
R

P
I

a

A
R
R
A

K
B
R
P
S
T
P

1

i
d
e

t
f
o
g
b
g
a
t
e

p
r
w
c
t
c
p

[
c

1
d

Chemical Engineering Journal 154 (2009) 361–368

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

h-perovskite catalysts for conversion of tar from biomass pyrolysis

. Ammendola, L. Lisi ∗, B. Piriou, G. Ruoppolo
stituto di Ricerche sulla Combustione, CNR, P.le Tecchio, 80, 80125 Napoli, Italy

r t i c l e i n f o

rticle history:
eceived 4 December 2008
eceived in revised form 24 March 2009
ccepted 2 April 2009

a b s t r a c t

Alumina supported Rh-LaCoO3 has been investigated for the catalytic conversion of tar produced by
biomass pyrolysis into hydrogen-rich gas. A double fixed bed reactor system, equipped with a micro-
chromatograph for the analysis of permanent gases and a chromatograph for the analysis of condensable
species, has been developed to perform a preliminary screening of catalysts with different compositions
eywords:
iomass
hodium
erovskite
yngas

by contacting them at 700 ◦C with a real mixture of gas and volatiles produced by biomass decomposition.
Biomass has been characterized by elemental, proximate and thermal analysis. Redox properties of

catalysts, estimated with H2 Temperature Programmed Reduction (TPR) analysis, have been correlated to
the catalytic performance towards tar conversion. All catalysts completely convert tars into syngas with
small quantities of CH4 and CO2, more reducible catalysts also strongly improve tar reforming and inhibit
ar
yrolysis

coke deposition.

. Introduction

Biomass conversion to a hydrogen-rich gas is attracting an
ncreasing interest because of depletion of fossil fuel, being an abun-
ant and renewable energy source with a CO2 neutral effect on the
nvironment [1].

Biomass undergoes an easy decomposition process at quite low
emperature (150–350 ◦C) producing a wide range of species [2]. A
ast heat transfer, temperatures higher than 600 ◦C and the presence
f an oxidant agent (steam, O2, air, CO2) promote the production of
as with respect to solid and liquid phases [3]. These conditions can
e easily reached in a fluidized bed reactor [4]. Nevertheless, in a
asification process formation of tars represents a severe limitation
nd conversion of these products into permanent gases is required
o transform biomass into a suitable fuel for internal combustion
ngines, fuel cells or feedstock for chemical synthesis [1].

Both mechanical methods and thermal cracking have been pro-
osed for tars removal [5]. Mechanical methods do not allow energy
ecovering from tars which are just removed from product gases,
hile thermal cracking requires temperature higher than 1100 ◦C to

onvert them. The catalytic tar decomposition has been proposed
o overcome these drawbacks [5]. In addition, the use of a catalyst
an enhance the gas formation and modify the gas composition

romoting the reforming reactions of hydrocarbons [6].

Different catalysts, such as nickel-based catalysts [7], dolomites
8], olivine [9] and zeolites [10], have been investigated for the
atalytic tar decomposition, mostly used in a secondary reactor
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where the volatile tar, generated from the thermal decomposition
of the biomass in the primary gasifier, cracks down to the prod-
uct gas on the catalyst surface in the presence of gasifying agents
such as steam, oxygen or air. Dolomites and nickel-based catalysts
are the most conventional catalysts for tar decomposition in the
secondary reactor at 800–900 ◦C and 700–800 ◦C, respectively [5].
Nevertheless, dolomites suffer from low mechanical strength and
poor activity in the modification of gaseous hydrocarbon concen-
trations. On the other hand, although both a tar conversion higher
than 99% and an effective reforming of light hydrocarbons in the
gaseous products can be obtained using Ni based catalysts, they
have a short life-time due to the large amounts of carbon deposited
on the surface [5].

