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a  b  s  t  r  a  c  t

Energy  efficient  and sustainable  process  for the  production  of  5-hydroxymethylfurfural  (HMF)  from  car-
bohydrates  is  highly  demanding.  Here,  direct  conversion  of  carbohydrates  into  HMF  has  been  investigated
over  self-assembled  mesoporous  TiO2 nanoparticles  (NPs)  catalyst.  Monosachharides  d-fructose  and  d-
glucose,  disaccharides  sucrose,  maltose,  cellobiose  were  successfully  converted  into  HMF  with  variable
yields  in  both  aqueous  and  organic  mediums  under  microwave-assisted  heating  conditions.  The  effects
of solvent  polarity,  microwave  absorbing  ability,  catalyst  loading,  reaction  time,  and  substrate  varia-
tions  on  the  HMF  yields  have  been  studied.  Pyridine-IR  and  NH3-TPD  analyses  confirmed  the  presence
of  Lewis  acidic  sites, whereas  N2 sorption  analysis  revealed  high  BET  surface  area  for  the self-assembled
mesoporous  TiO2 nanomaterials  synthesized  by  using  sodium  salicylate  as  template.  High  surface  area,
-Hydroxymethylfurfural
ustainable chemistry

Lewis acidity  and  uniform  nanosphere-like  particle  morphology  are  responsible  for  high  catalytic  activity
in the  dehydration  of  carbohydrate  substrates  over  this  mesoporous  TiO2 nanomaterial,  whereas  com-
mercially  available  TiO2 is  almost  inactive  for this  dehydration  reaction  under  similar  conditions.  The
higher  microwave  energy  absorbing  ability  (tan  ı) of  the  DMSO  and  NMP  resulted  in  higher  HMF  yield
in  organic  solvents  than water.  Catalyst  life-time  analysis  suggested  that  mesoporous  TiO2 NPs catalysts
can  be  recycled  for  four catalytic  cycles  without  appreciable  loss  of  its catalytic  activity.
. Introduction

Today the gap between the supply and demand of energy has
eached into an alarming level, which motivated the researchers
or new synthetic route and process development for utilizing
enewable feedstock for chemicals and liquid fuels in order to
educe our dependence on petroleum sources and rising limit
f CO2 level in the atmosphere [1,2]. One compound that has
een under particular scrutiny as a future platform chemical is
-hydroxymethylfurfural (HMF), which is promising because of

ts identical carbon skeleton to those in most abundant cellulose
nd biomass-derived carbohydrates [3,4]. HMF  is primarily con-
idered a starting material for liquid transportation fuels [5,6] and

olyester building block chemicals [7,8]. In this context a rapid
rogress has been witnessed in developing catalytic processes to
onvert biomass and carbohydrates into HMF  [9–15]. More notably,
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multiple conditions are now established to enable dehydration of
d-fructose to HMF  in acidic water [9],  sub- and supercritical water,
water–acetone mixed solvents [10,11], organic solvents [12,13],
multicomponent mixed solvents [14], and ionic liquids in combina-
tion with metal catalysts [15]. Biphasic continuous systems using
porous solid acid catalysts and specially nanocatalysts have great
potential in this context [16–19].

Among the approaches for the efficient synthesis of HMF  from
sugar derivatives, heterogeneous acid catalyst plays an important
role. In the past, ion-exchange resin-activated carbon in water
and Dowex-type ion-exchange resin in dimethyl sulfoxide (DMSO)
were used as catalysts [20]. High conversion and selectivity of HMF
has been reported in biphasic solvents using ion exchange resin
under microwave-assisted heating conditions [21]. Microwave
assisted dehydration of fructose with Amberlyst-15 catalyst in ionic
liquid [BMIM][Cl], or its combination with hydrotalcite exhibited
high HMF  yields [22–24].

Syntheses of HMF  from hexoses in the presence of solid acid

catalysts are known today [25]. ZrO2 and TiO2 catalyzed conver-
sion of d-fructose and d-glucose into HMF  in aqueous medium
under microwave irradiation at 200 ◦C produced moderate HMF
yields (38.1% and 18.6% respectively) [26,27]. Sulphated zirconia

dx.doi.org/10.1016/j.apcata.2011.09.037
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:msab@iacs.res.in
mailto:bsaha@chemistry.du.ac.in
dx.doi.org/10.1016/j.apcata.2011.09.037
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bands at 1588 and 1439 cm−1 (Fig. 1). The band at 1439 cm−1 could
cheme 1. Microwave-assisted dehydration of d-fructose into HMF catalyzed by
elf-assembled mesoporous TiO2 NPs.

