as shown in Fig. (1) [36, 37]. Stain-
less steel solvothermal reaction kettles containing Teflon
inner sleeves with a volume of 25 mL (Lonsino Medical
Products Co., Ltd. Jingsu, China) were used in all cellulose
hydrolysis experiments. The reaction kettles were heated in a
preheated laboratory oven (Precision Scientific model-28)
with an accuracy of ± 1°C. The quantitative analysis of
HMF, LA, and EL was carried out by using a Varian 3900
gas chromatography instrument with a 15 m X 0.25 mm
WCOT fused silica capillary column, VF-1ms stationary
phase. FID detector, injector, and oven temperature were
250, 300, and 200 °C, respectively; flow rate was 2.0
mL/minute. Standard curves for quantitative analysis were
generated by means of Varian Star 6.2 Chromatographic
Workstation software with the total ion current peak area
correlated to the concentration of the compound being used in
the quantitative analysis. The HMF, levulinic acid, and ethyl
formed were identified and confirmed by co-injection of
authentic samples using Varian Saturn 2100T GC-MS.

General procedure for 1-(1-propylsulfonic)-3-methylim-
idazolium chloride acidic ionic liquid catalyzed the reaction
of cellulose in 40% (v/v) aqueous ethanol with and without a
metal ion co-catalyst.

Sigmacell cellulose (60 mg, 0.370 mmol of glucose
equivalent), 1-(1-propylsulfonic)-3-methylimidazolium chlo-
ride (10 mg, 0.042 mmol), and metal chloride co-catalyst
(0.042 mmol) were mixed in a stainless steel solvothermal
reaction kettle with a volume of 25 mL and then 1.00 mL of
40% (v/v) aqueous ethanol was added. The firmly closed
reaction kettle was then heated inside an oven for 6-12 h.
The reference experiments without metal chloride co-
catalysts were carried out under identical conditions, without
adding metal chloride. The kettle was removed from the ov-en
at the end of the heating period and cooled to room tem-
perature by running under cold water. The content was dilut-ed
with ethyl acetate (10 mL), transferred into a centrifuge tube,
and centrifuged at 1700X g for 5 minutes. The separat-ed clear
ethyl acetate extract was analyzed by gas chroma-tography
for HMF, LA, and EL by injecting 2 µL samples. The
standard curve generated for each compound using Vari-an
Star 6.2 GC Workstation software was used in the calcula-tion
of the weights of HMF, LA, and EL formed during the
reactions. The cellulose degradation reactions were carried
out in triplicate and the average percent yields of HMF, le-
vulinic acid, and ethyl levulinate for the reactions carried out
for 6 and 12 h were used to draw plots, as shown in Fig. (2).

3. RESULTS AND DISCUSSION

1-(1-Propylsulfonic)-3-methylimidazolium chloride was
chosen as the homogeneous catalyst for all aqueous ethanol
medium cellulose degradation experiments, as our prior stud-
ies have shown that this -SO3H group tethered BAIL is a
better catalyst than other pyridinium, triethanol ammonium
cation based systems and other imidazolium cation based
catalysts [31]. The BAIL catalyst was prepared by a two-
step process, as shown in Fig. (1), where 1-methylimidazole
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Fig. (1). Synthesis of 1-(propylsulfonic)-3-methylimidazolium chloride catalyst.

was condensed with 1,3-propanesultone to give a zwitterion
in the first step. Then, acidification of the resulting salt with
37% concentrated hydrochloric acid and removal of water
under vacuum produced the BAIL catalyst in quantitative
yield [36, 37].

The co-catalyst effects of Mn(II), Zn(II), and Cr(III)
chlorides on 1-(1-propylsulfonic)-3-methylimidazolium
chloride ionic liquid catalyzed the degradation of cellulose in
40% (v/v) aqueous ethanol were evaluated at four different
temperatures 140, 150, 160, and 170 °C and at two different
reaction times 6 and 12 h. The composition of the aqueous
ethanol medium, temperatures, and reaction times were se-
lected based on our previous experiments on BAIL-catalyzed
degradation of cellulose in aqueous ethanol [34, 35]. The
Mn(II), Zn(II), and Cr(III) chlorides were chosen as co-
catalysts for this study as these transition metals showed
significant co-catalytic effects in our previous studies on
BAIL catalyzed depolymerization of cellulose to glucose in
aqueous medium [38-40]. All experiments were carried out in
triplicate, and the average percentage yields of ethyl levul-
inate (EL), levulinic acid (LA), and 5-hydroxymethylfurfural
(HMF) formed with or without Mn(II), Zn(II), and Cr(III)
chlorides as co-catalysts under eight different experimental
conditions are shown in Fig. (2) as plots a-h.

