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H I G H L I G H T S

• Waste-derived char was used as cata-
lyst for tar cracking at different tem-
peratures.

• Chars from food waste and sludge are
more efficient than wood-based chars.

• Char deactivation was due to coke
deposition and minerals melting/sin-
tering.

• Deactivation mechanism depends on
the physicochemical properties of the
chars.
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A B S T R A C T

The catalytic activity of pyrolysis chars from bio-waste was investigated for the cracking of model tar compounds
(ethylbenzene and benzene). Two pyrolysis chars were produced at 700 °C from (1) used wood pallets (UWP),
and (2) a 50/50 dry% mixture of food waste (FW) and coagulation-flocculation sludge (CFS). Steam activation at
850 °C was used to study the influence of the porous structure. While coke deposition is known to be responsible
for the deactivation of carbonaceous chars and metal catalysts during tar cracking reactions, the deactivation of
complex materials such as bio-waste chars has scarcely been studied. For this reason, special attention was paid
on the relationships between the physicochemical properties of the chars, the operating conditions, and the
deactivation mechanisms. To this aim, the cracking tests were performed over a wide temperature range:
400–650 °C for the ethylbenzene cracking, and 850–950 °C for benzene cracking. After the ethylbenzene
cracking tests at 650 °C, the characterisations performed with SEM, BET, FTIR and Raman revealed that coke
deposition was responsible for the char’s deactivation. The high specific surface area of activated chars explained
their higher catalytic activity, and mesoporous catalysts were proved to be more resistant to coke deactivation
than microporous catalysts. For these reasons, the higher ethylbenzene conversion (85.8%) was reached with the
activated char from food waste and sludge (ac.FW/CFS). For benzene cracking at higher temperature (850 and
950 °C), the chars from food waste and sludge (FW/CFS) were the most active catalysts, despite their

Abbreviations: UWP, Used Wood Pallets; FW, Food Waste; CFS, Coagulation-Flocculation Sludge; c.UWP, char from UWP; c.FW/CFS, char from a mixture of FW (50
wt.%dry) and CFS (50 wt.%dry); ac., prefix used to name the steam activated chars; EB, ethylbenzene; B, benzene; wt.%, percentage by weight; vol.%, percentage by
volume; mol.%, molar percentage
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deactivation by the melting, diffusion and sintering of the inorganic species. This original deactivation me-
chanism, reported for the first time, led to the formation of an inorganic layer composed of P and Ca species at
the char surface, with some areas rich in KCl and NaCl. Non-activated char from food waste and sludge (c.FW/
CFS) was surprisingly proved to be more resistant to deactivation by inorganic species than the activated char
(ac.FW/CFS) during the benzene cracking tests at 950 °C. This extended catalytic activity was explained by the
activation of the non-activated char (c.FW/CFS) with the CO2 contained in the syngas which simultaneously
developed the porosity and created new available active sites. This study marks a step forward in the under-
standing of the relationships between the deactivation mechanisms, the physicochemical properties of the chars,
and the cracking temperature. Finally, a proposal for process integration is presented to consider the possibility
to valorise the chars as catalysts to decompose the tar generated in the same pyro-gasification process.

1. Introduction

For the development of a worldwide sustainable energy system re-
ducing the use of fossil fuels and the related greenhouse gas emissions,
the contribution of biomass and wastes valorisation technologies is
expected to increase in the upcoming years. The pyro-gasification ap-
pears as a promising conversion route to produce a gaseous energy
carrier named syngas from biomass and waste, by reacting with an
oxidizing agent at high temperature (800–1000 °C) [1]. The solid fuel is
decomposed in three fractions during the pyro-gasification: syngas, tar,
and a solid residue named char. Chars can represent 12–30wt% of the
initial biomass [2]. These solid residues are carbonaceous materials
with complex properties [3] and containing several inorganic species
[4], depending on the initial waste.

The syngas composition strongly depends on the gasification tech-
nology and on the initial fuel composition. The syngas mainly consists
of H2, CO, CO2, CH4, and small hydrocarbon species. H2O and N2 can
also represent significant syngas components, depending on the gasi-
fying agent and on the reactor design. Different types of pollutants can
be present in syngas, such as tar, acid gases, and particles [5]. The
syngas produced can be valorised in numerous applications with high
energy yields (gas turbine, fuel cell, …) or as precursor for the synthesis
of high added-value products (chemicals, liquid fuel via the Fischer-
Tropsch synthesis, …) [6]. However, the syngas must be purified before
being valorised in these applications. Tar is the most damaging pollu-
tant which should be removed prior to syngas valorisation [7].

Tar is a complex mixture of condensable aromatic and oxygenated
hydrocarbons having a molecular weight higher than benzene (78 g/
mol) [8]. Tar can condense at high temperature (below around 350 °C)
in the gasification system thus blocking and clogging the downstream
equipment [9,10]. The tar concentration can vary between 5 and 200 g
Nm−3 of syngas [6], and must be reduced to meet the purity standards
required for syngas utilisations (tar concentration ranging from 0.01
and 100mg Nm−3, depending on the end-use [6,11]). Therefore, tar
removal from syngas is necessary. Several tar elimination methods have
been developed, such as physical treatment (electrostatic precipitation,
inertial separation) [12], wet or dry scrubbing [13,14], plasma cracking
[15,16], thermal cracking [17–19] and catalytic cracking [20–23].
Cleaning processes can be classified in two types: primary methods aim
at limiting the tar formation during the gasification reactions, and
secondary methods consist in the collect or decomposition of tar al-
ready formed [24]. The catalytic methods consist of the conversion of
tar into gases at moderate temperature (400–1000 °C) using catalysts.
The catalytic process efficiency was proved to be higher in secondary
methods than in primary methods, due to a better control of the syngas
cleaning conditions (temperature and residence time) [25]. However,
the main drawbacks of the catalytic processes are the cost and the de-
activation of the catalysts.

The valorisation of chars as catalysts for tar cracking appears as an
attractive approach providing a solution to the main issues of the pyro-
gasification process development: (1) find new valorisation routes for
the chars [26], and (2) develop an efficient and low-cost syngas
cleaning process. Recently, chars from biomass were proved to be

promising low-cost catalysts [27–29] or catalyst supports [30–32] for
tar cracking. In most of the studies, the operating conditions are spe-
cifically selected to obtain chars with suitable characteristics. Activa-
tion with steam [33] or carbon dioxide [9] can be performed to en-
hance the porous structure of the biomass chars. To improve the
catalytic activity of these materials, several modifications can be ap-
plied, such as metal impregnation and chemical treatment [34]. These
modification processes improve the char activity, but also increase the
environmental footprint and materials costs. For metal impregnated
chars, gaseous species (such as sulfur and chlorine compounds) can be
chemically adsorbed on active sites, leading to the catalyst poisoning
[35]. Several studies showed that the solid by-product generated by tar
cracking reactions (named coke) is responsible for the deactivation of
both biomass chars [36] and chars supported catalysts [37]. Indeed,
coke is deposited on the catalyst surface thus covering the active sites
and clogging the catalyst porous network [38]. Coke is produced during
tar cracking by poly-alkylation and condensation of aromatic com-
pounds [39]. Coke could be consumed by gasification reactions cata-
lysed by inorganic species present at the char surface, thus limiting the
deactivation process [40,41]. However, inorganic species can also
contribute to the catalyst deactivation. For example, silicon can react
with alkali metals to form alkali silicates, thus inhibiting their catalytic
activity [42]. The sintering of metals, such as ruthenium, can also result
in the catalyst deactivation [43]. Due to the chemical complexity of
chars from bio-waste, all the above mentioned deactivation mechan-
isms could simultaneously occur during tar cracking reaction. For this
reason, the relationships between the char physicochemical properties,
the catalytic temperature, and the deactivation mechanisms must be
investigated.

