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a b s t r a c t
Unilamellar mesoporous MFI nanosheets (UMNs) were, for the ﬁrst time, applied to the catalytic pyrolysis of the constituents of lignocellulosic biomass: cellulose, hemicellulose and lignin. A representative
mesoporous catalyst, Al-SBA-15, was also applied to the same process for the purpose of comparison. The
catalysts were characterized by N2 adsorption–desorption, X-ray diffraction, temperature programmed
desorption of ammonia, and transmission electron microscopy. The synthesized UMN catalyst was composed of a random assembly of zeolite nanosheets with a thickness of 2.5 nm. UMN was shown to have
strong Brønsted acid sites, whereas Al-SBA-15 had weak acid sites. Catalytic pyrolysis experiments were
carried out using Py-GC/MS. The product distribution was analyzed in order to evaluate catalytic activity.
Acidity had a considerable inﬂuence on catalytic activity; UMN, with a higher acidity than Al-SBA-15,
exhibited higher activities for cracking and deoxygenation, producing bio-oil with a lower oxygen content and with a better overall quality. Levoglucosan, which was the main product of the non-catalytic
pyrolysis of cellulose, was converted to aromatics and furans on the acid sites of the catalysts. Ketones,
alcohols and cyclo-compounds, the main products of the non-catalytic pyrolysis of xylan, were also converted to aromatics and furans by catalytic upgrading. The main products of the non-catalytic pyrolysis
of lignin were phenolics, which were converted to aromatics and lighter phenolics (alkyl phenolics and
methoxy phenolics) in the presence of catalysts. Increasing the catalyst dose improved the quality of the
product oil even further.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The replacement of fossil fuels with renewable energies, such
as bio-energy, wind energy, and solar energy, largely in order to
reduce the emission of gasses related to global warming, is a worldwide trend. For instance, power stations in South Korea are legally
obliged to produce a certain fraction of their total energy production from renewable energy sources. To fulﬁll this obligation,
many power stations and local heating corporations produce electricity by combusting combinations of conventional fossil fuels
and bio-fuels. Bio-fuels that are widely used include bio-diesel
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produced from the transesteriﬁcation of vegetable oils, bio-oil and
syngas produced from thermochemical conversion processes, and
bio-ethanol produced from biological fermentation [1–5].
Pyrolysis is a thermochemical conversion process through
which biomass is decomposed to liquid (bio-oil), solid (bio-char),
and gas products by heating under oxygen-free conditions. Normally, pyrolysis is aimed at maximizing the yield of bio-oil, which
can be used as a fuel for boilers, or as a feedstock for the production
of phenolic resin and biochemicals with high value-added [6–8].
The production of bio-fuels from cultivated plants has brought
about a sharp rise of grain prices, which has ultimately had a
direct impact on the global food shortage. Consequently, this has
turned the attention of many researchers to the production of biofuels from non-food biomass materials. Lignocellulosic biomass is
receiving particular attention due to its vast reserves throughout
the earth. A number of different lignocellulosic biomass materials, such as woody biomass and herbaceous biomass, have been
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used in the pyrolysis processes using different types of reactors,
such as ﬂuidized bed reactors, ﬁxed bed reactors, and Py-GC/MS
[6–11]. However, bio-oil produced from pyrolysis processes has
several shortcomings, such as high oxygen content and low pH.
One promising method to improve the quality of bio-oil is catalytic
pyrolysis. During catalytic pyrolysis processes, the quality of bio-oil
is improved by deoxygenation reactions which occur on the surface
of acidic catalysts, such as zeolite. A number of different solid acid
catalysts have previously been used, including microporous zeolite materials such as HZSM-5, HY and H␤; mesoporous materials
such as Al-MCM-41, Al-MCM-48 and Al-SBA-15, as well as hierarchical zeolite materials such as meso-MFI and MMZ [10–16]. All
these catalysts could improve the quality of bio-oil compared to
non-catalytic pyrolysis. Detailed reviews on the catalytic pyrolysis
of biomass have recently been published [14,15].
While the catalytic pyrolysis of lignocellulosic biomass materials have been studied extensively, investigations of the catalytic
pyrolysis of their constituents, i.e., cellulose, hemicellulose and
lignin, has been relatively limited. Moreover, in most studies of
the catalytic pyrolysis of biomass constituents, microporous zeolites, such as HZSM-5 and HY, were used [17–26]. Meanwhile, a
few papers have reported the application of mesoporous catalysts,
such as Al-MCM-41 and Al-SBA-15, to the catalytic pyrolysis of the
constituents of lignocellulosic biomass [27–31].
Also, hierarchical mesoporous MFI zeolite has been reported to
exhibit high catalytic activity for the pyrolysis of biomass by our
previous publications [10,12,13] as well as by other researchers
[32]. However, the catalytic pyrolysis of biomass constituents over
hierarchical mesoporous MFI has seldom been reported. Hierarchical mesoporous MFI is expected to have a high activity for the
catalytic pyrolysis of biomass constituents because its acidic property is excellent. In particular, Ryoo et al. recently reported the
synthesis of a unilamellar MFI nanosheet with intersheet mesopores [33]. The thickness of the unilamellar mesoporous MFI
nanosheet (UMN) was ca. 2 nm, and it was determined to have
high thermal and hydrothermal stability as well as a comparable
amount of strong acid sites to that of a conventional MFI catalyst
[33]. It was reported that the synthesized UMN had much higher
activity and stability than the conventional MFI catalyst for various catalytic reactions, including the catalytic pyrolysis of plastics
and the conversion of methanol to gasoline conversion. Besides,
UMN has shown a high activity for the Bechmann rearrangement
of cyclohexanone oxime to -caprolactam [34] as well as for the
conversion of bulky molecules [35]. However, UMN has not previously been applied to the catalytic upgrading of bio-oil consisting of
bulky molecules. Therefore, investigations of the catalytic pyrolysis
of biomass constituents over UMN are required in order to understand the relation between the catalyst characteristics and bio-oil
upgrading effect, as well as for estimations of the potential of UMN
for the catalytic pyrolysis of various biomass materials.
In this study, UMN was applied, for the ﬁrst time, to the catalytic pyrolysis of biomass constituents. Py-GC/MS was used for
the real-time analysis of the pyrolysis products. The catalytic activity of UMN was compared to that of a representative mesoporous
material, Al-SBA-15.