SO4
2−/ZrO2) was found to be effective catalysts for the HMF  pro-

uction from fructose under microwave heating at 180–200 ◦C [13].
ixed metal oxide TiO2–ZrO2 under hot compressed water (HCW)

cts as a good catalyst for glucose dehydration in sub-critical water
28].

Despite recent developments in heterogeneous catalysts for
ehydration of carbohydrates to HMF, it remains a challenge to
evelop a more energy efficient heterogeneous catalyst and pro-
ess for efficient conversion of carbohydrates to HMF. Porous TiO2
ith high surface area and unique particle morphology, which

an be synthesized through the templating pathways [29,30] can
e an efficient solid acid catalyst in this context as surface Lewis
cidity together with high surface area could play crucial role in
his dehydration reaction. Herein, we first report the use of self-
ssembled mesoporous titania nanoparticles synthesized by using
odium salicylate as template in efficient catalytic dehydration of
arbohydrates into HMF  under microwave-assisted heating in var-
ous solvents such as water, water–MIBK (methylisobutyl ketone),
MP  (N-methylpyrollidone), and DMSO (dimethyl sulfoxide) in
orderate to good yield in very short reaction time (Scheme 1).

. Experimental

Fructose, glucose, sucrose, cellobiose, and maltose monohydrate
ere purchased from Sigma–Aldrich and were used without fur-

her purification. MIBK, DMSO and NMP  were purchased from
pectrochem, India. Self-assembled mesoporous TiO2 was  pre-
ared by following the literature procedure using sodium salicylate
s template [30]. As-synthesized mesoporous TiO2 samples were
alcined at 500 ◦C for 6 h to remove the template molecules and
his sample was  used for all the characterizations except the TPD
nalysis, where the sample was activated at 800 ◦C for 3 h before
mmonia adsorption. Unless otherwise stated, freshly distilled
ater was used as aqueous phase for reactions in aqueous and

queous–organic phase.
The catalytic reactions for carbohydrate substrates dehydra-

ion to HMF  were performed in a CEM Matthews WC Discover
icrowave reactor (model no. 908010 DV9068 equipped with

rogrammable pressure and temperature controller). 1H NMR
pectral analysis was performed on a JEOL JNM ECX-400 P 400 MHz
nstrument and data were processed using a JEOL DELTA program
ersion 4.3.6. HMF  yields were determined by using a UV–visible
pectrophotometer (UV-SPECORD 250 analytikjena spectrometer)
onitoring the absorbance of the product solution at 284 nm (cor-

esponding to �max of HMF  with ε = 1.66 × 104 M−1 cm−1). A JEOL
EM 6700F field emission scanning electron microscope was  used
or the determination of the particle morphology of the TiO2 NPs.
ourier transform infrared (FT IR) spectra of the pyridine adsorbed
amples were recorded by using a Perkin Elmer Spectrum 100
pectrophotometer. For the temperature programmed desorption
TPD) of ammonia studies, sample was activated and then ammo-
ia was injected at room temperature in the absence of carrier gas

ow. The temperature was then raised in a stepwise manner at

 linear heating rate of 10 ◦C/min. The desorbed ammonia in the
emperature range 100–800 ◦C was analyzed by using a
neral 409– 410 (2011) 133– 139

Micromeritics ChemiSorb 2720 attached with a thermal
conductivity detector.

In a typical microwave-assisted reaction, desired amount of car-
bohydrate substrates and catalyst were charged in a microwave
tube containing of 2 mL  solvent. The tube was placed in the
microwave reactor. The microwave power was  set to 300 W.
Desired temperatures and time was  set. After the reaction, the tube
was allowed to cool to room temperature. The reaction mixture
was then analyzed (after separating the reactant) by using NMR
and spectrophotometric techniques.

