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a b s t r a c t

The main objective of the present work was the study of the effect of hydrothermal pretreatment of lig-
nocellulosic biomass (beech wood) on the product yields and bio-oil composition produced from biomass
flash pyrolysis as well as from the catalytic upgrading of the biomass pyrolysis vapours. The hydrother-
mal pretreatment of lignocellulosic biomass was performed at a severity factor (Ro) of 3.55 leading to
∼35 wt.% loss of solids, mainly due to solubilization and removal of hemicellulose. The production of
sugars (mainly levoglucosan) was significantly increased by the use of the hydrothermally pretreated
biomass instead of the untreated biomass in the non-catalytic flash pyrolysis experiments. On the other
hand, the concentration of carboxylic acids, ketones and phenols was decreased in the bio-oil derived
from the pretreated biomass. The catalysts tested in the upgrading of the biomass pyrolysis vapours were
the strongly acidic zeolites H-ZSM-5 and silicalite (with very low number of acid sites) and the mildly
acidic mesoporous aluminosilicate Al-MCM-41. The effect of catalysts on product yields and composi-
tion of bio-oil in the upgrading of pyrolysis vapours, was similar for both the pretreated and untreated
biomass. The use of zeolite H-ZSM-5 decreased the total liquid yield (bio-oil) via decreasing the organic
phase of bio-oil and increasing its water content, accompanied by increase of gases and moderate forma-
tion of coke on the catalyst. The zeolite silicalite and the Al-MCM-41 induced similar effects with those of
H-ZSM-5 but to a less extent, except of the significantly higher coke that was deposited on Al-MCM-41.

With regard to the composition of the bio-oil, all the catalysts and mostly the strongly acidic H-ZSM-5
zeolite reduced the oxygen content of the organic fraction, mainly by decreasing the concentration of
acids, ketones and phenols in the untreated biomass pyrolysis oil or the concentration of sugars in the
pretreated biomass pyrolysis oil. Aromatics and polycyclic aromatic hydrocarbons (PAHs) were signifi-
cantly increased by the use of all catalysts, for both types of biomass feed. A substantial increase in the
concentration of phenols was observed in the upgraded bio-oil derived by the hydrothermally pretreated

idic s
biomass, using the less ac

. Introduction

Most of the energy consumed nowadays originates from non-
enewable resources, such as coal, petroleum and natural gas.
lobal energy crisis (depleting deposits and consequent increasing
rices of petroleum oil) combined with environmental prob-

ems associated with the use of coal and petroleum based fuels,

trongly motivated our society to search for alternative, renew-
ble energy sources and environment-friendly liquid fuels. In
his respect, biomass is an abundant, low-cost renewable energy
ource, expected to play a substantial role in the future global
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ilicalite and Al-MCM-41 catalysts.
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energy balance [1–3]. Different types of lignocellulosic biomass
can be utilized as source of energy/fuels, such as agricultural and
forestry residues/waste (e.g. wheat straw, tree branches), indus-
trial wood processing residues (e.g. sawdust), municipal solid waste
(e.g. waste paper), and perennial or annual crops with high yield
1–4 ton/1000 m2 year (e.g. eucalyptus, pseudoacacia, willow, mis-
canthus, switch grass, cellulosic sorghum, etc.).

Biomass flash pyrolysis (BFP) is one of the most promising ther-
mochemical processes for the conversion of biomass mainly into
liquid (bio-oil, up to ca. 75 wt.% based on biomass), as well as
gaseous (CO, CO2, H2 and gaseous C1–C4 hydrocarbons) and solid

(char) products [1,4,5]. The main characteristics of the BFP process
are the very high heating rates (e.g. 500–1000 ◦C/s), the medium
pyrolysis temperatures (e.g., 400–550 ◦C), short vapour contact
time (e.g. less than 2–3 s) and fast vapour cooling rates (quench-
ing). Biomass is usually pyrolyzed in the presence of inert solid heat

dx.doi.org/10.1016/j.cattod.2010.12.049
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ktrianta@chem.auth.gr
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arrier, like silica sand, in order to enhance heat transfer rates and
o increase the available “hot” surface for thermal pyrolysis. All the
bove process characteristics aim at maximizing the production of
iquids (bio-oil) compared to gases and char, via suppressing sec-
ndary reactions of the primary pyrolysis products. Bio-oil can be
tilized as a source of commodity chemicals (e.g. phenols), can be
sed directly as a fuel (e.g. in boilers for steam/heat production)
r can be further converted to fuels or fuel additives (e.g. in the
asoline or diesel pool). However, bio-oil usually presents several
ndesirable characteristics, such as high water and oxygen con-
ent, corrosiveness, instability under storage and transportation
onditions, immiscibility with petroleum fuels, high acidity, high
iscosity, and low calorific value [3,6,7]. All these become the pri-
ary obstacles for its direct application as a fuel in various types

f engines or turbines. In the case where bio-oil is intended for
he production of high quality transportation fuels or fuel addi-
ives, via processing or co-processing with petroleum fractions in
ypical refining processes such as Fluid Catalytic Cracking [8,9] or
ydroprocessing [10,11], minimization of oxygenated compounds
e.g. acids, furans, ketones, etc.) and increase of hydrocarbons (aro-

atics, aliphatics, etc.) is required.
A way to alter and fine-tune the composition of bio-oil is the use

f catalysts during pyrolysis, i.e. the catalytic pyrolysis of biomass
2,12]. The specific catalytic function of various catalysts can alter
he product yields and selectivity, thus affecting the composition
f bio-oil and its physical and chemical properties. In catalytic
yrolysis, solid acid catalysts such as zeolites are usually utilized,
s in the case of pyrolysis (cracking) of large hydrocarbon frac-
ions in petroleum refining [12,13]. In the cracking of hydrocarbons
he main reaction routes involve C–C bond scission [14], while in
he case of biomass pyrolysis the cleavage of C–OH bonds (dehy-
ration) or C–CO(OH) bonds (decarbonylation or decarboxylation)
ecomes also important due to the carbohydrate and phenolic
omponents of cellulose, hemicellulose and lignin from which the
ignocellulosic biomass consists of. Thus, reactions such as dehydra-
ion, decarboxylation, decarbonylation, (de)alkylation, cracking,
somerization, cyclization, oligomerization and aromatization can
ake place on the acid sites of zeolites during biomass pyroly-
is. Several types of zeolites, such as Y, ZSM-5, Mordenite and
eta, have been studied as catalysts for biomass pyrolysis or for
pgrading of bio-oil [2,3,8,9,12,15–20]. The type of biomass and
he reactor system/conditions play an important role on prod-
ct yields; however, it is generally accepted that zeolitic catalysts

