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Abstract

Background: Corncob as one of the most suitable feedstock for the production of a variety of high-value-added
chemicals is receiving increasing attention worldwide because of the characteristics of high carbohydrate (cellulose
and hemicelluloses) contents and high energy densities. Furfural produced from hemicelluloses is a highly versatile
and key feedstock used in the manufacture of a wide range of biofuel and important chemicals in different fields.
Achieving high furfural yields from corncob combining green approaches and efficient equipment has the promising
potential for biomass-to-biofuel technologies. To understand the dissolving mechanism of corncob sugars and reveal
the relationship between the hydrolysate composition and furfural yields, a two-step approach was proposed using
microwave-assisted hydrothermal pretreatment and subsequently heterogeneous catalytic process.

Results: Released hemicelluloses in the first stage were mainly in forms of monosaccharide, oligosaccharides, and
water-soluble polysaccharide. Hydrolysates with the maximum xylose content (99.94 mg g~', 160 °C, 90 min), the
maximum xylobiose content (20.89 mg g‘w, 180 °C, 15 min), and the maximum total xylose content in monosaccha-
ride and oligosaccharides (DP < 6) (272.06 mg g‘w, 160 °C, 60 min) were further converted to furfural using tin-loaded
montmorillonite as the catalyst in a biphasic system. The highest furfural yield (57.80 %) was obtained at 190 °C for

10 min from hydrolysates with the maximum xylose content. Moreover, controlled experiments showed that furfural
yields from corncob hydrolysates were higher than those from the pure xylose solutions, and lower initial xylose con-
centration may be in favor of the furfural production.

Conclusions: This work provides an efficient approach to produce furfural by a two-step process for the biomass-to-
biofuel industry. Results indicated that the production of furfural from biomass raw materials can be controlled by the
depolymerization degree of hemicelluloses.
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Background

The depletion of fossil fuel reserves, the increasing envi-
ronmental and political pressures, and the unstable
situation of fuel prices have drawn attention to the ligno-
cellulosic biomass as an alternative resource of petroleum
[1]. Agricultural residues, such as corncob, represent a
highly sustainable resource of bio-platform molecules
and chemicals for significant industrial use [2]. Further-
more, characteristics of high carbohydrate (cellulose and
hemicelluloses) contents and high energy densities make
corncob as one of the most suitable feedstock for the pro-
duction of a variety of high-value-added chemicals such
as furfural [3, 4].

Furfural is a secondary fuel precursor directly from
biomass with an annual production volume of more than
200,000 tons [5]. This versatile intermediate is considered
as an important chemical solvent for many organic mate-
rials and holds great promise as primary building blocks
for the synthesis of a multitude of important non-petro-
leum-derived chemicals such as furfuryl alcohol, tetrahy-
drofurfuryl alcohol, methyltetrahydrofuran and polyols
through oxidation, hydrogenation, hydrogenolysis and
condensation reactions [6, 7]. Furfural is industrially
synthesized from pentose-rich lignocellulosic materials
using mineral acids as catalysts. However, old and ineffi-
cient strategies, equipment corrosion and waste disposal,
and low production yields have strongly diminished
its competitiveness with petroleum-based alternatives
in the global market [8]. Achieving high furfural yields
from corncob integrating green approaches and efficient
equipment has the promising potential for biomass-to-
biofuel technologies.

There is an urgent demand to develop novel effec-
tive strategies for overcoming the major drawbacks of
industrial furfural production. Solid acid catalysts, which
possess properties such as thermal stability and recy-
clability, are deemed to benefit for the furfural produc-
tion process [9]. Biphasic systems, which can hinder the
second reactions by simultaneously extracting furfural
from the aqueous medium to the organic phase, have
received much attention [10, 11]. Extensive studies on
xylose dehydration have been performed using solid
acids as catalysts in biphasic systems [12—-14]. However,
detailed information on the direct conversion of lignocel-
lulosic biomass to furfural is inadequate. Many natural
factors impede the effective conversion of biomass, such
as the crystalline domains of cellulose, the structural het-
erogeneity and the complexity of cell-wall constituents
as well as its complex cross-linking [15]. To achieve the
good contact between corncob sugars and the solid cata-
lyst, it is necessary to destroy the complicated structure
of the solid raw materials first and then obtain as many
hydrophilic products, such as soluble polysaccharides,
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oligosaccharides and monosaccharide, as possible [16].
Further converting these sugars by solid catalysts in
biphasic systems would then be desirable. This approach
can effectively enhance the carbohydrate conversion rate
and overcome the regeneration problem of the solid cata-
lyst arising from the one-step conversion method.

Although the hydrothermal pretreatment (HTP) of the
whole biomass has been investigated by various studies
previously in the aspect of the composition of different
sugars in hydrolysates or residues individually [17-19],
only few investigations took a whole view of both hydro-
lysates and pretreated materials to understand the dis-
solution and degradation trends of sugars and even put
a perspective on the functional relationship between
the hydrolysate composition and the high-value-added
chemicals production. Unveiling the dissolving trends of
hemicellulose-derived sugars from the cell wall of ligno-
cellulose under HTP process will facilitate building on
the relationship between operated conditions and the
furfural yields. Our previous studies showed that tin-
loaded montmorillonite (Sn-MMT) had a great catalytic
ability and stable recyclability for the furfural production
from xylose, water-insoluble hemicelluloses and water-
soluble fraction of corncob in a biphasic system with
2-sec-butylphenol (SBP) as the organic extracting layer
and dimethyl sulfoxide (DMSO) as the co-solvent in con-
tact with an aqueous phase saturated with NaCl (SBP/
NaCIl-DMSO) [20]. In this paper, we demonstrate a novel
approach: microwave-assisted HTP of corncob, followed
by the heterogeneously catalyzed conversion of the hemi-
cellulose-derived sugars in hydrolysates over Sn-MMT in
the SBP/NaCl-DMSO system for the furfural production.
This approach has several advantages: uniform and selec-
tive heating of microwave, efficient utilization of corn-
cob sugars, the avoidance of corrosion and pollution of
mineral acids, as well as the ability of depressing the side
reactions [21]. The dissolution and depolymerization of
hemicelluloses from corncob by the microwave-assisted
HTP were assessed, the optimum microwave-assisted
hydrolysis conditions were identified, and the relation-
ship between the hydrolysate composition and the fur-
fural yield was investigated.