The recycling efficiency of the catalyst was determined by using
dehydration of fructose as a representative reaction. In this study,
5 wt%  fructose solution in water was  mixed with 100 mg  meso-
porous TiO2 sample in a microwave tube. The tube was placed
in the microwave reactor and the mixture was  heated for 5 min
at 120 ◦C using 300 W microwave power. After the reaction, the
tube was cooled down to room temperature and liquid was col-
lected by decanting the tube. The solid residue left in the tube
was collected and washed several times with distilled water and
dried in oven for 3 h at 100 ◦C. The dried catalyst was re-used
for three more cycles by following the above method and HMF
yields were determined from each run. The yield of HMF was
determined by both 1H NMR  and UV–visible spectrophotometric
techniques. For 1H NMR  spectroscopic analysis, HMF  was  extracted
from the reaction mixture with diethyl ether. Pale yellow oily
HMF  was  obtained after removing the solvent in vacuum at room
temperature.

2.1. 1H NMR method

For quantifying the yield of HMF  using 1H NMR  spectroscopic
technique, known concentration of mesitylene (internal standard)
was added into the HMF  product solution in DMSO-d6. The per-
centage of HMF  yield was  calculated by using the integrated values
of the aldehyde proton (ı = 9.58 ppm) of HMF and three aromatic
ring protons of mesitylene (ı = 6.79 ppm). First, standard HMF  solu-
tion of 99% purity was analyzed for correlating the percentage of
actual and calculated amount of HMF. Once good correction was
established, extracted HMF  product samples were run and the per-
centage of HMF  yield was  calculated.

2.2. UV–visible spectrophotometric method

The UV–visible spectrum of pure HMF  solution has a distinct
peak at 284 nm with corresponding extinction coefficient (ε) value
of 1.66 × 104 M−1 cm−1. The yield of HMF  was  determined by mea-
suring the absorbance of HMF  product solution at 284 nm and the
extinction coefficient value. Repeated measurement of the same
solution showed the percentage of error associated with this mea-
surement was ±0.3%. The yield of HMF  obtained from two  different
methods (1H NMR  and UV–visible) for the same reaction product
agreed very well and the result was within ±5% error.

3. Results and discussion

Self-assembly of tiny mesoporous TiO2 nanospheres used as cat-
alyst was prepared utilizing sodium salicylate (SS) as a template by
following the literature procedure [30]. This material is composed
of very tiny uniform spherical nanoparticles of 12–20 nm in size.
N2 sorption analysis revealed high surface area (326 m2 g−1) and
large pore volume (0.3 cm3 g−1, not shown). FT IR spectra of the
pyridine adsorbed mesoporous TiO2 NPs show two characteristic
be attributed to the adsorbed pyridine at the Lewis acid site (PyL)
[31,32]. This band showed no sign to disappear with increase in
the desorption temperature. This result suggested the presence of
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Table 1
Catalytic activity of various metal oxides in the dehydration reaction under MW
conditions.

Entry Metal oxides Loading (mg) HMF  yield (%)

1 CeO2 NPs (6–10 nm) 50 1.0
2 Al2O3 (commercial) 50 1.8
3  TiO2 (commercial) 50 3.4
4  SiO2 (commercial) 50 1.2
ig. 1. FT IR spectra of mesoporous TiO2 NPs (a) and pyridine desorbed samples at
23  K (b), 423 K (c), 323 K (d) and 298 K (e).

onsiderably strong Lewis acid sites in our mesoporous TiO2 NPs.
urther, in Fig. 2 we have plotted the temperature programmed
esorption of NH3. As seen from Fig. 2 that the desorption tem-
erature range is very high (400–800 ◦C with peaks at ca.  650 and
44 ◦C). Total acidity of this mesoporous TiO2 NPs corresponds
o ca.  0.4 mmol  g−1. Hence this strong surface acidity of the self-
ssembled TiO2 NPs could be effectively utilized in the dehydration
f carbohydrates.

Several solid metal oxides such as nanoparticulate of ceria
CeO2), commercial alumina (Al2O3), commercial SiO2, commer-
ial anatase TiO2, and mesoporous TiO2 nanoparticles synthesized
ere were screened for the catalytic dehydration of fructose in
queous medium under identical microwave-assisted heating con-
itions. Among these metal oxides, except our self-assembled
esoporous TiO2 NPs, others can rarely be considered as cat-

lysts for HMF  production in aqueous or organic medium. As
hown in Table 1, in the presence of other metal oxides as cata-
yst only 1.0–3.4% HMF  have been produced (reaction conditions:
ructose = 100 mg,  catalyst = 50 mg,  T = 120 ◦C, reaction time = 5 min
nd solvent = water). Commercial anatase TiO2 was also ineffective

o catalyze the dehydration of fructose, suggesting the nanostruc-
ure of our mesoporous TiO2 NPs plays crucial role in this catalytic
eaction. In contrast to the catalytic activity of the metal oxides
isted in Table 1, mesoporous TiO2 nanoparticulate material with

ig. 2. Temperature programmed desorption of ammonia over mesoporous TiO2

anoparticles.
Fructose = 100 mg;  metal oxides = 50 mg;  T = 120 ◦C; solvent = water; t = 5 min.

