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Direct conversion of fructose into 5-hydroxymethylfurfural (HMF) is achieved by using modified aluminum-molybdenum mixed
oxide (S-AlMo) as solid acid catalysts. 0e synthesized catalyst was characterized by powder XRD, nitrogen adsorption-desorption
isotherm, NH3-TPD, and SEM. As a result, the presence of strong acidity, mesostructures, and high surface area in the S-AlMo
catalyst was confirmed by nitrogen adsorption-desorption isotherm and NH3-TPD studies. A study by optimizing the reaction
conditions such as catalyst dosage, reaction temperature, and time has been performed. Under the optimal reaction conditions, HMF
was obtained in a high yield of 49.8% by the dehydration of fructose. Moreover, the generality of the catalyst is also demonstrated by
glucose and sucrose with moderate yields to HMF (24.9% from glucose; 27.6% from sucrose) again under mild conditions. After the
reaction, the S-AlMo catalyst can be easily recovered and reused four times without significant loss of its catalytic activity.

1. Introduction

With diminishing fossil fuel and degradation of the envi-
ronment, catalytic routes to the production of fuels and
chemicals from sustainable sources have aroused much
concern over past decades [1–4]. An abundant renewable and
carbon-neutral biomass resource is a promising alternative to
petroleum for the production of fuels and chemicals [5]. In
recent years, many chemicals have been successfully synthe-
sized from biomass, and among the various platform mole-
cules, 5-hydroxymethylfurfural (HMF) is considered a flexible
chemical platform owing to their versatile functions and be-
nign properties [6, 7], and it can be further oxidized into 5-
ethoxymethylfurfural (EMF), 2,5-diformylfuran (DFF), and
2,5-furandicarboxylic acid (FDCA) [8–10]. 0erefore, exten-
sive investigations have been performed for the trans-
formation of carbohydrates into HMF [11–13].

As a sustainable precursor for biofuel chemistry, HMF
is obtained mainly by dehydration of monosaccharide,

disaccharide, and polysaccharide, using homogeneous acids
(such as H2SO4 and HCl) or heterogeneous acid as catalysts
(Scheme 1). However, the major drawback of homogeneous
acid suffered from problems of equipment corrosion,
product separation, and difficult recycle and reuse. In turn,
solid acid catalysts were found to be efficient, are easy to
separate, and have reusability and lower catalyst loading;
some of them that can be produced with methods that have a
low environmental impact have received significant atten-
tion in recent years; and several types of solid acid catalysts
include metal salts [14], acidic resins [15], solid organo-
catalyst [16], ionic liquids [17], sulfonated graphene quan-
tum dots [18], and zeolites [19].

Metal oxides as heterogeneous acid catalyst typically
possess Lewis and Brønsted acid sites that have shown a
heterogeneous pathway for biodiesel production, de-
hydration, hydrolysis, isomerization, etc. Single metal oxide
has appeared as a kind of catalyst for catalytic performance
in acid-catalyzed reaction due to low-cost and their good
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thermal stability. But, the single metal oxide is often asso-
ciated with distinct disadvantages such as low catalytic ac-
tivity, repeated poor usability, tough experimental
conditions, which limit their applications. Recently, the
original idea of preparing the mixed metal oxide solid
catalysts were to enhance acid strength, increase the surface
area, and strengthen the stability of these catalysts in
comparison with single metal oxide for various organic
reactions [20, 21]. However, in few studies, mixed metal
oxides were used in dehydration of carbohydrates to HMF.
Very recently, we have already reported that AlMo oxides
are solid acids which exhibit unique acidic properties and
good stability in the esterication reaction. Based on the
above discussion, we report within this paper that modied
aluminum-molybdenum mixed oxide in the presence of
stearic acid is used as a solid catalyst for the synthesis of
HMF from fructose. �e catalyst was characterized using
various analytical techniques such as powder XRD, NH3-
TPD, nitrogen adsorption-desorption isotherm, and SEM.
�e e�ect of reaction temperature, reaction time, and cat-
alyst dosage onHMF yield along with catalyst reusability was
investigated.

2. Experimental

2.1. Materials. Aluminum isopropoxide (C9H21AlO3, 98%),
MoCl5 (99.6%), stearic acid (>99%), fructose, glucose, su-
crose, and dimethylsulfoxide (DMSO) were purchased from
Sinopharm Chemical Reagent Co., Ltd; HMF of reagent
grade (99%) were purchased from Shanghai Aladdin In-
dustrial Inc. All other chemicals were of analytical grade and
used as received, unless otherwise noted.

