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ABSTRACT

A Ni—Co bimetallic catalyst supported on lanthana promoted alumina was prepared by
excess volume solution method. The catalyst was characterised by XRD, N, adsorption
isotherms, XRF, TPO, SEM and XPS. The catalyst was tested in a simulated biogas stream
with a CH4CO, 1:1, usually presented after anaerobic digestion in sewage treatment
plants, and in a simulated air gasification stream containing toluene as a tar model
compound.

The catalyst was submitted to catalytic activity vs. temperature tests in order to
determine the optimum temperature to maximize conversion and selectivity in both
processes.

At 700 °C, equilibrium conversion in the case of biogas conversion was achieved, and
total toluene and methane conversion in gasification stream was reached, maximizing
hydrogen production with the lack of complex tar by-products formation.

Long-term reaction experiments up to 100 h demonstrated the stability of catalyst
performance. Post-reaction characterisation of catalytic samples by SEM-EDX and XPS
revealed the lack of coke deposits on the catalyst, responsible of catalyst deactivation in
the most of catalytic systems reported in the literature.

At the light of the results obtained, the catalyst developed could be applied to produce
renewable hydrogen from anaerobic digestion units of sewage plants, through the energy
valorisation of biogas stream and sludge gasification.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

The energy valorisation of industrial and municipal sewage
has until recently been mainly conducted using two

methods: anaerobic digestion and incineration with energy
recovery. Anaerobic digestion has the advantage of reducing
the dry mass of sludge and produces a methane rich biogas
stream that can be used as a fuel. As a process by-product,
sludge with a residual organic matter is obtained.
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Furthermore, residual energy from sludge gasification can be
also obtained.

Nowadays biogas represents the highest electricity capa-
bility production among renewables scenario. It is a remark-
able fact that biogas production in Europe by 2011 represented
10.1 Mtoe, this means 35.9 TW h of electricity generated [1].

The biogas produced in anaerobic digestion has been used
frequently in spark ignition gas engines or dual fuel engines
with an efficiency range in terms of chemical energy conver-
sion to electricity of 35—42% [2]. However, the high concen-
tration of CO, presented (40—50%) limits energy efficiency and
can produce ignition problems in this type of engines. From
this point of view, biogas valorisation into hydrogen, repre-
sents an alternative and environmental friendly option when
fuel cells are selected as a high efficient energy conversion
system [3—6].

Biogas streams can be converted directly into hydrogen
using the CO, present in biogas streams as an oxidant to
perform the reforming reaction [7—11]. Among technical
options for biogas valorisation into hydrogen, the direct
reforming of methane with carbon dioxide with an external
biogas combustion to generate the heat necessary to sup-
port the reaction enthalpy, is the optimum strategy to
minimize the cost of hydrogen production [12]. Taking into
account the state of the art, the development of catalysts
able to overcome deactivation processes mainly due to coke
deposition, is the key for applying this emergent technology
[13]. Many papers have been the published concerning to
the development of catalysts resistant to poisoning by car-
bon formation, publishing several reviews of the state of the
art [14—16].

Nickel, iron and cobalt-based catalysts are quite active in
methane decomposition reaction. Tokunaga et al. [17] per-
formed the initial researches studying the activity of the
Group VIII (Fe, Co and Ni) first transition metals series using
silica and alumina as support, resulting Ni and Co the most
active. The problem to overcome is to control activity due to
this type of catalysts are capable of activating C—C and C—H
bonds to form coke [18,19]. The coke produced blocks active
sites of catalysts leading to its deactivation. However, the
catalyst active phase is not only the key factor to design an
active and stable catalyst. The properties of the support
strongly affect the catalyst activity due to the variation in
surface area and acid—base properties. From this point of
view, the adsorption and dissociation of CO, is favoured by
basic supports. Gadalla et al. [20] studied Ni catalysts on
different supports, concluding that Al,0;, Al,03—MgO—CaO
and Al,O; have a higher activity than Al,03—SiO, (experi-
encing rapid deactivation), and that the supports containing
MgO and CaO were stable.

Taking into consideration the increase of anaerobic
digestion processes in waste water treatment plants, the
production of sewage sludge (by-product) has increased
worldwide in recent years, so environmentally friendly
treatment of sewage sludge has become an important issue
[21]. Energy valorisation of sewage sludge by gasification
reduces the waste volume while a part of the energy con-
tained in it is recovered. The main drawback for this tech-
nology is the high tar content in the gasification gas streams.

Tar are defined in the Technical Specification CEN/TS 15439
as all organic compounds presented in the gasification
product gas excluding gaseous hydrocarbons (C1-C6). Tar
can condense when the temperature is below the dew point
or can be polymerize or adsorbed in fine particles producing
soot. All these processes produce dirty, corrosion and plug-
ging in pipes, filters and engines with great costs in main-
tenance as well as loss of energy efficiency which limits
seriously gasification application [22]. Current removal
methods, based on physical (filtration) o chemical processes
(solvents treatment) are not satisfactory enough for tar
removal [23]. On one hand, these methods simply transfer tar
compounds from gas stream to the solvent or to the solids
used as filtration system, producing highly pollutant and
hazardous waste, which must usually be managed as a toxic
and dangerous waste. On the other hand, these methods
operate at low temperatures, and require the gas to be cooled
down which implies a decrease in energy efficiency of the
integrated system.