conducted based on a previously reported method [9]. Thermogravimetric analysis (TGA) was performed following a previously
reported method [9].
2.2. Synthesis of the catalyst
UMN was synthesized using a previously reported procedure [36], using a surfactant with a molecular formula of
[C16 H33 –N+ (CH3 )2 –C6 H12 –N+ (CH3 )2 –C6 H13 ](Br− )2 as a structuredirecting agent (SDA). In a typical synthesis, 6.03 g of SDA was
dissolved in 57.04 g of diluted sodium silicate solution (Si/Na = 1.75,
13.2 wt% SiO2 ). A solution containing 0.24 g of sodium aluminate
(53 wt% Al2 O3 and 42.5 wt% Na2 O, Sigma–Aldrich) and 20.00 g of
H2 O was added dropwise under vigorous stirring. Subsequently,
the mixture was further stirred for 6 h in an oven which was maintained at 60 ◦ C. 26.26 g of diluted sulfuric acid (11.2 wt% H2 SO4 ) was
added to this mixture at once. The resultant mixture was immediately shaken by hand for 5 min and the mixture was then stirred for
6 h in an oven at 60 ◦ C. The ﬁnal molar composition of the synthesized gel was 100 SiO2 :1 Al2 O3 :7.5 SDA:30 Na2 O:24 H2 SO4 :4000
H2 O. The gel was heated in a Teﬂon-lined stainless steel autoclave
at 150 ◦ C with tumbling. After hydrothermal treatment for 5 days,
the zeolite product was ﬁltered and washed with distilled water.
The product was then dried for 12 h at 100 ◦ C and was subsequently
calcined under an air ﬂow at 550 ◦ C to remove any remaining surfactant. The calcined zeolite was ion-exchanged into the NH4 + form
by repeating the ion-exchange procedure three times with 1 M
NH4 NO3 . The NH4 + of zeolite was converted to H+ through calcination at 550 ◦ C. Al-SBA-15 was synthesized using a method which
was suggested by a previous study [37].
2.3. Characterization of catalysts
X-ray diffraction (XRD) patterns were collected between 2
angles of 5 and 35◦ using a Rigaku Multiﬂex diffractometer and
Cu K␣ radiation (30 kV, 40 mA). Nitrogen adsorption isotherms
were obtained at the liquid nitrogen temperature (−196 ◦ C) using
a Micromeritics TriStar-II volumetric adsorption analyzer. Prior
to each measurement, the samples were degassed for 12 h at
300 ◦ C. The speciﬁc surface areas were calculated using the
Brunauer–Emmett–Teller (BET) equation based on the adsorption
data obtained in the pressure (P/P0 ) range of 0.05–0.2. The pore
size distributions were obtained from the entire adsorption branch
based on the Barrett–Joyner–Halenda (BJH) algorithm.
The temperature programmed desorption of ammonia (NH3
TPD) was measured using a BELCAT-M (BEL Japan) instrument
equipped with a thermal conductivity detector (TCD). Prior to NH3
adsorption, samples were heated to 500 ◦ C under a helium ﬂow
(30 mL min−1 ) to remove the species adsorbed on the sample. After
cooling to 100 ◦ C, NH3 adsorption was carried out. Subsequently,
the sample was again exposed to the helium ﬂow in order to remove
weakly adsorbed NH3 at 100 ◦ C. The TPD proﬁle was obtained while
heating from 100 to 650 ◦ C with a ramp of 10 ◦ C min−1 under helium
ﬂow (30 mL min−1 ). The TPD proﬁle was deconvoluted under the
assumption of Gaussian distribution. Transmission electron microscope (TEM) images were obtained from the Tecnai G2 F30, with
an accelerating voltage of 300 kV.