This article studies the catalytic efficiency of various pyrolysis chars
from bio-waste for tar cracking. Steam activation was used to improve
the porous structure of the pyrolysis chars. Two model tar compounds
were selected: ethylbenzene and benzene. In the literature, there is a
lack of study devoted to the cracking of light aromatic hydrocarbons
other than toluene. Thus, ethylbenzene was chosen as surrogate of light
aromatic hydrocarbons (the main class of tar). The catalytic tests were
performed at low temperatures (400 and 650 °C) to avoid any addi-
tional heat supply downstream of the gasifier for tar cracking. Benzene
was also selected as tar surrogate since this molecule is produced in
significant amount by tar cracking and gasification reactions [44]. In
addition, benzene cracking reaction allows efficiently evaluating the tar
cracking activity of the catalysts since benzene is one of the most re-
fractory compounds contained in tar [45]. For these reasons, the ben-
zene cracking tests were performed at higher temperatures (850 and
950 °C). This article aims to study the deactivation mechanisms of
various chars during tar cracking reactions, and to better understand
their relationships with the initial char properties and cracking tem-
perature. Previous articles studied the removal of tar by pyrolysis chars
both produced in the same pyrolysis process [46,47]. In this study, mass
balance calculations were also performed to assess the potential in-situ
valorisation of chars generated in a pyro-gasification system as catalysts
for tar cracking. This study is in line with the need to develop a circular
economy in waste valorisation and energy production.



2. Materials and methods

2.1. Catalysts production

The bio-waste materials used in this study were from cruise ships
and are generated in large amount by modern societies: Used Wood
Pallets (UWP), Food Waste (FW) and Coagulation-Flocculation Sludge
(CFS). Used Wood Pallets was common softwood (from gymnosperm
trees) used in the production of pallets for loading and transportation of
food. Food wastes came from feeding activity, and were composed of a
mixture of vegetables and animal wastes. Coagulation-Flocculation
Sludge was recovered from a wastewater treatment plant present on
board the ship.

The pyrolysis was performed at 700 °C during 30min with a heating
rate of 22 °C/min. Two chars were produced: c.UWP, only from UWP,
and c.FW/CFS, from a mixture of 50 wt% FW and 50wt% CFS (on dry
basis). The char yields in dry basis were 22 wt% for c.UWP, and 23wt%
for c.FW/CFS. Due to the diameter of the tar cracking reactors, chars
were sieved to particle size from 0.5 to 1.6 mm to avoid edge-effects.

A steam activation was applied to the two pyrolysis chars as this
process is known to favour the development of micro, meso and mac-
ropores [48,49]. Pyrolysis chars were activated at 850 °C during 80min
in a gas atmosphere composed of nitrogen and steam (15 vol%). The
solid yield (in dry basis) of the steam activation was 77 wt% for
ac.UWP, and 69 wt% for ac.FW/CFS. Solid yield corresponds to the
mass of resulting activated char divided by the initial mass of dry char.

2.2. Bio-wastes and chars characterisation

2.2.1. Elemental analysis and ash composition
Prior to elemental analyses, the samples moisture was eliminated at

105 °C while measuring the mass evolution until stabilisation. The
elemental composition (C, H, N, S, O) of the samples was determined by
using a Thermo Finnigan AE1112 Series Flash. The detection limit of
this apparatus was 0.2 wt%. The ash content of the chars was de-
termined by measuring the residual mass after the combustion of 7.0 g
of the sample for 15 h in a muffle furnace (Nabertherm P330) at a
temperature of 650 °C.

The chemical composition at the overall scale of resulting ash was
analysed by X-ray fluorescence spectroscopy (SHIMADZU EDX-800HS).
The analyses were performed under vacuum with powdered samples,
with a time acquisition of 100 s and a detection limit of 0.001 wt%. The
ash was obtained from the combustion of around 20 g of each material.
Thus, large samples representative of the materials were analysed
which allowed to deal with the chemical heterogeneity of the waste.

Table 1 presents the elemental composition and the ash composition
of the different chars. Two types of chars were obtained. Chars from
UWP were carbonaceous materials having a carbon content higher than
87 wt%, while chars from FW/CFS were hybrid carbon/mineral mate-
rials containing lower carbon content (< 44.1 wt%). The steam acti-
vation mainly modified the composition of ac.FW/CFS, with a decrease
of the carbon concentration (−11.5%, from 44.1 to 32.6 wt%) and an
increase of the ash content (+12.4%, from 47.0 to 59.4 wt%). On the
contrary, this activation process did not change the chemical compo-
sition of ac.UWP.

The ash composition is presented in Table 1. It can be noted that
calcium was the major mineral specie present in the ash of each char
(> 34.3 wt%). The ash of UWP-based chars was rich in magnesium and
potassium (>11wt%), while FW/CFS-based materials contained large
amounts of phosphorus (26 wt%) and aluminum (>13.8 wt%). Among
the mineral species, some are known to have a significant catalytic
activity in tar cracking reactions: K [50], Ca, P, Fe, Mg [51–53]. On the
contrary, the high contents of P and Si could have a detrimental effect
on their catalytic activity [42,50,54].

2.2.2. Surface analysis
The chars were characterised by scanning electron microscopy

(SEM) using a ZEISS DSM982 microscope equipped with a high-re-
solution Gemini column, operated at 10–15 kV. Prior to observation,
samples were coated with a 2–3 nm Au/Pd layer to ensure electrical
conductivity. The local chemical composition at micro-scale was as-
sessed by energy dispersive X-ray spectroscopy (EDX) using a Noran
Voyager IV microanalysis system. For each char, several zones were
randomly analysed in order to obtain a statistical dataset representative
of the materials.

The chemical modification of the char surface due to the tar
cracking tests was analysed with FTIR. The samples were crushed and
analysed with the Thermo Scientific Nicolet spectroscope using the
Attenuated Total Reflectance mode. The resolution was 4.0 cm−1 on the
wave number range 400–4000 cm−1.