Results and discussion

The dissolution and depolymerization of hemicelluloses
from corncob by microwave-assisted hydrothermal
pretreatment

Recent studies showed that hemicelluloses fraction in
lignocellulosic materials (LCMs) can be effectively depo-
lymerized into soluble monomers, oligosaccharides, and
lower molecular weight polymers during the HTP pro-
cess [22, 23]. The proportion of the soluble compounds
depends on the operation conditions. In the present
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study, microwave-assisted hydrothermal pretreatments
of corncob were performed as the first stage at given tem-
peratures (120-180 °C) for desired periods, and the main
components of hydrolysates are shown in Table 1.

The pH of hydrolysates decreased as the temperature
rose and time prolonged, which was expected to be the
reason that part of the acetyl groups present in the hemi-
celluloses of biomass was cleaved to generate acetic acid
[24]. This was also verified by the steady increase of ace-
tic acid content with increasing the reaction tempera-
ture and time in Table 1. In addition, furan compounds,
such as furfural and 5-hydroxymethylfurfural (HME),
obtained from the further dehydration of the released
monosugars during the HTP process, could be degraded
to form organic acids, such as formic acid, which also
reduce the pH of hydrolysates. The reaction severity for
the furfural formation was much more moderate than
that for HMF as observed in Table 1, which was ascribed
to the higher xylose amount than glucose in hydrolysates
because hemicelluloses are generally easier degraded
than cellulose. Due to the higher temperature and longer
pretreatment time being in favor of the furfural and HMF
formation as well as their degradation, the yield of the
formic acid was enhanced with the increase of the pro-
cess severity. As a result, higher acidity was obtained at
harsher treatment conditions, which in turn aids in a
series of autohydrolysis process [25]. Although furfural
was our target product, its yield was low at these given
reaction conditions. The objective of our work at the first
stage was to obtain as many hydrophilic products (solu-
ble polysaccharide, oligosaccharides and monosaccha-
ride) as possible, which could give the better opportunity
to contact different sugars with solid catalysts for the fur-
ther furfural production at the second stage. Therefore,
the hydrolysate composition should be seriously consid-
ered and the operation conditions should be carefully
selected in the first stage due to the purpose of the high
furfural yield and selectivity in the second stage.

The Fourier-transform infrared (FT-IR) spectra of the
raw corncob as well as the hydrothermally treated sam-
ples at different temperatures (120, 140, 160 and 180 °C)
of constant reaction time (0 min), and different time
(0-120 min) at the temperature of 160 °C were subse-
quently conducted to evaluate the cleavage of acetyl
groups in corncob during the HTP process (Fig. 1).
Bands around 1735 and 1250 cm™! are mainly ascribed
to the stretching vibration of C=0 and C-O bonds of the
acetyl ester units in hemicelluloses, respectively [26]. The
decrease in the intensity of these bands was indicative of
the dissolution of hemicelluloses from corncob and the
deacetylation of hemicelluloses, which was consistent
with the results that the acetic acid content in the hydro-
lysates enhanced (Table 1) and the weight percentage of
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xylose in the corncob residues decreased (Table 2) with
increasing the pretreated temperature and time. The peak
at 1515 cm™! is attributed to the skeletal vibrations of
the lignin aromatic rings [27]. Only a slight increase was
observed for the intensity of this peak, which was also
evident from the increase of the acid-insoluble fraction
in the treated corncob analyzed by the NREL method
(Table 2).

The morphological structures of the treated samples
are illustrated in Figure S1 (Additional file 1). Substan-
tial changes in the surface morphology and pore struc-
ture could be observed after the microwave-assisted
HTP. The network structure of the raw material and the
regular pore construction were destroyed under harsh
conditions. However, there was no obvious change of the
pretreated corncob’s crystal structure after the HTP pro-
cess (Additional file 1: Figure S2).

The process liquids were also analyzed for monosug-
ars, oligosaccharides and water-soluble polysaccharides
as described in the “Methods” section, and the results are
shown in Table 1. During the HTP under 200 °C, almost
all of hemicelluloses and a portion of cellulose can be
released from the biomass to form water-soluble poly-
saccharides and oligosaccharides. These polysaccharides
and oligosaccharides can further hydrolyze to produce
monosaccharides in particular conditions [28]. Xylose,
as the predominant neutral monosaccharide, was present
at low productivity (<12 mg g~') under mild conditions
(<140 °C and <120 min). Increased xylose monomer
yield was achieved through prolonging reaction time
or improving reaction temperature, indicating that the
degree of the hydrolysis of hemicelluloses was enhanced
by the increase of the treatment intensity. However,
the yield of xylose decreased under intense conditions
(160 °C for 120 min), which was ascribed to the reason
that xylose can be further dehydrated to form furan com-
pounds [29]. Note that the xylose quantities reported
here are more than sufficient to explain the apparent
reduction in the xylose content reported for the analysis
of structural carbohydrates in solid residues (Table 2).
A maximum vyield of xylose was detected at 160 °C for
90 min (99.94 mg g !).

Arabinose was another monosugar in the filtrate
obtained from the HTP of corncob. It presents in a form
of arabinoxylan in corncob hemicelluloses [30]. The linear
B-(1,4)-p-xylopyranose backbone is substituted by a-L-
arabinofuranosyl units in the positions 2-O and/or 3-O
[31]. The yield of arabinose increased with the increase
of pretreatment time at relative low temperatures (120
and 140 °C). Additionally, it is noteworthy that there was
no big gap between the yields of xylose and arabinose
in mild conditions, suggesting that the degradation of
hemicelluloses side chains and the backbone undergone
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Fig. 1 FT-IR spectra of the solid residues obtained after the
microwave-assisted hydrothermal pretreatmentHTP: (a) raw corncob,
(b) hydrolysis at 120 °C for 0 min, (c) hydrolysis at 140 °C for 0 min,