2. Experimental
2.4. Pyrolysis of biomass constituents using Py-GC/MS
2.1. Biomass sample
Commercial cellulose (product number: 310697) and xylan
(model compound of hemicellulose, product number: x4252)
were purchased from Sigma–Aldrich. Lignin (dealkaline, product
number: L0045) was purchased from Tokyo chemical industry.
Proximate and ultimate analyses of each biomass constituent were

Catalytic pyrolysis was carried out using Py-GC/MS to evaluate
the relative capabilities of catalysts to upgrade bio-oil. Experiments
were performed in a vertical furnace type pyrolyzer (Py-2020D,
Frontier-Lab Co.). In the non-catalytic pyrolysis experiments, about
1 mg of biomass constituent only was introduced into the metal
sample cup. In the catalytic pyrolysis experiments, on the other

hand, the same amount of sample was placed on the metal sample
cup, over which a small amount of quartz wool was placed. About
2 mg of catalyst was then placed above the quartz wool layer. The
sample layer and the catalyst layer were separated by the intermediate wool layer to prevent contact between them. Thus, in the
catalytic pyrolysis experiments, a non-catalytic pyrolysis took place
ﬁrst, after which the gaseous product was upgraded as it ﬂowed
through the catalyst layer. The metal sample cup containing the
sample and catalyst layers was inserted into a heated pyrolyzer
through which the helium carrier gas ﬂowed.
Pyrolysis was allowed to take place for 3 min at 600 ◦ C. The
product gas was analyzed using a GC (Agilent 7890A Gas Chromatography)/MS (Agilent 5975C inert Mass Spectral Detector)
which was connected directly to the pyrolyzer. A microJet cryo-trap
was used for the high-resolution analysis of volatile components.
The product gas was rapidly cooled and concentrated using liquid
nitrogen for 3 min before it passed through the column. It was then
introduced into the column by thermal desorption. An ultra alloy-5
column (30 m × 0.25 mm × 0.5 mm) was used for the GC/MS. The
carrier gas was introduced into the reactor with a split ratio of
50:1. The interface temperature of the GC/MS was maintained at
300 ◦ C. The GC oven temperature was programmed to rise from
40 ◦ C (4 min) to 320 ◦ C (10 min) with a ramp of 5 ◦ C min−1 , and the
total analysis time was 70 min. Each peak of the mass spectra was
interpreted using the NIST05 library. Additional experiments were
conducted by doubling the amount of catalyst to 4 mg in order to
investigate the inﬂuence of catalyst dose, with all other conditions
remaining unchanged.
3. Results and discussion
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Fig. 1. XRD patterns of UMN.