The surface chemistry of fresh and used chars was analysed by
Raman spectroscopy. A mapping of the materials surface was performed
by analysing 3 regions (of 25 µm2) of two different particles. A 10 bands
deconvolution of the Raman spectra was performed with Matlab® to
characterise the carbonaceous structure [55].

2.2.3. Textural properties
The specific surface area and the pore size distribution of the chars

were studied by means of nitrogen adsorption-desorption at 77 K using
a Micromeritic 3Flex apparatus. Prior each measurement, the samples
were outgassed under vacuum (1–30 µm Hg) at 30 °C during at least
16 h. The specific surface area was determined using the BET method,
while the HK (Horvath-Kawazoe) and BJH (Barrett, Joyner, Halenda)
methods were used to study the microporosity and mesoporosity, re-
spectively. Textural properties of each sample were studied by at least
three nitrogen adsorption-desorption isotherms. The average values are
listed in Table 2.

The bulk density of the chars was determined using Mercury por-
osimetry. Measurements were performed using a Micromeritics
Autopore IV porometer in a pore size range from 8.5 nm to 600 μm.
Prior to analysis, samples were dried in an oven at 105 °C before de-
gassing at 2.75 kPa up to stabilization. For each sample, at least three
reproducibility experiments were performed. The mercury volume pe-
netrating the porous structure of the chars was measured at different
pressures (from 2.8 kPa to 206.8 103 kPa).

Table 1
Elemental analysis and ash composition of the chars.

c.UWP ac.UWP c.FW/CFS ac.FW/CFS

Elemental analysis (wt%)
C 87.2 ± 1.0 87.4 ± 1.7 44.1 ± 1.6 32.6 ± 3.1
H 1.8 ± 0.2 0.8 ± 0.1 1.3 ± 0.2 0.9 ± 0.0
N 0.6 ± 0.2 0.4 ± 0.0 3.1 ± 0.1 1.4 ± 0.1
S b.d.l. b.d.l. b.d.l. b.d.l.
O (by difference) 8.3 8.9 4.5 5.7
Ash 2.1 ± 0.1 2.5 ± 0.2 47.0 ± 0.0 59.4 ± 3.4

Ash composition (wt%)
CaO 42.5 42.2 39.2 34.3
P2O5 4.7 4.2 26.2 26.2
K2O 11.0 13.2 6.4 7.2
Al2O3 3.0 2.0 13.8 18.2
Cl n.m. n.m. 7.5 9.2
Fe2O3 6.5 3.6 1.6 0.6
SO3 6.6 6.7 2.7 1.3
SiO2 8.0 4.4 2.0 2.2
MgO 11.0 13.4 n.m. n.m.
Others (TiO2, MnO, ZnO,

CuO, SrO…)
6.7 10.3 0.6 0.8

b.d.l.: below the detection limit (< 0.2 wt%); n.m.: non-measured (< 0.001wt
%).



2.3. Catalytic tests

In this study, two different reactors have been developed to perform
the catalytic tests: one for ethylbenzene cracking, and another one for
benzene cracking. Indeed, the first system developed to study the
ethylbenzene cracking did not allow to accurately measure the evolu-
tion of the char bed weight. For benzene cracking tests, the reactor
developed allows measuring the evolution of the char weight, and was
designed to be high temperature resistant.

2.3.1. Ethylbenzene cracking reactor
The catalytic cracking tests were carried out in a stainless-steel re-

actor (internal diameter 2.4 cm) placed in an electric furnace in which
the heating was monitored by three thermocouples. The model syngas
composition and flow rate were controlled by five mass flow meters
connected to individual gas cylinders with a purity of 99.995% (H2, CO,
CO2, CH4, N2). Ethylbenzene was introduced in the gas flow by a syr-
inge pump. The cracking tests were performed with an ethylbenzene
concentration of 40 g/Nm3 representative to the tar concentrations in
real syngas (5–200 g/Nm3) [6]. Then, the mixture flowed in a preheater
placed in the electric furnace, and entered on the bottom of the reactor
(Fig. S.1 in Supplementary Information). The exhaust gas was analysed
online with a µ-GC (R-3000, SRA Instruments) and tar cracking pro-
ducts were identified offline using GC–MS (GC–MS Perkin Elmer Auto
System XL). Details on the nature of the chromatographic columns and
the analysis parameters are given in Table S.1.

The catalytic tests were performed at 400 °C and 650 °C. For both
temperatures, the total flow rate was adjusted in order to obtain a gas
velocity of 9.6 cm/s in the reactor. At 400 °C, the model syngas was
composed of H2 (30 vol%), CO (40 vol%), CO2 (15 vol%), N2 (15 vol%),
and the char bed height was 7.0 cm. This syngas composition is re-
presentative to real syngas [56–58].

Due to the significant homogeneous cracking reactions occurring at
650 °C with the above-mentioned syngas matrix, a less reactive gas
composition was selected: CO (40 vol%) and N2 (60 vol%). This gas
matrix permitted to quantify the amount of permanent gases (H2, CO2,
CO, CH4, N2, CxHy) produced by ethylbenzene cracking reactions. In
order to reduce the experiment duration time, the bed height was re-
duced from 7.0 cm to 4.5 cm for the tests at 650 °C. Since the gas ve-
locity was kept constant (9.6 cm/s), the residence time of the gas in
empty column was 0.67 s at 400 °C, and 0.47 s at 650 °C. The closure
system of this column did not allow to precisely measure the bed mass
evolution.

Two repetitions were performed with ac.UWP and ac.FW/CFS at
650 °C. The relative deviation of the average ethylbenzene conversion
was lower than 8% for ac.UWP, and lower than 2% for ac.FW/CFS.

2.3.2. Benzene cracking reactor
The benzene catalytic cracking tests were carried out in a quartz

reactor (internal diameter 2.4 cm) placed in an electric furnace (Fig. S.2

in Supplementary Information), and were performed at 850 °C and
950 °C in order to compare the results with a recent study [9].

While ethylbenzene was significantly decomposed by homogenous
reactions due to the presence of H2, the thermal conversion of benzene
was zero at 850 and 950 °C with the presence of a model syngas (H2

(30 vol%), CO (40 vol%), CO2 (15 vol%), CH4 (10 vol%), and N2 (5 vol
%)). The thermal conversion was measured under the catalytic condi-
tions but with empty reactor (without catalyst). This result confirmed
that no benzene conversion due to homogeneous reactions occurred,
even in the presence of a reactive model syngas. Benzene was in-
troduced in the syngas flow by a syringe pump at a concentration of
35 g/Nm3. The mixture was preheated in an external preheater, and
entered on the bottom of the quartz reactor. The exhaust gas was
analysed online with a µ-GC (My-GC, SRA Instruments) (Table S.1).
Compared to the syngas used for ethylbenzene cracking tests at 400 °C,
methane was added in the mixture to investigate the possible dry re-
forming reaction that can occur at high temperature.