(d) hydrolysis at 160 °C for 0 min, (e) hydrolysis at 180 °C for O min, (f)
hydrolysis at 160 °C for 30 min, (g) hydrolysis at 160 °C for 60 min, (h)
hydrolysis at 160 °C for 90 min, (i) hydrolysis at 160 °C for 120 min
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at the same time. About 39.34 % of arabinose could be
obtained from the hydrolysis of hemicelluloses at 140 °C
for 120 min, while only 3.78 % of xylose was achieved.
This indicates that the hydrolysis of side chains was much
easier than that of the backbone, which was resulted
from the higher structural angle strains in the furanoside
sugar units (arabinose), whereas pyranose rings (xylose)
are strain-free [32]. Nearly all the arabinose component
in corncob was dissolving out at high treatment severity
(after 60 min at 160 °C or the temperature higher than
160 °C, Table 2). However, when the temperature was up
to 160 °C, the yield of arabinose in hydrolysates increased
first and then decreased with prolonging the pretreat-
ment time, which was ascribed to the side reactions in
intense conditions [33]. Moreover, the yield of arabinose
was much lower than that of xylose at high temperatures
(160 and 180 °C). This observation offered the hypothe-
ses that the cleavage of B-(1,4)-D-xylopyranose backbone
played the most important role at high temperatures.
Small amounts of glucose were also recovered dur-
ing the HTP process. According to the literature, it is
believed that the glucose was from glucuronoarabi-
noxylans and xyloglucans in corncob [30]. Low yields of

Table 2 Composition of solid residues (weight percentage, wt%) after the microwave-assisted hydrothermal pretreat-

ment

Temp. Time Glucose Xylose Arabinose Acid-insoluble
(°Q) (min) (Wt%) (Wt%) (Wt%) fraction (wt%)
Raw material 37.09 31.39 2.28 14.47
120 0 38.07 3091 2.26 1647
120 30 38.54 30.77 224 16.77
120 60 38.75 30.76 222 18.19
120 90 38.87 3044 197 19.38
120 120 39.34 28.79 1.75 20.27
140 0 3836 29.60 222 17.01
140 30 4391 28.27 1.60 18.34
140 60 5192 2191 1.07 19.02
140 90 5478 18.00 0.75 19.65
140 120 57.25 15.56 0.62 2144
160 0 41.58 29.07 1.82 17.29
160 30 63.17 13.19 0.57 18.79
160 60 69.82 7.14 0.00 19.72
160 90 7049 535 0.00 2048
160 120 2813 1.61 0.00 60.24
180 0 61.57 14.81 0.00 18.60
180 5 62.55 10.76 0.00 19.22
180 10 68.72 6.97 0.00 19.34
180 15 77.40 447 0.00 19.51
180 30 50.83 3.14 0.00 39.31

Reaction conditions: 2.0 g of corncob in 20 mL of DI water was subjected to microwave heating (600 W)
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glucose (<7.40 mg g~ ') were detected in all process
liquids (Table 1), implying that cellulose was more dif-
ficult to hydrolyse than hemicelluloses during the HTP
process. The glucose yield decreased coupling without
HMEF produced when prolonging the reaction time at 120
and 140 °C, which may be ascribed to the occurrence of
rehydration reaction at low temperatures [34]. However,
it decreased first and then increased when the tempera-
ture was up to 160 °C. More interestingly, the content
of glucose in corncob residues increased first and then
decreased at 160 and 180 °C, respectively. In summary,
the following results could be obtained by these observa-
tions: (1) The glucose rehydration rate was higher than
the cellulose hydrolysis rate at mild conditions (<140 °C),
thus leading to the decreasing of glucose yield. (2) Longer
reaction time at high temperatures (>160 °C) lead to the
cellulose hydrolysis reaction, which resulted in the unsta-
ble trend of glucose yield.

Since hemicelluloses are the major biomass compo-
nents released by the HTP process, xylose oligomers
(XOS) are other primary substances in hydrolysates. XOS
are generally considered as oligosaccharides containing
two to ten xylose molecules linked by B-1-4 glycosidic
bonds [35]. Due to the lack of the standards with the
degree of polymerization (DP) >7, the amount of each
sample was reported up to DP 6 and the results are shown
in Table 1. The contents of xylobiose (X2), xylotriose
(X3), xylotetraose (X4), xylopentaose (X5) and xylohex-
ose (X6) in hydrolysates steadily increased with increas-
ing reaction time from 0 to 120 min at 120 and 140 °C,
respectively. This phenomenon indicated that the hydrol-
ysis of hemicelluloses was smooth in mild conditions.
However, when the temperature was up to 160 °C, the
basic trends of the XOS contents increased first and then
decreased, which was due to the continued hydrolysis of

Page 6 of 12

XOS into smaller oligosaccharides or monosaccharide in
harsher environments. The highest total xylose content of
monosaccharide and XOS (DP < 6) in hydrolysates was
obtained at 160 °C for 60 min (272.06 mg g ).

It is believed that the dissolution of hemicelluloses is
controlled by their chain length; namely, whether hemi-
celluloses could be presenting in the liquor depends on
their molecular weights [18]. In this paper, lower molecu-
lar weight polymers were separated from hydrolysates by
the ethanol precipitation procedures demonstrated in
the “Methods” section, and the results of their molecular
weights and compositions are shown in Table 3.

As shown in Table 1, with the dissolution and depo-
lymerization of hemicelluloses, no ethanol-precipitated
hemicelluloses (EPH) could be obtained within short
treatment time at 120 °C (<90 min) and 140 °C (<30 min).
However, the general trends of the extraction yields at
different temperatures were similar except 160 °C under
the investigated conditions. The yield of the precipitated
hemicelluloses increased first, and then decreased lin-
early and even no precipitates could be observed, which
was ascribed to the further depolymerization of the poly-
mers into oligosaccharides and monosaccharide [18].
Different phenomenon at 160 °C may be due to the long
interval of the pretreatment time at the relatively high
temperature.

The weight-average (M,,) and number-average (M)
molecular weights of the precipitates and their distribu-
tion were determined by gel permeation chromatography
(GPC) techniques and the results are shown in Table 3
and Fig. 2. All of the fractions exhibited low A, rang-
ing between 2519 and 11,950 g mol ™}, representing the
average degree of polymerization (DP,) ranging between
19 and 90. The M,, of the precipitates decreased as the
increase of pretreatment time, which was ascribed to