Recently, catalysts containing transition metals different from
nickel (Co, Fe, etc.), supported (Al2O3, MgO, etc.) or not, have been
also studied in order to improve the activity and the stability of
catalysts [11–14]. Moreover, the introduction of Ni in a perovskite
matrix together with other transition metals has been suggested to
depress coke formation [13]. The use of noble metals has also been
proposed [15–18]. 100% C-conversion to gas and high tar reforming
ability have been reported for Rh/CeO2 in cellulose gasification even
if catalyst deactivation was observed due to a decrease in surface
area [16]. More recently the use of SiO2 has been suggested to inhibit
the aggregation of CeO2 and maintain the catalytic activity [16–17],
whereas the use of Al2O3 increases the reforming activity of the
catalyst and the effectiveness in coke suppression [18].
Primary catalysts are usually used in fluidized beds and consist
of natural materials (dolomite or olivine) because of their low cost
and large availability, which make possible a direct use in biomass
fluidized bed gasifiers. As far as the development of a more active
synthetic catalyst is concerned, it is not reasonable to perform a

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:lisi@irc.cnr.it
dx.doi.org/10.1016/j.cej.2009.04.010
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Fig. 1. Scheme of the

reliminary screening at the typical scale of fluidized bed gasifiers,
hich implies the loading of large amounts of catalyst. In order

o carry out a catalytic study a more sensible approach is a lab-
cale fixed bed [10,11,14]. This system allows an easier evaluation
f the catalytic performances using small quantities of material,
enerally investigating the catalysts effectiveness in the conversion
f tar model compounds [10,14].

In the present work a double fixed bed reactor experimental
lant has been developed to carry out a preliminary screening of
ovel noble metal based catalysts by contacting the catalyst kept at
constant operating temperature with a real mixture of products

oming from the biomass decomposition. This system represents
n alternative and more complete solution to a single bed catalytic
eactor operating with one or more model compounds.

A Rh-LaCoO3 supported on �-alumina catalyst has been pro-
osed for tar conversion due to the reforming and oxidation
roperties of noble metal and perovskite, respectively, which can
otentially improve hydrocarbons conversion and avoid coke for-
ation. Moreover, the introduction of the noble metal into the

erovskite matrix improves its thermal stability by hindering sin-
ering phenomena [19–21], which can take place at the typical
emperatures of biomass gasification processes (up to 900 ◦C [22]).

. Experimental

.1. Biomass

Maple wood chips were used as biomass. The proximate analy-
is, performed with a TGA 701 LECO thermogravimetric analyzer,
ave the following composition: moisture (8.9 wt.%), volatiles
74.6 wt.%), fixed carbon (15.9 wt.%) and ash (0.6 wt.%). The chemical
omposition, estimated on dry basis by elemental analysis, using a
HN 2000 LECO analyzer, was found to be: 46.28 wt.% C, 5.56 wt.% H,
7.52 wt.% O, 0 wt.% N. The thermogravimetric analysis of biomass
nd the evaluation of its thermal behaviour were also performed
sing a Perkin Elmer TGA7 balance. The thermo-balance was con-

ected to a gas cell of a FTIR spectrometer (Perkin Elmer Spectrum
X) for the analysis of released products. Both FTIR cell and transfer

ine were heated at 200 ◦C in order to avoid tar condensation. Dur-
ng the experiment, about 25 mg of maple wood chips were heated
nder a constant nitrogen (99.998%) flow rate of 25 ml min−1. The
ytic screening plant.

sample was firstly heated up to 100 ◦C at 2 ◦C min−1 and this tem-
perature was kept for about 15 min in order to completely remove
water; then the sample was heated at 5 ◦C min−1 up to 800 ◦C. In
order to burn the fixed carbon after total devolatilization of the sam-
ple, kept at 800 ◦C, oxygen (2 vol.%) was added to the gas stream.
During the heating ramp single scan FTIR spectra were collected
each 12 s with 4 cm−1 resolution. The TG/FTIR experiment has been
repeated several times obtaining the same weight loss and the same
profiles of released species.

2.2. Catalyst

2.2.1. Preparation
The catalyst consists of a rhodium promoted LaCoO3 per-

ovskite supported on a commercial La stabilized (3 wt.% La2O3)
�-Al2O3 (Puralox SCF140-L3, SASOL) prepared by wet impregna-
tion. Stoichiometric amounts of La(NO3)3·xH2O (Aldrich, >99.9%)
and Co(NO3)2·6H2O (Fluka, ≥99%) were dissolved in a water solu-
tion containing alumina adding few drops of nitric acid. The target
amount of perovskite was 20 wt.%, corresponding to the theoretical
monolayer coverage of the �-Al2O3 (surface area = 140 m2 g−1). The
solution was completely evaporated and then the powder dried for
2 h at 120 ◦C.

