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a  b  s  t  r  a  c  t

H-V-MCM-41  catalysts  containing  5, 10,  and  30 wt%  of  vanadium  were  synthesized  and  applied  to the  ex
situ catalytic  pyrolysis  (CP)  of  three  polymeric  components  of  lignocellulosic  biomass  for  the first  time.
Characterization  of the  catalysts  was  performed  using  N2 adsorption–desorption,  XRD,  FT-IR,  and  NH3-
TPD. The  results  of  XRD  analysis  showed  that  5 wt%  and  10 wt%  H-V-MCM-41  catalysts  maintained  the
mesoporous  structure,  whereas  the  mesoporous  structure  was  destroyed  in 30  wt%  H-V-MCM-41  with
considerable  amount  of  small  V2O5 crystalline  outside  the  framework.  NH3-TPD  showed  that  H-V-MCM-
41  has  mostly  weak  acid  sites  and  that 10  wt%  H-V-MCM-41  had  the  largest  quantity  of acid  sites  due  to
framework  vanadium.  In the  case  of CP  of  cellulose  using  Py-GC/MS,  10  wt%  H-V-MCM-41  showed  the
highest  catalytic  activity  for  the  production  of  valuable  furanic  compounds  such  as  furfural  because  of  the
-V-MCM-41
aluable chemicals

enhanced  deoxygenation  over  the acid sites formed  on  framework  vanadium.  In the  case  of  CP  of  xylan
as well,  10  wt%  H-V-MCM-41  led to the  largest  yield  of  mono-aromatics.  The  production  of  acetic  acid
was  also  promoted  by  H-V-MCM-41  catalysts.  The  CP  of  lignin  over  H-V-MCM-41  catalysts  promoted
substantially  the  production  of  important  feedstock  chemicals  for  the  petrochemical  industry:  phenolics
and  mono-aromatics.
. Introduction

Production of various biofuels, biomaterials and biochemi-
als from lignocellulosic biomass has recently received significant
ttention [1–7]. Among other processes, fast pyrolysis can produce
io-oil containing hundreds of chemicals. However, the bio-oil pro-
uced from pyrolysis has large oxygen content, is very acidic with
H of 2–3, and has low stability, e.g. viscosity increase due to reac-
ions of the chemicals upon long storage [8–11]. Coexistence of a
arge number of chemicals with low fractions makes it difficult to
electively separate valuable components. Therefore, reforming of
he bio-oil is required to improve the oil quality by increasing the
Please cite this article in press as: B.-S. Kim, et al., Ex situ catalytic u
contained H-MCM-41 catalysts, Catal. Today (2015), http://dx.doi.org

ontents of valuable components.
Catalytic pyrolysis (CP) using various catalysts is a promising

ay to produce bio-oil with low O2 amount and high stability
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[12–15]. CP also leads to increased contents of valuable species,
such as furans, mono-aromatics, and light phenolics because the
reaction intermediates produced from thermal pyrolysis are con-
verted selectively to high-value-added compounds by catalysis. CP
of a variety of lignocellulosic biomass materials has been carried out
using different catalysts: zeolites, mesoporous materials, and metal
oxides [12–15]. In addition, CP could be classified into in situ CP
and ex situ CP depending on the contact type between catalyst and
biomass [14]. Biomass and catalyst were mixed together in a reac-
tor for in situ CP, whereas pyrolytic vapor produced from thermal
transformation in a separate pyrolyzer was allowed to contact with
catalyst located on downstream of pyrolyzer for ex situ CP. Ligno-
cellulosic biomass is composed mostly of three kinds of polymeric
components: cellulose (30–50%), hemicellulose (15–35%), and
lignin (10–20%) [16–18]. Therefore, it is needed to examine the CP of
these components as well as various biomass materials to enhance
pgrading of lignocellulosic biomass components over vanadium
/10.1016/j.cattod.2015.08.031

our understanding on the CP behavior of lignocellulosic biomass.
Thus far, however, research on the CP of these biomass components
is relatively rare, whereas lots of studies have been conducted on
the CP of a variety of lignocellulosic biomass materials. In addition,

dx.doi.org/10.1016/j.cattod.2015.08.031
dx.doi.org/10.1016/j.cattod.2015.08.031
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ost CP studies of biomass components have used microporous
eolites, e.g. HZSM-5, HY, and HBeta [17,19–24], while the appli-
ation of mesoporous materials (e.g. Al-SBA-15, Al-MCM-41, etc.)
25–30], metal oxides (e.g. SiO2, MgO, Al2O3, TiO2, etc.) [31], and

etal chloride (CuCl2, etc.) [32], is very limited. Mesoporous cat-
lysts containing various metal components are expected to be
ffective for the catalytic conversion of large molecules contained
n bio-oil, calling for further research efforts in this field.

