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The conversion of xylose, water-insoluble hemicelluloses (WIH) and water-soluble fraction (WSF) of
corncob to furfural was performed using montmorillonite with tin ions (Sn-MMT) containing double acid
sites as a solid acid catalyst. The co-existence of Lewis acids and Brønsted acids in Sn-MMT was shown to
improve the furfural yield and selectivity. 76.79% furfural yield and 82.45% furfural selectivity were
obtained from xylose using Sn-MMT as a catalyst in a biphasic system with 2-s-butylphenol (SBP) as
the organic extracting layer and dimethyl sulfoxide (DMSO) as the co-solvent in contact with an aqueous
phase saturated with NaCl (SBP/NaCl-DMSO) at 180 �C for 30 min. Furthermore, Sn-MMT also demon-
strated the excellent catalytic performance in the conversion of pentose-rich materials of corncob and
39.56% and 54.15% furfural yields can be directly obtained from WIH and WSF in the SBP/NaCl-DMSO sys-
tem, respectively.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Biomass has been intensely investigated as a promising candi-
date for the production of chemicals and transportation fuels in
view of the economic and political concerns associated with the
finite reserves of the petroleum (Lynd et al., 1991, 1999). About
25–35% of the lignocellulosic biomass on a dry weight basis is
xylan-type hemicelluloses, which are rich in xylose (Peng et al.,
2009; Ruiz et al., 2013). One conventional pathway to transform
xylose to fuels and chemicals involves the production of furfural
by acid-catalyzed routes (Doiseau et al., 2014; Li et al., 2014a,b;
Zhang et al., 2014). Furfural is one of the most common industrial
chemicals derived from the lignocellulosic biomass with an annual
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production volume of more than 200,000 tons, and has been con-
sidered an important building block for the production of fine
chemicals, potential biofuels or fuel additives (Lange et al., 2012;
Liu et al., 2014).

In 1921, Quaker Oats first established the industrial furfural
production process using oat hulls as the raw material and concen-
trated sulfuric acid as the catalyst in the high-pressure steam con-
dition (Choudhary et al., 2011). Thereafter, water as well as some
other solvents (ionic liquids and organic solvents) have been
widely applied for the furfural synthesis under various conditions
(Wei et al., 2011; Zhang et al., 2013). Recently, a new biorefining
strategy for converting the biomass to the furan compounds by uti-
lizing biphasic systems was proposed (Carrasquillo-Flores et al.,
2013; Guerbuez et al., 2012). In biphasic systems, target products
are transferred from the aqueous phase to the organic phase once
produced, thus ceases interfering side reactions (Daengprasert
et al., 2011; Ordomsky et al., 2013; Pagan-Torres et al., 2012).

It has been proposed that the conversion of xylose to furfural
can occur via the isomerization of xylose to xylulose using Lewis
acid catalysts followed by the dehydration of xylulose to furfural
in the presence of Brønsted acid catalysts (Supporting information,
Fig. S1) (Choudhary et al., 2011; Takagaki et al., 2010). While con-
siderable efforts have focused on the production of furfural from
xylose in high yields, the catalytic system that can efficiently isom-
erize xylose to xylulose and then convert xylulose to furfural in
one-pot process with recyclable and high-selective catalysts has
yet to be developed (Kim et al., 2012; Shi et al., 2011). SnCl4 has
shown good activities for the conversion of xylose into furfural in
the water/dimethyl sulfoxide (water/DMSO) system and the max-
imum furfural yield was 63% at 130 �C for 6 h (Wang et al., 2014).
However, the recovery and recycle of SnCl4 is still a major problem
during the furfural production process. Recently, zeolite catalysts
containing tin are regarded as a good catalyst to isomerize the car-
bohydrate, which do not require the costly separation process and
can be used in a wider range of reaction conditions. Nikolla et al.
(2011) found that Sn-beta zeolite can efficiently catalyze the isom-
erization of glucose to fructose in an aqueous media at low pH. In
this case, Sn ions act as the isolated Lewis acid centers and are
active for the isomerization of glucose to fructose. Lew et al.
(2012b) demonstrated that 54% yield of lactic acid, 24% yield of
xylulose, and 34% yield of fructose were achieved when using Sn-
beta zeolite as the catalyst at 90 �C for 210 min, respectively.
Meanwhile, they also synthesized 5-(ethoxymethyl) furfural
(EMF) from glucose in ethanol in a single reactor at 90 �C using
Sn-beta zeolite as the Lewis acid catalyst and Amberlyst as the
Brønsted acid catalyst (Lew et al., 2012a). However, the prepara-
tion of the Sn-beta catalyst needs a long period (more than
20 days) and a certain amount of hydrofluoric acid (HF), which
makes it less economic and environmental friendly (Corma et al.,
2001; Lew et al., 2012b). Besides, when using Sn-beta as a catalyst
for the production of furan compounds from carbohydrate, other
external acids were required to convert the generated isomers,
such as xylulose and fructose, to the target products.

