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a b s t r a c t

Activated carbon supported silicotungstic acid is used as catalyst for the hydrolysis of starch to glucose.
The selectivity of the hydrothermal process for glucose production is demonstrated. Byproducts such as
levulinic and formic acids are not formed. Separation of the catalyst is easy, and the catalyst reusability is
demonstrated in five consecutive reaction runs. No appreciable loss in activity and selectivity of the
catalyst is observed even after 5 consecutive reaction runs. Leaching of the heteropoly acid into the
reaction medium is not observed. The yield of glucose (94 wt. %) is close to the theoretical yield (111 wt.
%) possible from starch. Thus the glucose production process is atom efficient and green.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A trade-off between new energy sources and clean environment
is the problem facing mankind. Energy independence and security
are the prime priorities of many nations in the current world.
Conventional energy sources are limited and non-renewable.
Renewable and environmentally benign energy sources are inevi-
table [1]. The biomass rich in starch and cellulose is abundant in
nature and forms a sustainable source of energy. The objective of
this research is to selectively convert starch to glucose in an energy
efficient and environmentally benign way.

Starch is the main component of several biomass, and is one of
the most abundant renewable sources on earth. Starch is present in
a wide variety of agricultural and staple food wastes such as po-
tatoes, corn, rice, wheat and pasta. Chemically starch is made up of
amylose (20e25 %, 1, 4-a-linked glucosyl units in linear form, water
insoluble), and amylopectin (75e80 %, 1, 6-a-linked branched,
water soluble).

Euis Hermiati et al. reported the conversion of starch (cassava
pulp and tapioca flour) to glucose using microwave irradiation for
5 min at high temperature (200e220 �C). Use of activated carbon
y and Bar-Ilan Institute for
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was reported to suppress but not completely eliminate the for-
mation of byproducts [2]. Kobasyashi et al. used simple activated
carbon with trace amount of HCl to produce glucose from cellulose
and the vicinal carboxylic and phenolic groups played a synergistic
catalytic role for the hydrolysis reaction [3]. Divya Nair et al., pro-
duced glucose (yield, 70.5%) from cassava starch factory residue
(CSFR) using a combination of hydrothermal pretreatment followed
by enzymatic saccharification [4].

Orozco et al., hydrolyzed starch using hot compressed water in
the presence of high pressure CO2 to produce glucose (yield,
0.548 kg/kg starch) and the glucose was subsequently used for the
production of biohydrogen. Hydroxy methyl furfural (HMF) was
found to be a byproduct during the hydrolysis process which is a
fermentation inhibitor. Activated carbon was used to effectively
remove HMF from the hydrolyzate prior to the fermentation of
glucose to biohydrogen [5]. Namchot et al., used sulphonated car-
bon catalyst derived from lignin for the hydrolysis of starch with a
total reducing sugar yield of 96.5 wt. % [6]. Yamaguchi et al., used
carbon based solid catalyst bearing acidic functional groups
(eCOOH, phenolic OH and SO3H) [7].

Enzymatic [8e13] as well as acid [14e20] hydrolysis methods
have been extensively investigated for the production of glucose
from starch. Enzymatic hydrolysis of starch is currently the
preferred method in the industrial sector, because of the high hy-
drolytic yields obtainable under mild conditions despite the cost of
the enzyme production. The enzymatic process is also preferred
because chemical hydrolysis leads to environmental and
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equipment corrosion problems as well as the costs associated with
concentrated acids and post-hydrolysis neutralization [21,22]. In
contrast, hydrothermal hydrolysis based on solid acid catalysts is an
environmentally benign method which has been the focus of cur-
rent research [23,24].

Heteropoly acids are unique solid acid catalysts which are
environmentally friendly and easy to handle [25]. Heteropoly acids
catalyze a variety of chemical reactions, namely, hydrolysis,
condensation, etherification, esterification, transesterification, hy-
dration, dehydration, cyclization, isomerization, dealkylation and
alkylation. In most of the cases, heteropoly acids were found to
exhibit superior performance compared to conventional acids like
p-toulene sulphonic acid, HCl, H2SO4 and AlCl3. Owing to the po-
tential of heteropoly compounds, Misono et al., reviewed the de-
velopments in their catalytic applications [26]. Anderson et al.,
demonstrated the potential of H3PW12O40 (HPW)/MCM-41 catalyst
for the acid catalyzed conversion of 1, 3, 5 triisopropyl benzene and
found that 23 wt.% loading of the active component was the opti-
mum value [27]. HPW exhibited exceptionally high activity for the
synthesis of diphenyl methane compared to conventional mineral
acids [28]. Izumi et al., demonstrated the highly active and selective
nature of the heteropoly acids for the acetolysis of cyclic ethers
(furan, THF, 2-methyl furan, 1, 4 dioxane) compared to either H2SO4