Vanadium is an effective catalyst material for various reac-
ions including selective catalytic reduction, VOC oxidation,
nd oxidative dehydrogenation. Therefore, it is expected that
anadium-based catalysts have high catalytic activity for biomass
yrolysis. However, vanadium-containing catalysts have been used
either for ex situ CP of lignocellulosic biomass materials nor for
hat of biomass components.

In this study, H-V-MCM-41 catalysts were synthesized by incor-
orating vanadium within a representative mesoporous material
CM-41 and applied to the ex situ CP of biomass components,

or the first time, aiming at enhancing the production of valuable
hemicals.

. Experimental

.1. Samples

Commercial cellulose, xylan (model compound of hemicel-
ulose), kraft lignin, and levoglucosan were purchased from
igma–Aldrich.

.2. Synthesis of H-V-MCM-41

Highly ordered mesoporous silica MCM-41 was  synthesized
y the following procedure. Cetyltrimethylammonium bro-
ide (CTAB, 24.29 g, 99+%, ACROS) were dissolved in distilled
ater (280 g). Then, sodium silicate solution (100 g, 20 wt% SiO2,
a/Si = 0.5) were added to the CTAB solution at room temperature
rop by drop. The mixture was vigorously stirred for 1 h at room
emperature and aged in an oven at 100 ◦C for 24 h. Then, the

ixture was cooled down at room temperature and pH was
djusted to 10 by using 50 wt% aqueous acetic acid solution.
he mixture was reheated at 100 ◦C for 48 h. The cooling – pH
djustment – aging process was repeated two more times. The
eaction mixture was filtered, washed with distilled water, and
ried at 80 ◦C for 24 h. Dried powder was washed with HCl (36 wt%,
AMCHUN)-dissolved ethanol solution, and dried in the 80 ◦C
ven for 24 h. Finally, the product was calcined at 550 ◦C for 3 h
n air. In order to introduce catalytic activities on mesoporous
ilica (MCM-41), vanadium was incorporated into MCM-41 with
arious ratios. Before adding sodium silicate solution, vanadyl
ulfate hydrate, VOSO4·xH2O (97 wt%, Sigma–Aldrich), was  added
o the solution. The rest of synthetic procedure was the same. The
arget doping ratios of vanadium were 5, 10, and 30 wt%; therefore,
orresponding added masses of VOSO4·xH2O were 1.8479, 3.6958,
nd 11.0875 g, respectively.

Ion exchanges of V-MCM-41 with different vanadium contents
ere carried out with aqueous solution of 2 M NH4Cl (98.5%, SAM-
HUN). Calcined mesoporous silica (3 g) was added to aqueous
olution of 2 M NH4Cl (0.5 L), and the mixture was vigorously stirred
t 80 ◦C for 24 h. Resulting powders were filtered, washed with
istilled water, and dried for 24 h in the 80 ◦C oven. After dry-

ng samples, they were calcined for 3 h at 500 ◦C. Finally obtained
atalyst was named H-V-MCM-41.
Please cite this article in press as: B.-S. Kim, et al., Ex situ catalytic u
contained H-MCM-41 catalysts, Catal. Today (2015), http://dx.doi.org

.3. Characterization of catalysts

Wide-angle X-ray diffraction (XRD) patterns and small-angle
-ray scattering (SAXS) patterns were obtained using Rigaku
 PRESS
ay xxx (2015) xxx–xxx

Ultima III (a Cu K� X-ray at 30 kV, 40 mA) and using Rigaku
D/Max-2500 (a Cu K� X-ray at 40 kV, 300 mA), respectively. Sur-
face area and pore size distribution were derived from the N2
adsorption–desorption isotherms prepared by Micromeritics Tri-
star 3000 at −196 ◦C (liquid N2), using Brunauer–Emmett–Teller
(BET) model and Barrett–Joyner–Halenda (BJH) method, respec-
tively. Scanning electron microscopy (SEM) images were obtained
using JEOL JEM-7100F at an accelerating voltage of 15 kV. The acidi-
ties of the catalysts were examined using ammonia-temperature
programmed desorption (NH3-TPD) conducted from room tem-
perature to 700 ◦C with a rising rate of 10 ◦C/min. First, 0.1 g of
catalyst sample was heated for 30 min  at 200 ◦C in a 40-ml/min He
gas flow. The adsorption of NH3 on the catalyst surface was  then
conducted by flowing 4.9 wt% NH3/He gas for 1 h at room temper-
ature. NH3 desorbed during the temperature rising was detected
using a thermal conductivity detector. Fourier transform infrared
(FT–IR) spectroscopy was carried out through Bruker VERTEX 70 in
the range of 4000–400 cm−1 at room temperature. FT–IR spectra
are measured by KBr wafer technique.