well-defined nanosphere like particle morphology [see the SEM
images of the reused catalysts below] catalyzed the fructose
dehydration and produced 34.3% HMF  in water under microwave-
assisted heating at 120 ◦C in 5 min  (Table 2, entry 2). To test
this catalytic effectiveness further, control experiments were per-
formed for fructose dehydration without mesoporous TiO2 catalyst,
which produced only trace amount of HMF  under identical reaction
conditions (Table 2, entry 1). Thus, high yield of HMF  in the pres-
ence our prepared mesoporous TiO2 nanoparticulate material again
validated its catalytic effectiveness as discussed above.

More experiments were designed for optimizing the reaction
conditions and HMF  yields at variable substrate to catalyst ratios
and in different solvents. As shown in Table 2, these experi-
ments produced variable yields of HMF  in the range of 25–54%.
These results clearly indicates that mesoporous TiO2 is an effec-
tive catalyst for HMF  synthesis from fructose. In an earlier report,
anatase-TiO2 catalyzed fructose dehydration reaction claimed to
produce 33.5% HMF  at 200 ◦C in hot compressed water [26,27]. It is
to point out that such a high temperature conversion reported by
Qi et al. [27] is energy consuming and not sustainable. It is perti-
nent to mention that, from the present study maximum 36% HMF
yield was  achieved in aqueous phase using mesoporous TiO2 cata-
lyst at a considerably lower temperature (120 ◦C). This justifies that
the microwave-assisted process described herein is more sustain-
able. To our knowledge, this is the first report of using mesoporous
TiO2 material as an effective catalyst for the rapid conversion of
carbohydrates into HMF  under mild microwave assisted heating
conditions.

The promising catalytic activity of the mesoporous TiO2 NPs for
fructose dehydration has prompted us to test the effectiveness of
this catalyst for HMF  synthesis from glucose and other disaccha-
rides such as sucrose, cellobiose and maltose in aqueous and in
organic solvents under microwave heating. The reaction conditions
of glucose, sucrose, cellobiose and maltose dehydration reactions
and corresponding HMF  yields in different solvents are summa-
rized in Table 3. Under comparable reaction conditions and 2:1
weight ratio of glucose to TiO2, 22.1% and 35.5% HMF yields were
achieved from glucose dehydration in water and DMSO, respec-
tively. The similar reactions performed in NMP  and water–MIBK
biphasic solvents produced 29.6% and 25.9% HMF, respectively. The
data presented in Table 3 shows a variation in HMF  yields (%) as a
function of the polarity of the solvents for the glucose conversion
to HMF. Under identical reaction conditions, sucrose dehydra-
tion reaction produced less HMF  than that of glucose dehydration
reaction. Using 1:1 substrate to catalyst weight ratio, the sucrose
dehydration reaction produced 15.1% and 20.5% HMF  in water and
DMSO, respectively. The NMP  and water–MIBK solvents mediated
sucrose dehydration reactions produced 14.9% and 13.9% HMF. The
cellobiose dehydration reaction produced 14.5% and 18.7% HMF in
water and DMSO, respectively. An earlier report claimed 41% HMF
yield from cellobiose using a biphasic [BMIM]Cl–MIBK solvents and
CrCl3 catalyst [33]. This difference in HMF  yields can be attributed to

the strong Lewis acidic nature of the chromium chloride catalyst in
comparison to the surface acidity of the mesoporous TiO2 catalyst.
Moreover, HMF  yields in ionic liquids are superior to that in water or
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Table 2
Microwave-assisted fructose dehydration to HMF  with mesoporous TiO2 catalyst.a

Entry Fructose (mg) TiO2 NPs (mg) Solvent (mL) t (min) HMF  yield (%)