or p-toluene sulphonic acid [29].
To the best of our knowledge, the use of carbon-supported

heteropoly acid as a catalyst for the selective conversion of starch
to glucose has not been reported. Carbon supported heteropoly
acids are environmentally friendly and reusable. Thus, the focus of
the current investigation is to develop an economically viable and
environmentally friendly chemical process for the production of
glucose from starch using a HSiW/C catalyst under hydrothermal
conditions. The aim of the current work is to design a selective,
green, reusable and economically feasible solid acid catalyst for
glucose production from starch. The novelty of the work involves
the use of inexpensive activated carbon as support for silicotungstic
acid in designing the solid acid catalyst for the exclusive production
of glucose.

2. Experimental

2.1. Chemical reagents

Potato starch and Silicotungstic acid (H4SiW12O40 nH2O)
(�99.9%), activated carbon (Norit CA1, from wood, chemically
activated, powder) were purchased from Sigma Aldrich Ltd, Israel.
All reagents were used without further purification. Double
distilled water was used as a solvent.

2.2. Preparation of catalyst

Wet impregnation method is used for the preparation of
activated carbon-supported heteropoly acid (20 wt. %) catalyst
[30]. The method comprises of taking 1 g HSiW in 35 mL distilled
water in a 250 mL beaker to which 4 g activated carbon (C) is
added under stirring conditions at room temperature for 72 h.
Subsequently, the supported catalyst is obtained by filtering the
excess water. The residue is dried in an air oven at 100 �C
overnight. The filtrate is analyzed for the presence of HSiW (if
any) using UVeVis spectrophotometry (Cary 100 Scan Varian).
Based on the intensity of the peak at 265 nm which is typical of
the heteropoly anion, in the filtrate, the amount that is not
loaded on the carbon is found and subtracted from the initial
HSiW used for catalyst preparation. The HSiW content in the
activated carbon supported catalyst was found to be
19.5 ± 0.5 wt. %.
2.3. Hydrolysis of potato starch

Typical starch hydrolysis process comprised by taking a known
amount of potato starch (0.2e1.0 g), of the catalyst, (HSiW/C,
0.2e2 g), 20 mL of water. The mixture was placed in a home made
stainless steel autoclave with teflon lining inside. Hydrothermal
treatment was carried out for 2e4 h at 373e423 K. The reaction
conditions, like the reaction time, wt./wt. ratio of the reactant and
the catalyst, were varied so as to improve the starch conversion and
the yield of glucose. The catalyst is separated from the reaction
products by filteration through a Whatman® (150 MM F) filter
paper. The hydrolyzate obtained in each case was analyzed by 13C
NMR (on a Bruker Avance DPX 300 instrument using D2O as a
solvent) to examine the reaction products [31]. The amount of
glucose in the hydrolyzate was also analyzed using a non-
enzymatic method based on the insitu generation of carbon nano-
particles from the glucose in the analyte [32].

2.4. Characterization of catalyst

The structural stability of heteropoly anion on the supported
carbon was analyzed using FT-IR spectroscopy (Bruker Tensor 27).
The catalyst (HSiW/activated carbon) was further analyzed after the
hydrolysis reaction so as to ensure that the heteropoly acid is not
decomposed. To evaluate the surface morpology of the catalyst,
Scanning electron microscopy (SEM) analysis was performed on FEI
Megallon 400L microscope. Elemental analysis was performed by
the energy dispersive X-ray spectroscopy (EDS). UVeVis experi-
ments were conductedwith Cary 100 Scan Varian. XPS analysis was
conducted with an Omicron 95 Nanotechnology XPS system, (X-ray
source: Al Ka, 1486.6 eV).