2.4. Ex situ CP using Py-GC/MS

Pyrolysis experiments were performed using Py-GC/MS, which
is a combination of a vertical furnace type pyrolyzer (Py-2020D,
Frontier-Lab Co.) and GC (Agilent 7890A Gas Chromatography)/MS
(Agilent 5975C inert Mass Spectral Detector). The biomass compo-
nents and catalyst were placed in a metal sample cup to be inserted
into a heated pyrolyzer. For each pyrolysis experiment, 1 mg  of
biomass component was placed in the cup. In the case of CP, 1 mg of
catalyst was  added over the biomass component sample layer, with
a quartz wool layer located in-between separating the biomass and
catalyst layers. In this arrangement, non-catalytic pyrolysis (non-
CP) and reforming occur sequentially; the vapor product produced
from non-CP is reformed when it passes through the catalyst layer.
Helium gas with a split ratio of 50:1 was used as the carrier gas
flowing through the reactor.

Each pyrolysis experiment was conducted for 3 min  at 500 ◦C.
The pyrolysis product was analyzed by the GC/MS equipped with
an ultra alloy-5 column (30 m × 0.25 mm × 0.5 mm). MicroJet cryo-
trap was  used to analyze volatile components with high resolution.
The pyrolysis product gas was  condensed using liquid nitrogen for
3 min  and introduced into the column by thermal desorption. The
GC/MS interface temperature was  set at 300 ◦C and the GC oven
temperature was  programmed to increase from 40 ◦C to 320 ◦C with
a rate of 5 ◦C/min. Including the constant-temperature periods of
4 min  and 10 min, respectively, before and after the temperature
rising, the total analysis time was  70 min. The mass spectra picks
were interpreted using the NIST05 library.

In order to examine the effects of catalyst dose, additional exper-
iments were carried out changing the quantity of catalyst used for
each experiment, with the other conditions remaining unchanged.

3. Results and discussion

3.1. Characterization of catalysts

Fig. 1 shows low angle and high angle XRD patterns of synthe-
sized H-V-MCM-41 catalysts. 5 and 10 wt%  H-V-MCM-41 have 2-D
hexagonal pore structure diffraction patterns (2�  = 0.4–10◦) and
diffraction line of amorphous silica. The XRD pattern of 30 wt%
H-V-MCM-41 indicates that 2-D hexagonal pore structure was
pgrading of lignocellulosic biomass components over vanadium
/10.1016/j.cattod.2015.08.031

almost collapsed due to crystallization of V2O5 leaving a disordered
pore structure (inferred from N2 adsorption–desorption isotherm
of 30 wt% H-V-MCM-41 in Fig. 2). Also, V2O5 nanoparticles were
detached from silica frameworks during heat treatment. Therefore,

dx.doi.org/10.1016/j.cattod.2015.08.031
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Table 1
Physical properties of H-V-MCM-41 catalysts.

Material SBET (m2/g) VTotal (cm3/g) Pore size (nm)

5 wt% H-V-MCM-41 889 0.53 1.6
Fig. 1. X-ray diffraction (X

igh angle diffraction pattern of 30 wt% H-V-MCM-41 showed
rystallized V2O5 diffraction peaks while two other samples with
ow vanadium loadings did not. The grain size (85.4 nm)  of V2O5
anoparticles in 30 wt% H-V-MCM-41 was obtained from Scherrer
quation through deconvolution process using PDXL2 (Software,
igaku). The grain size of bulk V2O5 powder was  calculated to be
06.2 nm (data not shown).

In Fig. 2, N2 adsorption–desorption isotherms show that the
-V-MCM-41 catalysts have typical type-IV isotherms which are
haracteristics of mesoporous materials. BET surface area of syn-
hesized materials decreased from 889 to 113 m2/g, and total
ore volume decreased from 0.53 to 0.27 cm3/g (0.74 cm3/g for
0 wt% H-V-MCM-41) with increasing doped vanadium content
Please cite this article in press as: B.-S. Kim, et al., Ex situ catalytic u
contained H-MCM-41 catalysts, Catal. Today (2015), http://dx.doi.org

rom 5 wt% to 30 wt%. Pore sizes increased from 1.6 nm to 2.8 nm
hen the quantity of doped V2O5 increased from 5 wt% to 30 wt%.

he results of N2 adsorption–desorption analysis were summarized
n Table 1.