Recently, Wang et al., (2012 synthesized montmorillonite con-
taining tin (Sn-MMT) via the ion-exchanged method and used it
as a catalyst for the direct conversion of glucose, disaccharides
and polysaccharides to 5-hydromethyl furfural (HMF) in the
mono-phase medium. Compared with the Sn-beta catalyst, the
preparation procedure of Sn-MMT is much easier in a shorter per-
iod (24 h). Moreover, no external acids are required during the
dehydration process due to the co-existence of Lewis acid centers
and Brønsted acid centers in Sn-MMT (Wang et al., 2011b, 2012).
In this work, we prepared Sn-MMT catalyst via the ion-exchanged
method by microwave irradiation within a shorter time (2 h) and
used it as a solid catalyst containing double acid sites for a one-
pot conversion of xylose, water-insoluble hemicelluloses (WIH)
and water-soluble fraction (WSF) of corncob to furfural in the
2-s-butylphenol/NaCl-DMSO (SBP/NaCl-DMSO) medium. This
work was also carried out to understand the effect of Lewis
acids and Brønsted acids for the isomerization and dehydration
reactions of xylose, and to investigate the influences of the
reaction temperature and time for the furfural production and
the formation of humins.
2. Methods

2.1. Materials

D-xylose (P99.0%, BR, Lot# 20140102), montmorillonite
(P98.0%, GR, Lot# V65445), SnCl4�5H2O (P99.0%, AR, Lot#
20101215), acetone (P99.0%, AR, Lot# 20130628), ethanol
(P99.0%, AR, Lot# 20130702), acetic acid (P99.5%, AR, Lot#
20130807), sodium phosphate (P90.0%, AR, Lot# 20111112),
NaOH (P96.0%, AR, Lot# 20120705), HCl (38%, AR, Lot#
20130925), H2SO4 (98%, AR, Lot# 20131126) and NaCl (P99.5%,
AR, Lot# 20131205) were purchased from Kermel (Tianjin, China).
Corncob used in this study was acquired from a farm in Shandong
province, China. Before experiments, corncob was grounded into
particles with a size of 40–60 mesh, and then oven-dried at 55 �C
to constant weight. The standard reagents of furfural (Lot#
SHBC7066V), L-arabinose (Lot# SLBD6808V), D-xylose (Lot#
BCBH2703V), and pullulan polysaccharide (Lot# BCBJ2505V) were
purchased from Sigma–Aldrich. All reagents were used without
any purification.

2.2. Preparation of the tin-loaded montmorillonite catalyst

Initially, montmorillonite (2 g) was dispersed in DI water
(98 mL) and intensely stirred for 30 min at room temperature, fol-
lowed by standing for 24 h to make it fully swell. Then aq.
SnCl4�5H2O (3.5 mmol, 10 mL) was added slowly. The mixture
was treated at 85 �C for 2 h under microwave irradiation (600 W,
XH-300UL, Beijing Xiang-Hu Science and Technology Development
Reagent Co., Ltd., China) at atmospheric pressure. The collected
clay was washed with DI water until the washing water became
neutral (pH = 7) and dried at 110 �C over night.

2.3. Catalyst characterizations

Elemental analysis of MMT and Sn-MMT was measured by ICP-
AES (Optima 7000DV, PerkinElmer, America). N2 adsorption/
desorption isotherms of catalysts at 77 K were collected on a
Micromeritics ASAP 2010 instrument (America). The specific sur-
face area (SBET) was calculated using the Brunauer–Emmett–Teller
(BET) method and the pore size distribution (PSD) was measured
by the desorption branch of the N2 isotherm using the Barrett–Joy-
ner–Halenda (BJH) method. The total pore volume was estimated
from the amount of nitrogen adsorbed at a relative pressure
(p/po) of ca. 0.98. Acid properties of the MMT and Sn-MMT were
evaluated by an in situ FT-IR (Tensor 27, Bruker, Germany) using
pyridine as probe molecule and the NH3-TPD technique (Autochem
CPB-1, Quantachrome, America) (Li et al., 2014b). XRD patterns of
samples were recorded on a Bruker D8 ADVANCE X-ray diffractom-
eter with Cu Ka radiation (Germany). The tube voltage was 40 kV
and the current was 40 mA. The selected 2h range was 3–10�,
scanning at a step of 0.02�.