3. Results and discussion

3.1. Characterization of HSiW/activated carbon catalyst

XPS provides an authentic evidence for the presence of a
particular molecular species in a given analyte. The survery scans of
the XPS of HSiW (pure) and HSiW/activated carbon (fresh catalyst
and the catalyst at the end of the hydrolysis) were shown in
(Supplementary content, Fig. S1). Peaks characteristic of the het-
eropoly anion (W (VI)) were seen for pure HSiW (532.8 eV for O1s
and 35.9 eV for W 4f) as well as for the carbon supported catalyst
(fresh and used) [30]. XP spectra of the W 4f region of pure and
supported HSiW were depicted in Fig. 1. A well resolved spin-orbit
doublet at the BE values of 35.9 and 38.1 eV in the case of pure
HSiWattributable to theW 4f7/2 andW 4f5/2 corelevels respectivley
indicative of W(VI) species is observed. Even in the supported
system, similar patternwas noticed with a spin-orbit doublet but at
a slightly lower BE values. These slight shifts could be attributed to
the metal (W) e support (activated carbon) interaction [33,34].

The surface morphology and the elemental composition of the
HSiW/C catalyst were shown in Fig. 2. Loading of heteropoly acid
(HSiW) on flakes of activated carbon, with irregular shapes, was
confirmed by the presence of W and Si through EDS analysis. The
EDS spectrum and the corresponding elemental composition (C, O,
Si, W) were shown in the inset of Fig. 2. The symbols K and M in the
EDS spectrum correspond to the respective atomic shells from
which the X-ray emission takes place.

The structural integrity of the active component (HSiW) upon
supporting on activated carbon was examined using FT-IR. FT-IR
analysis yields a finger print of bands typical of the WeO and SieO
vibrations in the Keggin type poly anion, [SiW12O40]4�. The poly
anion structure comprised of edge- and corner-sharing WO6 octa-
hedra linked to the central SiO4 tetrahedra [35]. The FT-IR spectra of



Fig. 1. XPS of the W 4f region of HSiW pure (blue), HSiW/C fresh (black), HSiW/C
regenerated (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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HSiW (pure) and HSiW/C (fresh and used) were shown in Fig. S2.
The presence of four consecutive bands in the region of
800e1100 cm�1 confirmed the presence of undegraded heteropoly
anion on the activated carbon surface [36].

3.2. Hydroylsis of starch

HSiW/C (19.7 wt.%) catalyst was exploited for the selective
conversion of starch to glucose under hydrothermal reaction con-
ditions. The reaction temperature, reaction time, optimal amount of
catalyst and reusability of the catalyst were evaluated.

3.2.1. Optimization of reaction temperature
Starch hydrolysis was carried out at three different reaction

temperatures (373, 393, and 423 K) for 4 h. The catalyst from the
reaction product was separated by simple filtration as the catalyst
was in solid form. The 13C NMR spectra of the hydrolyzate (filtrate)
obtained in the reaction at 373, 393 and 423 Kwere shown in Fig. 3.
Even though peaks typical of glucose (60.6 (C6), 69.5 (C4), 72.7 (C2),
75.7 (C3), 75.8 (C5) and 95.8 (C1)) were observed in the hydrolyzate
obtained at 373 K, an additional peak at 100 ppm typical of starch
was noticed. This indicates the presence of unreacted starch in the
Fig. 2. SEM image of HSiW/activated carbon (Inset: EDX spectrum).
hydrolyzate in addition to the reaction product, glucose. Interest-
ingly, apart from glucose no other byproducts like HMF, levulinic
acid and formic acid were observed indicating the selective nature
of the HSiW/C catalyst. To achieve complete conversion of starch,
the reaction temperaturewas raised from373 to 393 K. But traces of
starch (peak at 100 ppm) were still found. At 423 K, the hydrolyzate
showed no indication of the presence of starch and the peaks
characteristic of glucose alone are observed in the 13C NMR spec-
trum (Fig. 3). Thus 423 K is the optimum reaction temperature for
the conversion of starch exclusively to glucose under hydrothermal
reaction conditions with HSiW/C catalyst.

3.2.2. Optimization of reaction time
After finding the optimum reaction temperature for the com-

plete conversion of starch to glucose to be 423 K, the effect of re-
action time on the starch hydrolysis was studied. The hydrolysis of
starch was carried out at 423 K for 2 and 4 h with HSiW/C catalyst.
The signal typical of starch (100 ppm) is observed in the 13C NMR
spectrum of the hydrolyzate after 2 h, but disappeared after 4 h
(Fig. 4). The selective nature of the catalyst is reflected by the
presence of only glucose peaks when the hydrolysis was carried out
at 423 K for 4 h. Glucose formed from starch was not further
degraded to the common degradation products, namely, HMF,
levulinic acid and formic acid. Control experiment (hydrolysis of
starch) was also carried out at 423 K for 4 h without any added
catalyst. In this case, peaks characteristic of starch alone were
observed and no trace of glucose was visible.