Fig. 2. N2 adsorption–desorption isotherms and
10  wt% H-V-MCM-41 634 0.74 2.0
30 wt% H-V-MCM-41 113 0.27 2.8

As shown in Fig. 3, the synthesized materials had no unique
morphologies such as sphere, rod, plate, etc. It must be pointed out
that 30 wt%  H-V-MCM-41 sample (Fig. 3A) demonstrated the dif-
ferent morphology from the others, which is explained by the fact
that 2-D hexagonal pore structure was collapsed by V2O5 crystal-
pgrading of lignocellulosic biomass components over vanadium
/10.1016/j.cattod.2015.08.031

lization. The higher resolution image embedded in Fig. 3C indicates
that small nanoparticles (of which diameter is around 80–90 nm)
are V2O5 nanoparticles detached from MCM-41 silica framework.
In order to calculate the mass content of V2O5 versus SiO2,

 pore size distributions of H-V-MCM-41.

dx.doi.org/10.1016/j.cattod.2015.08.031
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Fig. 3. SEM images of H-V-MCM-41: A. 5 wt%, B. 10 wt%, and C. 30 wt% H-V-MCM-41.

Table 2
V doping ratio calculation by SEM EDS data.

H-V-MCM-41 (wt%) SiO2 (g) V2O5 (g) O (atomic %) Si (atomic %) V (atomic %) wt% cal.

9.39 

6.27 

4.21 

e
r
m
r
M
a
s
w
t
a

w
s
7
t
v
n
s
i
h

5 1830.14 13.64 6
10  1394.39 47.29 7
30  1838.75 471.68 6

nergy-dispersive X-ray spectroscopy (EDS) was used, and the
esult and calculations were summarized in Table 2. Approxi-
ately calculated doping ratios of V2O5 are different from the

atios of added vanadium precursors. The vanadium content in H-V-
CM-41 increased with increasing quantity of vanadium precursor

dded. The difference between added amount of vanadium precur-
or and the vanadium content in H-V-MCM-41 may  stem from the
ashing process using HCl-ethanol solution during V-MCM-41 syn-

hesis because vanadium precursors are very easily dissolved into
cidic solutions.

In order to confirm Si O V bonding in H-V-MCM-41 frame-
ork, FT-IR spectroscopy was carried out, and FT-IR spectra are

hown in Fig. 4. All samples have the band at 464 cm−1 and
96 cm−1 due to Si O stretching and tetrahedron bonding. Also,
hey exhibit the band at 1090 cm−1 and 1230 cm−1 of Si O Si
ibrations. 5 and 10 wt% H-V-MCM-41 have two absorption bands

−1 −1
Please cite this article in press as: B.-S. Kim, et al., Ex situ catalytic u
contained H-MCM-41 catalysts, Catal. Today (2015), http://dx.doi.org

ear 3400 cm and 1635 cm originating from OH groups of
ilanol and water molecules, respectively [33]. A band at 960 cm−1

s assigned to the Si O stretching vibration due to Si O R (R = H,
etero atoms such as transition metals, etc.) [34,35]. Therefore, the

Fig. 4. FT-IR spectra of H-V-MCM-41 catalysts.
30.46 0.15 0.74
23.21 0.52 3.28
30.60 5.19 20.42

band at 956 cm−1 means that Si O V stretching vibrations exist in
H-V-MCM-41 framework in Fig. 4. In FT-IR spectrum of 30 wt%  H-V-
MCM-41, Si O V stretching peak is shifted to lower wavenumber,
and wavenumber of Si O stretching peak is increased. Also, the
intensity of the band at 956 cm−1 of 30 wt% H-V-MCM-41 was
decreased. It means that there are less Si O V bonds in 30 wt%
H-V-MCM-41 rather than in 5 and 10 wt% H-V-MCM-41. In com-
parison with XRD patterns in Fig. 1, V atoms are well inserted into
MCM-41 framework to form Si O V bonding in cases of 5, 10 and
30 wt% H-V-MCM-41, but V2O5 nanoparticles were also generated
in case of 30 wt% H-V-MCM-41.