UV–vis NMR  Isolated

1 100 – Water (2) 5 0.8
2  100 100 Water (2) 5 34.3 32.3 31.9
3  100 50 Water (2) 5 33.5 32.7 32.8
4 100 25 Water (2) 5 30.4 29.5 30.0
5 100  10 Water (2) 5 25.6
6  50 25 Water (1) 2 27.2
7  50 25 Water (1) 10 35.0 33.5
8  50 25 Water (1) 15 36.3 34.9
9  50 50 DMSO (1) 5 54.1 52.6 53.2

10 100 50 DMSO (2) 5 53.4 51.4 51.7
11 100 25 DMSO (2) 5 50.8 49.1
12  100 10 DMSO (2) 5 48.3 47.3
13 100  5 DMSO (2) 5 40.5
14  50 25 DMSO (1) 2 41.8b

15 50 25 DMSO (1) 10 53.7
16  50 25 DMSO (1) 15 54.0 52.8 53.2
17  50 – DMSO (1) 5 20.3
18  150 75 Water–MIBK (1/2) 5 40.2 38.0 38.4
19 50 25 NMP (1) 5 36.5
20  50 25 Acetonitrile (1) 5 29.3
21 100  10 Water (2) 10 27.4
22  100 10 Water (2) 20 27.9
23c 100 25 DMSO (2) 5 49.1
24d 100 25 DMSO (2) 5 48.3

T = 120 ◦C (water), 130 ◦C (water/MIBK), 120 ◦C (acetonitrile), 140 ◦C (NMP and DMSO).
a Microwave power 300 W.
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b Fructose conversion was  61.0%.
c Microwave power 100 W.
d Microwave power 200 W.

MSO. When maltose monohydrate was used as a substrate, HMF
ields were slightly lower than that obtained from other two  disac-
harides, cellobiose and sucrose. In case of DMSO solvent mediated
eaction, the slight difference in HMF  yields from maltose can be
xplained due to the presence of water of crystallization associ-
ted with the maltose molecular structure, which could inhibit its
ehydration into HMF.

Microwave-assisted HMF  synthesis from fructose using meso-
orous TiO2 catalyst has been studied by varying catalyst
oncentrations for optimizing the reaction conditions and maxi-
izing the HMF  yield. A plot showing the catalyst loadings versus
MF  yield (%) is shown in Fig. 3. When fructose solution (100 mg

n 2 mL  water) was treated with 5 mg  of TiO2 for 5 min  under
◦
icrowave-assisted heating at 120 C, an HMF  yield of 19.0% was

btained. To improve the HMF  yield, catalyst loading was  increased
o 10 mg  for same fructose concentration (100 mg  in 2 mL  water),
hich resulted an increase in HMF  yield to 25.6%. Further increase

able 3
esults of glucose, sucrose, maltose, and cellobiose dehydration to HMF  catalyzed by mes

Entry Substrate (mg) TiO2 NPs (mg) Solvent

1 Glucose (100) 50 Water (
2  Glucose (100) 50 DMSO (
3  Glucose (50) 50 DMSO (
4  Glucose (50) 50 NMP  (1
5  Glucose (150) 75 Water/M
6  Glucose (50) 50 Water (
7  Sucrose (50) 50 Water (
8  Sucrose (100) 50 DMSO (
9  Sucrose (100) 50 DMSO (

10 Sucrose  (50) 50 NMP  (1
11  Sucrose (150) 75 Water–
12  Sucrose (50) 50 Water (
13 Cellobiose (100) 100 Water (
14  Cellobiose (100) 100 DMSO (
15 Maltose  (100) 100 Water (
16 Maltose (100) 100 DMSO (
in catalyst loading to 25 mg  resulted slight improvement in HMF
yield to 28.4%. To test the effect of more catalyst loading, 50 mg
and 100 mg  of mesoporous TiO2 were used, which produced 33.5%
and 34.3% HMF, respectively. Further increase in catalyst loading
beyond 1:1 weight ratio of substrate to catalyst showed no signif-
icant increase in HMF  yield. The DMSO solvent mediated fructose
dehydration reaction showed similar trend of HMF  yield on cata-
lyst loading. Maximum 54.1% HMF  was obtained in DMSO solvent
mediated reaction in comparison to 34.3% in water.

Since, maximum HMF  yields from fructose were obtained
with a catalyst/substrate ratio of 1:1, results with a low load-
ing of catalyst (catalyst to substrate ratio 1/10) would be more
favourable to demonstrate the catalytic activity against run time.