Table 3 Weight-average (M,,), number-average (M,) molecular weights, polydispersity (M,/M,), and monosaccharide

compositions (wt%) of ethanol-precipitated fractions

Temp. Time M, M, Glucose Xylose Galactose Arabinose Glucuronic Xylose/ Total
(°C) (min) (gmol™) (g mol™) (%) (%) (%) (%) acid (%) arabinose  sugars
120 90 3559 9338 11.60 47.99 4.02 452 0.51 10.62 68.64
120 120 1830 6529 10.88 4823 372 4.50 0.76 10.72 68.09
140 30 3358 6414 9.84 55.32 3.22 4.63 0.18 11.95 73.19
140 60 2511 5707 9.75 56.09 2.00 3.03 021 1851 71.08
140 90 2487 5157 8.54 57.56 1.86 2.14 0.22 26.90 70.32
140 120 1637 2690 8.53 50.53 0.83 2.00 0.36 25.27 62.25
160 0 2502 8601 17.14 52.55 548 6.50 0.20 8.08 81.88
160 30 2338 2519 13.21 34.50 1.57 1.38 0.22 25.00 50.88
180 0 5252 11,950 7.95 4722 2.04 3.27 0.12 14.44 60.60
180 5 6571 9408 592 1313 0.74 0.62 0.10 21.18 20.51
180 10 2920 5491 5.50 6.76 0.65 0.37 0.04 1827 1332
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the further hydrolysis to a lower degree of polymeriza-
tion (DP) of the dissolved oligomers. However, when
the temperature was up to 160 °C, the M, of the precipi-
tates increased as increasing the treatment temperature
(160 °C for 0 min, and 180 °C for 0 min), indicating that
higher molecular weight hemicelluloses correspond-
ing with a more branched fraction could be obtained at
higher temperature and short reaction time in our stud-
ies [36]. The trend of M, was similar to that of M,

The monosaccharide compositions of the EPH are also
presented in Table 3. The dominating monomeric sugar
components of EPH were identified as xylose, followed
by glucose, arabinose and galactose, while glucuronic
acid was a trace constituent. These sugar compositions
suggested that the EPH were mainly potential galactoara-
binoxylan-type polysaccharides and glucuronoarabinoxy-
lans. The ratio of xylose to arabinose is indicative of the
degree of linearity or branching of hemicelluloses. The
xylose/arabinose ratio in the EPH continuously increased
as increasing pretreated temperature or time, suggesting
that long chain polymers with small amounts of branch-
ing with other monosaccharide compositions could be
obtained in relatively higher treatment severity [30].
However, it decreased when prolonging the treatment
time up to 120 min at 140 °C and 10 min at 180 °C, which
was due to the degradation of the backbone. Opposite
trend was observed for the total sugar amounts. The total
sugar components of EPH decreased continuously with
increasing temperature or time, which was due to the co-
precipitation of lignin in acid conditions. Based on these
results, it may be inferred that the majority of lignin in
the precipitates is lignin—carbohydrate complex, which
is called LCC-lignin [37]. The content of lignin in the
ethanol-precipitated hemicelluloses increased with the
decrease of the hydrolysates’ pH, which may impede the
dissolution and degradation of hemicelluloses due to the
mass transfer effects. This result was also correspond-
ing to the decrease of the total xylose content of mono-
saccharide and oligosaccharides at harsh conditions
(Table 1) [18].

The FT-IR spectra of the EPH with different treatment
temperature and time are shown in Fig. 3, and the peak
assignments are conducted according to the literatures
[18, 30, 36]. All samples give similar characteristic bands,
which indicate that the structures of EPH have no big
change after treated at different temperature and/or time.
The band at 892 cm™! is assigned to C, group frequency
or ring frequency, indicating the existence of -glucosidic
linkage between the xylopyranose units in the main xylan
chains [30]. An intense band at 1051 cm™! is respected
to the stretching and bending vibrations of C-O, C-C,
and C-OH and the glycosidic C—-O-C of hemicelluloses
[30]. Bands at 1375 and 1245 cm™! are due to the C—H
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180 °C for 5 min, (k) hydrolysis at 180 °C for 10 min

stretching and OH or C-O bending vibration [30]. A
small signal at 1506 cm ™! arising from the C=C stretch-
ing of the lignin aromatic ring reveals the presentation
of lignin in EPH. The band at 1639 cm ™! is presumed to
be due to the water-related absorbance, while the band
at 1739 cm™! is corresponding to the carbonyl stretch-
ing assigned to the acetyl, glucuronic acid and ferulic
ester groups of polysaccharides [36]. Bands at 3381 and
2914 cm™! are due to the stretching vibrations of OH and
CH, respectively [36].

Heterogeneous conversion of hemicellulose-derived
sugars over Sn-MMT in the biphasic system

To understand the relationship between the hydrolysate
composition and the furfural yields, three specific sam-
ples with the maximum xylose content (160 °C, 90 min),
the maximum xylobiose (X2) content (180 °C, 15 min),
and the maximum total xylose content in monosaccha-
ride and oligosaccharides (DP < 6) (160 °C, 60 min) were
selected for the following experiments. Our group pre-
viously found that Sn-MMT had the excellent catalytic
performance in the conversion of xylose into furfural in
the SBP/NaCl-DMSO system [20]. However, no detailed
and systematic studies were displayed for the furfural
production from corncob hydrolysates by a two-step
process. In the present work, the obtained hydrolysates
from the microwave-assisted hydrolysis of corncob were
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subjected to further hydrolysis and dehydration to yield
furfural using Sn-MMT as a solid catalyst in a biphasic
system (SBP/NaCl-DMSO) as the second stage of the
process and the results are presented in Table 4 and
Fig. 4.

Experiments for the conversion of hydrolysates to fur-
fural were performed in an autoclave using the drying
oven as the heating source, since they are common and
provide moderate heating to avoid the rapid degradation
of the target products. During the furfural production
process, XOS and polymers are hydrolyzed to form mono-
meric pentoses first, followed by dehydrating them to yield
furfural. As observed in Table 4, hydrolysates employed in
this study with the highest total xylose content of mono-
meric and oligosaccharides (160 °C, 60 min) resulted in the
highest monomeric pentose yields. It should be noted that
the xylose yield obtained here was lower than that in the
first stage, which suggested that the dehydration reactions
were much faster than the hydrolysis reactions. The high-
est furfural yield (57.80 %) was obtained at 190 °C after
10 min from the hydrolysates with the highest monomeric
pentose content conducted at 160 °C for 90 min in the first
process. This yield is only slightly better than the one we
reported previously (54.15 % from water-soluble fraction
of corncob treated at 140 °C for 5 h) [20], which may be
due to the different molecular weights of the oligosaccha-
rides in the hydrolysates. In addition, the decrease in treat-
ment time also can lead to the reducing consumption of
energy. However, the hydrolysate with the highest xylo-
biose (X2) as well as the second largest total xylose con-
tent (180 °C, 15 min) has the lowest furfural yield (Fig. 4).
These results indicated that the production of furfural has
a direct connection with the monomeric pentose content
in the hydrolysates.