From this point of view, tar cracking and reforming
methods are an attractive choice to reduce the concentration
of tar in the gasification product gas stream because of tar
can be destroyed through reactions at high temperature
immediately downstream the gasifier without creating a
waste liquid stream [24,25]. Among the processes for tar
removal at high temperature, is the tar catalytic cracking,
process carried out at temperatures above the gasifier oper-
ation temperature (>1000° C), the most used, being rapid
deactivation of catalysts due to the formation of coke the
main limitation. These poly-aromatic species (tar) block
catalytic active sites. The limiting stage for the development
of gasification technology is synthesizing stable catalysts
resistant to poisoning by coke and minor components pro-
duced in biomass gasification such as H,S, capable of
ensuring a long-term operation, and which maximize se-
lective conversion of tar towards valuable products in syn-
thesis gas production, primarily CO and H,.

Many efforts have been done to develop catalysts with
enough activity and stability to perform tar reforming
based on natural minerals such as olivine [26,27], dolomite
[28,29], or synthetic catalysts supported on alumina, silica
using different active phase i.e. nickel, cobalt and precious
metals.

Zhang et al. [29] studied the performance of nickel catalysts
supported on silica for catalytic cracking of tars at 550° C. The
catalyst activity was maintained for a short period due to the
formation of large amounts of coke on the catalyst surface,
phenomenon also described by Aznar [30] and Baker [31].

Lamacz et al. [32,33] tested Ni catalysts supported on Ce—Zr
mixed oxide, using toluene and 1-methyl naphthalene as tar
model compound. The catalyst activity was very good in the
case of toluene and worse in the case of 1-methyl naphthalene
to become starting at 500° C, reaching a conversion of 99% at
800° C in the case of toluene, and 88% in for 1-methyl naph-
thalene. The catalyst performance key focuses on the ability
of the catalyst to supply oxygen network.

Alumina supported catalysts have been extensively stud-
ied using precious metals such as Pt as active phase and
transition metals such as Ni [34,35].
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Several authors have tried to modify nickel catalysts by
using promoters to minimize the formation of coke. Dou et al.
[36] conducted a study based in five catalysts, being zeolite-Y
and NiMo catalysts the most effective, reaching 100% con-
version at 550°C. In their experiments detected small
amounts of coke after 168 h reaction.

Taking into consideration biogas reforming and tar
removal in sewage gasification processes, the catalytic
systems studied in literature and the causes of catalyst
deactivation were similar, this is the reason why in this
paper we propose a single catalyst for both processes to
overcome coke deposition problems maximising hydrocar-
bon conversion.

The aim of this work is to study the catalytic activity
and stability of a new Ni—Co bimetallic catalyst applied
to biogas conversion and tar removal, processes integrated in
sewage treatment plants for energy recovery by
hydrogen production. Post-reaction samples analysis by
means of TPO, XPS and SEM are the characterisation tech-
niques used to support the results obtained in reaction
conditions.

Experimental
Catalysts preparation

The catalyst was prepared by impregnation in excess disso-
lution method. A one step impregnation method was used to
deposit the active phase and promoter on aluminium oxide
(Sasol Disperal). The nominal composition of the active phase
was 5%wt Ni and 3%wt Co. Aqueous solutions of
Ni(NOs),-6H,0, Co(NO3),-6H,0, La(NOs),-6H,0 (Panreac) were
used as precursor salts respectively. An excess of aqueous
solution of metal precursor salts was added to alumina oxide
powder, calcined previously at 800 °C for 4 h, in a rotary vac-
uum evaporation system. After impregnation, the catalyst
was dried in air (110 °C, 12 h) and then calcined at 800 °C for4 h
in order to remove precursor salts and to stabilize the active
phase, trying to avoid active phase sintering due to the in-
crease of temperature and loss of surface area in reaction
conditions. The aim is to stabilize the catalyst texture prior to
reaction trying to avoid or to minimize surface area loss in
reaction conditions that could produce changes in catalyst
activity and stability.

Catalysts characterization

Textural analysis was performed by N,-adsorption isotherms
obtained at 77 K for alumina support calcined at 800 °C and
catalyst sample synthesized. The equipment used was a
Micromeritics model ASAP 2020. Prior to analysis, the samples
were degassed at 473 K for 24 h to remove the physically
adsorbed moisture from catalyst surface. BET equation was
used for adjusting the adsorption isotherms in order to
calculate the specific surface area of the support and catalyst
sample. Other parameters such as porosity, pore distribution
were also determined.