A calcination treatment (3 h, flowing air: 150 ml min−1, heating
rate: 10 ◦C min−1) at two different temperatures (800 or 900 ◦C) was
performed. The calcined LaCoO3/Al2O3 powder was impregnated
with a Rh(NO3)3·xH2O (Riedel-de-Haën) solution using an amount
of rhodium corresponding to 1 wt.%, then drying and calcination
were repeated.

Catalysts containing 20 wt.% LaCoO3 or 1 wt.% Rh only were also
prepared for comparison with the bi-functional sample.

The catalysts will be referred to according to the following nota-
tion: T/p/Rh, where T is the calcination temperature and p and Rh
indicates the presence of the perovskite or noble metal, respec-
tively.
2.2.2. Characterization
Rhodium and cobalt contents were quantitatively determined

using a ICP-MS Agilent 7500 instrument. Catalyst surface area mea-
surements were carried out according to the BET method by N2
adsorption at 77 K with a Quantachrome Autosorb 1-C analyzer.
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Table 1
Rh and Co contents, BET surface areas, H2 uptakes and H2/metal ratios evaluated from TPR experiments of catalysts calcined at 800 and 900 ◦C.

Catalyst Rh content (wt.%) Co content (wt.%) Surface area (BET) (m2 g−1) Total H2 uptake (mmol g−1) H2/Co (mol mol−1) H2/Rh (mol mol−1)

800/Rh 0.84 – 134 0.14 – 1.77
800/p – 4.70 101 0.41 0.52 –
800/p/Rh 0.80 4.72 104 0.73 0.74a 1.77b

900/Rh 0.80 – 139 0.16 – 2.08
900/p – 4.60 117 0.08 0.10 –
9
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00/p/Rh 0.75 4.30 100

a Calculated by subtracting the H2/Rh ratio of the corresponding T/Rh sample.
b Assigned on the basis of the H2/Rh ratio of the corresponding T/Rh sample.

Micromeritics 2900 TPD\TPR analyzer was used for H2 Temper-
ture Programmed Reduction (TPR) measurements reducing the
atalyst with a 2% H2/Ar mixture (25 ml min−1) at 10 ◦C min−1 up to
00 or 900 ◦C depending on the calcination temperature. The cata-

yst was pre-treated for 1 h in air (100 ml min−1) at the calcination
emperature before the experiment.

.3. Experimental rig

Fig. 1 shows the scheme of the catalytic screening plant. Two
xed bed quartz reactor (ID = 1 cm, length = 60 cm) were heated

ndependently in two different electric furnaces. The dried biomass
ample (500 mg, particle size range: 800–900 �m) was heated
t 5 ◦C min−1 up to 800 ◦C in the first furnace under pure N2
99.998%) constant flow rate (12 N l h−1) regulated with a Brooks

ass flow controller (SLA 5850). The gaseous and condensable
roducts formed in the first reactor by biomass pyrolysis passed
hrough a second reactor containing the catalyst (500 mg, parti-
le size range: 200–400 �m) kept at a fixed temperature (700 ◦C).
hen the stream was sent to a two stage-condenser, in the first
tage (a pear-shaped flask of 75 ml at room temperature) heav-
er tars were collected, whereas the second one (three Erlenmeyer
f 50 ml) was used to collect lighter ones at −20 ◦C, following the
EN/TS 15439 (2006) procedure for sampling and analysis of tars.
inally, the permanent gases were sent to a micro gas chromato-
raph (Agilent 3000A), equipped with four different independent
hannels (with the following four columns: OV-1, Alumina, PLOT-

and MS5A), and a TCD detector. Helium was generally used as
arrier gas for the analysis of O2, CO, CO2, CH4 and C2–C6 hydro-
arbons for all channels, however the most significant experiments
ere repeated under the same conditions using argon as carrier
as for the MS5A column in order to evaluate the H2 concentra-
ion, although lowering the sensitivity of the measurement of other
ermanent gases.