Controlled experiments were carried out to investigate
the influence of the initial xylose concentration of the
hydrolysates on the furfural production, and the results
are shown in Table 5. Compared with the hydrolysates
(Table 5, entry 1), lower furfural yield was obtained using
the pure xylose solution as the reagent (Table 5, entry 2),
which presented the same initial xylose concentration in
the hydrolysates. Moreover, the furfural yield from the
pure xylose solution was much lower than that from the
hydrolysates with the same total xylose amount in mono-
saccharide and oligosaccharides (DP < 6) (Table 5, entry
3), which may be ascribed to the reason that the slow
release of pentose monomers from the oligomers can
impede the formation of humins. These phenomenons
were in good agreement with the hypothesized that fur-
fural yields from biomass hydrolysates may exceed those
from pure xylose solution [38]. In addition, the yield of
furfural decreased with the increment of the initial xylose
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Table 4 Composition of products (mg per gram sample, mg g~") after the heterogeneous reaction

Treated temp. (°C) Treated time (min) Reaction time (min) Glucose Xylose Arabinose Formic acid Acetic acid
160 60 5 1.96 3872 1.59 0.36 2.73

160 60 10 3.79 3240 142 0.46 3.18

160 60 15 4.17 30.15 1.36 0.53 3.18

160 60 20 443 26.53 0.83 0.56 335

160 60 25 4.68 21.46 0.73 0.59 2.96

160 90 5 539 1345 0.82 0.78 3.27

160 90 10 5.72 10.66 047 0.88 344

160 90 15 5.15 9.01 048 0.88 3.72

160 90 20 492 7.04 0.32 0.96 341

160 90 25 4.52 6.51 0.23 0.97 333

180 15 5 340 18.60 0.19 043 248

180 15 10 3.82 1046 0.13 0.56 2.96

180 15 15 4.17 7.75 0.01 0.68 2.79

180 15 20 446 343 0.00 0.76 2.71

180 15 25 6.10 1.98 0.00 091 261

Reaction conditions: hydrolysates (3 mL, saturated with NaCl), Sn-MMT (0.1 g), DMSO (1 mL), SBP (4 mL), 190 °C
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Fig. 4 Furfural yields of different hydrolysates. Filled square pretreated
temperature: 180 °C, pretreated time: 15 min; filled triangle pretreated
temperature: 160 °C, pretreated time: 60 min; filled circle pretreated
temperature: 160 °C, pretreated time: 90 min

content in the hydrolysates (Table 5, entries 1, 4 and 5).
This is because the condensation loss reaction easily
occurs in higher xylose concentration, leading to the for-
mation of furfural-pentose [38].

An advanced and comprehensive hydrolysis approach
is imperative for the biomass-to-furfural technologies.
To improve furfural yields in an eco-friendly and effective
manner, we will couple this approach with ball milling
with the small amount of dilute acid before the experi-
ments in our future study, which will produce higher
yield of monomeric sugar in the first pretreatment stage.

Table 5 Comparison of the hydrolysates and the pure
xylose solution

Entries Samples Xylose Furfural
concentration (%)  yield?® (%)

1 Hydrolysates® 1.00 76.09

2 Pure xylose solution® 1.00 7242

3 Pure xylose solution® 2.29 51.13

4 Hydrolysates® 2.00 4475

5 Hydrolysates® 5.00 26.06

@ Furfural yield: based on the total xylose content of monomeric and
xylooligosaccharides in the hydrolysates

b Reaction conditions: hydrolysates (3 mL, pretreated temperature: 160 °C,
pretreated time: 90 min, saturated with NaCl), Sn-MMT (0.1 g), DMSO (1 mL), SBP
(4 mL), 190 °C, 10 min

¢ Reaction conditions: 3 mL saturated NaCl solution, Sn-MMT (0.1 g), DMSO
(1 mL), SBP (4 mL), 190 °C, 10 min

Conclusions

A two-step process was proposed to yield furfural from
corncob using microwave-assisted HTP as the first stage
and heterogeneously catalyzed conversion as the second
stage. The dissolution and depolymerization of sugars
from corncob and the relationship between the hydrolysate
composition and the furfural yields were investigated.

In the first stage of the process, the released hemi-
celluloses from corncob were mainly in forms of
monosaccharide, oligosaccharides, and water-soluble
polysaccharides. About 86.67 % yield of xylose presented
as monosaccharide and oligosaccharides (DP < 6) after
the microwave-assisted HTP at 160 °C for 60 min. A pos-
itive effect of microwave-assisted HTP on producing sug-
ars was observed during this stage.
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During the second stage, hydrolysates with the maxi-
mum Xxylose content (160 °C, 90 min), the maximum xylo-
biose (X2) content (180 °C, 15 min), and the maximum total
xylose content in monosaccharide and oligosaccharides
(DP < 6) (160 °C, 60 min) were further conducted to pro-
duce furfural using Sn-MMT as the catalyst in the SBP/
NaCl-DMSO system, respectively. The highest furfural yield
(57.80 %) was obtained from the hydrolysates with the max-
imum xylose content. Moreover, controlled experiments
showed that furfural yields from corncob hydrolysates were
higher than those from the pure xylose solutions, and lower
initial xylose concentration may be in favor of the furfural
production. These results indicated that the production of
furfural from biomass raw materials can be controlled by
the depolymerization of hemicelluloses.

Further studies are in progress for improving the fur-
fural yields coupling this approach with ball milling with
the small amount of dilute acid before the experiments
and the subsequent exploitation of the solid residues as
the raw materials for the ethanol production in the first
stage.

Methods

Experimental materials

Acetone (>99.0 %, AR), ethanol (>99.0 %, AR), H,SO,
(=980 %, AR), NaH,PO, (=99.0 %, AR), Na,HPO,
(>99.0 %, AR), SnCl,-5H,0 (>99.0 %, AR), montmorillon-
ite (>98.0 %, GR) and NaCl (>99.5 %, AR) were purchased
from Kermel Co. Ltd. (Tianjin, China). DMSO (>99.0 %,
AR) obtained from Lingfeng Chemical Reagent Co. Ltd.
(Shanghai, China) was used in all DMSO co-solvent reac-
tions. SBP (>97.0 %, GC) was purchased from Tokyo
Chemical Industry (Japan) and used as the extracted sol-
vent in the furfural production process. Standard reagents
of xylose (>99.0 %, HPLC), glucose (>99.0 %, HPLC),
arabinose (>98.0 %, HPLC), galactose (>99.0 %, HPLC),
formic acid (50 %, HPLC), acetic acid (>99.9 %, HPLC),
glucuronic acid (>99.0 %, HPLC), furfural (>99.0 %,
HPLC) and 5-hydroxymethylfurfural (>99.0 %, HPLC)
were purchased from Sigma-Aldrich. Xylobiose (>95.0,
HPLC) and xylotriose (>95.0 %, HPLC) were purchased
from WAKO (Japan). Xylotetraose (>95.0 %, HPLC),
xylopentaose (>90.0 %, HPLC) and xylohexaose (>90.0 %,
HPLC) were obtained from Megazyme (Ireland). All rea-
gents were used without further purification.