2.4. Preparation of water-insoluble hemicelluloses from Corncob

Prior to the separation process, corncob was grounded into par-
ticles with a size of 40–60 mesh, and then oven-dried to constant



Table 1
Properties of catalysts.

Samples Elemental content (wt%) BETa MVb PDc TASd WASe SASf

Si Al Ca Na Sn

MMT 33.17 8.90 1.90 0.17 0.00 59.91 0.18 11.88 2.05 0.00 2.05
Sn-MMT 27.92 7.70 0.30 0.13 13.70 166.56 0.19 4.58 1.30 0.35 0.95

a BET surface area (m2 g�1).
b Micropore volume (cm3 g�1).
c Pore diameter (nm).
d Total acid sites (mmol g�1).
e Weak acid sites (mmol g�1).
f Strong acid sites (mmol g�1).
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weight at 55 �C. Wax and other extracts of corncob were firstly
removed by refluxing in a Soxhlet apparatus with acetone/ethanol
(2:1, v/v) for 6 h. Then the powder obtained was delignified with
sodium chlorite in acidic solution (pH 3.6–3.8, adjusted by acetic
acid) at 75 �C for 2 h, following by extracted with 5% NaOH at
60 �C for 4 h. The collected liquid fraction was neutralized to pH
5.5 with HCl, concentrated and precipitated by ethanol. The precip-
itate was washed with acid ethanol (pH = 5.5–6.0), respectively,
and then freeze-dried.
2.5. Microwave-assisted preparation of water-soluble fraction from
corncob

Microwave irradiation was performed by using a closed-vessel
microwave oven (GAS-800, Beijing Xiang-Hu Science and Technol-
ogy Development Reagent Co., Ltd., China) equipped with a mag-
netic stirrer, temperature probe and an autoclave. Corncob was
grounded into particles with a size of 40–60 mesh, oven-dried
and extracted with acetone/ethanol (2:1, v/v) as described above.
The collected solid was oven-dried at 55 �C for 16 h, followed by
suspending in water with a solid to liquor ratio of 1:20 (g mL�1)
and ultrasound for 30 min. A microwave irradiation power of
600 W was applied to heat the suspension to 100 �C in 3 min and
then kept for 2 min. Then the temperature was raised to 140 �C
in 3 min and then held for 5 h. Using microwave irradiation at dif-
ferent temperatures can provide a buffer stage for the preparation
of WSF for avoiding the over-heating and alleviating the side reac-
tions (dehydration and rehydration of monosaccharide) under
600 W irradiation power. After the reaction, the autoclave was
immediately cooled in an ice bath and filtrated to separate the sol-
uble fraction (WSF) for the following experiments.
Table 2
Results for the conversion of xylose to furfural with different catalysts, co-solvents and sy

Entry Catalyst System Co-solventb

1 – Single phase (H2O) –
2 – Single phase (H2O) DMSO
3 SnCl4�5H2O Single phase (H2O) DMSO
4 MMT Single phase (H2O) DMSO
5 Sn-MMT Single phase (H2O) DMSO
6 Amberlyst-15 Single phase (H2O) DMSO
7 Sn-MMT Single phase (H2O) DMF
8 Sn-MMT Single phase (H2O) DMAC
9 Sn-MMT Single phase (H2O) NMP

10 Sn-MMT Single phase (H2O) GLV
11 Sn-MMT Single phase (NaCl) c DMSO
12 Sn-MMT Biphasicd (SBP/H2O) DMSO
13 Sn-MMT Biphasicd (SBP/NaCl)c DMSO

a Reaction conditions: xylose 10 wt% in water phase, the xylose to catalyst weight ra
b Vwater phase:Vco-solvent = 5:1.
c NaCl: Saturated sodium chloride aqueous solution.
d VSBP:Vwater phase = 1:1.
2.6. Catalytic conversion of pentose-rich carbohydrate to furfural