The additional experiments using fructose as substrate with 1/10
catalyst–substrate ratio in water showed a small increase in HMF
yield from 25.6% to 27.9% (Table 2, entry 5, 21, and 22) upon increas-
ing the run time of reaction from 5 min  to 20 min.

oporous TiO2 NPs.

 (mL) T (◦C) t (min) HMF  yield (%)

2) 120 2 22.1
2) 140 5 35.5
1) 140 5 37.2
) 140 5 29.6

IBK (1/2) 130 5 25.9
1) 120 5 24.8
1) 120 10 15.1
2) 140 5 20.5
1) 140 5 21.0
) 140 5 12.0
MIBK (1/2) 130 5 14.9
1) 120 5 13.9
2) 120 5 14.5
2) 140 5 18.7
2) 120 5 10.7
2) 140 5 14.1
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ig. 3. The effect of HMF  yield on catalyst loading for the microwave assisted
ructose dehydration in water and DMSO. Reaction conditions: fructose = 100 mg,
iO2 = 5–100 mg, T = 120 ◦C, t = 5 min.

The reaction time for the dehydration of carbohydrates was var-
ed to optimize the HMF  yield. The yield of HMF  was monitored as

 function of reaction time from 2 min  to 15 min  for a set of exper-
ments with variable catalyst to substrate ratios in aqueous and
MSO medium under microwave-assisted heating conditions. As
lotted in Fig. 4, maximum yield of HMF  recorded within 5 min  for
ost of the reaction. When these reactions were continued for a

onger period of time, ca.  15 min, no significant increase in HMF
ield was observed. The similar trend in HMF  yield was recorded at
ifferent catalyst to substrate ratios as well. Curves a and b in Fig. 4
epresents the dehydration of fructose at 2:1 substrate to catalyst
atio in water and DMSO, respectively. Curve b shows the forma-
ion of 52.9% HMF  in 5 min  in DMSO. Extending the reaction time to
5 min  resulted only 1% increase in HMF  yield. In aqueous media,

2.1% HMF  was obtained in 5 min  reaction time which increased to
6.3% in 15 min. An increase in HMF  yield was also noted for the
onversion of glucose and sucrose in water and DMSO under essen-
ially identical reaction conditions (Fig. 4, curves c–e and f–h) upon

ig. 4. Results of carbohydrate dehydration to HMF  with TiO2 NPs catalysts at var-
ous substrates to catalyst ratios in water at 120 ◦C. (unless otherwise mentioned.)
eaction conditions: (a) fructose: TiO2 = 2:1; (b) fructose: TiO2 = 1:2, DMSO, 140 ◦C;
c)  glucose: TiO2 = 1:1; (d) glucose: TiO2 = 1:2; (e) glucose: TiO2 = 1:4; (f) sucrose:
iO2 = 1:1; (g) sucrose: TiO2 = 1:2; (h) sucrose: TiO2 = 1:4.
Fig. 5. Results of TiO2 NPs catalyzed conversion of fructose, glucose, and sucrose to
HMF  in different solvents. Reaction conditions: substrate = 100 mg,  TiO2 = 100 mg,
T  = 120 ◦C, t = 5 min.

continuing the reaction for a longer time. The results suggest that
the kinetics of HMF  formation is rapid in initial 2 min reaction time
followed by a slower rate of reaction.

Microwave-assisted dehydration reaction of sugar substrates
(fructose, glucose, sucrose, cellobiose, and maltose) were carried
out in aqueous, biphasic aqueous-MIBK, NMP, and DMSO medium.
Details of the reaction conditions and corresponding HMF  yields
are summarized in Tables 2 and 3. Under comparable reaction
conditions, mesoporous TiO2 catalyzed fructose dehydration in
water, NMP, water–MIBK, and DMSO produced 34.3%, 36.5%, 40.2%,
54.1% HMF, respectively. Similar trend of increased HMF  yields
were observed for glucose and sucrose as substrates. The higher
yield of HMF  obtained in DMSO is attributed to the large tangent
(tan ı) value of DMSO (0.825) than that of water (0.123) and NMP
(0.275). The higher tan ı value of DMSO corresponds to its higher

microwave energy absorbing ability than that of water [34]. In
DMSO, more electromagnetic energy is converted into heat energy
at a given frequency and temperature which resulted to improved

Fig. 6. HMF yield versus reusability of the TiO2 catalyst in water and DMSO
for  microwave-assisted fructose dehydration reaction. Reaction conditions: fruc-
tose  = 100 mg,  TiO2 = 100 mg, T = 120 ◦C, t = 5 min, water or DMSO = 2 mL.
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Fig. 7. The FE-SEM images of mesoporous TiO2 nanospheres after first (a) and fourth
(
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and DMSO, respectively. Moderate yield of HMF  (37.2%) was  also
b)  catalytic cycles for the microwave assisted dehydration of fructose.