Corncob was obtained from a farm in Shandong Prov-
ince (China). Prior to the experiments, it was ground to
pass through 40 and 80 mesh screens and then extracted
with the volume ratio of acetone to ethanol (2:1) for 6 h
in a soxhlet extractor. The extracted solid was washed
with water and oven-dried to constant weight at 55 °C.
Thereafter, corncob was milled for 6 h (400 rpm min 1)
by a ball-milling machine and then stored in desiccators.
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Biomass composition of the corncob after extraction
was determined according to the established National
Renewable Energy Laboratory procedure (NREL/
TP-510-42618) with a resulting composition 37.09 wt%
of glucose, 31.39 wt% of xylose, 2.28 wt% of arabinose
and 14.47 wt% of lignin.

Microwave-assisted hydrothermal pretreatment

A closed-vessel microwave oven (100 mL, GAS-800, Bei-
jing Xiang-Hu Science and Technology Development
Reagent Co. Ltd., China) equipped with a magnetic stir-
rer, a temperature probe and an autoclave was used for
the HTP experiments in this study. In all cases, corn-
cob was first suspended in DI water with a solid to liq-
uor ratio of 1:10 (g mL™") and ultrasound for 30 min. A
microwave irradiation power of 600 W was applied to
heat the suspension to 120 °C in 3 min and then kept for
2 min. Then, the temperature was raised with a heating
rate of 20 °C in every 2 min and a retention time of 2 min
in every 20 °C interval. It is important to note that this
heating way can provide a buffer stage to avoid the over-
heating under 600 W irradiation power and alleviate the
side reactions such as the dehydration and rehydration of
monosaccharide. Reaction time counted from zero when
the temperature reached to the desired point. After the
reaction, the autoclave was natural cooling to room tem-
perature. Thereafter, the pretreated corncob substrate
and the hydrolysate were separated by filtration for fur-
ther analysis and experiments.

Precipitation of ethanol-insoluble hemicelluloses

from hydrolysates

After the microwave-assisted HTP process, the hydro-
lysate was added into four times volume ethanol to
precipitate the ethanol-insoluble hemicelluloses. The
sediment was washed with acid ethanol (pH = 5.5-6.0)
for several times and then freeze-dried.

Conversion of hydrolysates over tin-loaded
montmorillonite in the biphasic system

Details on the synthetic procedures and characterizations
of Sn-MMT had been published in our previous study
[20]. Experiments for the conversion of hydrolysates to
furfural were carried out in an autoclave (25 mL, Henan
Yuhua Co. Ltd., China) using Sn-MMT as the catalyst in
the SBP/NaCl-DMSO system. In brief, the hydrolysate
was saturated with the solid NaCl and the upper clean
liquid was obtained as the reagent. Sn-MMT and organic
solvents (DMSO and SBP) were added in a desired ratio,
respectively. The autoclave was heated up to the desired
temperature with a heating rate of 2 °C min~! and kept
for a required time. Initial reaction time (£ = 0) was taken
when the temperature set point was reached. After the
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reaction, the reactor was cooled quickly to room temper-
ature in ice water bath, and the products were separated
into water phase and organic phase with the separating
funnel for further analysis.

Analytical methods

The composition of hydrolysates was measured by high-
performance liquid chromatography (HPLC) equipped
with a refractive index detector (Waters, USA) and a Bio-
rad Aminex® HPX-87H (300 x 7.8 mm) column (Bio-
rad, USA). H,SO, (5 mM) was employed as the mobile
phase with a flow rate of 0.5 mL min~! at 50 °C. Calibra-
tion curves were performed with a standard solution of
glucose, xylose, arabinose, formic acid, acetic acid, fur-
fural and HMF, respectively.

Xylooligosaccharides in hydrolysates were detected by
HPLC using a Hi-Plex Na column (7.7 x 300 mm, Agi-
lent, USA) in combination with a refractive index detec-
tor (Waters, USA). DI water was employed as the mobile
phase with a flow rate of 0.2 mL min~! at 80 °C. Calibra-
tion curves of xylobiose (X2), xylotriose (X3), xylotetra-
ose (X4), xylopentaose (X5) and xylohexose (X6) were
established for the quantitative calculation.

High-performance anion-exchange chromatography
(HPAEC, Dionex ICS-3000, Sunnyvale, CA, USA) cou-
pled with a Carbopac’" PA-20 column (4 x 250 mm,
Dionex, USA) was used to determine the monosaccha-
rides and uronic acids that liberated from the precipi-
tated hemicelluloses by the hydrolysis with H,SO, (1 M)
at 105 °C for 2.5 h. Detailed procedure was illustrated in
the Ref. [36]. Calibration curves were performed with a
standard solution of glucose, xylose, galactose, arabinose
and glucuronic acid, respectively.

The molecular weights of the precipitated ethanol-
insoluble hemicelluloses were determined by gel per-
meation chromatography (GPC) with an Agilent PL
aquagel-OH MIXED-H column (300 x 7.5 mm) and
an evaporative light-scattering detector (Wyatt, USA).
Sodium phosphate buffer (5 mM, pH 7.5) containing
NaCl (0.02 N) was employed as the eluent with a flow
rate of 0.5 mL min~" at 35 °C.

The composition of the solid residue was measured
according to the National Renewable Energy Laboratory’s
Laboratory Analytical Procedures (NREL/TP-510-42618).
Briefly, sample (300 mg) was hydrolyzed with 72 % H,SO,
(3.0 mL) at 30 °C for 1 h. The hydrolysate was diluted with
DI water (84 mL), followed by autoclaving for 1 h at 121 °C.
Carbohydrates were analyzed by HPLC as described above
and the acid-soluble lignin was measured by ultraviolet
spectrophotometer (UV-1800, Shimadzu, Japan). Experi-
ments were duplicated to decrease the errors.

