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Miscanthus, a promising energy crop, was used for ethylene glycol (EG) production through one-pot catalytic conver-
sion. With a binary catalyst composed of commercial tungstic acid and Raney Ni, the miscanthus with 1 % concentra-
tion was transformed into EG with a yield of 35.5%. However, the yield dropped to 13.6% as the miscanthus
concentration was increased to 10 %. The underlying reason for the yield decrease was disclosed through analysis of
the liquid products, investigation of pretreatments, and characterization of the catalysts. It was found that the protectors
on the surface of miscanthus and the lignin component underwent decomposition under reaction conditions, resulting in
the formation of some organic acids and unsaturated compounds that preferentially poisoned the Raney Ni catalyst and
consequently decreased the EG yield. When the inhibitors were effectively removed by base solvent pretreatment, the
EG yield was successfully improved to 39.0% even under 10% concentration of feedstock. VC 2014 American Institute of

Chemical Engineers AIChE J, 60: 2254–2262, 2014
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Introduction

Recently, there has been growing interest in the produc-
tion of biomass-derived chemicals.1–3 Among various bio-
products, ethylene glycol (EG) is considered as one of the
most important bulk chemicals. This valuable chemical has a
huge global consumption, that exceeded 20 million tons in
2011, with a 5% annual increase during the past 5 years.4

EG is mainly used for the synthesis of polyesters, such as
poly(ethylene terephthalate), poly(ethylene naphthalate), and
unsaturated polyester resin. It is also used as an antifreeze,
solvent, and reductive agent.5–7 EG is chiefly produced via
hydration of ethylene oxide, which is petroleum dependent
and neither sustainable nor environmentally benign. There-
fore, it is desirable to produce EG from renewable biomass.

In 2008, we reported one-pot conversion of cellulose to
EG over Ni-promoted tungsten carbide catalysts.8,9 This is a
highly atom-economic process because most of the C, H,
and O atoms from biomass are theoretically reserved in the
polyol products. The process opens a novel route for green
EG production. On the basis of this work, by optimizing the
structure of catalyst supports and understanding the reaction
mechanism, we further developed a series of tungsten-based
catalysts, over which the EG yield was enhanced to 75%,
and the catalysts could be recycled over 20 times without
deactivation.10–13 Concurrently, Liu et al. developed a Ru/C-
WO3 catalyst to convert cellulose to EG with about 51%
selectivity.14 These works have paved a solid foundation for

the potential industrial application for this process in the
future.15

Cellulose has been regarded as a dominant substrate for
the future biorefinery because its large-scale use does not
threaten the food supply. However, it is difficult to obtain
pure cellulose from raw lignocellulosic materials through
simple and cheap pretreatment methods. In the raw biomass,
cellulose usually coexists with hemicellulose and lignin.
These components form complex three-dimensional struc-
tures with strong hydrogen bonds, which are difficult to sep-
arate using green and efficient methods.16–18 Grassy biomass
is the most abundant lignocellulosic materials because it is
fast-growing and has a high productivity. However, com-
pared with woody biomass, grassy biomass contains more
miscellaneous components, such as water soluble compounds
and minerals. These components could significantly reduce
the catalytic conversion efficiency.19 Previously, we reported
that successive pretreatments of corn stalk with ammonia
and hydrogen peroxide were required to obtain high EG
yield.20 The catalytic conversion of grassy biomass to EG
with high efficiency and a simple procedure remains a chal-
lenge. The key factors determining the conversion efficiency
for exploring the novel pretreatment methods and catalysts
need to be studied.

One notable drawback of previous studies for biomass
conversion is the low concentration of feedstock, which usu-
ally ranges from 1 to 3%.8,14 From an industrial engineering
viewpoint, this will lead to a diluted solution of final polyol
products that augments the water and energy consumption
for operation and products separation.21–23 Therefore, using
concentrated biomass as the feedstock is highly desirable for
industrial applications. Under this feedstock condition, the
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influence of impurities in raw biomass on the EG yield must
be investigated in detail and addressed clearly.

Miscanthus has attracted more and more attention as a
promising energy crop. It is a perennial noninvasive grass
with outstanding tolerance to cold and drought that requires
little input but grows rapidly with a high yield (25 tons of
dry weight biomass per hectare per year). Furthermore, its
mineral content is very low. All of these features make mis-
canthus an ideal feedstock for biorefinery.24–26 Herein, mis-
canthus was used as the feedstock for catalytic conversion to
EG with a binary catalyst composed of cheap commercial
tungstic acid and Raney Ni. The dominating factors affecting
the EG selectivity were disclosed and a high EG selectivity
was obtained under high feedstock concentration. This work
should give valuable guidance to raw lignocellulosic biomass
conversion.