ncrease the water content of bio-oil due to the enhanced dehydra-
ion reactions, reduce the concentration of oxygenated compounds
n bio-oil via de-oxygenation reactions and in some cases reduce
he yield of the organic phase of bio-oil in favor of hydrocarbon
ases and coke. Zeolite ZSM-5 has been also shown to increase
he aromatic species while decreasing the bio-oil molecular
eight.

In an effort to better match the size of oligomers derived from
he initial thermal degradation of the cellulose, hemicellulose and
ignin macromolecules of biomass with the pore size of the cat-
lysts, ordered mesoporous (alumino)silicates have started over
he last years to be the subject of study for the catalytic pyrol-
sis of biomass. Some representative mesoporous materials that
ave been tested so far are MCM-41 [12,21–26], SBA-15 [23], MSU-
[26], and MSU-S [27]. Despite the relatively limited number of

tudies with mesoporous catalysts, some general trends have been
lready recognized. It was shown for example that the water in bio-
il increases, as it was observed with zeolites, while changes in total

iquid yield (total amount of produced bio-oil) relevant to the yields
f gases and char/coke depend on the type of mesoporous catalyst
nd biomass used. In some cases, increased concentration of phe-
ols (a valuable raw chemical) in the bio-oil, has been observed
12,22], while a highly de-oxygenated bio-oil was produced by the
oday 167 (2011) 37–45

use of the MSU-S mesoporous catalysts that have been synthesized
by the use of zeolite seeds [27]. A direct comparison between rep-
resentative zeolitic and mesoporous catalysts is given in our recent
work [28].

The hydrothermal treatment of lignocellulosic biomass is one
of the various pretreatment methods usually applied to improve
the enzymatic saccharification of biomass in the second generation
bio-ethanol process. This type of pretreatment induces the solubi-
lization of a large fraction of hemicellulose, and part of lignin in the
biomass. Removal of these chemical/physical barriers leads to the
formation of an “open” structure, which in turn results to enhanced
enzymatic hydrolysis of cellulose to fermentable glucose molecules
[29]. The modified structure and chemical composition of the pre-
treated biomass could also have an effect on the pyrolysis products,
if it was used as a feedstock in this process. This was shown for pine
wood biomass that was pretreated with different acidic and alka-
line solutions prior to testing as feedstock in biomass flash pyrolysis
[30].

In the present work, we studied the flash pyrolysis (non-
catalytic) and the catalytic upgrading of pyrolysis vapours of
lignocellulosic biomass (beech wood) in its parent state or after
being subjected to hydrothermal pretreatment. The obtained prod-
uct yields and selectivity of various compounds in bio-oil are
discussed with regard to the effect of hydrothermal pretreatment
of biomass or the effect of catalyst’s type (zeolitic or mesoporous).

2. Experimental

2.1. Catalytic materials

The catalytic materials used for the biomass pyrolysis experi-
ments were the microporous zeolites ZSM-5 (Zeolyst CBV 5524G,
Si/Al =25) and silicalite (Union Carbide), and an Al-MCM-41 meso-
porous material (Si/Al = 30) synthesized in the laboratory [21]. Since
the commercial ZSM-5 zeolite was provided in NH4

+ form, it was
previously calcined at 500 ◦C for 2 h to convert it to H+ form.

2.2. Characterization of catalytic materials

The catalytic materials tested in this work were characterized
by: (a) ICP-AES for the determination of the chemical composition
(wt.% of Al and Na), using a Plasma 400 (PerkinElmer) spectrome-
ter, equipped with Cetac6000AT+ ultrasonic nebulizer, (b) powder
X-ray diffraction (XRD) for the verification of the crystalline zeolite
MFI structure and of the aluminosilicate mesophase in Al-MCM-41,
using a Rigaku Rotaflex 200B diffractometer equipped with Cu K�
X-ray radiation and a curved crystal graphite monochromator oper-
ating at 45 kV and 100 mA; counts were accumulated in the range
of 5–75◦ 2� (for zeolites) and 1–10◦ 2� (for MCM-41) every 0.02◦

(2�) with counting time 2 s per step, (c) N2 adsorption/desorption
experiments at −196 ◦C for the determination of surface area (the
Dubinin–Radushkevich method was used for the microporous zeo-
lites and the BET method for the mesoporous MCM-41), total pore
volume (at P/Po = 0.99) and pore size distribution (BJH method)
of the samples which were previously outgassed at 150 ◦C or
430 ◦C (for MCM-41 or zeolite samples, respectively) for 16 h under
5 × 10−9 Torr vacuum, using an Automatic Volumetric Sorption
Analyzer (Autosorb-1MP, Quantachrome), (d) temperature Pro-
grammed Desorption (TPD) of ammonia for the determination of
the number of total acid sites, using a commercial TPD appara-

tus (Altamira AMI-1) and an on-line mass spectrometer (Baltzers,
Omnistar); the desorbed NH3 was quantitatively determined based
on the m/z = 15 fragment, and e) FT-IR spectroscopy combined with
in situ adsorption of pyridine for the determination of the Brön-
sted (band at 1545 cm−1 attributed to pyridinium ions) and Lewis
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Table 1
Properties of untreated and hydrothermally pretreated biomass feedstock (Lignocel
HBS 150–500, beech wood).