The bed height of chars was set at 4.5 cm. For both temperatures,
the total flow rate was adjusted in order to obtain a gas velocity of
9.6 cm/s in the reactor and a residence time of the gas in empty column
of 0.47 s. This configuration allowed to precisely measure the mass
evolution of the char bed. The three catalysts having the higher cata-
lytic activity for ethylbenzene conversion were used for benzene
cracking.

Two repetitions were performed with the three chars at 950 °C. The
relative deviation of the average benzene conversion was lower than
3% for the three chars.

2.3.3. Experimental data evaluation
During the tar cracking reactions, the volumetric flow rate at the

reactor outlet could vary. To address this, the nitrogen placed in the
model syngas was used as a passive tracer allowing the calculation of
the real output volumetric flow rate of syngas (Qvtot

out).
The average tar conversion (Xj) was defined as the molar difference

of tar (ethylbenzene or benzene, named j) leaving the reactor (nj
out) to

the amount of tar fed into the reactor (nin
j ) over a given time.

= −
X

n n
n

·100j
j
in

j
out

j
in (1)

The composition of the tar cracking products (named i) was dis-
cussed based on the molar selectivity (Seli), calculated with Eq. (2):

= ∑Sel
n

n
·100i

prod,i
out

prod
out (2)

where nprod,i
out is the molar amount of the tar cracking product i at the

reactor outlet.
For the benzene cracking experiments, the evolution of the bed mass

after the catalytic tests (∆mbed) was calculated:

= −∆m m m
m

·100bed
bed
in

bed
fin

bed
in (3)

with mbed
in and mbed

fin the initial bed weight and the final bed weight (in
g).

In addition, the evolution of the carbon weight contained in the char
before and after the benzene cracking tests (Δcarbon) was calculated:

= ∗ − ∗∗∆ (m [C] ) (m [C] )
m [C]

·100carbon
bed
fin

char
fin

bed
in

char
in

bed
in

char
in (4)

With [C]char
in and [C]char

fin the initial and final carbon content of the
char (in wt.%).

Table 2
Textural analysis of the chars before and after the catalytic tests.

Catalysts BET specific surface area Vmicro HK Vmeso BJH
(m2/g) (cm3/g) (cm3/g)

c.UWP 51 n.m. n.m.
c.FW/CFS 10 0.008 0.016
ac.UWP 625 0.271 0.047
ac.FW/CFS 221 0.100 0.099

ac.UWP_EB 181 0.072 0.366
ac.FW/CFS_EB 13 0.008 0.008

c.FW/CFS_B-950 122 0.059 0.098
ac.FW/CFS_B-950 101 0.049 0.102
ac.UWP_B-950 71 0.036 0.016

n.m.: non-measured.



3. Results and discussion

3.1. Catalytic performances of the chars

3.1.1. Ethylbenzene conversion
Light aromatic hydrocarbons are the main class of tar contained in

syngas. To cope with the lack of study in the literature devoted to the
cracking of light aromatic hydrocarbon molecules other than toluene,
ethylbenzene was chosen as model molecule. The tests were performed
at two temperatures (400 °C and 650 °C), corresponding to the entrance
temperature of the Fischer-Tropsch synthesis and the usual outlet
temperature of the gasification reactor, respectively. In these condi-
tions, no supplementary heat source would be required for the syngas
cleaning process. It should be kept in mind that the model syngas was
composed of H2 (30 vol%), CO (40 vol%), CO2 (15 vol%), and N2

(15 vol%) for the tests performed at 400 °C. At 650 °C, a less reactive gas
mixture was used to limit the homogeneous cracking reactions: CO
(40 vol%) and N2 (60 vol%).

Fig. 1 presents the evolution of ethylbenzene conversion during the
catalytic tests performed at 400 °C. Fig. S.3A (in Supplementary
Information) displays the average conversion of ethylbenzene (EB)
achieved with the different chars at 400 °C and during the thermal
cracking test (horizontal line). The average conversions were calculated
within the 80 first minutes of experiments as all the catalysts were to-
tally deactivated after 80min (Fig. 1). At this reduced temperature, the
ethylbenzene conversion during thermal cracking test (in empty re-
actor) was 11.0%, and the catalytic activity of the chars was low. In-
deed, the ethylbenzene conversions obtained were: 21.6% for ac.FW/
CFS > 16.6% for ac.UWP > 13.3% for c.FW/CFS > 10.9% for
c.UWP. It can be noted that the activated chars presented higher
ethylbenzene conversion than the pyrolysis chars.

To achieve higher conversion, the tests were performed at 650 °C.
The evolutions of the ethylbenzene conversion (XEB) and of the reaction
products selectivity during the cracking tests are presented in Fig. 2.
The less reactive char (c.UWP) was deactivated after 85min. To com-
pare the catalytic activity of each catalyst, the average conversions
(XEB) were calculated within the 85 first minutes of experiment. In
these conditions, the thermal conversion reached 37.2 wt%. At this
temperature, the catalytic activity of the chars was 4 to 5.8 times higher
than that obtained at 400 °C (Fig. S.3B in Supplementary Information).
Within 85min, the catalysts can be ranked in ascending order of their
effectiveness according to ac.FW/CFS (85.8%) > ac.UWP
(77.3%) > c.FW/CFS (77.2%) > c.UWP (53.2%). Almost similar
conversion was obtained with ac.UWP and c.FW/CFS. This latter ap-
pears as an attractive material due to its significant catalytic activity
without the need for additional steam activation.

To investigate the deactivation kinetic, the evolutions of the ethyl-
benzene conversion (XEB) and of the reaction products selectivity were
studied (Fig. 2). The four chars presented different catalytic behaviour.
The char c.UWP was the less reactive char, with an ethylbenzene con-
version lower than 20% after 40min of test. During the first 30min, the
chars c.FW/CFS and ac.UWP were more active than ac.FW/CFS. Over
the same period, H2 and CO2 were the main reaction products gener-
ated by ethylbenzene decomposition over these two chars, while
styrene was produced in significant amount by ac.FW/CFS. The pro-
ducts selectivity demonstrates that the catalytic activity of chars pro-
motes the conversion of tar into hydrogen, which increases the syngas
quality, as shown in a previous study [59]. Only 2mol.% of the
ethylbenzene was converted into benzene, which is stable at this tem-
perature. For a prolonged test duration, the deactivation rate was faster
for c.FW/CFS > ac.UWP > ac.FW/CFS (Fig. 2). Thus, after 170min of
test, the average ethylbenzene conversion was 57.0% for c.FW/CFS,
65.4% for ac.UWP, and 78.5% for ac.FW/CFS.