Experimental

Miscanthus, pretreatment methods, and catalysts

Miscanthus was obtained from Hunan province, China. It
was dried at 393 K, milled, and screened into powder with
the size of <60 meshes. The solvents used in the pretreat-
ments were methanol, ethanol, acetone, ethanol-ammonia,
ammonia, and ethanol-NaOH. The weight ratio of solid to
solvent was 1:10. The concentrations of ammonia and NaOH
in liquid were 10 and 1 wt %. The pretreatments were con-
ducted in a sealed batch reactor (Parr, 300 mL). Using the
ethanol-NaOH pretreatment method as an example, 10 g
miscanthus and 1 g NaOH were charged into the autoclave
with 100 mL ethanol. Then, the autoclave was heated to 423
K and maintained for 2 h. After being cooled to room tem-
perature, the miscanthus was filtered, washed, and dried at
393 K overnight.

Tungstic acid was purchased from Aladdin Chemistry Co.,
and Raney Ni was provided by GRACE Co.

Analysis methods

The main components (water soluble components, cellu-
lose, hemicellulose, and lignin) of raw and pretreated mis-
canthus were analyzed according to the procedures of the
Van Soest method.27 Each sample was analyzed twice to
obtain an average value.

X-ray diffraction (XRD) patterns of samples were
recorded on a PW3040/60 X’ Pert PRO (PANalytical) dif-
fractometer equipped with a Cu Ka radiation source
(k 5 0.15432 nm), operating at 40 kV and 40 mA. The crys-
tallinity of cellulose in miscanthus was determined by crys-
tallinity index (CrI) according to the following equation

CrI 5 100 3 ½ðI 0022Iamorphous Þ=I 002�

where I002 is the peak intensity of the crystalline portion of
the cellulose in miscanthus at 2h 5 22.5� and Iamorphous is the
peak intensity of the amorphous portion of the cellulose in
miscanthus at 2h 5 18.0�.

To investigate the chemical composition changes of mis-
canthus before and after pretreatments, Fourier-transform
infrared (FT-IR) spectra were recorded with a Bruker Equi-
nox 55 spectrometer. In detail, the samples diluted with KBr
were pressed uniformly against the diamond surface using a
spring-loaded anvil and mid-IR spectra were obtained with
an average of 120 scans from 4000 to 400 cm21 at 4 cm21

resolution.

Thermogravimetric/differential thermal analyzer (TG/
DTA) analysis of Raney Ni was carried out on a Setaram
Setsys 16/18 analyzer (France) from 393 to 1173 K in an air
flow of 25 mL/min at a heating rate of 10 K/min. Before
analysis, the used Raney Ni was magnetically separated,
washed 10 times with plenty of water, and dried at 393 K
for 6 h.

The product solution and the compounds that strongly
adsorbed on the Raney Ni catalyst in the conversion of con-
centrated miscanthus were analyzed with Gas
chromatography–mass spectrometry (GC-MS) (Varian 450-
GC, 320-MS) equipped with a Varian CP-WAX58 (FFAP)
CB capillary column.Before analysis, the product solution
and the used Raney Ni catalyst (water rinsed and dried)
were extracted with cyclohexane and dichloromethane,
respectively, for 30 min under ultrasonic conditions. The
volume ratio of product solution to extracting solvent was
5:2, and the weight ratio of used Raney Ni to extracting sol-
vent was 1:5.

The filtrates after the ethanol and ethanol-ammonia pre-
treatments of miscanthus were also analyzed with GC-MS.
The solutions were diluted with an equal amount of ethanol
before analysis.

The detailed GC-MS analysis conditions were as follows.
The injector temperature was 523 K with a split ratio of
10:1. The GC oven temperature was maintained at 313 K for
3 min, and subsequently increased to 413, 428, and 533 K at
a rate of 5, 2, and 10 K/min, respectively, and was finally
maintained at 533 K for 10 min. The MS operating condi-
tions were as follows. Ion source temperature, interface tem-
perature, and quadrupole temperature were set at 503, 523,
and 313 K, respectively. The electron ionization mode was
set at 70 eV with a mass range of m/z 29–450. ChemSta-
tionTM software was used for data acquisition and the iden-
tifications of the compounds were acquired using a NIST
Mass Spectral Library software (NIST 08, Software Version:
2.0 f) for correct matching.