2.2. Preparation of Aluminum-Molybdenum Mixed Oxides.
Modied aluminum-molybdenum mixed oxides were pre-
pared using stearic acid as a modier by following the
previous methods by our group [22, 23], and the catalyst was
denoted as S-AlMo. For comparison, stearic acid-modied
aluminum oxide was also prepared by the same method, and
it was denoted as S-Al.

2.3. Characterization of Catalysts. �e powder X-ray dif-
fraction (XRD) patterns of the catalysts were obtained using
a Rigaku D/max 2000 ultima plus di�ractometer (mono-
chromatic nickel lter, Cu Ka radiation). �e acidity of the
catalysts was measured by temperature-programmed de-
sorption (TPD) of ammonia (AutoChem 2920, Micro-
meritics, USA). Nitrogen adsorption-desorption isotherm
was determined with ASAP 2020M volumetric adsorption
analyzer (Micromeritics, USA). SEM was performed using a

eld-emission scanning electron microscope (FESEM, XL-
30, Philips) at 25KV.

2.4. Catalytic Activity Measurement. Conversion of fructose
was conducted in a batch glass tube heated in the oil bath
with magnetic stirring condition. After catalysts and fructose
were placed into the batch glass tube with the organic solvent
DMSO, the reaction was started by heating the mixture to
the given reaction temperature. As to the reaction media
containing low boiling point or aqueous solvent, a sealed
stainless steel autoclave was used under other same con-
ditions. After the specied time, the resultant mixture was
cooled to room temperature, and the solids were ltered o�,
then diluted with deionized water, and further analyzed by
high-performance liquid chromatography (HPLC; Agilent
1100, USA) equipped with a LiChrospher C18 column and
an UV detector (284 nm). �e concentration of HMF was
calculated based on the standard curve obtained with the
standard substances. HMF yield was calculated according to
the following equation:

HMF yield(mol%) � moles of HMF produced
moles of starting fructose

× 100%.

(1)

3. Results and Discussion

3.1. Characterization of S-AlMo. �e structural properties
and acidity of S-AlMo sample prepared were characterized
by powder XRD, nitrogen adsorption-desorption, NH3-
TPD, and SEM (see Figure 1S). Powder XRD measurements
showed that the S-AlMo sample has Al2(MoO4)3 and
crystalline MoO3 peaks [24, 25] and was closely related to
active sites for dehydration reaction. Nitrogen adsorption-
desorption analysis showed that the sample gave type-IV
isotherms with type H2 hysteresis loop in the high pressure
region, characteristic of materials with mesostructure, in-
dicating that stearic acid-modied aluminum-molybdenum
mixed oxide catalyst could get the mesoporous structure,
which was consistent with our previous work [13, 22, 23]. In
addition, the Brunauer–Emmett–Teller (BET) surface area,
pore volume, and average pore size were 49.82m2·g−1,
0.17 cm3·g−1, and 14.19 nm, respectively. Compared with the
S-Al sample, the Brunauer–Emmett–Teller (BET) surface
area, pore volume, and average pore size were 21.73m2·g−1,
0.03 cm3·g−1, and 5.68 nm, respectively. Moreover, there
were two desorption proles (100–200°C and around 750°C)
over the temperature range of 50–800°C in the NH3-TPD
proles, suggesting the catalyst contains weak and strong
acid sites on its surface; meanwhile, the acid concentration of
S-AlMo sample (0.87mmol/g) was higher than that of S-Al
sample (0.78mmol/g). SEM also allows us to get insights
into the morphological data of catalysts, and the images
reveal that the aggregation of small particles in irregular
shapes formed a grainy structure.

3.2. E�ect of the Type of Catalysts on Fructose Dehydration to
HMF. In this study, we initially explored the e�ects of the
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Scheme 1: Synthesis of HMF from fructose dehydration.
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type of catalysts on the dehydration of fructose to HMF in
DMSO at 140°C for 60min (Figure 1). As shown in Figure 1,
it is apparent that various catalysts have diverse e�ects on
HMF yields, and it can be observed that the HMF yield is
lower without adding the catalyst. However, the S-AlMo
catalyst gives the highest HMF yield of 49.8%, and the S-Al
catalyst gives the low HMF yield of 35.4%. �ese results are
in good agreement with the characterization of NH3-TPD,
where a higher number of acid concentrations led to a better
catalytic performance in dehydration reaction. �erefore,
the S-AlMo catalyst was applied as the most active solid acid
for the synthesis of 5-HMF from fructose.