The lines between the first and second reactor as well as between
he second reactor and the first stage of the tar condensation train

Fig. 2. Temperature Programmed Reduction test. H2 uptake and temperature profile
0.53 0.52a 2.08b

were heated between 300 and 400 ◦C to avoid the condensation of
tarry compounds. The sampling train was weighted before and after
the experiment for the quantitative evaluation of the condensable
tars yield. The analysis of the condensed tars, after diluting with iso-
propanol, was performed off line in a gas chromatograph (HP 9600
series), equipped with a HP 35 PhenylEthylMethyl Siloxane column
and a FID detector. As a measure of the catalysts performance, the
difference between the yields and type of gas, liquid and solid prod-
ucts with and without catalyst, according to the method reported
in [8,23], was used.

At the end of each experiment the amount of coke deposited
on the secondary bed catalyst was determined by oxidation of the
material after cooling down under inert atmosphere. The oxida-
tion was performed following a heating ramp of 5 ◦C min−1 from
ambient temperature up to 800 ◦C under O2/He mixture (0.5 vol.%)
constant flow rate (17 N l h−1). The concentration of released car-
bon dioxide was measured using the micro GC. The numerical
integration of the signal provided the stoichiometric amount of
coke formed during the previous catalytic tar conversion experi-
ment.

For all experiments the mass balance was closed with a maxi-
mum error of ±10 wt.%.

The good reproducibility of catalytic tests was verified by per-
forming more than one experiment for each set of operating
conditions. The obtained data were found to be reproducible.

Finally, the H2/C ratio evaluated in the experiments with the
most active catalysts (100% tar conversion) is very close to that
expected from the biomass elemental composition by subtracting
the carbon amount in the residual char.

3. Result and discussion
3.1. Catalyst characterization

In Table 1 the actual Rh and Co contents, the values of surface
area of the catalysts calcined at both 800 and 900 ◦C, the H2 uptakes

s as a function of time of catalysts calcined at 800 ◦C (left) and 900 ◦C (right).
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nd the H2/metal ratios evaluated from integration of TPR profiles
re reported.

The actual Rh content is always lower than the nominal one
ikely due to the undefined hydration of the Rh precursor salt. On
he other hand the actual Co content is quite close to the nominal
alue (4.8 wt.%). Quite high values of surface area are maintained
ven upon calcination at 900 ◦C and, as expected, for both calcina-
ion temperatures the surface area decreases as the active phase
oading increases.

In Fig. 2 the TPR profiles of catalysts calcined at 800 and 900 ◦C
re reported.

The TPR profile of 800/Rh shows a lower temperature peak
250 ◦C) attributed to the reduction of rhodium oxide particles
RhOx) having no interaction with the support, and a higher temper-
ture peak (760 ◦C), accounting for a significantly greater hydrogen
ptake, related to the reduction of Rh strongly interacting with the
lumina to form spinel-type compounds (Rh(AlO2)y) [24]. In the
PR of 800/p sample the typical two stages reduction of cobalt from
o3+ to Co2+ and from Co2+ to Co0, respectively, can be detected. The
resence of those two peaks is characteristic of the LaCoO3 bulk
ompound [25]. When 1 wt.% rhodium is added to the perovskite
800/p/Rh), the two peaks of cobalt reduction are still detectable
nd the low temperature signal of rhodium is more intense than for
00/Rh, suggesting that the perovskite layer has a barrier effect pre-
enting or limiting the interaction between rhodium and alumina.

The H2/Co ratio evaluated for 800/p catalyst, lower than the
toichiometric one (1.5), indicates that the interaction probably
ccurring between cobalt and alumina, leading to the formation
f surface cobalt aluminate, limits the complete reduction of Co.
n the other hand, rhodium is completely reduced to the metallic

tate in the 800/Rh sample, as shown by H2/Rh ratio even exceed-
ng the theoretical one (1.5) likely due to a not perfect recovery of
PR baseline which affects the signal integration or to the pres-
nce of some metal impurities. If a rhodium reduction occurring
n the corresponding Rh/Al2O3 sample is assumed also for the bi-
unctional catalyst 800/p/Rh, the difference between the H2 uptake
f 800/p/Rh catalyst and the one due to the total Rh reduction can be
ttributed to the reduction of Co; the resulting H2/Co ratio, lower
han the stoichiometric one (1.5), is in agreement with the value
btained for the 800/p catalyst.