Catalytic conversion of miscanthus

The catalytic conversion of miscanthus was carried out in
a stainless-steel autoclave (Parr, 75 mL) with an initial H2

pressure of 5 MPa (6 MPa for feedstock concentration higher
than 6 wt %) at 518 K for 120 min. Typically, miscanthus,
binary catalyst of tungstic acid and Raney Ni, and water
were charged into the autoclave for reaction. Using 10%
miscanthus conversion as an example, 2.78 g miscanthus,
0.33 g tungstic acid, 0.33 g Raney Ni (the ratio of tungstic
acid and Raney Ni to reaction solution were both 0.12%),
and 25 mL water were loaded in the autoclave and stirred at
a speed of 800 rpm. After reaction, the liquid products were
analyzed and quantified with High performance liquid chro-
matography (HPLC) (Agilent 1200, Shodex SC1011 packed
column). The concentration of feedstock or catalysts was cal-
culated by the following equation: concentration (wt
%) 5 (weight of feedstock or catalyst) /(weight of feed-
stock 1 weight of water) 3 100%. The feedstock conver-
sions were determined by the change in feedstock weight
before and after the reaction. The polyols yields were calcu-
lated by the following equation: yield (%) 5 (mole of carbon
in the polyol)/(mole of carbon in feedstock) 3 100%. The
mole of carbon in the feedstock was determined by a CHNS
element analyzer (Vario EL III, Element, Germany). The
standard deviation of EG yield was less than 2%.
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Results and Discussion

Chemical composition of raw and pretreated miscanthus

The contents of hemicellulose, cellulose, and lignin in
miscanthus play a crucial role in optimizing strategies for
biochemicals and biofuels production. Table 1 lists analysis
results of the components and the elemental composition of
hemicellulose, cellulose, and lignin in the raw and pretreated
miscanthus. The raw miscanthus contains 5.3% water soluble
components, 21.6% hemicellulose, 49.9% cellulose, and
15.9% lignin, corresponding to 47.3% C, 5.7% H, and less
than 0.1% N as detected by element measurements. Notably,
the miscanthus has a much lower content of water soluble
components than corn stalk (5.3% vs. 33.1%),20 and less lig-
nin than woody biomass (15% vs. 25%).28 This content
might make it an ideal feedstock for the catalytic conversion
to EG. After pretreatments of methanol, ethanol, and ace-
tone, all of the miscanthus samples had similar carbon con-
tents and distributions of hemicellulose, cellulose, and lignin.
The removal of the water soluble components and partial
removal of the lignin made the overall contents of hemicel-
lulose and cellulose increase to 80%. Slightly different from
the effects of neutral solvent pretreatments, base solvent pre-
treatments, such as ethanol-ammonia, ammonia, and ethanol-
NaOH removed lignin much more effectively, leading to the
lignin content and carbon content decreasing to less than 5
and 42–43%, respectively. These pretreatments also partially
removed hemicellulose which has a strong interaction with
lignin.29 The overall content of hemicellulose and cellulose
was increased to around 85% after base solvent
pretreatments.

Crystallinity and structure analysis of raw and
pretreated miscanthus

XRD and FT-IR are powerful methods to analyze the bulk
and surface structure of lignocellulosic biomass, and have
been extensively used for characterizing the raw and pre-
treated miscanthus. As shown in Figure 1, the CrI of raw
miscanthus is 54.5, which is similar to grassy biomass, such
as corn stalk, but much lower than that of woody biomass.30

The CrI difference between grassy and woody biomass
should be attributed to the diversity of growth period. A
shorter growth period will result in imperfect crystalline
structures of plants. After pretreatments of methanol, etha-
nol, and acetone, the CrI of the derived miscanthus samples
was still levels off at 55, indicating that the organic solvent
pretreatments did not change the crystalline structure of the
raw miscanthus. Differently, after base solvent pretreatments,
the peaks assigned to crystalline cellulose became sharp and
intense, and the CrI increased from 54 to 58–62. The pro-
moted crystallinity should be attributed to the increase of

cellulose content in the biomass samples after the lignin
component was removed by base solvent pretreatments.