Untreated
Lignocel

Hydrothermally
pretreated lignocel

Ash/solid residue (wt.%) 0.83 0.21
C (wt.%) 45.69 48.64
H (wt.%) 6.52 6.34
N (wt.%) 0.16 0.14
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O (determined by difference) 47.32 44.67
Moisture (wt.%)a 7.50 3.50

a Determined by drying at 105 ◦C for 6 h.

band at 1450 cm−1 attributed to pyridine coordinated to Lewis
cid sites) type acid sites of the catalysts, using a Nicolet 5700 FTIR
pectrometer (resolution 4 cm−1) and the OMNIC software; data
rocessing was carried out via the GRAMS software and the quan-
itative determination of acid sites was performed by adopting the

olar extinction coefficients provided by Selli and Forni [31].

.3. Biomass feedstock properties and hydrothermal pretreatment

A commercial lignocellulosic biomass (Lignocel HBS 150–500)
riginating from beech wood was used in the current study.
he biomass feedstock was tested in the fast pyrolysis experi-
ents either as received or after hydrothermal pretreatment. The

ydrothermal pretreatment of the lignocellulosic biomass was car-
ied out in a laboratory scale Parr Reactor (Model 4563) with a
otal volume of 600 ml. The biomass solid sample was stirred with
istilled H2O at a liquid to solids ratio (LSR) of 15 and heated to
90 ◦C with a rate of 7 ◦C/min. The slurry was kept at that tem-
erature for 8 min, leading to a severity factor (log Ro) of 3.55 for
he hydrothermal pretreatment process. The severity factor (log Ro)
s an expression of the combined effect of time and temperature
f the hydrothermall pretreatment. It is defined by the equation
o = t*exp[(T − 100)/14.75] where t is the time of the hydrothermal
retreatment in minutes and T is the temperature of the pretreat-
ent in ◦C [29]. The autogeneous pressure at these experimental

onditions was 180 psi. The stirring rate of the slurry in the reactor
as 150 rpm. The liquid products were analyzed by gas chro-
atography (GC, Hewlett Packard 5890II) using an flame ionization

etector (FID) and a DB-wax (30 m × 0.53 mm ID × 1 �m) column,
or the determination of carboxylic acids, carbonyl and phenolic
ompounds. The content of sugars was determined by high pres-
ure liquid chromatography (HPLC, Shimadzu) using a Refractive
ndex (RI) detector (RID-6A) and a SP0810 Sugar Column (Shodex)

ith H2O as the mobile phase. The solids were separated with
acuum filtration, washed with distilled H2O, dried at ambient con-
itions and tested as feedstock in the fast pyrolysis experiments.
he properties of both the untreated and the hydrothermally pre-
reated biomass are shown in Table 1. The ash content of biomass
amples was determined by a method similar to ASTM E1755-01
nd was determined as the solid residue after dry oxidation of
iomass in air at 575 ◦C for 12 h. The moisture of the samples was
etermined by drying at 105 ◦C for 6 h. C, H and N content was
etermined by elemental analysis using a LECO-800 CHN analyzer.

.4. Biomass flash pyrolysis (non-catalytic) and catalytic
pgrading experiments

All biomass flash pyrolysis experiments were performed on a

ench-scale fixed bed tubular reactor (ID 1.4 cm, height 36 cm),
ade of stainless steel 316 and heated by a 3-zone furnace. The

olid biomass was introduced by a specially designed piston sys-
em to the central hot zone of the reactor, where it was vaporized
t 500 ◦C. The biomass vapours were then directly transferred with
oday 167 (2011) 37–45 39

the aid of N2 (flow rate 100 cc/min) through a fixed bed of inert
solid heat carrier. The temperature of the solid was 500 ◦C and the
time of purging with N2 was 15 min. An additional purging with
N2 (50 cc/min) was performed for another 10 min during cooling of
the reactor. The inert solid used was silica sand with particle size
of 90–180 �m. A typical residence time of the vapour phase in the
silica sand bed was <0.1 s. For the catalytic experiments, the inert
silica sand was replaced with the various catalysts under study. This
type of experiments can be referred to as in situ catalytic upgrading
of biomass pyrolysis vapours and are of the “ex-bed” type (i.e. there
was no mixing of solid biomass with the solid catalyst). A detailed
description of the experimental unit can be found in our previous
communication [27].

The amount of biomass used in all experiments was 1.5 g and
the amount of silica sand (in non-catalytic experiments) or of cat-
alyst (in catalytic upgrading experiments) was 0.7 g. The liquid
products (bio-oil) were collected and quantitatively determined
using a pre-weighted glass receiver in a liquid bath (−17 ◦C).
The water content of the bio-oil was determined by the Karl-
Fischer method (ASTM E203-08). The water/aqueous phase usually
present in the bio-oil was separated from the organic phase using
an organic solvent (dichloromethane). The organic phase of the
bio-oil was analyzed by GC–MS using an Agilent 7890A/5975C
gas chromatograph–mass spectrometer system (Electron energy
70 eV; Emission 300 V; Helium flow rate: 0.7 cc/min; Column:
HP-5MS (30 m × 0.25 mm ID × 0.25 �m)). Internal libraries were
used for the identification of the compounds found in the bio-oil
and their categorization into main functional groups. The semi-
quantitative analysis of the organic phase of bio-oil was based on
the relative intensity (area) of each individual compound peak,
compared to the sum of intensities of all the peaks in the GC–MS
chromatogram. The gaseous products were collected and measured
by the water displacement method. The gaseous products were
analyzed in a HP 5890 Series II gas chromatograph, equipped with
four columns (Precolumn: OV-101; Columns: Porapak N, Molecu-
lar Sieve 5A and Rt-Qplot (30 m × 0.53 mm ID) and two detectors
(TCD and FID). The total amount of solid products (char and coke on
catalyst) was determined by direct weighting while the coke on cat-
alyst was determined by C/H elemental analysis and regeneration
(calcination) experiments of the used catalysts.