as the presence of mesopores between the nanosheets [33,36]. The
average pore size was 6.8 nm (Fig. S2, Supporting information). The
UMN sample was synthesized so as to have an Si/Al ratio of 53. The
Si/Al ratio, speciﬁc surface area, pore size, and pore volume of AlSBA-15 were 35, 500 m2 g−1 , 7.8 nm, and 0.74 cm3 g−1 , respectively.
Acid sites generated by the aluminum substitution of silicon in
the crystalline framework were analyzed by NH3 -TPD. In the TPD
proﬁles (Fig. 3), desorption peak appearing at the high temperature
range (300–500 ◦ C) corresponded to strong Brønsted acid sites. AlSBA-15 was shown to have fewer acid sites with weaker strength
compared to UMN.

3.1. Characterization of cellulose, xylan and lignin
Table S1 (Supporting information) summarizes the results of the
proximate and ultimate analyses of cellulose, xylan and lignin. The
contents of water, volatiles, ﬁxed carbon, and ash generated from
each feed material were cellulose, 1.1, 95.4, 2.1 and 1.4 wt%; xylan,
3.7, 77.3, 16.7 and 2.3 wt%; and lignin, 1.7, 57.3, 34.7 and 6.3 wt%,
respectively. The contents of C, H and O were cellulose 42.99, 5.94
and 50.74 wt%; xylan 40.37, 5.94 and 53.69 wt%; and lignin 47.99,
4.33 and 44.45 wt%, respectively. N and S were detected only for
lignin, and were determined to be 0.14 and 3.09 wt%, respectively.
Fig. S1 (Supporting information) shows the TGA/DTG analysis
results for the constituents. Most decomposition reactions were
shown to be completed below 600 ◦ C. Therefore, 600 ◦ C was determined to be an optimal catalytic pyrolysis temperature.

3.3. Catalytic pyrolysis of biomass components
Fig. S3 (Supporting information) shows overall yields of the
products of the catalytic pyrolysis of biomass components. For all
the biomass components, catalytic pyrolysis increased gas yield
and reduced oil yield. As pyrolytic vapors from the pyrolysis of
biomass components passed through UMN catalyst, cracking and
deoxygenation of pyrolytic vapors may have resulted in the reduced
oil yield. Main gas components were CO, CO2 , and methane (Fig.
S4). The increase of solid residue (char + coke) may be due to the
increased coke formation.

3.2. Characterization of catalysts
The crystalline structure of UMN was conﬁrmed by the XRD pattern exhibiting Bragg diffraction peaks (Fig. 1). Over the 2 range
of 15–25◦ , there was no background increase in the XRD pattern
attributable to the amorphous impurities. All peaks appearing in
the XRD pattern were assignable to the crystalline MFI zeolite structure. The XRD pattern exhibited only (h 0 l) reﬂections, which is
consistent with the thickness corresponding to a single unit cell
dimension along the b-axis [36]. The high resolution TEM image
shown in Fig. 2 revealed that the UMN was composed of a random assembly of zeolite nanosheets with 2.5-nm thickness. The
XRD pattern of Al-SBA-15 (data not shown) was in good agreement
with that reported in the literature [31].
BET area, Si/Al ratio, pore size and pore volume are summarized
in Table 1. The UMN had a large speciﬁc surface area (600 m2 g−1 )
as well as a large pore volume (0.82 cm3 g−1 ). This is attributed
to the extremely thin thickness (2.5 nm) of the nanosheet as well

Fig. 2. TEM image of UMN.
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Table 1
Physical properties of catalysts.
Catalyst

Si/Ala

BET surface area (cm2 /g)

BJH pore size (nm)

Pore volume (cm3 g−1 )

Unilamellar MFI
Al-SBA-15

53
35

600
500

6.3
7.8

0.82
0.74

a

Si/Al ratio from ICP/AES.
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Fig. 5. Distribution of oxygenates from catalytic pyrolysis of cellulose.