The chemical changes of the raw and pretreated samples
were characterized with FT-IR. As shown in Figure 2, the
surface chemical functional groups of miscanthus samples
pretreated with low boiling point solvents, for example,
methanol, ethanol, and acetone, are similar to that of the raw
miscanthus. This result coincides well with the XRD charac-
terization and composition analysis. Therefore, the low boil-
ing point solvent pretreatment methods are relatively mild
under the present conditions. They keep the structures of
hemicellulose, cellulose, and lignin in the miscanthus intact.
With base solvent pretreatments, the peak at 1732 cm21

assigned to the carbonyl C5O stretch disappeared, suggest-
ing that the base solvent pretreatments promote the cleavage
of lignin side chains.31 In addition, the bands at 1605, 1515,
and 1270–1266 cm21, which could be associated with aro-
matic skeletal vibrations, aromatic skeletal vibrations plus
C5O stretch, and guaiacyl ring plus C5O stretch, presented
reduced intensities. This decrease in intensity implies that
the lignin is largely removed from the miscanthus samples
with the structure of the aromatic ring plus side chains being
greatly destroyed.32 Besides the removal of lignin, the bond
around 3438 cm21 assigned to O-H stretching is also greatly
reduced after the ethanol-NaOH pretreatment, indicating that
the hydrogen bonds of the cellulosic biomass are disrupted.33

Optimization of catalysts

It has been disclosed that the catalytic conversion of cellu-
lose into EG over tungsten-based catalysts undergoes three
sequential reaction steps.10,12 First, the cellulose is hydrolyzed

Table 1. Composition of Raw and Pretreated Miscanthus

Pretreatment
Methods C (%) H (%) N (%) Soluble (%) Hemicellulose (%) Cellulose (%) Lignin (%) Ash (%)

Raw 47.3 5.7 <0.1 5.3 21.6 49.9 15.9 2.4
Ethanol 46.6 5.9 <0.1 2.8 29.6 51.5 11.6 2.3
Methanol 46.6 5.9 <0.1 2.2 32.0 50.1 11.3 2.9
Acetone 46.8 5.9 <0.1 3.0 29.6 51.0 10.7 3.1
Ethanol-Ammonia 42.8 6.1 <0.1 3.8 22.2 65.0 4.5 1.9
Ammonia 43.8 6.2 0.2 3.4 18.7 67.1 3.8 1.9
Ethanol-NaOH 43.1 6.1 <0.1 4.9 23.6 65.0 1.4 1.5

Figure 1. XRD patterns of the raw and pretreated mis-
canthus.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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into oligosaccharides and glucose by catalysis of reversibly
formed protonic acids in hot water.34 Second, sugars are fur-
ther catalytically degraded into glycolaldehyde over the tung-
sten sites via retro-aldol condensation. Third, the
glycolaldehyde is hydrogenated into EG over the hydrogena-
tion catalysts. A good balance between the sugar retro-aldol
condensation and the intermediate hydrogenation is required
to achieve a high EG selectivity in the cellulose conversion.
For the conversion of lignocellulosic biomass, such as miscan-
thus (Scheme 1), both cellulose and hemicellulose are hydro-
lyzed, decomposed, and hydrogenated into glycols. Different
from pure cellulose conversion, the main reaction intermedi-
ates of hemicellulose conversion are glycolaldehyde and glyc-
eraldehyde, which can be further hydrogenated into EG and
1,2-PG, respectively. Therefore, the yield of 1,2-PG in the
lignocellulose conversion is higher than that in the pure cellu-
lose conversion.

Herein, commercial tungstic acid and Raney Ni were used
as a binary catalyst for the miscanthus conversion. The best

ratio of tungsten to nickel in the binary catalyst was first
examined for the catalytic conversion of raw miscanthus. As
shown in Figure 3A, at a fixed amount of Raney Ni (0.4%),
the tungstic acid amount imposed a notably positive influ-
ence on the EG yield. For instance, the yields of EG and
hexitols were 10.6 and 7.6%, respectively, in the absence of
tungstic acid. With an increase in the amount of tungstic
acid, the EG yield dramatically increased and then leveled
off at around 30%. In contrast, the hexitols yields showed a
reverse trend with the amount of tungstic acid, which
decreased from 7.2 to 3.6%. This should be attributed to the
competition between sugar hydrogenolysis and sugar hydro-
genation.35,36 Conversely, when the amount of tungstic acid
was fixed at 0.12% as shown in Figure 3B, the EG yield ini-
tially increased and then decreased with the rise in the
Raney Ni amount. The maximum EG yield reached 35.5%
under the condition of 0.12% Raney Ni and 0.12% tungstic
acid. This EG yield is remarkably higher than that obtained
in the conversion of raw corn stalk (<10% EG yield) which
is also a grassy biomass feedstock studied in our previous
work.20 Furthermore, the high yield of EG in the present
study is comparable to or even better than that obtained in
the conversion of woody biomass.28 Thus, as a promising
energy crop, miscanthus is very suitable for use as a biomass
feedstock for the EG production.