The TPR profiles of 900/Rh catalyst shows two peaks as for

00/Rh, however the low temperature signal, assigned to rhodium
xide, is smaller than that of 800/Rh suggesting that the higher
alcination temperature promotes the formation of spinel-type
ompounds Rh(AlO2)y due to the interaction of rhodium with the
upport. The same effect, even more pronounced, was observed for

ig. 3. Thermogravimetric analysis of biomass. Left: maple wood chips weight loss and sam
mitted during the biomass decomposition.
ring Journal 154 (2009) 361–368

the 900/p catalyst. The perovskite-type phase, present in the sam-
ple calcined at 800 ◦C, has almost totally disappeared and a not
easily reducible cobalt aluminate phase is formed due to the diffu-
sion of cobalt in the alumina matrix. The signal starting just before
the isothermal step of the experiment can be, in fact, attributed to
the reduction of CoAl2O4 spinel [24,26]. Nevertheless, in the mixed
sample 900/p/Rh, a greater amount of cobalt can be reduced at high
temperature together with Rh(AlO2)y species, as also shown by the
greater amount of H2 consumed. Furthermore, also in that case the
lanthanum-cobalt mixed oxide layer partially inhibits the migra-
tion of rhodium into the alumina lattice, as shown by the peak of
RhOx at low temperature.

3.2. Catalytic tests

Before catalytic tests a preliminary analysis of the thermal
behaviour of the biomass was performed using the TG-FTIR appara-
tus. The weight loss of the biomass and the corresponding IR spectra
of the produced gaseous and volatile species are reported in Fig. 3.

Mainly water is released up to 100 ◦C (8.7 wt.%). However, a peak
of CO2 is detectable in this temperature range as also reported
by Bassilakis et al. [27] which can be reasonably attributed to
physically adsorbed CO2. Then the decomposition of the biomass
takes place mainly in the temperature range 150–350 ◦C, producing
volatiles (75.8 wt.%). The two slopes detectable in the weight loss
assigned to volatiles are attributed to hemicellulose (150–250 ◦C)
and cellulose components (250–330 ◦C), respectively, whereas lig-
nine decomposition takes place in a wider range of temperature
superimposing to that of the other two components [2]. During the
whole devolatilization phase the following species were detected
by IR analysis: H2O, CO, CO2, alkanes (C–H bonds), aldehydes and
acids (C O bonds) and esters and formic acid (C–O–bonds). H2 is not
IR-detectable. Burning of fixed carbon takes place when oxygen is
introduced in the flow at 800 ◦C, releasing CO2. The amount of fixed
carbon is 14.9 wt.%. The residual weight of the sample (0.6 wt.%) cor-
responds to ash. These values of weight loss are in good agreement
with the results of proximate analysis reported in Section 2.1.

A further TG-FTIR experiment carried out by mixing the biomass
with an equal amount of catalyst under the same conditions
did not show any appreciable differences with the experiment
without catalyst. Therefore, it was concluded that the TG-FTIR

apparatus was not suitable to evaluate the performance of the cat-
alysts since biomass decomposition takes place in a temperature
range (150–350 ◦C) below that necessary to activate the catalyst
(400–500 ◦C) [26]. As a consequence, the catalytic tests were car-
ried out in the experimental rig, described in Section 2.3. This set-up

ple temperature as functions of time. Right: infrared stack plot of volatile products
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Table 2
Solid, liquid and gas yields on dry basis obtained for the different materials loaded in the second reactor.

Material of the second reactor Solid yield (wt.%) Liquid yield (wt.%) Gas yield (wt.%)

Char Coke Without H2 With H2

– 16.6 – 74.6 7.8 –
Sand 17.6 – 48.3 32.3 –
Alumina 16.8 5.1 29.2 51.5 53.2
800/Rh 16.5 2 – 71.9 77.5
800/p 18.3 3.5 – 72.0 75.9
800/p/Rh 18.0 1.1 – 72.5 77.6
900/Rh 17.3 2.6 – 73.5 –
900/p 18.3 5.6
900/p/Rh 18.0 1.0

a Mainly water was found as liquid product.
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ig. 4. Concentration profiles of the main gaseous products of maple wood pyrolysis
s a function of sample temperature.

llows the catalyst to be kept at a given temperature being in con-
act with the gaseous and volatile products coming from biomass
lowly decomposed in another furnace.