3.3.1. Catalytic pyrolysis of cellulose
Fig. 4 shows the result of the catalytic pyrolysis of cellulose.
Both Al-SBA-15 and UMN converted a considerable amount of
oxygenates produced by non-catalytic pyrolysis to acids, monoaromatics, poly aromatic hydrocarbons (PAHs), phenolics and
hydrocarbons. The amounts of mono-aromatics and PAHs produced
by the catalytic upgrading over the two catalysts differed to large
extents, while the amounts of the other species were not very
sensitive to the catalyst which was used. As shown in Fig. 5, levoglucosan accounted for the largest fraction of the product of the
non-catalytic pyrolysis of cellulose. Meanwhile, for Al-SBA-15, a
larger amount of furans were produced, and it is known that furans
are mainly produced by the dehydration reaction of levoglucosan
over acid sites [17,28,31]. However, there seems to be little further conversion of furans because Al-SBA-15 has weak acid sites.
On the other hand, the upgrading over UMN resulted in a lower
yield of furans and a higher yield of mono-aromatics. Furans are
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Fig. 4. Product distribution of catalytic pyrolysis of cellulose.

reportedly converted to aromatics over strong acid sites via cracking, dehydration, decarboxylation, decarbonylation and oligomerization [17,21,28,37]. Because UMN has strong Brønsted acid sites,
the consecutive conversion of levoglucosan → furans → aromatics
seems to be promoted. Another difference observed for the two
catalysts in terms of the production of furanic compounds was
the species distribution. Oxygenated furans, such as furfural and
5-methyl-2-furancarboxaldehye (5-methyl furfural), accounted for
a large fraction of total furans (48.6%) when Al-SBA-15 was used,
whereas the oxygen-free furan compounds, such as alkylated furan
and benzofuran, accounted for a dominant fraction of total furans
(77.9%) when UMN was used (Table S2, Supporting information).
The strong acid sites of UMN are believed to have promoted deoxygenation reactions, such as decarbonylation and decarboxylation.
Most furans produced from catalytic pyrolysis, including furan,
alkyl furans and furfural (Table S2) are important materials as
organic solvents in the petrochemical industry. Therefore, the production of these compounds increases the economic value of the
bio-oil. Moreover, some compounds with a high octane number,
such as alkylated furan (e.g., 2,5-dimethylfuran – RON 120) can
increase the energy density of a bio-oil [38]. Some compounds,
such as benzofuran and ethyl-2-benzofuran, were not observed
when Al-SBA-15 was used, but were produced through catalysis
with UMN. This is attributed to the Diels–Alder cycloaddition reaction promoted by the Brønsted acid sites of UMN catalyzing the
dehydration of furans, which is known to be the rate determining step [39,40]. Benzofuran can reportedly be further converted to
aromatics [40].
Fig. S5 (Supporting information) shows the species distribution of the produced mono-aromatics. BTEX (benzene, toluene,
ethylbenzene and xylene) and other aromatic compounds, such as
1,3-dimethyl-benzene, indane and indene were observed. Aromatics are important products of the pyrolysis of biomass in terms of
their inﬂuence on the economic value of bio-oil, as they have high
octane numbers and are used as basic feedstock materials in the
petrochemical industry.
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Fig. 6. Effect of catalyst amount on the catalytic pyrolysis of cellulose.

The main cyclo-compound produced over UMN was 2cyclopenten-1-one, whereas 2-cyclopenten-1,4-dione was the
main cyclo-compound produced over Al-SBA-15. It is believed
that strong acid sites of UMN promoted the production of cyclocompounds with lower oxygen contents. Naphthalene was the
dominant PAH product. When separated, naphthalene can be
used as raw material for the production of phthalic anhydride,
naphthalene sulfonate, and naphthalene sulfonate–formaldehyde
condensate [11,21].
When the cellulose/catalyst ratio was changed from 1/2 to 1/4,
the content of mono-aromatics was increased considerably, from
16% to 31% (Fig. 6). The additional conversion of levoglucosan
(12.4% → 2.7%), attributed to the increased quantity of acid sites,
may have contributed to the increased production of aromatics.
The enhanced conversion of furanic compounds to aromatics is also
believed to be another reason for the enhanced production of aromatics (data not shown). The content of PAHs was also increased by
increasing the catalyst dose. The yields of ketones and aldehydes
were not changed signiﬁcantly by increasing the catalyst dose.
3.3.2. Catalytic pyrolysis of xylan
Fig. 7 shows the product distributions obtained from the pyrolysis of xylan. Similar to the case cellulose pyrolysis, the yield of
oxygenates from xylan was reduced by catalytic upgrading. The
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Fig. 7. Product distribution of catalytic pyrolysis of xylan.
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Fig. 8. Distribution of oxygenates from catalytic pyrolysis of xylan.