NH3-TPD profiles of H-V-MCM-41 are shown in Fig. 5. The
amount of adsorbed NH3 is related to the acidity of catalyst surface.
Strongly bounded NH3 are desorbed at higher temperature, which
means that the catalyst has higher acidity. Also, the intensity of
NH3-TPD profile means how many NH3 molecules were adsorbed
on sites. In Fig. 5, 5 and 10 wt%  H-V-MCM-41 have peaks at 120 and
pgrading of lignocellulosic biomass components over vanadium
/10.1016/j.cattod.2015.08.031

124 ◦C. This is because NH3 molecules were adsorbed on H+ ion on
Si O V frameworks of H-V-MCM-41. In case of 30 wt% H-V-MCM-
41, NH3-TPD profile shows unique and stronger peaks at 180 ◦C and
at 222 ◦C, and a shoulder-like peak near 120 ◦C. The shoulder-like

Fig. 5. NH3-TPD profiles of H-V-MCM-41.

dx.doi.org/10.1016/j.cattod.2015.08.031
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Fig. 7. Product distribution of oxygenates via catalytic pyrolysis of cellulose over
H-V-MCM-41 catalysts.
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eak near 120 ◦C would be from H+ ion on Si O V frameworks
f H-V-MCM-41. In contrast, the peaks at 180 ◦C and 222 ◦C imply
he existence of V2O5 nanoparticles detached from Si O V frame-
orks. Therefore, 30 wt% H-V-MCM-41 has higher acidity than 5

nd 10 wt% H-V-MCM-41 due to V2O5 nanoparticles.

.2. Ex situ CP

.2.1. Ex situ CP of cellulose
Fig. 6 shows the results of the CP of cellulose over H-V-MCM-

1. All the species contained in the product bio-oil were grouped
nto acids (including acetic acid), oxygenates (including levoglu-
osan), furanic compounds (furans), mono-aromatics, polycyclic
romatic hydrocarbons (PAHs), phenolics, and hydrocarbons. The
P of cellulose over H-V-MCM-41 resulted in decreased oxygenates,
ompared to non-CP, while the other components increased. In
articular, the content of furans in the bio-oil obtained from CP
ver 10 wt% H-V-MCM-41 was about 28%, which was more than 7
imes larger than that from non-CP. The oxygenate conversion was
igh especially for 5 wt% H-V-MCM-41 and for 10 wt%  H-V-MCM-
1, which maintained the MCM-41 structure after the vanadium

nsertion. Meanwhile, 30 wt% H-V-MCM-41, in which significant
estruction of MCM-41 structure was observed after the vanadium

nsertion, exhibited similar catalytic activity with Si-MCM-41, hav-
ng no acid sites. As shown in the NH3-TPD result (Fig. 5), 5 wt% and
0 wt% H-V-MCM-41 catalysts had less quantities of acid sites than
0 wt% H-V-MCM-41. However, most vanadium-based acid sites in

 wt% and 10 wt% H-V-MCM-41 may  be due to the framework vana-
ium of V-MCM-41. On the contrary, in 30 wt% H-V-MCM-41, most
anadium existed as V2O5 particles outside the MCM-41 frame-
ork, acting only as Lewis acid sites with weak catalytic activity.

herefore, the quantity of vanadium-based acid sites due to frame-
ork vanadium is apparently a more important parameter than the

otal quantity of acid sites. When bulk V2O5 particles were used for
he CP of cellulose, the catalytic activity was even much lower than
hat of 30 wt% H-V-MCM-41, which was attributed to the larger
article size of V2O5 (206 nm)  than that of vanadium incorporated

nto 30 wt% H-V-MCM-41 (80 nm).
Fig. 7 shows the detailed species distribution of oxygenates. The
Please cite this article in press as: B.-S. Kim, et al., Ex situ catalytic u
contained H-MCM-41 catalysts, Catal. Today (2015), http://dx.doi.org

ost abundant product of the non-CP of cellulose was  levoglu-
osan, a large part of which was removed by catalytic reforming.
ecause levoglucosan is known to be converted to other species
uch as furans owing to dehydration in the presence of acid sites
Fig. 8. Product distribution of furans via catalytic pyrolysis of cellulose over H-V-
MCM-41 catalysts.

[19,26,29,30], the high conversion of levoglucosan observed in the
CP over 5 wt%  and 10 wt% H-V-MCM-41 was  attributed to the acid
sites due to framework vanadium of V-MCM-41. On the other
hand, 30 wt% H-V-MCM-41 showed similar levoglucosan conver-
sion to that of MCM-41 with no acid sites. This indicates that
the extra-framework vanadium-based acid sites existing in 30 wt%
H-V-MCM-41 play a nearly negligible role in the conversion of lev-
oglucosan.