Three blank runs were carried out before catalytic tests. In the
rst one the second reactor was excluded and the quantitative and
ualitative analysis of the biomass pyrolysis products was done. In
he second one the second reactor was loaded with inert sand in
rder to verify the occurrence of thermal cracking reactions at high
emperature (700 ◦C) and evaluate their effect. In the third one the
a stabilized �-Al2O3, used as catalytic support, calcined at 800 ◦C,
as loaded in the second reactor in order to evaluate its possible

ontribution.
The products of the biomass pyrolysis were mainly constituted

f gaseous species, condensable hydrocarbons and char. Their yields
re reported in Table 2 on dry basis. Both char yield and total yield of
iquid and gas (corresponding to volatiles species) are in agreement

ith the results of TG analysis.
Fig. 4 shows the profiles of detected gaseous species obtained
rom biomass pyrolysis as functions of sample temperature ana-
yzed with the MS5A columns using He as carrier gas (no measure
f produced H2 is available in this run). They mainly consist of car-
on oxides and methane, whereas light hydrocarbons (acetylene,
thylene, ethane, propane, propene, nC4, nC5, 1-pentene, 1-hexene)

able 3
mounts of gaseous light hydrocarbons produced during the biomass decomposition test

ample in the second reactor C2H2 C2H4 C2H6

1.3 0.7 0.6
and 50 307 42
lumina 0 441 52
00/p 0 2.1 2.8
00/p 3.5 401 50
11.0a 55.3 57.4
– 73.0 77.9

are emitted at very low concentration (<50 ppm) at about 370 ◦C.
The amounts of light hydrocarbons are reported in Table 3. CO is
the first compound to be released at about 270 ◦C, with a maximum
concentration value of 5300 ppm at 370 ◦C (same peak temperature
as light hydrocarbons), then its concentration sharply decreases
down to 400 ◦C. The emission of CO continues at a lower extent
until the end of the experiment. CO2 starts being released at 330 ◦C
and completely stops at 620 ◦C, its concentration being always less
than 50 ppm. Methane starts to be released at about 390 ◦C with
a maximum concentration of 540 ppm at 430 ◦C. A second peak of
200 ppm of methane is observed between 620 and 660 ◦C.

The chromatographic analysis of condensed tar highlighted the
presence of different compounds. The identified peaks correspond
to phenols, PAHs and guaiacols, characteristic of biomass decom-
position. The identification of other species (acids, aldehydes, etc.)
is still in progress.

In the blank run with sand the gaseous yield increases up to
32.3 wt.% with respect to the 7.8 wt.% obtained in the absence of the
secondary reactor. Accordingly, the condensable tars are 48.3 wt.%
compared to the 74.6 wt.%. The presence of the second reactor does
not affect, as expected, the char yield (Table 2). The main compo-
nents of the gas phase are again CO, CO2 and CH4, analyzed with
the MS5A columns using He as carrier gas (no measure of produced
H2 is available). However, their concentration is about one order of
magnitude higher than in the absence of the second reactor. Their
profiles are reported in Fig. 5b–d, respectively, as functions of the
temperature of the biomass sample. CO2 is the first compound to
be released at about 150 ◦C, with a maximum concentration value
of about 5700 ppm at 350 ◦C; traces of CO2 are observed also at
higher temperature. CO starts to be released at 250 ◦C up to 400 ◦C,
its concentration reaching a maximum value of about 27000 ppm
at 350 ◦C. Methane starts to be released at about 300 ◦C up to 370 ◦C,
with a maximum concentration of about 3200 ppm at 350 ◦C. The
amounts of light hydrocarbons produced are reported in Table 3.
In the case of sand the amounts of light hydrocarbons significantly
increases with respect to the test carried out in the absence of the
second reactor. They are emitted at different concentrations in the

temperature range 170–560 C; in particular, maximum concentra-
tion values of about 2500 ppm for ethylene and hundreds of ppm for
nC4, ethane, acetylene, propane and propene have been observed
at 350 ◦C, the maximum concentration of remaining species being
lower than 50 ppm.

s (�mol).