3.3. E�ect of Di�erent Solvents on Fructose to HMF
Conversion. For determination of catalytic activity, the
S-AlMo as the solid acid catalyst was carried out in di�erent
types of organic solvent. Four types of solvents (DMSO,
DMA, DMF, and MIBK) were applied in the dehydration of
fructose to HMF at 140°C for 60min, and the results are
summarized in Table 1. In DMSO solvent, the yield of HMF
is 49.8% with fructose as raw material. In DMA, DMF, and
MIBK solvents, the yields of HMF are 10.5%, 1.7%, and 0%,
respectively (entries 1–3). �is may be due to that DMSO
could inhibit the occurrence of side reactions such as re-
hydration of HMF into levulinic acid and formic acid [26].
Above results show that the S-AlMo catalytic system could
e�ectively transform fructose to HMF in the DMSO solvent.
Hence, DMSO was selected as an organic solvent for the
subsequent experiments in this work.

3.4. E�ect of Reaction Time and Temperature on Fructose
Dehydration toHMF. In order to get the highest HMF yield,
the reaction conditions, such as reaction temperature and
time, were optimized. �e results are shown in Figure 2. In
the case of fructose dehydration into HMF, the reaction
temperature and time showed a critical role in the reaction
with respect to the HMF yield. When the dehydration of
fructose was conducted at 100°C, a low HMF yield of 8.7%
was obtained after 120min. �en, the reaction temperature
was up to 120°C, HMF yield increased from 8.7% at 100°C to
46.9% at 120°C at the same of 120min, and these results
show that a relatively higher temperature promotes the
formation of HMF. Further increasing the reaction tem-
perature to 140°C, themaximumHMF yield (49.8%) of HMF
is achieved after 60min. Meanwhile, it was clear that the
HMF yield had a slow decrease that further prolonged re-
action time at 140°C, indicating that the product HMF was
not very stable at a high temperature and a long time. It is
possible due to the rehydration of HMF into levulinic acid
(LA) or other byproducts [27–29]. Overall, a temperature of
140°C and time of 60min were proper for fructose de-
hydration to HMF using the S-AlMo catalyst.

3.5. E�ect of Catalyst Dosage on Fructose Dehydration to
HMF. �e e�ect of catalyst dosage on the fructose-to-HMF
transformation was studied by varying the weight of the
S-AlMo catalyst ranging from 5 to 40mg (see Table 2). As

shown in Table 2, an initial steep increase in the yield of
HMF is observed when the dosage of the catalyst is increased
up to 20mg, and a maximum yield (49.8%) can achieve.
Continuing to increase catalyst dosage, the yield of HMF
smoothly decreases; this may be due to excess catalyst

Table 1: E�ect of di�erent types of solvents on the acid-catalyzed
dehydration of fructose to HMFa.

No. Solvent Temperature (°C) Time (min) HMF yield (%)
1 MIBK 140 60 Not detected
2 DMF 140 60 1.7
3 DMA 140 60 10.5
4 DMSO 140 60 49.8
aConditions: fructose (50mg), S-AlMo catalyst (20mg), and solvent (1.0 g).
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Figure 1: E�ect of the type of catalysts on fructose dehydration to
HMF. Conditions: fructose (50mg), catalyst (20mg), DMSO
(1.0 g), T�140°C, and t� 60min.
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Figure 2: E�ect of reaction time and temperature on fructose
dehydration to HMF with S-AlMo catalyst. Reaction conditions:
fructose (50mg), S-AlMo catalyst (20mg), and DMSO (1.0 g).
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dosages that not only provides large active sites in this re-
action system, which would accelerate the synthesis of HMF,
but also promotes more side reactions such as the formation
of levulinic acid and humins [30, 31]. �us, we have con-
sidered 20mg as the optimized catalyst amount of S-AlMo
for fructose dehydration to HMF at 140°C for 60min re-
action time in this work.

3.6. E�ect of Water Amount in the System. �e in¨uence of
water amount in DMSO on dehydration of fructose to HMF
is also investigated. As displayed in Figure 3, surprisingly,
the addition of water clearly led to a serious decrease of the
HMF yield. When the deionized water was increased from 0
to 0.6mL, the HMF yield decreased from 49.8% to 4.4%. It
was possible that water impaired the poisoning of acid sites,
causing the declined catalytic activity of S-AlMo and giving a
low HMF yield. To some extent, these ndings were in good
agreement with the results reported by Qi et al. [32].