Experiments for the catalytic conversion of pentose-rich carbo-
hydrate (xylose, WIH, WSH) to furfural were carried out in an auto-
clave (25 mL, Yuhua Co. Ltd., Henan, China) at certain temperature
for a certain period of time. Carbohydrate and catalysts were mixed
in a desired ratio and the DI water and organic solvents were
added, respectively. Then the autoclave was heated up to the
desired temperature with a heating rate of 2 �C/min, and kept for
a certain time. In the reaction analyses, zero time was taken to
be when the temperature reached to the desired temperature.
After the reaction, the reactor was cooled quickly to room temper-
ature with flowing water. Products were centrifuged to get the
liquid fraction. Furfural yields in water phase and organic phase
were measured by high-performance liquid chromatography
(HPLC) with a reversed-phase C18 column and a refractive index
detector after dilute with DI water (Waters, America). A volume
ratio of 0.1 wt% acetic acid aqueous solution to acetonitrile (85/
15, v/v) was employed as a mobile phase with a flow rate of
1.0 mL/min. Calibration curves were established for quantitative
calculation based on the following equations:

Furfural yieldðfrom xyloseÞ ¼moles of furfural produced
moles of strating xylose

� 100%

Xylose conversion ¼ moles of xylose reacted
moles of strating xylose

� 100%

Furfural selectivityðfrom xyloseÞ ¼moles of furfural produced
moles of xylose reacted

� 100%
stems.a

Furfural yield (%) Xylose conversion (%) Furfural selectivity (%)

3.20 ± 0.87 23.97 ± 1.20 13.35 ± 0.34
8.70 ± 1.21 25.66 ± 1.89 33.90 ± 0.68

16.32 ± 2.48 83.11 ± 1.59 19.64 ± 0.89
15.66 ± 3.24 63.93 ± 2.47 24.50 ± 0.77
27.15 ± 2.43 78.36 ± 2.12 34.65 ± 0.31
18.38 ± 3.57 46.84 ± 2.89 39.23 ± 0.73
13.30 ± 1.48 95.36 ± 0.89 13.95 ± 0.58
22.94 ± 1.69 83.99 ± 3.77 27.32 ± 2.19
27.16 ± 2.53 86.28 ± 2.66 31.49 ± 0.17
16.10 ± 1.79 86.28 ± 1.62 18.66 ± 0.17
31.78 ± 2.44 90.03 ± 2.34 35.30 ± 0.10
55.02 ± 3.20 77.47 ± 2.87 71.03 ± 0.33
67.47 ± 2.80 96.33 ± 3.60 70.04 ± 0.81

tio of 5:1, 150 �C, 3 h.



Fig. 1. Plausible reaction mechanism for the conversion of xylose to furfural by
Sn-MMT.
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Furfural yieldðfrom H1 or WSFÞ ¼moles of furfural produced
moles of starting pentoses
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Fig. 2. Effects of reaction temperature and time on furfural yield, xylose conversion
efficiency, and furfural selectivity. Reaction conditions: xylose 10 wt% in
water phase, xylose to catalyst weight ratio of 5:1, SBP/NaCl-DMSO system,
VNaCl:VDMSO = 5:1, VSBP:VNaCl = 1:1.
2.7. Chemical characterizations of water-insoluble hemicelluloses and
water-soluble fraction

Carbohydrate of WIH and WSF was measured according to the
NREL standard analytical method (NREL/TP-510-42618). HPLC
(Waters, America) coupled with a refractive index detector and a
Bio-rad Aminex� HPX-87H (300 � 7.8 mm) column (Bio-rad,
America) was used to analyze the monomeric sugars that were lib-
erated by hydrolysis of WIH and WSF with 4% H2SO4 at 105 �C for
2.5 h. 5 mM of H2SO4 was employed as the eluent with a 0.5 mL/
min flow rate at 50 �C.

The molecular weights of WIH were determined by gel perme-
ation chromatography (Wyatt, America) on a PL aquagel-OH 50
column (300 � 7.7 mm) with a refractive index detector. 5 mM
sodium phosphate buffer (pH 7.5) containing 0.02 N NaCl was
employed as the eluent at a flow rate of 0.5 mL/min at 30 �C. The
molecular weight calibration cure was obtained using PL pullulan
polysaccharide standards.