C3H6/C3H8 nC4 nC5 1-Pentene 1-Hexene

0 1.1 0.2 1.3 1.6
56 38 2.7 6.7 1.3
82 37 2.3 0 0

0 0 0 0 0
85 38 3.2 1.4 0.3
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Fig. 5. Catalytic tar conversion tests. H2 (a), CO (b), CO2 (c) and CH4 (d) concentration
profiles as a function of biomass decomposition temperature.
ring Journal 154 (2009) 361–368

Many compounds have been detected by the chromatographic
analysis of condensed tar, with a qualitatively different products
distribution if compared to that obtained in the absence of the
second reactor. In particular, the oxygenated compounds (phe-
nols and guaiacols) disappeared, whereas PAHs species were still
detectable together with aromatic compounds. Moreover, a shift
towards heavier polycyclic compounds has been observed. These
findings suggest the occurrence of cracking phenomena followed
by secondary reactions of polycondensation.

On the basis of these results, it can be concluded that the increase
in the total gas yield can be explained by the thermal decomposition
of part of the vaporized tarry species over the hot surface (700 ◦C)
of the inert fixed bed material.

In the blank test with calcined alumina the gaseous yield
increases up to 51.5 wt.% (53.2% including H2) with respect to the
32.3 wt.% obtained with sand. Accordingly, the condensable tars
decreases down to 29.2 wt.% compared to the 48.3 wt.% (Table 2).
The concentration profiles of H2, CO, CO2 and CH4 are reported
in Fig. 5a–d, respectively, as functions of the temperature of the
biomass sample. The carbon oxides profiles are qualitatively simi-
lar to those observed for sand, but with a significant yield increase.
The hydrogen profile follows that of CO with a peak maximum of
about 23000 ppm at 370 ◦C. Methane starts to be released at about
250 ◦C with a maximum concentration of about 7700 ppm at 350 ◦C.
The emission of CH4 continues at a lower extent up to 640 ◦C. Light
hydrocarbons were produced in the temperature range 200–600 ◦C
in similar amounts with respect to the test with sand (Table 3).

The chromatographic analysis of condensed tar showed a qual-
itatively similar products distribution to that obtained with sand,
but with lower intensities.

On the basis of these results, it can be concluded that the pres-
ence of alumina in the second reactor further increases the gas yield
(to the detriment of liquid phase), due to a stronger cracking activity
related to its higher surface area and acidity.

The presence of a catalyst in the second reactor at 700 ◦C led
to a large increase in gas yield due to the total conversion of tars,
as reported in Table 2. In this table the gas yield both excluding
or including H2 has been reported for the catalysts which were
also tested by changing the analysis conditions. Except for 900/p
which favoured liquid formation (mainly water), no liquid conden-
sation was observed in the flasks, neither at room temperature or
at −20 ◦C. The char yield was in the range 16.5–18.3 wt.% for all the
experiments, in good agreement with the data of TG analysis. All
catalysts tested showed a gas yield higher than 72 wt.% (excluding
H2), except for the 900/p sample, which provided a lower gas yield
(similar to calcined alumina).

As concerns the gaseous product distribution, no light hydro-
carbons were found when rhodium was present in the catalyst also
in combination with LaCoO3 while the light hydrocarbons formed
with the 900/p catalyst were qualitatively and quantitatively sim-
ilar to those found with alumina whilst only ethane and ethylene,
in small amount, were produced on 800/p, as reported in Table 3.
H2, CO, CO2 and CH4 were the main detected gas products for all
samples. Their concentration profiles are also reported in Fig. 5a–d,
respectively.

All samples showed two main CO2 peaks at 290 and 350 ◦C. A
broad peak extending from 390 ◦C to the end of the experiment
was present for all catalysts except for sand, alumina and 900/p
sample, the latter providing the highest total CO2 concentration.
As noted for the test with alumina the H2 profiles qualitatively fol-
lowed those of CO for all catalysts. As for light hydrocarbons the

amounts of CO and H2 produced on the 900/p was comparable to
that found using alumina. All the other samples showed similar H2
and CO yields, significantly higher than that observed for sand, alu-
mina and 900/p sample. The highest concentration of methane in
the gaseous products was found for calcined alumina and the 900/p
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Fig. 6. CO2 profiles obtained in coke oxidation experiments.