3.7. Synthesis of HMF from Sugars Catalyzed by S-AlMo
Catalyst. Additionally, the developed method was also used
to the synthesis of HMF with sugars as raw material, and the
results are demonstrated in Table 3. �e moderate HMF
yield at 24.9% and 27.6% was obtained from glucose and
sucrose in the DMSO system, respectively. �e experiment
results indicated that the S-AlMo catalyst with the presence
of basic sites (eg., Al2O3 moieties) as well as acidic sites (eg.,
Al2(MoO4)3 andMoO3) was similar to the result reported by
Li et al. [33].

3.8. Catalyst Recycling Experiments. �e reusability of the
solid acid catalyst is very important to the low-cost and
environmentally friendly biomass transformation. �us,
recycling of the S-AlMo catalyst was tested, and the de-
hydration of fructose into HMF was used as a model re-
action. After the reaction, the catalyst was separated by
ltration, washed, and dried prior to being reused in the next
run. �en, the recovered S-AlMo catalyst was used to cat-
alyze the dehydration of fructose to 5-HMF over four
successive reactions under the same reaction conditions
(Figure 4). As shown in Figure 4, no signicant loss in the
yield of HMF was observed over four cycles (49.8% in the
rst cycle versus 36.6% in the fourth cycle), and the slight
loss of activity with respect to the rst reaction cycle could be
attributed to partial oligomeric products adhering to the
surface of the catalyst [31, 34]. �ese results clearly indicated
that the S-AlMo catalyst could be reused without

Table 2: E�ect of catalyst weight on the acid-catalyzed dehydration of fructose to HMFa.

No. Catalyst weight (mg) Temperature (°C) Time (min) HMF yield (%)
1 5 140 60 27.5
2 10 140 60 39.8
3 20 140 60 49.8
4 30 140 60 28.9
5 40 140 60 26.6
aReaction conditions: fructose (50mg) and DMSO (1.0 g).
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Figure 3: E�ect of water added into system on the degradation of
fructose. Reaction conditions: fructose� 50mg, S-AlMo cata-
lyst� 20mg, DMSO� 1.0 g, T�140°C, and t� 60min.

Table 3: Synthesis of HMF from sugars in DMSO system with
S-AlMo catalystsa.

No. Substrate Temperature (°C) Time (min) HMF yield (%)
1 Fructose 140 60 49.8
2 Glucose 140 180 24.9
3 Sucrose 140 180 27.6
aSugars (50mg), S-AlMo catalyst (20mg), and DMSO (1.0 g).
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Figure 4: Recyclability study of S-AlMo catalyst for fructose de-
hydration reaction. Reaction conditions: fructose� 50mg, S-AlMo
catalyst� 20mg, DMSO� 1.0 g, T�140°C, and t� 60min.
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significantly losing its catalytic activity. 0erefore, the cat-
alyst is capable under mild reaction condition.

4. Conclusions

In conclusion, stearic acid-modified aluminum-
molybdenum mixed oxide is an efficient solid acid cata-
lyst for direct conversion of fructose into HMF. 0e S-AlMo
catalyst exhibited excellent textural properties (e.g., strong
acidic sites, mesostructures, and large surface area) and
better catalytic activity for dehydration reaction. HMF was
obtained with a good yield of 49.8% by the dehydration from
fructose, and the moderate HMF yield of 24.9% and 27.6%
were also obtained from glucose and sucrose, respectively.
Moreover, the catalyst can be recycled and reused for four
cycles without significant loss in the HMF yield. 0erefore,
the S-AlMo catalyst would have promising potential for
other acid-catalyzed chemical reactions.
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0e structural properties and acidity of S-AlMo sample
prepared were characterized by powder XRD, nitrogen
adsorption-desorption, NH3-TPD, and SEM (Figure 1S).
Powder XRD measurements showed that the S-AlMo
sample have Al2(MoO4)3 and crystalline MoO3 peaks
[24, 25] and was closely related to active sites for dehydration
reaction. Nitrogen adsorption-desorption analysis showed
that the sample gave type-IV isotherms with type H2