3.2.3. Optimization of catalyst amount
After finding the optimum conditions of reaction temperature

and time for the selective conversion of starch to glucose, further
studies were done on evaluating the minimum amount of catalyst
required for the complete conversion of starch to glucose. Different
ratios (1:5, 1:2.5 and 1:1 wt./wt.) of reactant (starch) and catalyst
(HSiW/C) were used for the hydrolysis reaction (423 K, 4 h). The
hydrolyzate obtained in each case was analyzed by 13C NMR as
shown in Fig. S3. Interestingly even at a low catalyst (HSiW/C)
amount complete conversion of starch to exclusively glucose is
achieved. Thus the optimum ratio of substrate to catalyst was 1:1.

The reaction could be further scaled up to 1.0 g batch of the
substrate and complete conversion of starch to glucose was ach-
ieved under optimum reaction conditions (423 K; 4 h; 1:1 (wt./wt.
ratio of substrate to catalyst)) (Fig. S4).
Fig. 3. 13C NMR spectra of the hydrolyzate obtained from starch hydrolysis at 373, 393,
423 K (Starch e 0.2 g; HSiW/C e 0.5 g; H2O e 20 mL).



Fig. 4. 13C NMR spectra of the hydrolyzate obtained from starch hydrolysis at different
substrate to catalyst ratios (wt./wt.) (Starch e 0.2 g; HSiW/C e 0.2e1.0 g; H2O e 20 mL;
423 K, 4 h).
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3.2.4. Reusability of HSiW/C catalyst
The reusability of the HSiW/C was tested for five reaction runs

under optimal reaction conditions. To reduce the loss of catalyst
during separation and drying, the reaction product obtained in each
case was separated from the catalyst by centrifugation. To the
catalyst remaining as residual solid in the centrifugation tube fresh
starch and water were added. The contents were transferred into
the hydrothermal reactor and the reusability of the catalyst was
evaluated. The glucose yield obtained in each cycle for five suc-
cessive reactions was shown in Fig. 5. The glucose yield in each case
was above 90 wt. %. The theoretical yield of D-glucose expected
from starch is equal to 111 wt. % [37].

The effective reusability of the HSiW/C was attributed to strong
binding of the heteropoly anions to the activated carbon support
by strong metal-support interaction. This was further verified by
evaluating if there was any leaching of the active component into
the reaction medium during the hydrolysis reaction. The UVevis
spectrum of the reaction product from the fresh catalyst was
shown in Fig. S5. No peak at 265 nm which was typical of the
heteropoly anion was observed in the hydrolyzate indicating the
Fig. 5. Plot of glucose yield Vs reaction cycles (Starch e 0.5 g; HSiW/C e 0.5 g; H2O e

20 mL; 423 K, 4 h).
absence of leaching of HSiW into the reaction medium. The re-
action products obtained from each of the five reaction runs were
analyzed by 13C NMR (Fig. S6). Peaks characteristic of glucose
alone were observed in the hydrolyzate with the fresh as well as
the catalyst regenerated for four times. Moreover, the starch
conversion was complete. Thus a reusable, active and selective
catalyst for the hydrolysis of starch to glucose was designed.
Heteropoly acid based industrial processes like hydration of ole-
fins, oxidation of methacrolein and polymerization of tetrahy-
drofuran have already been commercialized [38]. Since the current
process of glucose production from starch utilizes carbon sup-
ported heteropoly acids at modest loadings (z20 wt. %) of active
component (HSiW), the catalyst is cost effective. Activated carbon
is abundantly available and relatively cheap. In addition, the use of
activated carbon as support for HSiW facilitated selective pro-
duction of glucose from starch. Owing to these specific features of
the catalytic process industrial adoptability of the catalyst for
practical utility is possible.

4. Conclusion

Industrial scale conversion of biomass to glucose is much
awaited. Successful conversion of starch exclusively to glucose in an
atom and energy efficient way using a heteropoly acid catalyst is
demonstrated. The yield of glucose (94 wt. %) obtained is close to
the theoretical yield (111 wt. %) possible from starch. The new
catalyst (HSiW/C) designed and demonstrated for starch conver-
sion could be a possible substitute to enzymes for glucose pro-
duction from starch. The selectivity of the catalyst is demonstrated
with the absence of products such as HMF, levulinic acid and formic
acid.
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