The FT-IR spectra of the pretreated corncob and the
precipitated ethanol-insoluble hemicelluloses were
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obtained on a spectrophotometer (Tensor 27) using a
KBr disk containing 1 % of the finely ground sample.
Scanning electron microscopy (SEM) was used to analyze
the surface morphology characterization of the samples
(S-4300, Hitachi, Japan). X-ray diffraction (XRD) patterns
of samples were recorded on a Bruker diffractometer
with Cu Ko radiation. The tube voltage was 40 kV and
the current was 40 mA. The selected 26 range was 5°—40°,
scanning at a step of 0.02°.

The monosugars, organic acids and furfural contents
of the liquid products after the heterogeneously cata-
lyzed conversion were detected by HPLC as described
above. Furfural yield was defined by the following
formula:

moles of produced furfural
x 100%

Furfural yield =
urfural yie moles of xylose in corncob

Additional file

Additional file 1: Figure S1. SEM images of the treated corncob. Fig-
ure S2. XRD patterns of the hydrothermal treated corncobs.

Abbreviations

HTP: hydrothermal pretreatment; Sn-MMT: tin-loaded montmorillonite; SBP:
2-sec-butylphenol; DMSO: dimethyl sulfoxide; HMF: 5-hydroxymethylfur-
fural; LCMs: lignocellulosic materials; XOS: xylose oligomers; DP: degree of
polymerization; X2: xylobiose; X3: xylotriose; X4: xylotetraose; X5: xylopen-
taose; X6: xylohexose; EPH: ethanol-precipitated hemicelluloses; LCC-lignin:
lignin—carbohydrate complex; M,,: weight-average molecular weight; M, :
number-average molecular weight; NREL: National Renewable Energy Labora-
tory; FT-IR: Fourier-transform infrared; GPC: gel permeation chromatography;
HPLC: high-performance liquid chromatography; HPAEC: high-performance
anion-exchange chromatography; SEM: scanning electron microscopy; XRD:
X-ray diffraction.

Authors’ contributions

LHL participated in the design of the study, carried out the detection of

the components of the solid residues, ethanol-precipitated hemicelluloses,
executed the heterogeneous reaction, and drafted the manuscript. XFC
participated in the microwave-assisted hydrothermal pretreatment of corncob
and the detection of the components of hydrolysates. JLR conceived of the
study, participated in its design and coordination, and helped to draft the
manuscript. HD participated in the HPLC and GPC measured. PF participated
in the oligosaccharides analysis. RCS participated in the design of the study
and the data analysis. All authors read and approved the final manuscript.

Author details

! State Key Laboratory of Pulp and Paper Engineering, South China University
of Technology, Guangzhou 510640, China. 2 Beijing Key Laboratory of Ligno-
cellulosic Chemistry, Beijing Forestry University, Beijing 100083, China.

Acknowledgements

This work was supported by the Grants from Program for State Key Laboratory
of Pulp and Paper Engineering (2015ZD03 and 2014C14), Guangdong Natural
Science Funds for Distinguished Young Scholar (520120011250), National
Natural Science Foundation of China (No. 21576103), and the Fundamental
Research Funds for the Central Universities of SCUT (2014ZG0003, 2015PTO11).

Compliance with ethical guidelines

Competing interests
The authors declare that they have no competing interests.



Li et al. Biotechnol Biofuels (2015) 8:127

Received: 24 February 2015 Accepted: 13 August 2015
Published online: 27 August 2015

References

1.

Behera S, Arora R, Nandhagopal N, Kumar S (2014) Importance of chemi-
cal pretreatment for bioconversion of lignocellulosic biomass. Renew
Sustain Energy Rev 36:91-106

Baadhe RR, Potumarthi R, Mekala NK (2014) Influence of dilute acid

and alkali pretreatment on reducing sugar production from corncobs

by crude enzymatic method: a comparative study. Bioresour Technol
162:213-217

Potumarthi R, Baadhe RR, Jetty A (2012) Mixing of acid and base pre-
treated corncobs for improved production of reducing sugars and reduc-
tion in water use during neutralization. Bioresour Technol 119:99-104

Li HL, Deng AJ, Ren JL, Liu CY, Lu Q, Zhong LJ et al (2014) Catalytic hydro-
thermal pretreatment of corncob into xylose and furfural via solid acid
catalyst. Bioresour Technol 158:313-320

Cai CM, Nagane N, Kumar R, Wyman CE (2014) Coupling metal halides
with a co-solvent to produce furfural and 5-HMF at high yields directly
from lignocellulosic biomass as an integrated biofuels strategy. Green
Chem 16:3819-3829

Xing R, Qi W, Huber GW (2011) Production of furfural and carboxylic acids
from waste aqueous hemicellulose solutions from the pulp and paper
and cellulosic ethanol industries. Energy Environ Sci 4:2193-2205
Carrasquillo-Flores R, Kaeldstroem M, Schueth F, Dumesic JA, Rinaldi R
(2013) Mechanocatalytic depolymerization of dry (ligno)cellulose as an
entry process for high-yield production of furfurals. ACS Catal 3:993-997
Cai CM, Zhang T, Kumar R, Wyman CE (2014) Integrated furfural produc-
tion as a renewable fuel and chemical platform from lignocellulosic
biomass. J Chem Technol Biotechnol 89:2-10

Tucker MH, Crisci AJ, Wigington BN, Phadke N, Alamillo R, Zhang J et al
(2012) Acid-functionalized SBA-15-type periodic mesoporous organosili-
cas and their use in the continuous production of 5-hydroxymethylfur-
fural. ACS Catal 2:1865-1876

Guerbuez El, Wettstein SG, Dumesic JA (2012) Conversion of hemicellu-
lose to furfural and levulinic acid using biphasic reactors with alkylphenol
solvents. ChemSusChem 5:383-387

. Ordomsky VWV, Schouten JC, van der Schaaf J, Nijhuis TA (2013) Biphasic

single-reactor process for dehydration of xylose and hydrogenation of
produced furfural. Appl Catal A 451:6-13

Weingarten R, Tompsett GA, Conner WC Jr, Huber GW (2011) Design of
solid acid catalysts for aqueous-phase dehydration of carbohydrates: the
role of Lewis and Bronsted acid sites. J Catal 279:174-182

. ShiX,Wu,YiH,RuiG,LiPYang M et al (2011) Selective preparation of

furfural from xylose over sulfonic acid functionalized mesoporous Sba-15
materials. Energies 4:669-684