hysteresis loop in the high pressure region, characteristic of
materials with mesostructure, indicating that stearic acid-
modified aluminum-molybdenum mixed oxide catalyst
could get the mesoporous structure, which was consistent
with our previous work [13, 22, 23]. In addition, the
Brunauer–Emmett–Teller (BET) surface area, pore volume,
and average pore size were 49.82m2·g−1, 0.17 cm3·g−1, and
14.19 nm, respectively. Compared with the S-Al sample, the
Brunauer–Emmett–Teller (BET) surface area, pore volume,
and average pore size were 21.73m2·g−1, 0.03 cm3·g−1, and
5.68 nm, respectively. Moreover, there were two desorption
profiles (100–200°C and around 750°C) over the temperature
range of 50–800°C in the NH3-TPD profiles, suggesting the
catalyst contains weak and strong acid sites on its surface;
meanwhile, the acid concentration of the S-AlMo sample
(0.87mmol/g) was higher than that of the S-Al sample
(0.78mmol/g). SEM also allows us to get insights into the
morphological data of catalysts, and the images reveal that
the aggregation of small particles in irregular shapes formed
a grainy structure. (Supplementary Materials)
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“Transformations of biomass-derived platform molecules:
from high added-value chemicals to fuels via aqueous-phase
processing,” Chemical Society Reviews, vol. 40, no. 11,
pp. 5266–5281, 2011.

International Journal of Chemical Engineering 5

http://downloads.hindawi.com/journals/ijce/2019/3890298.f1.doc


[10] H. Li, K. S. Govind, R. Kotni, S. Shunmugavel, A. Riisager, and
S. Yang, “Direct catalytic transformation of carbohydrates
into 5-ethoxymethylfurfural with acid-base bifunctional hy-
brid nanospheres,” Energy Conversion and Management,
vol. 88, pp. 1245–1251, 2014.

[11] H. Li, S. Yang, and S. Yang, “Catalytic transformation of
fructose and sucrose to HMF with proline-derived ionic
liquids under mild conditions,” International Journal of
Chemical Engineering, vol. 2014, Article ID 978708, 7 pages,
2014.

[12] T. D. Swift, H. Nguyen, Z. Erdman, J. S. Kruger, V. Nikolakis,
and D. G. Vlachos, “Tandem lewis acid/brønsted acid-
catalyzed conversion of carbohydrates to 5-hydrox-
ymethylfurfural using zeolite beta,” Journal of Catalysis,
vol. 333, pp. 149–161, 2016.

[13] Q. Y. Zhang, F. F. Wei, D. Luo, P. H. Ma, and Y. T. Zhang,
“Mesoporous Ti-Mo mixed oxides catalyzed transformation
of carbohydrates into 5-hydroxymethylfurfural,” China Pe-
troleum Processing & Petrochemical Technology, vol. 19,
pp. 26–32, 2017.

[14] H. Li, Q. Zhang, X. Liu et al., “InCl3-ionic liquid catalytic
system for efficient and selective conversion of cellulose into
5-hydroxymethylfurfural,” RSC Advances, vol. 3, no. 11,
pp. 3648–3654, 2013.

[15] C. Antonetti, A. M. Raspolli Galletti, S. Fulignati, and
D. Licursi, “Amberlyst A-70: a surprisingly active catalyst for
the MW-assisted dehydration of fructose and inulin to HMF
in water,” Catalysis Communications, vol. 97, pp. 146–150,
2017.

[16] J. Dai, L. Zhu, D. Tang et al., “Sulfonated polyaniline as a solid
organocatalyst for dehydration of fructose into 5-hydrox-
ymethylfurfural,” Green Chemistry, vol. 19, no. 8, pp. 1932–
1939, 2017.

[17] H. Guo, X. Qi, Y. Hiraga, T. M. Aida, and R. L. Smith Jr.,
“Efficient conversion of fructose into 5-ethoxymethylfurfural
with hydrogen sulfate ionic liquids as co-solvent and catalyst,”
Chemical Engineering Journal, vol. 314, pp. 508–514, 2017.

[18] K. Li, J. Chen, Y. Yan et al., “Quasi-homogeneous carboca-
talysis for one-pot selective conversion of carbohydrates to 5-
hydroxymethylfurfural using sulfonated graphene quantum
dots,” Carbon, vol. 136, pp. 224–233, 2018.

[19] A. Pande, P. Niphadkar, K. Pandare, and V. Bokade, “Acid
modified H-USY zeolite for efficient catalytic transformation
of fructose to 5-hydroxymethyl furfural (biofuel precursor) in
methyl isobutyl ketone-water biphasic system,” Energy &
Fuels, vol. 32, no. 3, pp. 3783–3791, 2018.