In general, the addition of CrCl3 as a co-catalyst en-
hanced the combined yields of EL, LA, and HMF in all ex-
periments. In 6 h experiments, the addition of Mn(II) and
Zn(II) chloride as co-catalysts had a minimum or no effect on
the product yields. However, significant improvements in EL
yields and reduction in LA yields could be seen due to the
addition of CrCl3 at 160, and 170°C in 6 h experiments in
comparison to the sample without a co-catalyst. For exam-
ple, at 170°C, in the 6 h experiment, EL yield increased from
7.2% to 26.7% and LA yield decreased from 14.1% to 6.2%
due to the addition of CrCl3 co-catalyst, as shown in Fig.
(2d). In longer run (12 h) experiments carried out at 160 and
170°C, Mn(II) and Zn(II) chloride co-catalysts enhanced EL
and HMF yields in comparison to samples without co-
catalysts. For example, at 160°C, a 12 h experiment without a
co-catalyst produced only 6.9 and 7.4% yields of EL and
HMF, respectively. The addition of MnCl2 co-catalyst im-
proved EL and HMF yields to 12.4 and 14.8%, respectively.
Furthermore, the addition of ZnCl2 improved EL and HMF
yields to 14.8 and 11.5%, respectively, as shown in Fig. (2g).
On the other hand, the addition of Mn(II) and Zn(II) chloride
co-catalysts severely reduced the LA yields at 160°C and
170°C in 12 h experiments. This may be due to a positive co-
catalytic effect of Mn(II) and Zn(II) chloride in the esterifi-
cation of LA to EL.

The most significant enhancements in EL yields were
seen in 160°C and 170°C, 12 h long run experiments with
the addition of CrCl3 as the co-catalyst. As shown in Fig.

(2g), in the 160 °C, 12 h experiment, EL yield improved
from 6.9% to 26.0% due to the addition of CrCl3. Similarly, at
170 °C, in the 12 h experiment (Fig. 2h), EL yield im-
proved from 6.0% to 27.4% due to the addition of CrCl3,
which was a 356% enhancement of EL yield and the highest
co-catalytic effect seen in the present study. This is a major
improvement in EL yield in a BAIL-catalyzed transfor-
mation of cellulose to EL compared to our previous attempts to
improve the EL yields by adding different zeolites, such as
zeolite-b, zeolite-Y and ZSM-5 as co-catalysts, which pro-
duced a maximum enhancement of about 80% [35]. Fur-
thermore, we proposed a reaction pathway for the BAIL-
catalyzed cellulose degradation, as shown in Fig. (3). In the
first step, BAIL-catalyzed depolymerization of cellulose
gives glucose and the generally accepted mechanism for de-
hydration of glucose to HMF involves glucose to fructose
isomerization and a stepwise loss of three water molecules, as
shown in the scheme [41, 42]. In the series of reactions
involved, isomerization is a complex and challenging step,
and the addition of a metal chloride co-catalyst may promote
this step by chelation with -OH groups and lowering the ac-
tivation energy for isomerization [43-45]. HMF formed as
an intermediate is known to undergo rehydration, followed
by fragmentation in aqueous media, producing levulinic acid
and formic acid [35].

The co-catalytic effect is particularly significant in using
Cr3+ chloride, where the highest enhancement in ethyl levul-
inate yields was reported. Similar catalytic and co-catalytic
effects of transition metal salts were reported for dehydration
as well as fragmentation transformations of carbohydrates;
moreover, these catalytic effects are explained in terms of
chelation of metal salts with -OH groups of the carbohydrate
[9, 46, 47]. For example, Bali and co-workers studied the
mechanism of conversion of glucose to HMF via metal salt
catalyzed reactions in 1-ethyl-3-methylimidazolium chloride
neutral ionic liquid medium and observed the highest activity
with CrCl3 after testing a series of transition metal salts [46].
Furthermore, they explained the catalytic effect of CrCl3

through a mechanism involving the chelation of CrCl3 to the
glycosidic -OH and pyranose ring oxygen, followed by ring
opening to the open-chain form of glucose, leading to further
transformations. In another example, Peng et al. also used a
CrCl3-glucose chelation mechanism to explain the catalytic
conversion of cellulose to levulinic acid in aqueous medium
[9]. Interestingly, none of these previous studies reported
oxidation-reduction processes of Cr3+ during these catalytic
transformations of carbohydrates. Therefore, co-catalytic
effects observed in our studies were also likely to be due to
similar chelation effects, without oxidation-reduction pro-
cesses of Cr3+ as reported previously [9, 46, 47].