Li HL, Deng AJ, Ren JL, Liu CY, Wang WJ, Peng F et al (2014) A modified
biphasic system for the dehydration of p-xylose into furfural using SO,2~/
TiO,-Zr0,/La** as a solid catalyst. Catal Today 234:251-256

Wen JL, Yuan TQ, Sun SL, Xu F, Sun RC (2014) Understanding the chemical
transformations of lignin during ionic liquid pretreatment. Green Chem
16:181-190

Bernal HG, Bernazzani L, Galletti AMR (2014) Furfural from corn stover
hemicelluloses. A mineral acid-free approach. Green Chem 16:3734-3740
Reza MT, Wirth B, Lueder U, Werner M (2014) Behavior of selected hydro-
lyzed and dehydrated products during hydrothermal carbonization of
biomass. Bioresour Technol 169:352-361

Ma XJ, Yang XF, Zheng X, Lin L, Chen LH, Huang LL et al (2014) Degrada-
tion and dissolution of hemicelluloses during bamboo hydrothermal
pretreatment. Bioresour Technol 161:215-220

Ruiz HA, Rodriguez-Jasso RM, Fernandes BD, Vicente AA, Teixeira JA (2013)
Hydrothermal processing, as an alternative for upgrading agriculture resi-
dues and marine biomass according to the biorefinery concept: a review.
Renew Sustain Energy Rev 21:35-51

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

Page 12 of 12

Li HL, Ren JL, Zhong LJ, Sun RC, Liang L (2015) Production of furfural
from xylose, water-insoluble hemicelluloses and water-soluble fraction
of corncob via a tin-loaded montmorillonite solid acid catalyst. Bioresour
Technol 176:242-248

Bian J, Peng P, Peng F, Xiao X, Xu F, Sun RC (2014) Microwave-assisted
acid hydrolysis to produce xylooligosaccharides from sugarcane bagasse
hemicelluloses. Food Chem 156:7-13

Vegas R, Kabel M, Schols HA, Alonso JL, Parajo JC (2008) Hydrothermal
processing of rice husks: effects of severity on product distribution. J
Chem Technol Biotechnol 83:965-972

Wei W, Wu 'S, Liu L (2013) Combination of liquid hot water pretreatment
and wet disk milling to improve the efficiency of the enzymatic hydroly-
sis of eucalyptus. Bioresour Technol 128:725-730

Lee JM, Jameel H, Venditti RA (2010) One and two stage autohydrolysis
pretreatments for enzyme hydrolysis of coastal bermuda grass to pro-
duce fermentable sugars. BioResources 5:1496-1502

Pronyk C, Mazza G, Tamaki Y (2011) Production of carbohydrates, lignins,
and minor components from triticale straw by hydrothermal treatment. J
Agric Food Chem 59:3788-3796

Nitsos CK, Matis KA, Triantafyllidis KS (2013) Optimization of hydrothermal
pretreatment of lignocellulosic biomass in the bioethanol production
process. ChemSusChem 6:110-122

Garrote G, Dominguez H, Parajo JC (2001) Generation of xylose solutions
from Eucalyptus globulus wood by auto hydrolysis—posthydrolysis pro-
cesses: posthydrolysis kinetics. Bioresour Technol 79:155-164

Ertas M, Han Q, Jameel H (2014) Acid-catalyzed autohydrolysis of wheat
straw to improve sugar recovery. Bioresour Technol 169:1-8

Dias AS, Lima S, Carriazo D, Rives V, Pillinger M, Valente AA (2006)
Exfoliated titanate, niobate and titanoniobate nanosheets as solid acid
catalysts for the liquid-phase dehydration of p-xylose into furfural. J Catal
244:230-237

Sun SN, Li MF, Yuan TQ, Xu F, Sun RC (2012) Effect of ionic liquid pretreat-
ment on the structure of hemicelluloses from corncob. J Agric Food
Chem 60:11120-11127

Brillouet JM, Joseleau JP, Utille JP, Lelievre D (1982) Isolation, purification,
and characterization of a complex heteroxylan from industrial wheat
bran. J Agric Food Chem 30:488-495

Dutta S, De S, Saha B, Alam MI (2012) Advances in conversion of hemicel-
lulosic biomass to furfural and upgrading to biofuels. Catal Sci Technol
2:2025-2036

Danon B, Hongsiri W, vander Aa L, de Jong W (2014) Kinetic study on
homogeneously catalyzed xylose dehydration to furfural in the presence
of arabinose and glucose. Biomass Bioenergy 66:364-370

Swift TD, Bagia C, Choudhary V, Peklaris G, Nikolalds V, Vlachos DG (2014)
Kinetics of homogeneous Bronsted acid catalyzed fructose dehydration
and 5-hydroxymethyl furfural rehydration: a combined experimental and
computational study. ACS Catal 4:259-267

Azevedo Carvalho AF, de Oliva Neto P, Da Silva DF, Pastore GM (2013)
Xylo-oligosaccharides from lignocellulosic materials: chemical structure,
health benefits and production by chemical and enzymatic hydrolysis.
Food Res Int 51:75-85

Peng P, Peng F, Bian J, Xu F, Sun RC (2011) Studies on the starch and
hemicelluloses fractionated by graded ethanol precipitation from
bamboo Phyllostachys bambusoides f. shouzhu Yi. J Agric Food Chem
59:2680-2688

Tunc MS, van Heiningen ARP (2011) Characterization and molecular
weight distribution of carbohydrates isolated from the autohydrolysis
extract of mixed southern hardwoods. Carbohydr Polym 83:8-13
Mandalika A, Runge T (2012) Enabling integrated biorefineries through
high-yield conversion of fractionated pentosans into furfural. Green
Chem 14:3175-3184



	Functional relationship of furfural yields and the hemicellulose-derived sugars in the hydrolysates from corncob by microwave-assisted hydrothermal pretreatment
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	The dissolution and depolymerization of hemicelluloses from corncob by microwave-assisted hydrothermal pretreatment
	Heterogeneous conversion of hemicellulose-derived sugars over Sn-MMT in the biphasic system

	Conclusions
	Methods
	Experimental materials
	Microwave-assisted hydrothermal pretreatment
	Precipitation of ethanol-insoluble hemicelluloses from hydrolysates
	Conversion of hydrolysates over tin-loaded montmorillonite in the biphasic system
	Analytical methods

	Authors’ contributions
	Received: 24 February 2015   Accepted: 13 August 2015References