3. Results and discussion

3.1. Physicochemical characteristics of zeolitic and mesoporous
catalysts

The most important physicochemical properties of the zeolitic
(ZSM-5 and silicalite) and mesoporous (Al-MCM-41) catalytic
materials used in the catalytic upgrading of biomass flash pyrolysis
vapours are presented in Table 2. ZSM-5 was selected as a typi-
cal crystalline zeolitic catalyst comprising a 2-D channel like pore
system with perpendicularly intersecting channels. The diameter
of the channels is about 0.51 nm × 0.55 nm and 0.53 nm × 0.56 nm
while the size of the free space at the intersection is about
0.9 nm [32]. The H+-exchanged ZSM-5 possesses mainly Brönsted
acid sites (bridging hydroxyls connected to framework aluminum
atoms) of high acidic strength. However, during the calcination
process at about 550–600 ◦C, initially for removing the organic tem-
plate and then for transforming the NH4

+-exchanged form into
the H+-form, the zeolitic framework is dexydroxylated leading to

the formation of positively charged tri-coordinated Si atoms as
well as extra-framework octahedrally coordinated aluminum oxy-
hydroxy species that can act as Lewis acid sites [33]. The presence
of Lewis acid sites in the H-ZSM-5 zeolite is verified by the results
of the Py-FT-IR measurements which are shown in Table 2. The
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Table 2
Chemical composition, porosity and acidity characteristics of zeolitic and mesoporous (alumino)silicate catalytic materials for upgrading of biomass flash pyrolysis vapours.

Catalyst Chemical composition
(ICP-AES)

Porosity characteristics (N2 porosimetry) Acidic properties

Si/Al atomic
ratio

Surface areaa

(m2/g)
Pore sizeb

(nm)
Pore volumec

(cm3/g)
Total acid sites (TPD-NH3)
(mmoles NH3/g)

Brönsted acid sites
(mmoles pyridine/g)

Lewis acid sites
(mmoles pyridine/g)

Silicalite >1000 410 (382) ∼0.55 0.23 0.07 0.06 0.07
ZSM-5 25 480 (424) ∼0.55 0.54 0.61 0.43 0.21
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Al-MCM-41 30 860 (694) 2.69 1.12

a The values in parentheses correspond to the surface area of the catalysts after r
b The mesopore size of Al-MCM-41 was determined by BJH method from nitroge
c At P/Po = 0.99.

mount of adsorbed pyridine on the Brönsted and Lewis acid sites
as calculated based on the intensities of the IR bands at 1545 cm−1

nd 1450 cm−1, respectively, using the molar extinction coeffi-
ients proposed by Selli and Forni [31]. However, if the coefficients
roposed by Emeis [34] were used, the number of both types of
cids sites would be significantly different/lower; the Brönsted acid
ites would be divided by a factor of 2.3 and the Lewis acid sites
ivided by a factor of 3.5. In that latter case, however, the total
mount of acid sites would be significantly different/lower com-
ared to that determined by TPD-NH3 (data also shown in Table 2).
y combining all the above experimental evidence, and considering
hat most of the aluminum in the H-ZSM-5 sample is in tetrahedral
oordination in the zeolitic framework (27Al MAS NMR data, not
hown), it can be suggested that the coefficients suggested by Selli
nd Forni provide a number of Brönsted acid sites (by Py-FT-IR)
hich is comparable with that provided by TPD-NH3 and in accor-
ance with the chemical composition data (Al content), considering
hat most of the Al atoms is in tetrahedral framework sites.

Silicalite, which is the aluminum-free isostructural to ZSM-5
eolite, was also tested as catalyst for the catalytic upgrading of
iomass pyrolysis vapours, in order to elucidate the effect of acid-

ty and exclude the effect of porous structure. However, as it can be
een in Table 2, silicalite exhibits also some acidity due to aluminum
mpurities usually found in the synthesis mixtures of this zeolite. It
as been previously shown by 27Al MAS NMR studies that these Al
races can be in tetrahedral sites in the zeolitic framework [35], thus
roviding a very low number of strong Brönsted acid sites, such as
hose found in H-ZSM-5 [36]. The Al-MCM-41 was selected as being
epresentative of ordered mesoporous amorphous aluminosilicates
ith high surface area and relatively small mesopores (∼3 nm). This

ample possesses Brönsted and mainly Lewis acid sites, as it can be
een in Table 2, with weak/medium acidity strength compared to
hat of crystalline zeolites [37].

The three above catalysts were tested in the catalytic upgrading
f the biomass pyrolysis vapours and were subsequently regener-
ted by calcination at 550 ◦C in air, in order to burn the deposited
arbon (see Section 3.3). This regeneration procedure had a rela-
ively small effect on their surface area, which was reduced by up
o 10% for the two zeolites and 20% for the Al-MCM-41 catalyst, as
an be seen from the respective results in Table 2.

.2. Non-catalytic flash pyrolysis of untreated and
ydrothermally pretreated biomass

The hydrothermal pretreatment of the lignocellulosic biomass
beech wood) under the experimental conditions applied, led

ainly to the hydrolysis and dissolution of the hemicellulosic frac-
ion of biomass. Acetic acid was formed in situ via degradation of

he acetylated sugars present in hemicellulose and induced a mild
cid hydrolysis of biomass. The pH of the suspension of untreated
iomass in water was ∼5 (equal to the pH of deionized water)
hile that of the yellow liquid product derived from the hydrother-
al treatment of biomass was ∼3.6. The GC analysis of the liquid
0.28 0.08 0.24

n and regeneration by burning the deposited coke (see Section 2).
rption data; the micropore size of silicalite and ZSM-5 was taken from Ref. [32].

products revealed the presence of acetic acid (1 mg/ml), fur-
fural (0.15 mg/ml), hydroxymethylfurfural (0.55 mg/ml) and trace
amounts of lignin monomeric molecules (e.g. syringyl and guaia-
cyl alcohol). The HPLC analysis of the liquid product showed the
presence of xylose (7.50 mg/ml), cellobiose (0.20 mg/ml), galactose
(0.12 mg/ml) and arabinose (0.21 mg/ml). The formation of fur-
fural and hydroxymethylfurfural is attributed to the dehydration
of pentose (xylose) and hexose (glucose) sugars, respectively. The
solid product, which accounted for the ∼65 wt.% of the initial solid
biomass, had a relatively darker brown colour compared to that of
the untreated biomass, due to the repolymerization of dissolved
lignin on the surface of the hydrothermally treated biomass. From
the data presented in Table 1, it can be seen that the ash content
of biomass is reduced due to removal of metals (as verified by ICP-
AES analysis, not shown), such as calcium (Ca), magnesium (Mg),
potassium (K) and sodium (Na) that were present in small amounts
(less than 0.2 mg/kg biomass, each) in the untreated biomass. Fur-
thermore, the C/H and C/O ratio was similar for the untreated and
hydrothermally treated biomass. However, as it is shown below,
the non-catalytic flash pyrolysis of the above two types of biomass
leads to substantially different composition of the produced bio-oil.