3. Results and discussion

3.1. Characterizations of catalysts

The Sn-MMT material was synthesized by an ion-exchanged
method with the aqueous SnCl4�5H2O solution under microwave
irradiation (600 W). Elemental analysis in Table 1 shows that tin
ions were incorporated successfully into the montmorillonite
framework by replacing calcium and sodium ions, and the Sn con-
tent in Sn-MMT was 1.17 mmol g�1. On the basis of the N2 adsorp-
tion isotherms, the BET external surface area of the Sn-MMT is
166.56 m2 g�1, with a micropore volume of 0.19 cm3 g�1 and a pore
diameter of 4.58 nm (Table 1). The significant increment of the BET
surface area after the incorporation of tin ions is attributed to the
stripping every other layers by the intercalation of tin ions. The
decrease of the pore diameter after the modification of MMT
may be explained by the pore clogging effect induced by the
replacement of Ca2+ and Na+ in the MMT interlayer by Sn4+

(Wang et al., 2011a).
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Acid properties of the materials were determined by pyridine-
FTIR at different temperatures (room temperature, 150 �C and
200 �C) and NH3-TPD, respectively (Supporting information,
Figs. S2 and S3). Bands around 1444 cm�1, 1490 cm�1, 1580 cm�1

and 1600 cm�1 are attributed to the strong Lewis acid sites, while
bands at 1546 cm�1 and 1640 cm�1 are assigned to the character-
istic pyridine adsorption on Brønsted acid sites (Li et al., 2014b).
The intensity of peaks corresponding to the Lewis acid centers at
1444 cm�1, 1490 cm�1, 1580 cm�1 and 1600 cm�1 of MMT and
Sn-MMT decreased with the increment of temperature, which is
due to the easier desorption of the weak adsorbed pyridine mole-
cules at higher temperature (Bare et al., 2005). Moreover, com-
pared to the MMT, the intensity of acid peaks decreased after the
incorporation of tin ions (Fig. S2a and S2d), which indicated that
the total number of acid centers decreased after the modification
(Bare et al., 2005). These results were also confirmed by the blue-
shift phenomenon after the incorporation of tin and the acid
results in Table 1 that the number of TAS of MMT (2.05 mmol g�1)
was larger than that of Sn-MMT (1.30 mmol g�1).

X-ray diffraction (XRD) was used to analyze the crystal struc-
ture of MMT and Sn-MMT (Supporting information, Fig. S4), and
the results are comparable to those of Wang and co-workers
(Wang et al., 2012). The basal spacing of MMT and Sn-MMT was
calculated by Bragg equation (Xi et al., 2007):

nk ¼ 2d � sin h

where n is the diffraction series (n = 1); k is the incident wavelength
(k = 0.15418 nm); d is the basal spacing (nm), h is the diffraction
angle. After the incorporation of tin ions, the basal spacing of
MMT increased from 1.51 nm to 1.59 nm, which is similar to those
reported elsewhere (Wang et al., 2004). The increase of the basal
spacing benefits the interaction between xylose molecules and the
catalyst, thus enhances the conversion efficiency.

3.2. Influences of different catalysts, co-solvents and systems on the
conversion of xylose to furfural

The conversion of xylose to furfural undergoes two successive
steps: the isomerization of xylose to xylulose by Lewis acid cata-
lysts and the dehydration of xylulose to furfural by Brønsted acid
catalysts (Choudhary et al., 2011; Takagaki et al., 2010). When
SnCl4�5H2O was used as the Lewis acid catalyst for the xylose con-
version under our investigated conditions, a poor furfural yield of
16.32% was obtained with the xylose conversion of 83.11% and
the furfural selectivity of 19.64% (Table 2, entry 3). While the cat-
ion exchange resin Amberlyst-15 was examined as a typical strong
Brønsted acid catalyst for the xylose conversion, a relatively low
furfural yield of 18.38% was achieved with a lower xylose conver-
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Fig. 3. Reusability of Sn-MMT for the conversion of xylose to furfural. Reaction
conditions: xylose 10 wt% in water phase, xylose to catalyst weight ratio of 5:1, SBP/
NaCl-DMSO system, VNaCl:VDMSO = 5:1, VSBP:VNaCl = 1:1,180 �C, 30 min.
sion of 46.84% and a higher furfural selectivity of 39.23% compared
to SnCl4�5H2O (Table 2, entry 6). However, both of them had the
lower catalytic performance for the furfural production than Sn-
MMT (Table 2, entry 5). Moreover, although the total acid number
of MMT was larger than that of Sn-MMT (Table 1), the better cat-
alytic performance was achieved when using Sn-MMT as the cata-
lyst (Table 2, entries 4 and 5). These results support the reaction
rule that Lewis acid sites are in favor of the xylose isomerization
rather than the xylulose dehydration reaction, thus leading to the
high xylose conversion efficiency and low furfural selectivity. In
contrast, Brønsted acid sites prefer to the dehydration reaction
instead of the isomerization reaction, which resulted in the low
xylose conversion efficiency and the high furfural selectivity. When
both Lewis acid sites and Brønsted acid sites are in the catalyst,
appropriate reaction network in which xylose is isomerized to
xylulose with Lewis acid centers and xylulose dehydrates rapidly
to furfural via Brønsted acid sites in a consecutive one-pot process
as shown in Fig. 1 were achieved.