atalyst, followed by sand and 800/p. In the presence of the sec-
nd reactor methane was produced at temperatures (215–390 ◦C)
t which it was not present for simple pyrolysis and thus it should
e the product of further conversion of species coming from the
iomass decomposition. On the contrary, the methane released by
he biomass in the range 390–660 ◦C remained essentially uncon-
erted for sand, alumina and 900/p. Since CO2 formation in the
nal stage (390–660 ◦C) overlaps the conversion zone of methane

390–660 ◦C), the activity of the 800/p/Rh, 800/Rh and 900/p/Rh,
00/Rh probably consists in the methane oxidation in this temper-
ture range.

On the basis of the oxygen balance between the oxygen con-
ained in the biomass and that in the detected gaseous products,
he catalysts, not pre-reduced before each run, should be partially
educed by the pyrolysis products.

At the end of each experiment the amount of coke deposited
n the secondary bed material was determined by its oxidation at
00 ◦C after having cooled down the material under inert atmo-
phere. Fig. 6 shows the CO2 profiles obtained for the different
aterials. The amount of deposited coke expressed in wt.% on dry

asis is reported in Table 2.
The sand does not tend to form coke, whereas the calcined alu-

ina appears to be very sensitive to coking as well as the perovskite
atalysts, specially the one calcined at 900 ◦C. The Rh catalysts
ppear less susceptible to coking, however calcination at 900 ◦C
ends to increase slightly the coke formation. Nevertheless, the least
oked materials are those containing both active phases (900/p/Rh
nd 800/p/Rh).

In conclusion, the results of catalytic tests can be summarized as
ollows: all catalysts are able to convert tars, promoting reforming,
otal oxidation or, in a lesser extent, cracking of species released
uring biomass decomposition. In particular, the activity of per-
vskite catalysts, specially of the 900/p sample (as well as calcined
lumina), is more addressed to cracking and total oxidation (con-
rmed by the presence of water in the liquid phase) rather than

o reforming reactions with respect to other samples, favouring the
oke formation. On the other hand, the presence of Rh is fundamen-
al to favour the reforming of methane and light hydrocarbons, not
otally converted by samples not containing the noble metal. The Rh
ontaining samples can also oxidize methane emitted from biomass
yrolysis in the range 390–660 ◦C to CO2. In particular, the sam-

les containing both Rh and perovskite phases showed the highest
eforming activity and the lowest cracking activity, lower amounts
f coke having been observed on these samples.

A possible explanation of these evidences could be obtained by
orrelation with the reducibility of the different samples. The hardly

[

[
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reducible catalysts (800/p and 900/p) fundamentally provide a good
cracking activity coupled with a slight oxidation activity. On the
contrary, the samples reducible at lower temperature due to the
presence of easily reducible rhodium oxide alone or even of cobalt
oxide (800/Rh, 800/p/Rh, 900/Rh and 900/p/Rh) promote reform-
ing of tars into syngas and depress coke formation. In particular,
thanks to the barrier effect provided by the cobalt-lanthanum oxide,
highlighted by TPR analysis, both in the perovskite-like (800/p/Rh)
or spinel (900/p/Rh) form, the rhodium was more easily reducible
than when deposited directly on the alumina support. Those two
catalysts were, by far, the best candidates for tar gasification.

4. Conclusions

Al2O3 supported Rh-LaCoO3 catalysts were tested in a fixed bed
reactor under isothermal conditions feeding the gas mixture orig-
inated from the biomass decomposition carried out in a separate
furnace. A preliminary screening of samples characterized by differ-
ent chemical composition and calcination temperature was carried
out to evaluate their catalytic performance in biomass tar conver-
sion. All catalysts effectively convert tars into syngas with small
amounts of methane and carbon dioxide, however, less reducible
samples mainly show cracking and total oxidation ability whereas
more reducible catalysts give the best performances in reforming
tars. Combination of Rh and LaCoO3 also reduces coke deposition
likely through the prevention of less reducible Rh(AlO2)y formation
and preservation of reforming properties of rhodium oxide. These
features, in addition to the high thermal stability of this catalytic
system, represent the basis for a potential use of this material as a
primary catalyst in a fluidized bed reactor.
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