MF  yield in comparison to that of NMP  and water. The results of
MF yields (%) as a function of different solvents is shown in Fig. 5.
he higher yield of HMF  in water–MIBK biphasic solvent than that
n water is due to the thermodynamic phenomenon of the biphasic
olvent in which HMF  can easily accumulates in the organic phase
fter its formation in aqueous phase, and thereby drives the dehy-
ration reaction equilibrium towards the HMF  side. Maximum HMF
ield (54.1%) from fructose was obtained over mesoporous TiO2 cat-
lyst in DMSO likely due to its high microwave absorption ability
tan ı). To study the direct influence of the microwave energy on
he catalytic performances of TiO2, fructose dehydration process in
MSO was carried out by varying microwave power at 100, 200, and
00 W independently with a 4:1 fructose to catalyst ratio for 5 min
t 140 ◦C. No significant difference in HMF  yield (Table 2, entry 11,
3, and 24) was evident upon varying microwave power. These
esults demonstrates that minimum 100 W microwave energy to

e sufficient for the significant reaction progression using TiO2 cat-
lyst as observed in the case of HCl-catalyzed microwave-assisted
ructose dehydration in aqueous media [9].
Fig. 8. Comparative HMF  yields obtained from a range of carbohydrate sub-
strates from TiO2 catalyzed dehydration in water and DMSO. Reaction conditions:
sugar = 100 mg,  TiO2 = 100 mg,  T = 120 ◦C, t = 5 min.

The reusability of the TiO2 NP catalyst was  examined for fructose
dehydration reaction in aqueous and organic media by recycling the
solid catalyst after oven drying for each run. A plot of the catalyst
cycle number versus HMF  yields for fructose dehydration is shown
in Fig. 6. The results show that the loss of activity of the catalyst
in terms of HMF  yield is only 2% in fourth catalytic cycles (34.3%
HMF  in first cycle and 32.0% HMF  yield in fourth cycle). The catalyst
life-time study in DMSO solvent also showed about 2% decrease in
HMF  yield in fourth catalytic cycles (Fig. 6). FE-SEM images of the
reused TiO2 NPs after first and fourth recycling are shown in Fig. 7(a)
and (b), which reveals that small uniform nanosphere-like particle
morphology has been retained after fourth reaction cycle.

We have studied a range of carbohydrate substrates to examine
the catalytic performance of mesoporous TiO2 NPs in producing
the HMF. A decreasing trend of HMF  yields from 34.3% to 10.4%
is observed from fructose to maltose monohydrate in aqueous
medium at 120 ◦C in 5 min  reaction time (Fig. 8). It is interesting
to note that maltose is a disaccharide formed from two  units of
glucose joined with an �(1 → 4) bond, which is structurally similar
to cellobiose. In this study, we have obtained higher yield of HMF
from cellobiose in comparison to that from maltose. This could be
probably due to the water inhibition effect of the hydrated maltose
monohydrate. Similar trend of HMF  yields were observed in DMSO.
In DMSO, fructose and glucose dehydration reactions produced
maximum 54.1% and 37.2% HMF, respectively under identical reac-
tion conditions. This decrease in HMF  yield from fructose to maltose
agreed well with the reported data of CrCl2 catalyzed dehydration
of several carbohydrate substrates [35].

4. Conclusion

From our experimental observations we  can conclude that
the self-assembled mesoporous nanoparticulate TiO2 material can
be utilized as catalyst for the microwave-assisted conversion of
carbohydrates into HMF  in aqueous and organic media. These
self-assembled spherical TiO2 NPs catalyzed fructose dehydra-
tion reaction produced maximum 34.3% and 54.1% HMF  in water
obtained from glucose as substrate in DMSO. Optimized reaction
conditions were established by varying the catalyst loading, reac-
tion time, substrates to catalyst weight ratios and solvents. The
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