The catalytic activity of the three most efficient catalysts (ac.FW/
CFS, ac.UWP and c.FW/CFS) for the cracking of a thermally stable
molecule (benzene) as well as the influence of high temperatures

(850–950 °C) on the deactivation mechanisms were studied in the next
section.

3.1.2. Benzene conversion
Benzene is the most important hydrocarbon molecule produced by

gasification and tar cracking reactions. As benzene is known for its
thermal stability, studying its cracking is interesting to evaluate the
catalyst efficiency. Temperatures significantly higher than 650 °C must
be used to observe benzene cracking. To compare our results with
previous studies, the benzene cracking tests were performed at 850 and
950 °C. The model syngas was composed of H2 (30 vol%), CO (40 vol%),
CO2 (15 vol%), CH4 (10 vol%), and N2 (5 vol%). Even with this reactive
gas matrix, the thermal decomposition of benzene (without catalyst) at
both temperatures was 0%.

As the less reactive char was deactivated after 60min of test at
850 °C, the average conversions of benzene were calculated within this
period of time. The values of these average conversions are presented in
Fig. S.4 (in Supplementary Information). The evolutions of the benzene
conversion versus time are presented in Fig. 3.

It can be noted that rising temperature from 850 to 950 °C increased
the catalytic activity of the three catalysts, especially for FW-CFS-based
chars (Fig. 3). At 850 °C, the two activated chars were the most efficient
catalysts for benzene cracking, with a maximum conversion for ac.FW/
CFS (48.4%) (Fig. S.4A). The conversion obtained with ac.UWP and
c.FW/CFS were 34.3%, and 16.6%, respectively. At 950 °C, the re-
activity of ac.UWP was barely increased (from 34.3 to 36%). However,
the catalytic activity of c.FW/CFS increased from 16.6 to 46.2%, and
that of ac.FW/CFS rose from 48.4 to 82.4%. This result is in disagree-
ment with Morgalla et al. [60] who observed a detrimental effect of
rising temperatures (from 900 to 1100 °C) on the benzene conversion
over chars, mainly attributed to the char gasification reaction with
steam.

Our results are compared to previous articles obtained under com-
parable conditions. The benzene conversion at 900 °C over a packed bed
of alumina loaded with 35 g Nm−3 of biomass char particles in a
mixture nitrogen-steam (13.5 vol%) was around 55% for Morgalla et al.
[60]. Burhenne et al. [9] studied the catalytic activity of spruce wood
chars pyrolysed and activated with CO2 for benzene cracking. The tests
were performed in N2 atmosphere between 850 and 1050 °C, with re-
sidence time higher than that used in our study (0.80 s against 0.45 s,
respectively). The higher benzene conversion at 950 °C within the 60
first minutes of test was 52%, achieved with a char pyrolysed at 500 °C
and then activated at 900 °C. In the present study, the average benzene
conversion within the 60 first minutes of test was 82% with ac.FW/CFS,
46.2% with c.FW/CFS, and 36.0% with ac.UWP. This result shows that
FW/CFS-based chars are promising catalysts for tar cracking.

The deactivation kinetics were proved to strongly depend on the
cracking temperature and on the char properties. At 850 °C, the three
catalysts presented different deactivation behaviours (Fig. 3A). c.FW/
CFS was rapidly deactivated during the first 10 min, and maintained a
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Fig. 1. Evolution of the ethylbenzene conversion over time during the catalytic
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low catalytic activity up to 40min. The deactivation of ac.UWP was
linear, while the deactivation rate of ac.FW/CFS progressively de-
creased during the catalytic test (Fig. 3A).

At 950 °C, the deactivation behaviour was different from that ob-
tained at 850 °C (Fig. 3B). The deactivation of ac.FW/CFS was linear
over the catalytic test duration (500min). On the contrary, the deac-
tivation kinetics of both ac.UWP and c.FW/CFS had two distinct phases.
The first phase consisted in a drastic drop of the catalytic activity within
the first 60min. After this drop, c.FW/CFS maintained a benzene con-
version higher than 20% up to 300min. On the contrary, ac.UWP was
completely deactivated after 220min.

When the average conversion at 950 °C is calculated over 500min of
test, the order of char efficiency is modified: c.FW/CFS
(23.0%) > ac.FW/CFS (18.5%) > ac.UWP (6.9%). The higher con-
version obtained with c.FW/CFS is explained by its slow deactivation
between 60 and 500min. To better understand these evolutions, the
relationships between the physicochemical properties of the char and
the deactivation mechanisms were investigated by several character-
isations.
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3.2. Deactivation mechanisms

3.2.1. Deactivation during ethylbenzene cracking at 650 °C
In order to identify the phenomena responsible for the catalysts

deactivation during ethylbenzene cracking tests at 650 °C, the two most
efficient chars (ac.UWP and ac.FW/CFS) were characterised after the
catalytic tests, and were named with the suffix “_EB”.

The surface of the activated chars was observed using SEM. The
results show that the initial surface of both chars is mainly carbonac-
eous with some inorganic particles deposited (Fig. 4A, B, E, F). After the
catalytic tests, the surface is covered by a disorganised carbonaceous
matter (Fig. 4C, D, G, H). The two chars were produced at higher
temperature than that used for the ethylbenzene cracking tests (850 °C
against 650 °C, respectively). Thus, the modification of the surface
cannot be induced by thermal effects. The apparition of this carbo-
naceous matter suggests the deposition of coke generated during the
ethylbenzene cracking reactions. Indeed, coke deposition is well known
for catalyst deactivation during tar cracking [36].

The evolution of the textural properties during the ethylbenzene
decomposition was analysed by nitrogen adsorption-desorption at 77 K.
Initially, the pyrolysis chars c.FW/CFS and c.UWP had low specific
surface area (10 and 51m2/g, respectively) and the analysis of their
textural properties with nitrogen adsorption-desorption was not accu-
rate. The steam activation substantially increased the porosity of the
chars. The specific surface area of ac.UWP and ac.FW/CFS reaches 625
and 221m2/g, respectively. The results summarised in Table 2 reveal a
drastic reduction of the specific surface area after the EB cracking tests:
−71% for ac.UWP_EB, and −94% for ac.FW/CFS_EB. The decrease of
the specific surface area is explained by the carbon deposition observed
with SEM, and confirms that coking was responsible for the char

deactivation. For FW/CFS-based chars, the increase in carbon content
after the ethylbenzene cracking tests was confirmed by elemental
analysis (Table S.2 in Supplementary Information).