The LA yields are generally higher in experiments car-
ried out without metal salt co-catalysts, as particularly appar-
ent in Figs. (2c and 2h). This may be due to the facile pro-
motion of the esterification of LA to EL by the metal
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a. 140˚C, 6 h.

c. 160˚C, 6 h.

e. 140˚C, 12 h.

b. 150˚C, 6 h.

d. 170˚C, 6 h.

f. 150˚C, 12 h.

Fig. (2). Contd…
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g. 160˚C, 12 h.
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h. 170˚C, 12 h.

Fig. (2). The percentage yields of ethyl levulinate (EL), levulinic acid (LA), and 5-hydroxymethylfurfural (HMF) in Brönsted acidic ionic
liquid 1-(1-propylsulfonic)-3-methylimidazolium chloride catalyzed conversion of cellulose, with or without Mn(II), Zn(II) and Cr(III) chlo-
ride co-catalysts. 60 mg of cellulose (DP ~ 450) and 10 mg of 1-(1-propylsulfonic)-3-methylimidazolium chloride in 1.00 mL of 40% (v/v)
aqueous ethanol were used in all experiments. 0.042 mmol of metal chloride was added to the experiments with the co-catalyst. Reaction
conditions: a. 140˚C, 6h; b. 150˚C, 6h; c. 160˚C, 6h; d. 170˚C, 6h; e. 140˚C, 12h; f. 150˚C, 12h; g. 160˚C, 12h; h. 170˚C, 12 h. (A higher
resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (3). The proposed reaction pathway for 1-(1-propylsulfonic)-3-methylimidazolium chloride catalyzed reaction of cellulose in 40% (v/v)
aqueous ethanol in the presence of Mn(II), Zn(II) or Cr(III) chloride co-catalyst.

catalysts as in the presence of the co-catalysts, the LA
formed can further react with ethanol, reducing the LA yield
while increasing the EL yields. In most experiments, the ad-
dition of co-catalysts caused an increase in EL yield at the
expense of LA yield, suggesting that metal catalysts promote
the esterification step as well. The addition of CrCl3 has
caused significant enhancement in EL yields and it is inter-
esting to note that our earlier experiments on BAIL-
catalyzed hydrolysis of cellulose in the presence of CrCl3

demonstrated very low ~ 5-10% yields of glucose [38]. The
present results may help to explain this observation, suggest-
ing that glucose may rapidly undergo further transformation
to LA and then to EL in the presence of a strongly chelated
CrCl3 co-catalyst. It is important to note that most transition
metals are toxic to animals and plants and some are toxic at
even very low concentrations [48]; therefore, necessary safe-ty
precautions are recommended in using and disposal of
transition metal salts used as co-catalysts.
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CONCLUSION

It was observed that the addition of transition metals,
such as Mn(II), Zn(II), and Cr(III) chlorides as a co-catalyst,
can be used to improve the yields of secondary products,
namely EL, LA, and HMF in acidic ionic liquid catalyzed
cellulose degradation in aqueous ethanol. At 160 and 170°C
for 12 h, experiments with Mn(II) and Zn(II) chloride co-
catalysts improved the initial yields of EL and HMF from ~
7% to ~ 12-15% due to co-catalytic effect in this one-pot
process. The highest enhancements in EL yields were ob-
served with the addition of CrCl3 as the co-catalyst, where
6% to 27% enhancements were noted with the addition of ~
11 mol% CrCl3 as a co-catalyst. This 356% enhancement of
EL yield was found to be much higher than the previously
reported 80% co-catalytic yield improvement effect due to
zeolites with similar 1-(1-propylsulfonic)-3-methylimida
zolium chloride acidic ionic liquid catalyzed degradation of
cellulose in aqueous ethanol [38]. The LA and HMF yield
improvements may be due to the metal-catalyzed promotion
of glucose to fructose isomerization in this multistep process.
In addition, Mn(II) and Zn(II) chloride salts appear to pro-
mote esterification as well, particularly at higher tempera-
tures and at longer reaction times. Furthermore, considering
the number of complex reaction steps involved in producing a
tertiary product like ethyl levulinate in a one-pot process
from cellulose, the yields achieved are reasonable. We are
currently studying the possible recycling of the ionic liquid-
metal salt catalyst system for this one-pot process with po-
tential industrial applications.
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