The product yields (based on biomass) and the composition
of gases and bio-oil (representative compounds in the organic
phase) in the non-catalytic flash pyrolysis of the untreated and
hydrothermally pretreated lignocellulosic biomass (beech wood)
are shown in Table 3. The pretreated biomass leads to higher
yields of total liquid products/bio-oil by about 8 wt.% compared
to the untreated biomass, while the gases and char decrease
by ca. 3.5–4.5 wt.%. Interestingly, the water content of bio-oil is
decreased (by 5 wt.%) and the content of organic phase is increased
(by 13 wt.%). The reason however for the noticeable increase of
the organics in the bio-oil produced from the hydrothermally
pretreated biomass is solely the very high production of 1,6-
Anhydro-.beta.-d-glucopyranose (levoglucosan), as can be seen
from the composition of the organic phase in Table 3. Levoglucosan
is the primary product in cellulose pyrolysis and can be formed
directly from cellulose or indirectly through the intermediate for-
mation of 1,2- or 1,4-anhydro-.alpha.-d-glucopyranose compounds
[38]. In order to assess the applicability of the previously pro-
posed mechanism in our experimental setup and conditions, we
conducted flash pyrolysis of pure cellulose (results not shown for
brevity) and we found that the resulting organic phase of the bio-oil
consisted mainly of sugars (1,6-Anhydro-.beta.-d-glucopyranose,
1,4:3,6-Dianhydro-.alpha.-d-glucopyranose, polysaccharides), and
ketones and aldehydes in less amounts as secondary dehydra-
tion/decomposition products, in accordance with other works
[38,39]. It is thus obvious that the high amount of levoglucosan
measured in the organic phase of the bio-oil derived from the

hydrothermally pretreated biomass is related with the higher por-
tion of cellulose in this hemicellulose-free biomass derivative (see
discussion above). However, the significant difference in the con-
centration of levoglucosan in the organic phase of the two bio-oils
cannot be attributed only to the differences in the composition
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Table 3
Product yields and bio-oil composition (representative compounds) from non-
catalytic flash pyrolysis of lignocellulosic biomass (untreated and hydrothermally
pretreated).

Product/compound Lignocel +
silica sand

Hydrothermally
pretreated lignocel +
silica sand

Pyrolysis products
Bio-oil (total liquids, wt.% on biomass) 60.23 68.28
Water (in bio-oil, wt.% on biomass) 21.40 16.51
Organics (in bio-oil, wt.% on biomass) 38.84 51.77
Oxygen (of organics, wt.% on bio-oil) 38.40 41.18
Gases (wt.% on biomass) 16.72 13.23
Char (wt.% on biomass) 23.01 18.49

Total gases (wt.% on biomass) 16.72 13.23
CO 6.04 6.19
CO2 9.22 5.43
Other gases (H2, C1–C6, C2 , C3 ) 1.45 1.61

Composition of organic phase of bio-oil (wt.% on organics)
Total aromatics 2.44 0.49
Phenanthrene, 9,10-dihydro- 0.29 0.00
2,2′-Dimethylbiphenyl 0.18 0.00
Diphenylmethane 0.18 0.14
Benzene, 1,1′-propylidenebis- 0.37 0.33

Total aliphatics 0.21 0.08
Undecane, 4-methyl- 0.15 0.00
Tetracyclo[7.3.1.0(2,7).1(7,11)]tetradecane 0.09 0.00

Total phenols 36.26 19.67
Phenol 0.50 0.16
Phenol, 2-methoxy- 1.28 0.68
1,2-Benzenediol 2.00 0.62
1,2-Benzenediol, 3-methoxy- 2.19 2.06
1,2-Benzenediol, 4-methyl- 1.51 0.23
2-Methoxy-4-vinylphenol 1.02 1.17
Phenol, 2,6-dimethoxy- 4.03 1.79
Phenol, 3,4-dimethoxy- 0.94 0.45
Phenol, 2-methoxy-4-(1-propenyl)- 4.77 0.00
1,4-Benzenediol, 2-(1,1-dimethylethyl)- 0.67 0.00
Phenol, 2,6-dimethoxy-4-(2-propenyl)- 4.60 3.36
Ethanone, 1-(4-hydroxy-3,5-

dimethoxyphenyl)-
1.16 0.83

Phenol, 2-methoxy-4-methyl- 1.07 1.26

Total Furans 0.79 0.30
2-Furanmethanol 0.66 0.26

Total acids 17.02 5.52
Acetic acid 14.34 3.85
3,5-Dimethoxy-4-hydroxyphenylacetic

acid
1.21 0.13

n-Hexadecanoic acid 0.10 0.00

Total esters 3.75 3.01
Propanoic acid, 2-oxo-, ethyl ester 2.34 1.71
Butanoic acid, 2-hydroxy-, ethyl ester 0.28 0.16
Formic acid, 1-methylpropyl ester 0.15 0.00
2,4-Hexadienedioic acid,

3-methyl-4-propyl-, dimethyl ester
0.19 0.34

Total alcohols 0.33 0.37
2-Pentanol, 3-methyl- 0.09 0.00
Isopropyl alcohol 0.11 0.00
2-Cyclohexen-1-ol 0.00 0.33

Total ethers 1.45 1.61
Benzene, 1-ethyl-4-methoxy- 0.50 0.00
Benzene, 1-methoxy-4-(1-methyl-