The textural properties are a key parameter in the kinetics of de-
activation by coking. Although c.FW/CFS had low surface area, this
char presented high catalytic activity for ethylbenzene cracking during
the first minutes of test at 650 °C (Fig. 2). However, due to its low
surface area (10m2/g), c.FW/CFS was quickly deactivated by the coke
deposition covering its surface and preventing the access of tar to the
active sites. The higher specific surface area of the activated chars ex-
plains their extended catalytic activity for ethylbenzene conversion at
650 °C. Indeed, the coke is “stored” in the porous volume which in-
creases the time needed to totally cover the char surface. This conclu-
sion is in agreement with the results published by Drago et al. [61]. The
pore size is also involved in the deactivation kinetics by coke deposi-
tion. The char ac.UWP has the highest specific surface area (625m2/g)
and its porous volume contains 85% of micropores (Table 2). On the
contrary, ac.FW/CFS has lower specific surface area (220m2/g) and is
mainly mesoporous (50% of the porous volume). Thus, the micropores
of ac.UWP were clogged faster by coke deposition than the mesopores
of ac.FW/CFS. For this reason, ac.FW/CFS had an extended catalytic
activity [62]. In addition, the large amount of mineral species con-
tained in ac.FW/CFS can catalyse the gasification reactions of coke,
contributing to the slower deactivation of this char [36,63,64].

The modifications of the surface chemistry were analysed by FTIR
and Raman spectroscopies. Fig. 5 highlights the chemical modifications
underwent by activated chars during the ethylbenzene cracking ex-
periment at 650 °C. The surface of ac.FW/CFS was initially rich in a
mineral phase having transmission peaks at 1030, 600 and 550 cm−1

(peaks α in Fig. 5A). This mineral phase was identified as

(A) 850°C

0

20

40

60

80

100

0 100 200 300 400 500

X B
95

0°
C

(%
)

time (min)

c.FW/CFS

ac.FW/CFS

ac.UWP

0

20

40

60

80

100

0 20 40 60 80 100

X B
85

0°
C

(%
)

time (min)

c.FW/CFS

ac.FW/CFS

ac.UWP

(B) 950°C

Fig. 3. Evolution of the benzene conversion over time for the three most efficient catalysts at: (A) 850 °C, and (B) 950 °C.

500 nm2 μm

C) D)A) B)

Fresh chars

ac
.U

W
P

ac
.F

W
/C

FS

2 μm 500 nm

G) H)

10 μm 500 nm

E) F)

Chars after the catalytic tests

Fig. 4. SEM images of the activated chars ac.UWP and ac.FW/CFS before and after the ethylbenzene cracking tests at 650 °C.



hydroxyapatite (Ca10(PO4)6(OH)2). After the tests, the mineral signal
decreases, which can be ascribed to the coke deposition on the surface.
For ac.UWP (Fig. 5B), new transmission peaks appear after the catalytic
tests at wave numbers of 1380, 1240, 1050 and 870 cm−1. These peaks
correspond to the bending of CeH bonds in aromatic compounds
(870 cm−1), and ether bridge between aromatic cycles (1240 cm−1).
The most intense peak at 1050 cm−1 corresponds to CeO bonds in
aliphatic ether. Thus, FTIR spectra indicate that the coke deposited on
the ac.UWP_EB surface is mainly aliphatic. The aliphatic nature of this
coke was also studied by Raman spectroscopy.

The deconvolution of the experimental Raman spectra allows a
precise description of the carbonaceous matrix. The complete analysis
of the carbon matrix of these chars was already reported in a previous
article [57]. The results listed in Table 3 confirm the chemical mod-
ification of the carbonaceous surface of ac.UWP during the catalytic
tests. Indeed, ac.UWP_EB presents a less organised structure than
ac.UWP with a decrease of the graphene-like structures (drop of 20% of
the (IG+ ID)/Itot ratio). On the contrary, the proportion of small aro-
matic systems ((IGr+ IVl+ IVr)/Itot) and aliphatic structures (IS/Itot)
increases drastically. These results corroborate the FTIR analysis and
confirm the aliphatic nature of the coke deposited on the surface of
ac.UWP during the ethylbenzene cracking tests.

Coking is clearly identified as the phenomenon responsible for
catalysts deactivation during ethylbenzene cracking at 650 °C. The de-
activation mechanism occurring during benzene decomposition at
higher temperatures (850 and 950 °C) was also investigated.

3.2.2. Deactivation during benzene cracking at 850 and 950 °C
The chars were characterised after the benzene cracking tests, and

were named with the suffix “_B”. First, the textural properties were
analysed by nitrogen adsorption-desorption at 77 K. The results pre-
sented in Table 2 show that the specific surface area of activated chars
decreased drastically during the benzene cracking tests at 950 °C (from
625 to 122m2/g for ac.UWP, and from 221 to 101m2/g for ac.FW/
CFS), while it increased substantially for c.FW/CFS (from 10 to 122m2/
g).

Table 4 presents the evolution of the catalytic bed weight after the
benzene cracking tests (Δmbed). For ac.UWP, the weight of the catalytic

bed slightly increased at 850 °C and was constant at 950 °C. On the
contrary, the weight of ac.FW/CFS decreased by 8% at both tempera-
tures, and was significantly higher with c.FW/CFS (−19.8% and
−22.8% at 850 and 950 °C, respectively). Since the cracking tem-
perature (850 and 950 °C) was higher than the temperature of the char
production, the volatilisation of heteroatoms (N, H and O) and of some
mineral species can be responsible for the mass loss of the catalytic bed
observed for FW/CFS-based chars. As the non-activated char c.FW/CFS
was produced at lower temperature (700 °C), this thermal effect is even
more significant and explains the higher mass loss (−19.8 and
−22.8%). The volatilisation of heteroatoms from FW/CFS chars during
benzene cracking tests is confirmed by the elemental analysis (Table 4),
revealing a significant decrease in H and N contents with rising tem-
perature. In addition, activation of the carbonaceous matrix with CO2

contained in the syngas is expected to occur, especially for the non-
activated char (c.FW/CFS). CO2 activation likely contributes to the
mass loss of the catalysts, and to the increase of the specific surface area
of c.FW/CFS during the benzene cracking test (from 10 to 122m2/g).

Mass balance was performed to calculate the evolution of the weight
of carbon contained in the chars before and after the benzene cracking
tests (Δcarbon). The results, presented in Table 4, confirm that CO2 ac-
tivation of the c.FW/CFS carbonaceous matrix occurred during the
benzene conversion tests, since the weight of carbon decreased by 16.6
and 29.5% at 850 and 950 °C, respectively. Thus, coke deposition is not
likely to be responsible for the c.FW/CFS deactivation. For ac.FW/CFS,
Δcarbon slightly decreased during the benzene cracking test at 850 °C,
while it significantly increased at 950 °C. This result suggests that
ac.FW/CFS deactivation did not result from coke deposition at 850 °C.
Additional characterisations were performed to elucidate the deacti-
vation mechanism of FW/CFS-based chars.