Based on the result of catalyst optimization, we chose
0.12% tungstic acid and 0.12% Raney Ni as the typical cata-
lyst composition for the conversion of miscanthus to EG.

Catalytic conversion of concentrated miscanthus

Because the reaction efficiency and the overall process
sustainability of biomass conversion are highly dependent on
the content of initial solid substrate,37 we studied the cata-
lytic conversion of miscanthus under high concentration con-
ditions. As shown in Figure 4, when the concentration of the
raw miscanthus was increased from 1 to 10%, the conversion
of miscanthus remained above 90%. However, the EG yield
decreased from 35.5 to 13.6% gradually. Although no mis-
canthus residue was observed in the autoclave after the reac-
tion, there were humins and viscous oil floating on the
surface of the solution or adhering to the autoclave. With
HPLC analysis, we found that large amounts of organic acid

Figure 2. FT-IR spectra of the raw and pretreated mis-
canthus.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Scheme 1. Pathway for catalytic conversion of miscanthus into glycols.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and unknown compounds, as well as polyols, were present in
the liquid products. GC-MS analysis (Figure 5A) further dis-
closed that plenty of long chain alkanes or acids (C16-C22)
and lignin fractions were present in the product solution.

Influence of epidermal tissues on EG yield

One feature of grassy biomass is that it has some epider-
mal tissues covering the plant body such as epicuticular
waxes, pectin substances, and fat acids. These protectors pre-
vent plants from insect damage and make plants recalcitrant
to degradation under natural conditions.38,39 During the cata-
lytic conversion of raw biomass, the sugar-based polymers
including hemicellulose and cellulose will be efficiently
degraded into monosaccharide and smaller molecules in the
presence of catalysts under hydrothermal conditions. How-
ever, the epidermal tissues are reluctant to decompose but
prone to aggregation, which might poison the catalysts and
cause side reactions.

Considering that the epidermal tissues of lignocellulosic
biomass are long chain organic compounds that are readily
dissolved in organic solvents, we used methanol, ethanol,
and acetone solvent pretreatments to remove the protectors
from miscanthus. The advantage of the organic solvent pre-
treatments lies in the weak damage to the structure of ligno-

cellulosic biomass, which reduces the hemicellulose loss and
maximizes the global sugar content in the pretreated bio-
mass. Furthermore, the solvents can be conveniently recov-
ered by distillation, which is also feasible at the industrial
scale.40,41

From the composition analysis, XRD and FT-IR spectra,
we find that the pretreatments with low boiling point sol-
vents did not change the structures of lignocellulosic bio-
mass. The GC-MS analysis of the ethanol pretreated solution
(Figure 5B) showed that long chain alkanes (C18H38, C20H42,
C21H44), organic acids (C16H32O2, C18H34O2), and benzyl
compound were present in the yellow solution. As previously
reported, a large amount of surface protectors, such as cutic-
ular wax (straight chain compounds and cyclic compounds),
exist in the biomass and account for 10–50 lg/m2.42 These
compounds are prone to dissolve in organic solvents at ele-
vated temperatures. Therefore, the long chain alkanes and
organic acids detected by GC-MS should be attributed to the
surface protectors. In addition, because the lignin in grassy
biomass is lowly polymerized, a small fraction of lignin
would be degraded under pretreatment conditions. Therefore,
the benzyl compounds should be attributed to the lignin deg-
radation. Evidently, the organic solvent pretreatments effec-
tively removed the surface protectors and partial lignin
fractions.