[20] Q. Liu, F. Yang, H. Yin, and Y. Du, “Conversion of saccharides
into levulinic acid and 5-hydroxymethylfurfural over WO3-
Ta2O5 catalysts,” RSC Advances, vol. 6, no. 55,
pp. 49760–49763, 2016.

[21] J. Guo, S. Zhu, Y. Cen, Z. Qin, J. Wang, and W. Fan,
“Ordered mesoporous Nb-W oxides for the conversion of
glucose to fructose, mannose and 5-hydroxymethylfurfural,”
Applied Catalysis B: Environmental, vol. 200, pp. 611–619,
2017.

[22] Q. Zhang, F. Wei, P. Ma, Y. Zhang, F. Wei, and H. Chen,
“Mesoporous Al-Mo oxides as an effective and stable catalyst
for the synthesis of biodiesel from the esterification of free-
fatty acids in non-edible oils,” Waste and Biomass Valori-
zation, vol. 9, no. 6, pp. 911–918, 2018.

[23] Q. Zhang, H. Li, and S. Yang, “Facile and low-cost synthesis of
mesoporous Ti-Mo bi-metal oxide catalysts for biodiesel
production from esterification of free fatty acids in Jatropha

curcas crude oil,” Journal of Oleo Science, vol. 67, no. 5,
pp. 579–588, 2018.

[24] W. T. A. Harrison, “Crystal structures of paraelastic alumi-
num molybdate and ferric molybdate, β-Al2(MoO4)3 and
β-Fe2(MoO4)3,” Materials Research Bulletin, vol. 30, no. 11,
pp. 1325–1331, 1995.

[25] M. Kassem, “Phase relations in the Al2O3-MoO3 and Al-
MoO3 systems, investigated by X-ray powder diffraction,
FTIR, and DTA techniques,” Inorganic Materials, vol. 42,
no. 2, pp. 165–170, 2006.

[26] C. Lansalot-Matras and C. Moreau, “Dehydration of fructose
into 5-hydroxymethylfurfural in the presence of ionic liq-
uids,” Catalysis Communications, vol. 4, no. 10, pp. 517–520,
2003.

[27] Y. Li, H. Liu, C. Song et al., “0e dehydration of fructose to 5-
hydroxymethylfurfural efficiently catalyzed by acidic ion-
exchange resin in ionic liquid,” Bioresource Technology,
vol. 133, pp. 347–353, 2013.

[28] H. Gao, Y. Peng, J. Pan et al., “Synthesis and evaluation of
macroporous polymerized solid acid derived from pickering
HIPEs for catalyzing cellulose into 5-hydroxymethylfurfural
in an ionic liquid,” RSC Advances, vol. 4, no. 81, pp. 43029–
43038, 2014.

[29] H. Shirai, S. Ikeda, and E. W. Qian, “One-pot production of 5-
hydroxymethylfurfural from cellulose using solid acid cata-
lysts,” Fuel Processing Technology, vol. 159, pp. 280–286, 2017.

[30] S. Xiao, B. Liu, Y. Wang, Z. Fang, and Z. Zhang, “Efficient
conversion of cellulose into biofuel precursor 5-hydrox-
ymethylfurfural in dimethyl sulfoxide-ionic liquid mixtures,”
Bioresource Technology, vol. 151, pp. 361–366, 2014.

[31] D. Chen, F. Liang, D. Feng et al., “An efficient route from
reproducible glucose to 5-hydroxymethylfurfural catalyzed by
porous coordination polymer heterogeneous catalysts,”
Chemical Engineering Journal, vol. 300, pp. 177–184, 2016.

[32] X. Qi, M. Watanabe, T. M. Aida, and R. L. Smith Jr., “Efficient
process for conversion of fructose to 5-hydroxymethylfurfural
with ionic liquids,” Green Chemistry, vol. 11, no. 9,
pp. 1327–1331, 2009.

[33] H. Li, Q. Zhang, J. Liu et al., “Selective transformation of
carbohydrates into HMF promoted by carboxylic acids
modified ZrMo mixed oxides,” Biomass Conversion and
Biorefinery, vol. 4, no. 1, pp. 59–66, 2014.

[34] Z. Yang, W. Qi, R. Huang, J. Fang, R. Su, and Z. He,
“Functionalized silica nanoparticles for conversion of fructose
to 5-hydroxymethylfurfural,” Chemical Engineering Journal,
vol. 296, pp. 209–216, 2016.

6 International Journal of Chemical Engineering



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