The bulk V2O5 particles showed virtually no catalytic activity,
indicating bulk V2O5 is inferior to smaller V2O5 particle-based cat-
alysts (e.g. 30 wt% H-V-MCM-41) in terms of the production of
furans.

Fig. 8 shows the detailed species distribution of furanic com-
pounds. The most abundant furanic compound was furfural.
Catalytic reforming considerably enhanced the production of alkyl-
pgrading of lignocellulosic biomass components over vanadium
/10.1016/j.cattod.2015.08.031

ated furans, such as furan, 2-methyl furan, 2-propyl furan, and
2,5-dimethyl furan, which were hardly produced from non-CP. This
result was  attributed to the enhanced dehydration and decarbony-
lation of levoglucosan occurring on the acid sites of H-V-MCM-41.

dx.doi.org/10.1016/j.cattod.2015.08.031
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urfural, whose global production is about 250,000 tones/year, is
n important chemical used in the production of various materials,
.g. furanic resin, pesticide, solvent, and plastics [36]. Therefore, the
nhanced production of furfural by catalysis is beneficial to improve
he economy of the pyrolysis process. Again 5 wt% and 10 wt%  H-
-MCM-41 showed much higher enhancement in the production
f furans than 30 wt% H-V-MCM-41. The catalytic activity of bulk
2O5 particles was negligible again.

Fig. 9 compares the results obtained with different doses of
0 wt% H-V-MCM-41. With increasing catalyst dose, the fraction of
xygenates decreased, while that of furanic compounds increased.
he conversion of levoglucosan increased with increasing catalyst
ose. When the catalyst/biomass ratio was 4, most levoglucosan
as removed. It is believed that levoglucosan was converted, via
ehydration and decarbonylation, into furanic compounds and, via
racking and aromatization, into mono-aromatics and hydrocar-
ons. Among the furanic compounds, the fractions of furfural and
lkylated furans, with high value-added, were increased consider-
bly with increasing catalyst dose, probably due to increased acid
ites.

Mono-aromatics, which were not produced from the non-CP
f cellulose, was produced by catalytic reforming over H-V-
CM-41, being 2.1% when 10 wt% H-V-MCM-41 was used. When

he catalyst/biomass ratio was increased to 4, the fraction of
ono-aromatics increased to 3.1%. Nevertheless, this fraction

f mono-aromatics was relatively low because the acidity H-
-MCM-41 was relatively weak. Furanic compounds including

urfural are known to be converted to aromatics on strong acid
ites [19,26,37,38]. Therefore, high fraction of furanic compounds
ccompanying with low fraction of aromatics obtained in this study
an be attributed to weak acidity of H-V-MCM-41. In a previous
tudy on CP of biomass over mesoporous materials, furanic com-
ounds are dominantly produced over aromatics [29,30,39], which

s in good agreement with the result of this study.
To investigate more deeply the conversion of levoglucosan,

hich is the most important reaction intermediate of the pyrolysis
f cellulose, the conversion reaction of levoglucosan was con-
erted over 10 wt% H-V-MCM-41 and 30 wt% H-V-MCM-41. As
hown in Fig. 10, the conversion of levoglucosan was negligible
Please cite this article in press as: B.-S. Kim, et al., Ex situ catalytic u
contained H-MCM-41 catalysts, Catal. Today (2015), http://dx.doi.org

ithout catalyst with less than 5% conversion, whereas 10 wt%
-V-MCM-41 converted most levoglucosan and 30 wt%  H-V-MCM-
1 converted 72.6% of levoglucosan. This result confirmed that
he acid sites based on framework vanadium play an important
Fig. 11. Product distribution of catalytic pyrolysis of xylan over H-V-MCM-41 cata-
lysts.

role in the conversion of levoglucosan. As was  mentioned above,
levoglucosan was  converted mostly into furanic compounds
(furfural, alkylated furans, etc.) and partly into mono-aromatics,
hydrocarbons, and acids, over H-V-MCM-41 with weak acid sites.