The results of catalytic conversion of pretreated miscan-
thus under various concentrations are shown in Figure 6.
Compared with the conversion of raw miscanthus at 1% con-
centration, the methanol, ethanol, and acetone pretreatment
methods improved the EG yield from 35.5 to 39.5, 38.8 and
39.1%, respectively. Although increasing the concentration
of feedstock to 10% led to a slight decrease of the EG yield
to 25.8–27.3%, these values were at least twice that obtained
with the concentrated raw miscanthus. As mentioned above,
the difference between raw and low boiling point solvents
pretreated miscanthus lies in the content of epidermal protec-
tors. Thereby, the notably higher EG yield in the conversion
of pretreated miscanthus should be attributed to the removal
of the epidermal protectors of the biomass. Under a low con-
centration of feedstock, the content of epidermal protectors
was too low to affect the EG yield. However, under 10%
concentration of feedstock, both the amount of protectors
and the interaction probability between epidermal protectors
and catalysts or sugar intermediates were remarkably
increased, leading to serious side reactions and poor EG

Figure 3. The influence of tungstic acid [(A) Raney Ni 0.4%] and Raney Ni [(B) Tungstic acid 0.12%] on the EG and
hexitols yield (518 K, 120 min, and feedstock concentration was 1%).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. The influence of feedstock concentration on
polyols yield (the concentrations of catalysts
were increased proportionally).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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selectivity. Therefore, the epidermal protector in the miscan-
thus is a key inhibitor that decreases the EG production.

Influence of lignin on EG yield

Lignin is the second most abundant component in lignocel-
lulosic biomass. It has a rigid structure and strong bonds with
hemicellulose and cellulose, which provide structural support
and protection against plants pathogens. Thus, it is reluctant
to degrade under enzymatic and chemical conditions.43–45

Compared with the woody biomass, the lignin in the grassy
biomass is lowly polymerized because of the short growth
period. This makes it relatively active and apt to decompose
into active fractions at high temperatures. Under hydrothermal
conditions, these lignin fractions may self-polymerize or even
react with unsaturated organic intermediates. Base pretreat-
ment methods have been widely used to remove lignin from
lignocellulosic biomass in the paper pulp industry. Herein, we
used base and organic solvents pretreatment methods to
remove lignin and addressed its influence on the EG yield.

As illustrated in the chemical analysis, XRD and FT-IR
characterizations, base pretreatments remarkably changed the
composition and structure of lignocellulosic biomass. Most
of the lignin and a partial of the hemicellulose were

removed. The black filtrate after ammonia pretreatment was
analyzed with GC-MS. As shown in Figure 5C, a large
amount of aromatic compounds were observed, which should
be attributed to the derivatives of the lignin units. Under
base and hydrothermal conditions, the CAOAC bonds
among the lignin units were cleaved to form partially soluble
compounds. In addition, some long chain alkanes were also
found in the solution, which should be ascribed to the degra-
dation of CAOAC or O5CAOAC bonds between lignin
and some protectors under pretreated conditions.46 Therefore,
the ammonia or NaOH pretreatments greatly removed the
lignin and the surface protectors of miscanthus.

For the catalytic conversion of miscanthus pretreated with
base solvents, the EG yield was obtained as high as 45.5%
under 1% concentration of feedstock (Figure 6). Even under
10% concentration of feedstock, the EG yields were retained
at 36.4–40.0%, which was remarkably higher than that
obtained with the raw miscanthus conversion (13.6% EG
yield) or that with neutral organic solvents (25.8–27.3% EG
yield). Meanwhile, no oils or humins were observed in the
liquid products.

The base solvent pretreatment methods largely remove both
epidermal protectors and lignin fractions. The improvement in

Figure 5. The whole (left) and partially magnified (right) GC-MS spectra of different liquid extractives. (A) Product
solution was extracted with cyclohexane; (B) the filtered solution after ethanol pretreatment; (C) the fil-
tered solution after ethanol-ammonia pretreatment; (D) Raney Ni was extracted with dichloromethane).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. The influence of pretreatment methods on EG yield with different concentrations of feedstock.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the EG yield demonstrates that the lignin has notably negative
effects on the EG production, and it is another key inhibitor
that decreases the EG production.

Essential reasons for the influence of epidermal tissues
and lignin on EG yield

We have shown that epidermal tissues and lignin fractions
in the miscanthus deteriorated the EG production, especially
under a high concentration of feedstock. There are two rea-
sons should be considered for this result, the interaction
between the inhibitors and the sugar intermediates, and the
poisonous effect of inhibitors on the catalysts.

Under the reaction conditions, the epidermal tissues and
lignin fractions possibly react with active sugar intermediates
and cause the EG yield to decrease. However, as there is no
difference in the mass ratio of carbohydrates to epidermal
tissues and lignin in the cases of different feedstock concen-
trations, the side reactions should take place to a similar
extent. Therefore, there must be some other predominant fac-
tors affecting the EG selectivity.