upgrading over UMN resulted in a substantial increase in the yield
of mono-aromatics. In particular, the fraction of mono-aromatics
was 24%, which is even larger than that obtained for cellulose (18%).
Because the degree of crystallinity of hemicellulose, represented by
xylan in this study, is lower than that of cellulose, it is more readily
decomposed and converted into aromatics [31]. The yield of hydrocarbons was also increased slightly, contributing to an increase
of the heating value of the oil. On the whole, UMN, which has
stronger acidity, exhibited a better catalytic performance than AlSBA-15; a larger amount of oxygenates was removed and the yield
of aromatics was three times higher, leading to the production of a
higher-quality bio-oil.
When xylan was pyrolyzed in the absence of a catalyst, ketones,
alcohols, and cyclo-compounds were the main oxygenate species
(Fig. 8). They were converted to other species upon catalytic
upgrading over UMN. In particular, alcohols (mainly ethanol)
and cyclo-compounds were converted to aromatics via cracking,
deoxygenation, Diels–Alder cycloaddition, and oligomerization.
Ketones were also shown to undergo deoxygenation by the catalytic effect of UMN. For example, the fractions of 2-butanone
and 1-hydroxy-2-butanone (4.3% and 4.5%, respectively) produced
from the non-catalytic pyrolysis, were reduced considerably to 0%
and 1.9%, respectively, upon catalytic upgrading over UMN. Mihalcik et al. [17] reported that ketones were converted to aromatics via
decarbonylation reactions occurring on strong Brønsted acid sites
when hemicellulose was pyrolyzed over HZSM-5, which is in good
agreement with the results of the present study. Gayubo et al. [41]
also reported that ketones were converted to aromatics in the presence of catalysts with strong acid sites, such as HZSM-5. The yield of
furans, as high value-added compounds, was increased by catalytic
upgrading. Mono-aromatics, which are produced from oxygenates,
were mostly BTEX, 1,2,3-trimethyl-benzene, indane and 1-methyl1H-indene (Fig. S6). Naphthalene composed the bulk of all PAHs
produced.
A large quantity of acetic acid was produced from the noncatalytic pyrolysis of xylan, stemming from the decomposition of
acetal groups abundant in xylan [31]. The large yield of acetic acid
was not changed by catalytic upgrading. An enhanced production of
acetic acids by catalytic upgrading over a mesoporous catalyst was
previously reported [42]. Because acids degrade the fuel quality,
causing the corrosion of engines and pipelines, appropriate treatments are required for their removal.
When the xylan/catalyst ratio was changed from 1/2 to 1/4, the
fraction of aromatics increased to the largest extent (from 22% to
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Fig. 9. Effect of catalyst amount on the catalytic pyrolysis of xylan.

33%) (Fig. 9). On the other hand, the fractions of oxygenate species
(ketones, cyclo-compounds and furans) decreased. Like the case of
cellulose, an increased catalyst dose increases the amount of acid
sites that can contact with reactants, promoting cracking, decarbonylation, decarboxylation, oligomerization and aromatization,
and resulting in an enhanced production of aromatics. The yield
of PAHs was slightly increased, while the yield of acids was slightly
decreased by catalytic upgrading.
3.3.3. Catalytic pyrolysis of lignin
Fig. 10 shows the resultant yields from the pyrolysis of lignin.
Phenolics were the main products of the non-catalytic pyrolysis
of lignin, as well as from pyrolysis over Al-SBA-15. However, in
the case of the catalytic pyrolysis of lignin over UMN, the yield of
aromatics was increased considerably.
As pointed out by Ma et al. [25], the pyrolysis of lignin produces
depolymerization products via radical mechanism, which are
ultimately converted to phenolics. Phenolics produced from noncatalytic pyrolysis tend to contain a large content of oxygen, having
relatively high molecular masses: e.g., eugenol, 1-(4-hydroxy3-methoxyphenyl)-ethanone, 4-(4-hydroxy-3-methoxyphenyl)2-butanone, and 4-(ethoxymethyl)-2-methoxy-phenol). However,
these species were not produced from the catalytic pyrolysis of
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Fig. 10. Product distribution of catalytic pyrolysis of lignin.