The surface of FW/CFS-based chars was studied by SEM. SEM
images of ac.FW/CFS before (Fig. 6A–D) and after the benzene cracking
tests at 950 °C (Fig. 6E–H) reveal a strong modification of the surface.
After the catalytic tests, a layer of mineral matter covering the char
surface is observed. A wide range of mineral structures appeared, such
as homogeneous layer (Fig. 6G and H), needles (Fig. 6F), beads (Fig. 6F)
or cubic crystals (insert on Fig. 6G). Similar observations were made on
the surface of c.FW/CFS_EB-950 (Fig. S.5 in Supplementary
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Table 3
Ratio definition of the Raman spectra and deconvolution results obtained with ac.UWP and ac.UWP_EB.

Ratio (%) Description ac.UWP ac.UWP_EB

IG/Itot Graphene sheets and graphene-like sheets 24.4 14.1
ID/Itot Imperfections in graphene-like sheets and large aromatic rings systems (≥6 rings) 36.3 26.2
(IGr+ IVl+ IVr)/Itot Small aromatic rings systems (3–5 rings) 23.3 34.6
IS/Itot sp2-sp3 carbonaceous structures, aliphatic structures 10.0 12.9
(IGl+ ISl+ ISr+ Ir)/Itot Minor structures 6.0 12.2

(IG+ ID)/Itot Total graphene-like structures 60.7 40.3



Information). SEM-EDX analyses specify that the inorganic layer is
mainly composed of phosphorus and calcium, with some areas rich in
KCl and NaCl. These observations demonstrate that the deactivation of
FW/CFS-based chars originates from the melting, diffusion and sin-
tering of inorganic species containing phosphorus towards the surface,
thus covering the active mineral species (Ca, K, Al, …) and inhibiting
their catalytic effect. The encapsulation of active mineral species by
phosphorus-containing compounds during thermal treatment was al-
ready reported by Hognon et al. [65]. P-compounds, such as KPO3 or
KH2PO4, can melt a relatively low temperature and form a liquid phase
[66,67]. The presence of Na and K is also expected to promote the
melting phenomenon, since these compounds are known to decrease
the ashes melting point [68,69]. The significant amount of Cl in FW/
CFS-based chars can promote the volatilisation of alkali metals that can
further react with compounds rich in phosphorous to form low eutectic
species [70]. The latter can then be deposited on the char surface and
form a sticky layer.

The extended catalytic activity of c.FW/CFS for benzene cracking at
950 °C compared to ac.FW/CFS is explained by two competitive effects.
On the one hand, the melting, diffusion and sintering of inorganic
compounds towards the surface inhibit the catalytic efficiency of active
mineral species. On the other hand, the activation of c.FW/CFS by the
carbon dioxide of the model syngas simultaneously develops the por-
osity and created new available active sites. A simplified deactivation
scheme of c.FW/CFS is proposed in Fig. 7. For ac.FW/CFS, the deacti-
vation by inorganic species melting and diffusion is faster than for
c.FW/CFS, since the carbonaceous matrix had already been activated
with steam. Thus, coke deposition occurs and explains the increase in
Δcarbon at 950 °C (+18.7 wt%).

In order to understand the slight increase of ac.UWP bed weight at
850 °C and its constant value at 950 °C, together with the drastic drop of

its specific surface area, its elemental composition was analysed after
the benzene cracking tests. The results listed in Table 4 reveal a sig-
nificant increase of the carbon content (+5.5%), while heteroatoms
concentration (hydrogen and oxygen) decreased by 3.4%. The weight of
carbon contained in ac.UWP significantly increased during the benzene
conversion. Δcarbon rose by 9.4 and 6.3% at 850 and 950 °C, respec-
tively. These properties evolutions indicate that ac.UWP was deacti-
vated by the deposition of coke generated by benzene cracking reac-
tions. The mass loss resulting from the volatilisation of heteroatoms due
to the thermal effect was offset by the coke deposition, thus explaining
the constant or increasing weight of ac.UWP bed. It can be noted that
the coke production is expected to increase with rising temperature,
since polymerisation and condensation reactions are promoted by high
temperatures [71]. However, the catalytic activity of ac.UWP was
higher at 950 °C. This result is explained by the fact that the reaction of
coke gasification with CO2 is more intensively promoted than coke
producing reactions at 950 °C [72].

3.3. Process integration

To consider the possibility to valorise chars as catalysts to decom-
pose the tar generated in the same pyro-gasification process, mass
balance calculations including the catalytic activity of each char are
completed. Fig. 8 illustrates the process configuration considered. As
benzene is not a problematic molecule for the syngas valorisation in gas
engine [73], the calculations are based on the catalytic results of
ethylbenzene decomposition at 650 °C (the surrogate of light aromatic
hydrocarbons) and suppose a continuous reactor. Tar removal capacity
of char ( )m char

x corresponds to the amount of ethylbenzene removed
from the syngas with 1 kg of chars at 650 °C (Eq. (5)).

Table 4
Elemental analyses of the chars before and after the benzene cracking tests, and evolution of the catalytic bed weight (Δmbed) and of the weight of carbon contained
in the char (Δcarbon).

Materials C (wt.%) H (wt.%) N (wt.%) S (wt.%) O (wt.%) Ash (wt.%) Δmbed (wt.%) Δcarbon (wt.%)

c.FW/CFS 44.1 ± 1.6 1.3 ± 0.2 3.1 ± 0.1 b.d.l. 4.5 47.0 ± 0.0 n.m. n.m.
c.FW/CFS_B-850 45.9 ± 1.0 0.5 ± 0.0 1.7 ± 0.1 b.d.l. n.m. n.m. −19.8 −16.6
c.FW/CFS_B-950 40.3 ± 2.3 0.3 ± 0.0 0.5 ± 0.1 b.d.l. 6.8 52.1 ± 2.3 −22.8 −29.5

ac.FW/CFS 32.6 ± 3.1 0.9 ± 0.0 1.4 ± 0.1 b.d.l. 5.7 59.4 ± 3.4 n.m. n.m.
ac.FW/CFS_B-850 34.4 ± 0.7 0.4 ± 0.0 0.8 ± 0.0 b.d.l. n.m. n.m. −8.0 −2.9
ac.FW/CFS_B-950 42.1 ± 1.7 0.4 ± 0.1 0.7 ± 0.1 b.d.l. / 59.7 ± 0.3 −8.1 +18.7

ac.UWP 87.4 ± 1.7 0.8 ± 0.1 0.4 ± 0.0 b.d.l. 8.9 2.5 ± 0.2 n.m. n.m.
ac.UWP_B-850 93.4 ± 0.6 0.7 ± 0.1 0.72 ± 0.2 b.d.l. n.m. n.m. +2.2 +9.4
ac.UWP_B-950 92.9 ± 0.2 0.5 ± 0.0 0.5 ± 0.0 b.d.l. 5.7 2.5 ± 0.2 0.0 +6.3

b.d.l.: below the detection limit (< 0.02 wt%), n.m.: non-measured.
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∑⎛⎝ ⎞⎠ = −
m

Q EBin Q EBout
m

x ( )
char

C
m m

catalytic bed0 (5)

where Q EBinm and Q EBoutm are the mass flow rate of ethylbenzene at
the inlet and outlet of the catalytic bed, respectively.