In the present study, catalytic conversion of miscanthus,
tungstic acid, and Raney nickel were used as a binary cata-
lyst. To our knowledge, tungstic acid has a very low solubil-

ity in water at room temperature, but is more soluble at the
reaction temperature of 518 K, thus forming a phase-transfer
catalyst during the reaction.12 This means that the catalytic
performance of homogenous tungstic acid catalyst would be
less possible to be affected by the compounds derived from
degradation of epidermal tissues and lignin in the feedstock.
However, for the heterogeneous catalyst Raney Ni, the case
is quite different. The Raney Ni catalyst before and after the
reaction were analyzed with TG/DTA. As shown in Figure
7, the weight loss of the fresh Raney Ni was 1.2% at 523 K,
which should be attributed to the water desorption. At higher
temperatures, the sample weight increased, which should be
ascribed to the nickel oxidation. In contrast, the weight loss
of the used Raney Ni reached 8.3% at 623 K, accompanied
by a very sharp exothermic peak on the heat flow profile.
This result indicates that some organic compounds were cat-
alytically oxidized at this temperature. The content of the
organic compounds in the used nickel catalyst was about
7%. Evidently, some organic compounds strongly adsorbed
on the Raney Ni catalyst and could not be removed by 10-
time water rinse before the TG/DTA experiment.

To further identify the compounds adsorbed on the cata-
lysts, the used Raney Ni catalyst was extracted with
dichloromethane, and the extractives were analyzed with
GC-MS. As shown in Figure 5D, large quantities of organic
compounds were detected in the extractives, including low
carbon (C3-C6) alcohols, organic acids (C16H32O2), and
monophenolic compounds. Comparing the organic com-
pounds adsorbed on the Raney Ni with the liquid products of
the miscanthus conversion, we noticed that some organic
acids and unsaturated compounds preferentially adsorbed on
the surface of the Raney Ni. Obviously, the compounds
adsorbed on the Raney nickel catalyst occupy the active sites
and retard the hydrogenation of other reactants. During the
catalytic conversion of cellulose to EG, the intermediates
such as derived sugars and glycolaldehyde need to be further
hydrogenated into polyols over nickel sites. Otherwise, these
unsaturated compounds undergo further degradation or poly-
merization to form polymers and humins (Scheme 2). There-
fore, we concluded that the deactivation of Raney nickel by
the compounds derived from epidermal tissues and lignin in
miscanthus is the reason for the decrease in EG yield, partic-
ularly under a high concentration of feedstock.

Figure 7. TG and heat flow curves of the fresh and
used Raney Ni.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Scheme 2. Scheme of catalyst deactivation with raw lignocellulosic biomass as the feedstock.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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As the strong adsorption of large molecule organic com-
pounds on Raney Ni was the essential reasons for the
decrease in EG yield, we rinsed the used Raney Ni with
plenty of ethanol after magnetical separation and used it
again in combination with tungstic acid that was recycled by
filtration for the next run. As shown in Figure 8, the as-
recycled binary catalyst afforded an EG yield up to 30.1% in
the subsequent second and third runs when Ethanol-NaOH
pretreated miscanthus was used as the feedstock. The slight
decrease in EG yield in the fourth run was attributed to the
accumulated leaching of tungstic acid to the liquid. After
supplementing 0.05 g of tungstic acid, the EG yield was
recovered to 39.5% in the fifth runs.

Conclusions

Miscanthus is an ideal cellulosic feedstock for the cata-
lytic conversion to produce EG. It contains fewer of water
soluble compounds and lignin compared with corn stalk and
woody biomass. With a binary catalyst of commercial tung-
stic acid and Raney Ni, 35.5% EG yield was obtained in the
raw miscanthus conversion.

Increasing the concentration of raw miscanthus greatly
decreased the EG yield. Two inhibitors that decrease the EG
yield are the protectors on the surface of the biomass and
the lignin component in the miscanthus. The degraded com-
ponents from epidermal issues and the lignin of miscanthus
strongly occupied the active sites of Raney Ni, caused
remarkable side reactions, and consequently decreased the
EG yield. By pretreating miscanthus with base solvents, the
inhibitors were effectively removed and the EG yield was
successfully improved to 39% even under 10% concentration
of feedstock.
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