lignin, and lighter phenolics with lower oxygen contents, e.g.,
phenol, alkyl phenols and 2-methoxy phenol were produced
instead (Table 2). This can be attributed to the conversion of heavy
phenolics to light phenolics via dehydration, decarbonylation,
decarboxylation and cracking on the acid sites of the catalyst.
Upgrading over UMN resulted in a smaller yield of methoxy
phenolics than that obtained over Al-SBA-15, whereas a similar
amount of alkyl phenolics were produced from catalytic pyrolysis
over the two catalysts. In addition, 2-methoxy-4-(1-propenyl)phenol and 2-methoxy-4-vinyl phenol, which are large molecules
with double bonds, were removed completely by upgrading over
UMN. This is attributed to the removal of methoxy groups by the
demethoxylation reaction, which is promoted in the presence of
the strong acid sites of UMN. Ma et al. [25] also noted that the
dealkoxylation of alkoxy phenols was promoted by the strong acid
sites of HZSM-5.
The yield of mono-aromatics was much higher when lignin was
pyrolyzed over UMN than over Al-SBA-15 (Fig. S7, Supporting information), which was the case, too, for the pyrolysis of cellulose and
xylan. Decarbonylation, decarboxylation, cracking, dealkoxylation,
oligomerization and aromatization of the phenolics produced from
non-catalytic pyrolysis, with the consequent production of aromatics, can occur more actively when the acidity of the catalyst
is stronger. Al-SBA-15, with weaker acidity, could convert heavy
phenolics to light phenolics but could not further convert light
phenolics to aromatics. Ma et al. [25] also suggested that phenolics can be converted to aromatics to a sufﬁcient extent only when
sufﬁcient acid sites are present. Park et al. [13] compared the potentials of hierarchical mesoporous MFI, Al-MCM-48 and Al-MCM-41
for the production of aromatics from the pyrolysis of miscanthus.
Hierarchical mesoporous MFI, with strong acid sites, promoted
the production of aromatics, whereas Al-MCM-48 and Al-MCM41, with only weak acid sites, were adequate for the production
of phenolics rather than aromatics. Thring et al. [43] carried out
the catalytic pyrolysis of lignin over HZSM-5 and reported that
the strong acid sites of HZSM-5 led to a high yield of aromatics.
Pattiya et al. [44] also reported that in the catalytic pyrolysis of
cassava rhizome, ZSM-5, with strong acid sites, produced a large
quantity of aromatics, whereas mesoporous catalysts, such as AlMCM-41, only converted large molecules to smaller molecules.
The catalytic pyrolysis of spruce wood over Al-MCM-41 reduced
the yield of higher-molecular-mass phenols compared to the noncatalytic pyrolysis [42]. In the catalytic pyrolysis of lignin over
ZSM-5 catalysts with different Si/Al ratios [26], ZSM-5 with very
weak acidity, hardly improved the quality of bio-oil, whereas ZSM5 with strong acidity enhanced the production of light oil, while
reducing heavy oil. They suggested that the strong acid sites of ZSM5 promoted deoxygenation reactions such as decarboxylation and
dehydration. These results are in good agreement with the result
of the present study.
The main oxygenated species produced from the pyrolysis of
lignin were furans. The yield of furans was increased by a factor
of more than 2 by catalytic upgrading. Naphthalene was the main
PAH species.
Doubling the catalyst dose increased the yield of monoaromatics signiﬁcantly (16% → 28%), while reducing the yield of
phenolics (Fig. 11); the decrease in the fraction of methoxy phenolics was particularly large (16.2% → 2.8%). This is attributed, as
mentioned above, to the promotion of reactions which convert
phenolics to aromatics (decarbonylation, demethoxylation, etc.) as
the number of strong acid sites is increased. Mullen and Boateng
[18] reported that simple phenolics, such as phenol, are usually not
converted further. In this study, however, the fraction of alkyl phenols, including phenol and methyl phenols, was decreased from
5.4% to 2.8% when the lignin/catalyst ratio was changed from 1/2
to 1/4. This indicates that the presence of a sufﬁcient amount of
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Table 2
Distribution of phenolics of catalytic pyrolysis of lignin.
Phenolics