As the ethylbenzene cracking tests were stopped before the total
deactivation of the chars for reasons of time, the removal capacities of
the catalysts were determined within the period for which the ethyl-
benzene concentration in the exhaust gas was between 0 and 20 g
Nm−3. The global tar removal capacity (( )x

m waste
, Eq. (6)) expresses the

amount of ethylbenzene removed with chars produced from 1 kg of
initial waste.

⎛⎝ ⎞⎠ = ⎛⎝ ⎞⎠ ∗x
m m

ηx
waste char

char (6)

The char yield (ηchar) corresponds to the dry mass of resultant char
obtained from 100 g of dry initial bio-waste (Eq. (7)).

= ∗η m
m

100char
char

initialwaste (7)

For the mass balance calculations, values representative of con-
ventional bio-waste gasification are selected: a syngas yield of 3.5 Nm3

of syngas/kg of bio-waste, and a tar concentration of 60 g Nm−3. In
these conditions, 1 kg of bio-waste would generate 210 g of tar after
gasification. This value represents the tar input in the tar cracking re-
actor (see Fig. 8).

Table 5 presents the char yield, the bulk density of the chars mea-
sured with mercury porosimetry, and the different tar removal capa-
cities determined for ethylbenzene cracking at 650 °C. The global tar
removal capacity ( )x

m waste
of ac.UWP and ac.FW/CFS indicates that the

amount of ethylbenzene cracked over the activated chars produced
from 1 kg of waste (225 and 239 gtar/kgwaste, respectively) is higher
than the amount of tar generated during the pyro-gasification of 1 kg of
waste (210 g). On the contrary, the tar removal capacity of c.FW/CFS is
insufficient to treat the tar produced by pyro-gasification, as its removal
capacity was only 78 gtar/kg of FW/CFS.
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Fig. 7. Competitive phenomena occurring during the benzene cracking test with c.FW/CFS.

Fig. 8. Scheme of the mass balance calculations for ac.FW/CFS.



Steam activation appears as a necessary step to increase the cata-
lytic activity of both types of chars. In addition, this process does not
require the use of chemicals, and allows to obtain high char yields,
defined by Eq.7. This latter is an important parameter for industrial use
because a low char yield would negatively affect the economic viability
of the global process.

The catalytic tests were performed with a constant catalytic bed
volume in order to keep similar residence time of gas. However, the
mass of catalyst used for each test varied due to the different density of
the chars, as shown in Table 5. For example, the mass of ac.UWP in the
catalytic bed is approximatively 2.4–2.8 times lower than that of FW/
CFS-based chars. For similar weight, the two activated chars exhibit
almost equivalent tar removal capacity: 1491 and 1324 gtar/kgchar for
ac.FW/CFS and ac.UWP, respectively. However, the industrial im-
plementation of ac.FW/CFS would be easier due to its higher density.
Indeed, smallest cracking reactor would be needed with this char to
reach high tar removal efficiency, compared to ac.UWP. An option to
reduce the volume of the tar cracking reactor with ac.UWP would
consist in a particle size reduction, but this solution would drastically
increase the pressure drop induced by the catalytic fixed-bed. Con-
sidering the high thermal stability and the large specific surface area
developed by ac.UWP, its use as catalyst support appears as an attrac-
tive option. Moreover, a metal impregnation could significantly in-
crease its catalytic activity and its density, thus reducing the volume of
the tar cracking reactor.

4. Conclusions

This research investigated the valorisation of residual pyrolysis
chars from various bio-wastes as catalysts for tar cracking. A special
focus was paid to the understanding of deactivation mechanisms. Two
chars were produced by the pyrolysis of bio-wastes generated in large
quantities by modern societies: (1) used wood pallets (UWP), and (2) a
50/50% mixture of food waste (FW) and coagulation-flocculation
sludge (CFS). The pyrolysis chars were modified without chemicals by
steam activation at 850 °C. While UWP-based chars were carbonaceous
materials (carbon content> 87wt%), the FW/CFS-derived chars were
hybrid carbon/mineral chars (carbon content< 44wt%).

During ethylbenzene cracking tests at 650 °C, the activated chars
were significantly more active than pyrolysis chars. Coking was re-
sponsible for the catalysts deactivation, and the textural properties
strongly influenced the deactivation kinetics. High specific surface area
and mesoporous volume allowed to “store” the coke in the porous
surface, thus extending the catalytic efficiency of the activated chars.
Micropores of the catalysts were found to be clogged faster by coke
deposition than the mesopores.

For benzene conversion at 850–950 °C, hybrid carbon/mineral chars
(from FW/CFS) were the most active catalysts, but the melting, diffu-
sion and sintering of inorganic compounds at high temperature
(> 850 °C) was responsible for their deactivation. Indeed, a layer
composed of P and Ca with some areas rich in KCl and NaCl was de-
posited at the surface of FW/CFS chars after the catalytic tests at high
temperature. At 950 °C, non-activated char (c.FW/CFS) was proved to
be more resistant to the deactivation by inorganic species than acti-
vated char ac.FW/CFS. This extended catalytic activity was explained

by two competitive effects. On the one hand, the melting, diffusion and
sintering of inorganic compounds towards the surface encapsulated and
covered the active mineral species. On the other hand, the activation of
c.FW/CFS by the CO2 of the syngas simultaneously developed the
porosity and created new available active sites. The activated char from
UWP presented lower catalytic performance and was deactivated by
coke deposition. However, this material displayed high thermal stabi-
lity and large specific surface area. For these reasons, ac.UWP could be
an attractive material for low-cost catalyst support. This study de-
monstrated that the deactivation mechanisms of the chars depended on
their physicochemical and thermal properties, as well as on the oper-
ating conditions. For this reason, additional experiments should be
conducted to: (1) investigate the reaction and deactivation mechanisms
under real syngas conditions, (2) identify the most efficient cracking
temperature, (3) optimize the conditions of steam activation, and (4)
find the best functionalization process for ac.UWP. Despite the sig-
nificant catalytic activity of inorganic rich chars, this study proves that
particular attention must be paid to the catalytic temperature at which
they are used, to avoid the deactivation by melting, diffusion and sin-
tering of inorganic species.

A proposal for process integration was presented to consider the
possibility to valorise the chars as catalysts to decompose the tar gen-
erated in the same pyro-gasification process. Mass balances indicated
that the tar removal capacity of both activated chars was sufficient to
remove the tar generated by the pyro-gasification process. The in-
dustrial implementation of ac.FW/CFS would be easier than that of
ac.UWP due to its higher density, allowing to design smaller cracking
reactor. The promising results obtained in this study demonstrated that
pyrolysis chars from bio-wastes could be valorised in-situ as efficient,
low-cost and eco-friendly catalysts for tar cracking and syngas cleaning.
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