Dimethyl sulfoxide (DMSO), dimethyl formamide (DMF),
dimethyl acetamide (DMAC), N-methyl-2-pyrrolidone (NMP) and
c-valerolactone and (GLV) are often used as additives in water
phase to suppress side reactions during the carbohydrate conver-
sion processes (Chheda et al., 2007; Qi et al., 2008) and were
employed in this study to test for their assistant activities toward
the one-pot conversion of xylose to furfural using Sn-MMT as a cat-
alyst (Table 2, entries 5, 7–10). Compared with the run without co-
solvent, the existence of DMSO showed good performance to
enhance the furfural yield, xylose conversion and selectivity
(Table 2, entries 1 and 2). Among these co-solvents, DMSO and
NMP showed better performance than the other co-solvents
(DMF, DMAC and GLV) under the investigated conditions in view
of the furfural yield. However, higher furfural selectivity was
observed for DMSO. This finding is inconformity with the results
demonstrated by Choudhary and co-workers (Choudhary et al.,
2011), which may be due to the different structure between Sn-
MMT and Sn-beta.

To further improve the furfural yield and selectivity, we
explored the effects of the saturated sodium chloride aqueous
solution instead of H2O in the single phase system (Table 2, entry
11). Compared with the pure water system (Table 2, entry 5), the
furfural yield, xylose conversion efficiency and the furfural selec-
tivity increased in the saturated NaCl medium, which may be
attributed to the reason that chlorides can increase the reaction
rate besides the salting-out effect, thus enhance the separation of
furfural. Moreover, a significant enhancement of the furfural yield
as well as the selectivity was achieved in the biphasic system
(Table 2, entries 12 and 13). These results were consistent with
the reported in literatures (Carrasquillo-Flores et al., 2013;
Guerbuez et al., 2012). The addition of NaCl to the biphasic system
can greatly improve the partitioning of furfural into the organic
phase by altering the intermolecular bonding interactions between
liquid components, thus increase the immiscibility between the
aqueous phase and the organic phase (Nikolla et al., 2011).

3.3. Influences of the reaction temperature and time on the conversion
of xylose to furfural

The effects of the reaction temperature and time on the furfural
yield, xylose conversion efficiency, and furfural selectivity are pre-
sented in Fig. 2. Under the investigated conditions, the yield of fur-
fural firstly increased to the highest value and then decreased
when prolonging the reaction time at various temperatures (150,
160, 170 and 180 �C). The reduction of furfural yield in long reac-
tion time is due to the formation of soluble degradation products
and black insoluble solids. Similar trend was observed for the
furfural selectivity. However, the trend of the xylose conversion



Table 3
Conversion of WIH and WSF into furfural.

Entry Substrate Weight-average (Mw) molecular weight Number-average (Mn) molecular weight Pentose content Furfural yield (%)

1 WIHa 64700 46700 97.42 (%) 39.56 ± 3.42
2 WSFb 10770 5480 9.34 (g/L) 54.15 ± 2.79

a Reaction conditions: WIH (100 mg), Sn-MMT (20 mg), saturated NaCl aqueous solution (5 mL), DMSO (1 mL), SBP (6 mL),180 �C, 120 min.
b Reaction conditions: WHS (5 mL, saturated with NaCl), Sn-MMT (20 mg), DMSO (1 mL), SBP (6 mL), 180 �C, 120 min.
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efficiency was different. It increased firstly and then flattened out.
Besides, the required time for reaching the maximum furfural yield
and the equilibrium point of the conversion efficiency decreased
with the increase of reaction temperature. A highest furfural yield
of 76.79% with the conversion efficiency of 93.13% and furfural
selectivity of 82.45% was obtained at 180 �C for 30 min.