Without catalyst

Lignin/UMN = 1/2

Lignin/UMN = 1/4

Lignin/Al-SBA-15 = 1/2

Phenol
2-Methyl-phenol
2,4-Dimethyl-phenol
2,3,6-Trimethyl-phenol
2-Methoxy-phenol
2-Methoxy-4-methyl-phenol
4-Ethyl-2-methoxy-phenol
2-Methoxy-4-vinylphenol
2-Methoxy-4-propyl-phenol
2,6-Dimethoxy-phenol
2-Methoxy-4-(1-propenyl)-phenol
4-(Ethoxymethyl)-2-methoxy phenol
1,2-Benzenediol
2-Methoxy-1,4-benzenediol
Eugenol
Vanillin
Homovanillyl alcohol
1-(4-Hydroxy-3-methoxyphenyl)-ethanone
4-(4-Hydroxy-3-methoxyphenyl)-2-butanone

1.31
1.3
1.1
0
17.29
4.37
2.08
4.55
0.64
1.51
2.36
0.92
0.58
0.14
0.86
11.03
2.37
2.52
0.41

0.95
1.27
3.2
0
12.6
2.48
1.12
0
0
0
0
0
0
0
0
0
0
0
0

0.48
0.89
1.46
0
2.79
0
0
0
0
0
0
0
0
0
0
0
0
0
0

2.03
1.61
2.03
0.27
22.75
5.18
3.31
0.42
0.6
0
1.11
0
0
0
0
2.2
0
0
0

80
Without catalyst
Lignin/UMN=1/2
Lignin/UMN=1/4

Distribution (%)

60

40

20

UMN converted levoglucosan, the main primary oxygenate
product of the pyrolysis of cellulose, to high-value-added products,
such as furans and mono-aromatics. In the case of the pyrolysis of
xylan, UMN converted the main non-catalytic pyrolysis products
(ketones, alcohols and cyclo-compounds) to aromatics and furans.
Phenolics, the main products of the non-catalytic pyrolysis of lignin,
were converted by catalytic upgrading to high-value-added aromatics, including benzene, toluene, ethylbenzene and xylene and
light phenolics (alkyl phenolics and methoxy phenolics). Based on
the results of this study, UMN is expected to exhibit excellent catalytic activity for the catalytic pyrolysis of various lignocellulosic
biomass materials.
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Fig. 11. Effect of catalyst amount on the catalytic pyrolysis of lignin.

strong acid sites enables the conversion of simple phenolics to aromatics. Ma et al. [25] also argued that an increased catalyst dose
promoted the conversion of phenolics to aromatics, which is in
good agreement with this study. The catalytic pyrolysis of lignin
showed much higher selectivity toward high value-added BTEX
than that of cellulose or hemicellulose. Further investigation of the
detailed mechanisms for these pyrolysis processes is required.
The yield of oxygenates was slightly reduced by increasing
the catalyst dose, whereas those of PAHs and hydrocarbons were
increased. The enhanced production of hydrocarbons is beneﬁcial
in terms of oil quality because the heating value and octane number
increase with increasing hydrocarbon fraction.
4. Conclusions
The UMN catalyst composed of a random assembly of zeolite
nanosheets with a thickness of 2.5 nm exhibited superior acid characteristics, i.e., a greater number of stronger Brønsted acid sites, to
the representative mesoporous catalyst Al-SBA-15. The high acidity
of UMN promoted dehydration, decarboxylation, decarbonylation,
cracking, oligomerization, and aromatization reactions of the biooil produced from the pyrolysis of biomass constituents, improving
the oil quality signiﬁcantly. Doubling the catalyst dose improved
the oil quality even further.
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