2-propenyl)-
0.12 0.00

Benzene, 1,2,3-trimethoxy-5-methyl 1.04 0.00
Benzaldehyde, 3,4-dimethoxy-,

methylmonoacetal
0.37 0.00

1,2,3-Trimethoxybenzene 0.00 1.28

Total aldehydes 1.27 3.40
2-Furancarboxaldehyde, 5-methyl- 0.71 0.77
2,5-Furandicarboxaldehyde 0.00 0.76
2-Furancarboxaldehyde,

5-(hydroxymethyl)-
0.00 1.76

Total ketones 12.98 5.60
2-Propanone, 1-hydroxy- 3.00 0.69

Table 3 (Continued)

Product/compound Lignocel +
silica sand

Hydrothermally
pretreated lignocel +
silica sand

2-Cyclopenten-1-one, 2-hydroxy- 2.36 0.55
1,2-Cyclopentanedione, 3-methyl- 1.77 0.45

Total polycyclic aromatic hydrocarbons
(PAHs)

0.00 0.00

Total sugars 0.93 40.47
1,4:3,6-Dianhydro-.alpha.-d-

glucopyranose
0.37 0.69

d-Allose 0.52 0.00
1,6-Anhydro-.beta.-d-

glucopyranose(levoglucosan)
0.00 39.45

Total nitrogen compounds 5.95 2.55
Total unidentified 16.49 17.07

of the two biomass samples, since in this case the concentration
of levoglucosan in the untreated biomass oil should have been as
high as 20–25 wt.% on total organics (assuming for example that
the rest 65 wt.% solids left after the hydrothermal treatment are
split to about 45 wt.% cellulose and 20 wt.% lignin). It may be pos-
sible that the “open structure” of the treated biomass allows for
faster removal of the initially formed levoglucosan in the pyrolysis
vapour product stream, before it is converted to secondary prod-
ucts such as carbon monoxide/dioxide, water, aldehydes, ketones,
furans, as well as water-soluble polysaccharides [38,39]. The forma-
tion of the secondary products could be enhanced by the presence
of higher amount of ash (Table 1; traces of metals that can act as
catalyst for the formation of the above products) in the untreated
biomass, as well as by the char formed during pyrolysis of hemicel-
lulose which is “surrounding” the cellulose fraction in the parent
lignocellulosic biomass. A more systematic experimental approach
is however required to better elucidate the observed significant dif-
ference in the production of sugars from the parent lignocellulosic
biomass and the hydrothermally pretreated derivative.

Despite the high content of levoglucosan in the pretreated
biomass pyrolysis oil, the oxygen content of its organic phase was
only 3 wt.% (based on total organics) higher compared to that of the
untreated biomass oil (41 versus 38 wt.%; Table 3). This is due to the
lower concentration of carboxylic acids, ketones and phenols in the
organic phase of the former bio-oil (Table 3). However, the differ-
ences in the contents of these compounds in the organic phase of
the two bio-oils shown in Table 3 are not so high if the “dilution”
effect of the high amount of levoglucosan in the pretreated biomass
oil is considered. Nevertheless, the decrease of acids, which con-
sists mainly of acetic acid, could be correlated with the removal of
hemicellulose during the hydrothermal pretreament, since acetic
acid is one of the major products of flash pyrolysis of hemicellulose
[40]. The absence of hemicellulose from the pretreated biomass
induced also the decrease of ketones since we have observed that
these are also formed in relatively high amounts during pyrolysis
of hemicellulose (results not shown). The decrease of phenols can
be attributed to a partial dissolution of lignin during the hydrother-
mal pretreament of biomass. The rest of the groups in the organic
phase of bio-oil (i.e., aliphatics, aromatics, furans, esters, ethers and
alcohols) which are in lower concentrations, are not affected signif-
icantly by the pretreatment of biomass, except of aldehydes which
show a small increase with that feed.

As far as the composition of gaseous products is concerned,

there were no significant differences amongst the two types of
biomass feedstock, except of the observed lower yield of CO2 with
the hydrothermally pretreated biomass, which could be related to
the higher oxygen content of organics (Table 4) and the higher
concentration of sugars in the liquid product (Table 3).
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Table 4
Product yields (wt.% on biomass) in non-catalytic flash pyrolysis of lignocellulosic biomass (untreated and hydrothermally pretreated) and in the catalytic upgrading of the
biomass pyrolysis vapours.

Catalyst Total liquids (Bio-oil) Organics (in bio-oil) Water (in bio-oil) Gases Char/Coke on catalysta Oxygenb

Feedstock: untreated lignocellulosic biomass
Non-catalytic (silica sand) 60.23 38.84 21.40 16.72 23.01/– 38.40
Silicalite 47.58 17.79 30.80 26.70 25.72/2.71 23.14
ZSM-5 43.95 9.98 33.97 30.08 25.88/2.87 14.21
Al-MCM-41 45.34 15.28 30.06 24.07 30.66/7.65 23.07

Feedstock: hydrothermally pretreated lignocellulosic biomass
Non-catalytic (silica sand) 68.28 51.77 16.51 13.23 18.49/– 41.18
Silicalite 52.94 26.12 28.82 25.05 22.01/3.52 28.74
ZSM-5 45.88 15.76 30.12 31.25 22.87/4.83 25.94
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Al-MCM-41 44.82 15.74

a The wt.% coke based on catalyst weight was 6.4%, 6.7% and 20.6% for silicalite, H
b wt.% on organics in bio-oil.