The relationship between the furfural selectivity and the xylose
conversion efficiency at different reaction severity (temperature
and time) is illustrated in Fig. 2. Results showed that about 85%
of the experimental data with higher conversion efficiency than
selectivity were concentrated in a certain area (a) between 150
and 180 �C. However, when the temperature was up to 180 �C,
experimental data were mainly concentrated in area (b), which
indicated that high temperature favored the furfural production.

3.4. Origin of humins

Typically, the formation of humins from the reaction of furfural
with itself or with xylose to form oligomeric species is believed to
be the main factor that lowers the furfural yield (Dias et al., 2006).
Therefore, the origin of the humins was further investigated using
xylose, furfural and xylulose as substrates under the optimized
conditions (180 �C, 30 min), respectively (Supporting information,
Fig. S5). Black insoluble solids were only observed in the organic
phase when using furfural as the raw material due to the complete
extraction of furfural into the organic phase before the reaction.
This phenomenon indicated that furfural can aggregate to form
humins in a particular situation. However, no black insoluble solids
were obtained when using xylulose as the substract, which meant
that the furfural polymerization is not the main sources for the for-
mation of humins in our reaction. Instead, a lot of black solid was
also observed when using xylose as the reactant, which illustrated
that xylose may participate in the humins formation process and
the xylose-furfural is most likely the main sources of the humins
in our reaction.

3.5. Recycling study

The durability of Sn-MMT was examined by recycling the cata-
lyst for three times for the conversion of xylose to furfural. The cat-
alyst was recovered by centrifugation after the reaction and
washed with ethanol and DI water for several times to remove
the adsorbed organic compounds. As shown in Fig. 3, the catalyst
activity did not distinctly decline after the first recycling. Com-
pared with the fresh catalyst, about 11.65% to 13.01% drop of
furfural yield and selectivity was observed after the second
regeneration with no substantial change in the xylose conversion
efficiency. These experiments suggested that the catalytic activity
of Sn-MMT decreased to a certain extent after the second regener-
ation, which may be due to the slight leaching of Sn or the coverage
of humins.

3.6. Conversion of water-insoluble hemicelluloses and water-soluble
fraction into furfural

The robustness of Sn-MMT in synthesizing furfural from xylose
opens up the possibility of using more complex carbohydrate, such
as polysaccharides and biomass as renewable raw materials. Here,
water-insoluble hemicelluloses (WIH) and the water-soluble frac-
tion (WSF) of corncob could be converted into furfural with Sn-
MMT as shown in Table 3. Furfural yields for WIH and WSF were
39.56% and 54.15%, respectively. These values are lower than that
obtained from xylose, which is due to the difference in the pentose
content and the molecular weight of polysaccharides in WIH and
WSF. More importantly, furfural yield obtained from WSF was
higher than that from WIH because the molecular weight of pen-
tose-rich carbohydrate including xylose and arabinose are different
in WIH and WSF. Pentose-rich carbohydrate is in the primary form
of high molecular weight polysaccharides in WIH while monosac-
charide, oligosaccharides and the lower molecular weight polysac-
charides in WSF. Therefore, WIH is a heterogeneous polysaccharide
comprising a backbone of xylose residues linked by b-1,4-glyco-
sidic bonds. Before the isomerization and dehydration reactions
of xylose, it is necessary to cleave b-1,4-glycosidic bonds of WIH
to form oligosaccharides and monosaccharide, and then convert
them into furfural. Thus, it is relatively much easier to convert
WSF than WIH, thus leading to the higher furfural yield from WSF.

4. Conclusions

The conversion of pentose-rich carbohydrate (xylose, WIH and
WSF of corncob) to furfural was achieved using Sn-MMT as a solid
acid catalyst in a SBP/NaCl-DMSO system. A highest furfural yield
of 76.79% with the conversion efficiency of 93.13% and the furfural
selectivity of 82.45% was obtained at 180 �C for 30 min using
xylose as the raw material. This catalyst also displayed stability
after three recycling. Moreover, the furfural yields were achieved
up to 39.56% and 54.15% for WIH and WSH, respectively. Future
study will focus on the furfural production from corncob hydroly-
sate in biphasic systems in a two-step process.
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