3.2.2. Ex situ CP of xylan
Fig. 11 shows the product species distribution obtained from

the pyrolysis of xylan (hemicellulose). Compared to the pyrolysis
of cellulose, in which levoglucosan was the most abundant product
of non-CP, the pyrolysis of xylan produced the oxygenates as major
species, followed by acids, furans, mono-aromatics, and pheno-
lics. Because xylan is more structurally unstable than crystalline
cellulose [40], its thermal decomposition takes place more eas-
ily. The fraction of acids was  particularly high (6.9%), compared to
the pyrolysis of cellulose (0.3%), owing to the production of acetic
acid from the decomposition of O-acetal functional groups in xylan
pgrading of lignocellulosic biomass components over vanadium
/10.1016/j.cattod.2015.08.031

[29,30]. CP of xylan increased the fraction of acids even further
through additional decomposition reactions. In particular, the frac-
tion of acids was almost doubled (11.6%) over 10 wt% H-V-MCM-41.
Acetic acid and formic acid were the two most abundant acids; the

dx.doi.org/10.1016/j.cattod.2015.08.031
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raction of acetic acid was 68%. Because acetic acid is an impor-
ant species used for the production of various chemicals, further
esearch is needed to enhance its production.

Another important product species group of the CP of xylan is
ono-aromatics. Being C6-C8 aromatics, benzene, toluene, ethyl-

enzene, and xylene, among other mono-aromatics, are important
uilding compounds used in the petrochemical industry. There-
ore, promoting the production of these species is one of the most
mportant goals in the CP of biomass. Catalytic reforming over

 wt% and 10 wt% H-V-MCM-41 catalysts increased the produc-
ion of mono-aromatics from xylan by a factor of larger than two;
he fraction of mono-aromatics increased from 3.2% for non-CP
o 7.2% for the CP over 5 wt% H-V-MCM-41 and to 8.1% for the
P over 10 wt% H-V-MCM-41. The CP over MCM-41 having few
cid sites resulted in the mono-aromatics fraction of 3.6%, which
s similar to the value obtained from non-CP. Therefore, the acid-
ty of H-V-MCM-41 appeared to be an important parameter in
he conversion of xylan. Generally, various reaction intermediates
roduced during the pyrolysis of biomass (acids, aldehydes, anhy-
rosugars, etc.) undergo cracking, deoxygenation, oligomerization,
nd aromatization in the presence of acid sites, eventually resulting
n the production of mono-aromatics. 30 wt% H-V-MCM-41, with
he largest quantity of acid sites, led to lower fraction of mono-
romatics (5.2%) than 5 wt% and 10 wt% H-V-MCM-41 catalysts
lthough it was higher than that obtained from non-CP or the CP
ver MCM-41, confirming again the important role of the acid sites
ased on framework vanadium (V O Si).

Hemicellulose is also known to be converted to furanic com-
ounds via dehydration over acidic catalysts [37]. Current study
lso showed that the CP of xylan increased the production of furanic
ompounds compared to non-CP. The margin of increase, however,
as much smaller than that for the pyrolysis of cellulose. The frac-

ion of phenolics decreased considerably, which was ascribed to the
onversion of phenolics to aromatics on the acid sites via catalytic
eforming such as decarbonylation, decarboxylation, and cracking.

When the catalyst dose was increased, the fractions of furans,
ono-aromatics, and hydrocarbons, with high economic values,

ncreased owing to enhanced cracking, dehydration, decarboxyl-
tion, decarbonylation, and aromatization occurring on acid sites.
imilar to the case of cellulose, the production of furanic com-
ounds and mono-aromatics was promoted in the presence of acid
ites.

The increase in the catalyst dose led to decreased fraction of
cids, indicating the conversion of acids on the acid sites. This
mplies that an optimal catalyst/biomass ratio would be needed
o maximize the production of acids.

.2.3. Ex situ CP of kraft lignin
Fig. 12 shows the results of the pyrolysis of kraft lignin.

he dominant product species of the pyrolysis of lignin were
henolics because the basic structure of lignin is a network of
romatic compounds. The fraction of phenolics increased further
hen the pyrolysis was conducted over H-V-MCM-41 catalysts
ue to enhanced cracking, decarbonylation, and decarboxylation,
owever, bulk V2O5 did not affect significantly the production
f phenolics. Phenolics are economically important chemicals
sed to produce phenolic resin. Another group of species whose
raction was increased as a result of catalytic reforming was

ono-aromatics. In particular, 10 wt% H-V-MCM-41 promoted the
roduction of mono-aromatics to the largest extent. The frac-
ion of oxygenated aromatics, such as 1,2-dimethoxy benzene and
Please cite this article in press as: B.-S. Kim, et al., Ex situ catalytic u
contained H-MCM-41 catalysts, Catal. Today (2015), http://dx.doi.org

-methoxy-4-methyl benzene, whose production was  significant
12.2%) in the case of non-CP, was only 4.2% when the pyroly-
is was conducted over 10 wt% H-V-MCM-41. This result implies
he conversion of oxygenated aromatics to mono-aromatics on the
Fig. 12. Product distribution of catalytic pyrolysis of lignin over H-V-MCM-41 cat-
alysts.

acid sites of H-V-MCM-41. The conversion of phenolics to mono-
aromatics on the acid sites of H-V-MCM-41 is another possibility.