.3. Catalytic upgrading of flash pyrolysis vapours of untreated
nd hydrothermally pretreated biomass

The product yields (wt.% on biomass) from the catalytic upgrad-
ng of the flash pyrolysis vapours of lignocellulosic biomass
untreated and hydrothermally pretreated) are presented in Table 4
the yields of the non-catalytic pyrolysis are also included for com-
arison). As far as the untreated biomass is concerned, the effect
f the strongly acidic zeolite H-ZSM-5 was similar to that observed
n other studies with different lignocellulosic biomass feedstocks
3,12,16,18,19]. The yield of bio-oil (total liquid products) was
ecreased substantially compared to the non-catalytic pyrolysis
ue to the decrease of the organics and despite the significant

ncrease of water. Gases were also increased markedly and the car-
onaceous residue was increased due to increased coke deposited
n the catalyst. It is interesting to note however, that the oxygen
ontent of the organic phase of the bio-oil was reduced signifi-
antly, due to the enhanced removal of organic oxygenates from
he bio-oil, as is discussed below. All the above changes by the pres-
nce of H-ZSM-5 are due to its strong acidity, mainly of Brönsted
ype. The increased water fraction is due to enhanced dehydration
eactions, the decrease of organics and the increase of hydrocar-
on gases (as is shown below) due to cracking reactions, and the

ncrease of coke due to aromatization and polymerization reac-
ions, that can all take place on H-ZSM-5. The effect of zeolite
ilicalite on product yields followed the same trend as that of H-
SM-5, but the changes were not so intense. However, based on
he difference in the number of strong acid sites (silicalite con-
ains very few aluminum atoms) of the two zeolites, one would
ot expect such a pronounced effect of silicalite on product yields.

he mesoporous aluminosilicate Al-MCM-41, which contain appre-
iable number of acid sites (both Brönsted and Lewis) of relatively
ild/medium acidity strength, induced similar changes with those

f silicalite, except that the coke deposited on the catalyst was sig-
ificantly higher, even compared to that produced by H-ZSM-5.

able 5
omposition of gases (wt.% on total gases) produced by non-catalytic flash pyrolysis of li
pgrading of the biomass pyrolysis vapours.

Catalyst H2 CO CO2

Feedstock: untreated lignocellulosic biomass
Non-catalytic (silica sand) 0.33 36.15 55.17
Silicalite 0.22 42.17 42.57
ZSM-5 0.15 46.01 38.68
Al-MCM-41 0.23 40.89 45.42

Feedstock: hydrothermally pretreated lignocellulosic biomass
Non-catalytic (silica sand) 0.41 46.77 41.02
Silicalite 0.15 54.68 30.17
ZSM-5 0.19 59.49 24.24
Al-MCM-41 0.25 53.44 29.46
29.08 25.97 28.87/10.38 27.51

-5 and Al-MCM-41.

Similar results have been obtained previously with mesoporous
Al-MCM-41 [21], depending however on the type of the feed-
stock biomass used and the type of MCM-41 tested (i.e. Si/Al ratio)
[22]. The effect of strong zeolitic acidity compared to the mild
acidity of Al-MCM-41 can also be identified by the increased pro-
duction of ethylene and propylene with the two zeolitic catalysts
(Table 5), due to enhanced cracking reactions that can take place
on the surface of these two zeolites. Another noticeable effect in
the composition of gases is the increase of CO and decrease of CO2
concentration, with all the three catalysts tested.

In the case of the hydrothermally pretreated biomass, the three
above acidic catalysts induce similar effects compared to those
when the untreated biomass was used as feedstock (Table 4). This
was expected since the remaining components of the pretreated
biomass, which consists mainly of the cellulosic and lignin frac-
tions of the parent biomass, are of the same type (carbohydrates and
phenolics) with those of the untreated biomass. The only difference
would be that the ratio of phenolics over carbohydrates increases in
the former feedstock since the carbohydrates of hemicellulose have
been removed during the hydrothermal treatment. The decrease of
the total liquids (bio-oil) yield with the three catalytic materials is
higher compared to that with the untreated biomass; however, this
is attributed to the conversion over the acidic catalysts of the very
high amounts of sugars (as is discussed above) that are present
in the non-catalytic pyrolysis oil/vapours of the hydrothermally
pretreated biomass. As a result the organics in bio-oil are signif-
icantly reduced by the use of all the catalysts while the increase
of water in bio-oil and of gaseous products is higher with the
pretreated biomass. Coke formation is similar with both biomass
feeds while similar substantial decrease of the oxygen content of

organics is observed in both cases with all the catalysts. However,
when comparing the product yields between the catalytic upgrad-
ing experiments of the untreated and pretreated biomass pyrolysis
vapours, it can be clearly seen that the use of all the three acidic cat-
alysts with the hydrothermally pretreated biomass leads to higher

gnocellulosic biomass (untreated and hydrothermally pretreated) and by catalytic

CH4 C2H4 C3H6 C2–C6 alkanes

5.63 1.24 0.92 1.37
3.56 3.40 3.63 4.58
3.26 5.38 3.78 2.78
5.49 1.70 2.36 3.98

7.14 1.58 1.16 1.70
4.91 4.37 3.28 2.31
4.34 5.83 3.53 2.32
6.93 2.11 2.44 5.31
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ig. 1. Composition of bio-oil (wt.% on total organics) produced by non-catalytic fl
y the catalytic upgrading of biomass pyrolysis vapours. The (HT) refers to the expe

mount of total liquids (bio-oil), mainly due to the higher content
f organics. These organics are not sugars (they were eliminated
y the use of catalysts as is shown in Fig. 1 below) but still contain
igh amounts of oxygen (Table 4). The effects of the three catalysts
n the composition of gaseous products when using the hydrother-
ally pretreated biomass are similar to those observed (see above)

n the case of the untreated biomass feed (Table 5).
The composition of bio-oil (wt.% on total organics) produced

y the non-catalytic flash pyrolysis of lignocellulosic biomass
untreated and hydrothermally pretreated) and by the catalytic
pgrading of the pyrolysis vapours is shown in Fig. 1. The main
roups identified in the organic phase of the catalytically upgraded
io-oil/vapours derived from pyrolysis of the untreated biomass
ere phenols, aromatics and polycyclic aromatic hydrocarbons

PAHs), while acids, esters, furans, ethers, aldehydes and ketones
ere also present but in lower concentrations. On the other hand,

he bio-oil derived from the non-catalytic flash pyrolysis contained

igh amounts of acids, ketones and phenols, and almost no aromat-

cs and PAHs. From the data presented in Fig. 1, it can be clearly seen
hat the zeolitic strong acid sites favor decarboxylation (significant
ecrease of carboxylic acids) in contrast to the mildly acidic Al-
CM-41 which induces only a slight decrease of the acids. Esters
yrolysis of lignocellulosic biomass (untreated and hydrothermally pretreated) and
ts with the hydrothermally pretreated biomass.

are more resistant to both strong and weak acid sites compared
to carboxyl group. The formation of ketones is significantly sup-
pressed by both the zeolitic and the mesoporous catalysts, while
there is a small increase of aldehydes with all catalysts. Phenols
are retained the same with the use of silicalite but decrease with
the other two catalysts, especially with H-ZSM-5 zeolite. Furans
and ethers are enhanced by the presence of catalysts, especially
of the two zeolitic catalysts. From the above results it can be sug-
gested that the lower oxygen content of organics in the bio-oils
produced by the catalytic upgrading of the flash pyrolysis vapours
compared to the bio-oil of the non-catalytic flash pyrolysis (Table 4)
are due to the significant reduction, mainly with the strongly acidic
H-ZSM-5 zeolite, of the concentration of acids, ketones and phenols.
Zeolites increase significantly the fractions of aromatics, possi-
bly via two routes: either the depolymerization and dehydration
of phenols or the condensation-dehydrocyclization-aromatization
reaction steps of small alkenes on the strong acid sites of H-ZSM-5.

However, the concentration of undesirable PAHs is also signifi-
cantly increased with the zeolitic catalysts.

Similar catalytic effects can be identified in the upgrading of
flash pyrolysis vapours of the hydrothermally pretreated biomass
(Fig. 1), as was discussed also above with regard to the effects on
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otal product yields. However, there are some points that need to
e emphasized in the composition of the organic phase of bio-oil. In
he case of the pretreated biomass, the concentration of acids is not
educed by the use of catalysts (except of a small reduction with
eolite H-ZSM-5) since their concentration in the non-catalytic
ash pyrolysis oil of the pretreated biomass is already quite low. The
ery high concentration of sugars produced by the non-catalytic
ash pyrolysis of the hydrothermally pretreated biomass is practi-
ally zeroed by the use of all the catalysts, as expected due to acid
atalyzed reactions at the relatively high temperature of 500 ◦C.
he removal of sugars affected the relative concentrations of the
ompounds in the bio-oil, and mainly that of phenols which were
ctually increased by the use of silicalite and Al-MCM-41. However,
he increased concentration of phenols could also be attributed to
he higher proportion of lignin in the pretreated biomass com-
ared to the untreated one, which can be converted to phenolic
ompounds over the less acidic catalysts (i.e. silicalite and Al-MCM-
1). The concentration of aromatics and PAHs were significantly

ncreased by the use of both the zeolitic and Al-MCM-41 cata-
ysts, similar to the upgrading of the untreated biomass pyrolysis
apours.

. Conclusions

The hydrothermal pretreatment of lignocellulosic biomass
beech wood, Lignocel) at a severity factor (Ro) of 3.55 (190 ◦C at
utogeneous pressure for 8 min) led to solubilization of hemicel-
ulose and small part of lignin (∼35 wt.% loss of solids). The liquid
roduct of the hydrothermal pretreatment contained mainly acetic
cid, pentoses and hexoses from hemicellulose, furfural and HMF
rom the dehydration of pentoses (xylose) and hexoses (glucose),
nd few phenolic components. This liquid could be further uti-
ized/upgraded catalytically or (bio)chemically towards fuels (i.e.
ioethanol), fuel additives or chemicals (i.e. furfural). The solid
roduct, i.e. the hydrothermally pretreated biomass, exhibited sim-

lar C/H and C/O ratios and less amount of ash compared to those
f the untreated biomass.

The non-catalytic flash pyrolysis of the hydrothermally pre-
reated biomass led to the production of substantial amount of
ugars, mainly levoglucosan, in the produced bio-oil, compared
o the untreated biomass, with a concomitant reduction of the
hree major groups in the flash pyrolysis oil of beech wood, i.e.,
arboxylic acids, ketones and phenols. The use of strongly acidic
eolites H-ZSM-5 and silicalite (with very few number of acid sites
ue to Al impurities) and of the mildly acidic mesoporous alumi-
osilicate Al-MCM-41, induced similar effects on product yields
nd on the composition of bio-oil for both the untreated and the
ydrothermally pretreated biomass. In general, the strongly acidic
-ZSM-5 zeolite, which contains relatively high number of frame-
ork Brönsted acid sites compared to silicalite, leads to increase

f water in the bio-oil via dehydration reactions and decrease of
rganics, increase of gases and coke due to decarbonylation, decar-
oxylation, dealkylation, cracking and aromatization reactions. The
eolite silicalite with the very low number of strong Brönsted acid
ites and the Al-MCM-41 with the relatively higher number of
eak (Brönsted and Lewis) acid sites induce similar effects with

hose of H-ZSM-5 but to a less extent. An exception is the observed
ignificantly higher amount of coke deposited on the Al-MCM-41
esoporous catalyst compared to the zeolitic ones. Regeneration

f all the catalysts by burning off the coke at 550 ◦C had a relatively

mall effect on their porosity characteristics, i.e. loss of surface area
p to 10% for the zeolites and 20% for the Al-MCM-41 catalyst.

With regard to the composition of the bio-oil, all the catalysts,
nd mostly the strongly acidic H-ZSM-5 zeolite, reduce the oxygen
ontent of the organics, mainly by decreasing the concentration of

[
[

[
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acids, ketones and phenols in the bio-oil produced by the catalytic
upgrading of the untreated biomass. In the case of the hydrother-
mally pretreated biomass, the decrease of oxygen content is mainly
attributed to the almost complete conversion of sugars present in
the non-catalytic pyrolysis oil by the use of all catalysts. For both
types of biomass feeds, the use of catalysts leads to a significant
increase of aromatics and PAHs in the bio-oil, while the catalytic
upgrading of the hydrothermally pretreated biomass vapours by
the less acidic silicalite and Al-MCM-41 leads to increase of the
concentration of phenols in the bio-oil.
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