The production of alkylated phenols (including phenol), among
other phenolics, was enhanced substantially due to catalytic
reforming. For example, the fraction of alkyl phenol compounds
increased more than four times from 3% of non-CP to 12.7% of
CP over 10 wt%  H-V-MCM-41. This was  attributed to enhanced
deoxygenation (decarbonylation and decarboxylation), cracking,
and demethoxylation of primary phenolic products of thermal
pyrolysis by H-V-MCM-41.

When the dose of 10 wt% H-V-MCM-41 was  increased by a fac-
tor of 2 and 4, the fraction of phenolics in the product bio-oil
decreased from 72.4% to 66.5% and 51.8%, respectively. Despite the
reduction in total phenolic production, however, the fraction of
alkylated phenols increased from 12.7% to 15.4% and 20.7%, because
the functional groups of phenolic compounds (e.g. methoxy groups,
carbonyl groups, etc.) were removed on the acid sites of H-V-MCM-
41. For instance, the fraction of the phenolic compounds having
methoxy groups (methoxy phenol, dimethoxy phenol, methoxy-
methyl phenol, etc.) decreased substantially from 55.1% to 48.0%
and to 30.3% when the mass ratio of 10 wt% H-V-MCM-41 over
lignin was increased from 1 to 2 and to 4, respectively, owing
to enhanced demethoxylation and deoxygenation. The fraction of
the compounds having carbonyl groups, such as hydroxy-methoxy
benzaldehyde, also decreased from 8.6% for non-CP to 4.6%, 3.2%,
and 0.9% for CP over 10 wt% H-V-MCM-41 with the catalyst/biomass
ratio of 1, 2 and 4, respectively, due to enhanced decarbonylation
(data not shown).

The increase in catalyst dose also resulted in the increases in the
fractions of mono-aromatics from 3.8% to 6.0% (two-times dose)
and to 11.8% (four-times dose) and polycyclic aromatic hydro-
carbons (PAHs) from 2.2% to 3.6% (two-times dose) and to 6.6%
(four-times dose). The fraction of oxygenated aromatics was not
altered much by the change in catalyst dose, remaining at 4.2%
(data not shown). Therefore, we  could conclude that the increase
in catalyst dose promoted the conversion of phenolics, through
deoxygenation, cracking, demethoxylation, and demethylation, to
mono-aromatics and PAHs as well as to alkylated phenols.
pgrading of lignocellulosic biomass components over vanadium
/10.1016/j.cattod.2015.08.031

4. Conclusion

H-V-MCM-41 catalysts exhibited high catalytic activity for the
reforming of pyrolysis oil from biomass components. The acid

dx.doi.org/10.1016/j.cattod.2015.08.031
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ites based on framework vanadium showed superior catalytic
ctivity to those based on extraframework vanadium oxide. CP,
ompared to non-CP, led to increased production of basic chemi-
als needed for the petrochemical industry, e.g. furanic compounds,
ono-aromatics, acetic acid, and light phenolics. In the CP of cellu-

ose, levoglucosan, the main product of non-CP, was  converted to
uranic compounds, including furfural, through deoxygenation on
he acid sites of catalysts. Increase in the catalyst dose and hence
he increase in the quantity of acid sites led to increased produc-
ion of furanic compounds, some of which were converted further
o mono-aromatics. The CP of xylan, i.e. hemicellulose, over H-V-

CM-41 catalysts produced significant amount of mono-aromatics
hrough deoxygenation, cracking, and aromatization. The produc-
ion of acetic acid was also promoted by catalyst reforming through
he removal of O-acetal functional groups. When kraft lignin was
yrolyzed over H-V-MCM-41 catalysts, compared to non-CP, the
roduction of alkylated phenolics, mono-aromatics, and PAHs was
romoted, which was also attributed to the effects of acid sites of
he catalysts. The increase in the catalyst dose promoted the con-
ersion reactions occurring on the acid sites, resulting in enhanced
onversion of heavy phenolics having various functional groups to
ight alkylated phenolics and mono-aromatics. The results of this
tudy suggest that the CP of lignocellulosic biomass over vanadium-
ased catalysts, such as H-V-MCM-41, can be effectively used for
he production of valuable chemicals.
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