Chemical composition of the fresh catalytic sample after
calcination at 800 °C was obtained by X Ray Fluorescence with

a X Ray fluorescence spectrometer PANALYTICAL AXIOS/
Perladora PERL X'3 PANALYTICAL.

XRD patterns of the support and prepared catalyst were
obtained on 1 cm? powder samples in a diffractometer X'PERT
PRO PANALYTICAL. Measures were performed at 26 range of
2-100°, using CuKo radiation (A = 1.540598 A) and removing KB
radiation by a nickel filter, with a 0.05°-s~! scanning, and an
accumulation time of 2 s. Crystalline phases were identified by
X'PERT HIGHSCORE PLUS software, comparing the patterns
obtained to PDF-2 data base of the Joint Committee on Powder
Diffraction Standards JCPDS 2013.

Temperature programmed oxidation (TPO) analyses of
catalyst samples after reaction, were carried out using a
METTLER-TOLEDO TGA/SDTA 851 thermo-balance, in order to
determine the amount of carbon deposited on catalysts. The
standard protocol involved the weight change of samples
(100 mg) in a quartz pan during its heating in 50 mL N-min~* of
N, flow as purge gas, and 21% 0,—79% N, (50 mL N-min ") as
reactive gas from 25 to 1000 °C at a heating rate of 10 °C min™™.
TG system is connected to a mass spectrometer PFEIFFER
THERMOSTAR, in order to record the evolution of the m/z
ascribed to different reaction products desorbed in the
oxidation reaction.

Scanning electron microscopy (SEM) images of the cata-
lysts were obtained with a HITACHI-S2500 microscope at
magnification x100, x200, x500, x4000, and HV of 25 kV. EDX
analyses on different positions in every catalyst sample were
performed in order to obtain the chemical composition. A
Mapping of every compound identified in every catalyst
sample was obtained to get information about possible
segregation phenomena.

XPS spectra of fresh catalytic samples and submitted to
reaction conditions during 100 h were obtained with a Per-
kin—Elmer PHI 5400 spectrometer equipped with a hemi-
spherical electron analyzer and a Mg K, anode (1253,6 eV).
Intensities were estimated by calculating the integral of each
peak after smoothing and subtraction of the S-shaped back-
ground and fitting of the experimental curve to a mixture of
Lorentzian and Gaussian lines of variable proportions.

Activity tests

Methane reforming with CO,, and toluene reforming reaction
experiments were carried out in a microactivity reaction
equipment (Fig. 1) with a fixed-bed tubular quartz flow reactor
(3/8" o.d., 330 mm length) operating isothermally and at at-
mospheric pressure. Catalyst samples (50 mg, grain size of
0.42—0.50 mm for dry methane reforming, and 1750 mg for
toluene reforming with the same grain size) were mixed with
inert diluter (SiC) in 1:4 weight ratio.

Biogas simulated stream consisted in 100 mL N-min~* with
a CH4:CO,, ratio 1:1. In the case of a simulated sewage sludge
fluidised bed gasification, the composition of the gas stream
was 11% H,, 48.1% N, 17.7% CO,, 3.4% CH,, 7.8% CO, 12.1% H,0
and 25 g m ™2 of toluene, being the total flow 105 mL N-min .

Two types of reaction experiments were performed: con-
version/products distribution vs. temperature, and vs. time at
reaction temperature selected.

Gases were fed to reaction system by means of mass flow
controllers with nominal flow range of 100 mL N-min . H,0
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Fig. 1 — Scheme of the microactivity test system.

was fed to the system using a liquid mass flow
controller with nominal range of 10 g min™?, and finally,
toluene was fed to the reactor by means of a CEM (control
evaporation mixture system) where gaseous stream is
mixed controllably with toluene, in a mass flow range of
0—2 g min~!. All mass flow controllers were manufactured
by Bronkhorst.

An SCADA system allows acquiring and controls the re-
action temperature, pressure, gas and liquid flows.

The reaction products were analysed with an AGILENT
7890A chromatograph connected on line and equipped with
two TCD and 5975C Mass detectors. Helium was used as car-
rier gas.

Methane, carbon dioxide and toluene conversion, denoted
as Xcua, Xcoz and Xioluene respectively, and the effluent gas
composition, denoted as C;, were calculated according to Egs.
(a) and (b), respectively.

moles;_jn — moles;_qut

Xi(%) = moles, .. - 100 (a)
oy moles P;
Ci(%) = S, molesP; ®)

where P; is the molar amount of products.

Results and discussion
Catalysts characterization

N, adsorption—desorption isotherms at 77 K were obtained
for alumina support and catalyst sample synthesized
respectively. The isotherm obtained for Disperal alumina
support presents a hysteresis cycle typical of a mesoporous
solid, that corresponds to IV H3 type (IUPAC classification)
ascribed to mesoporous solids that presents capillary
condensation without adsorption limitation, usually pre-
sented in laminar pores. The impregnation of the active
phase (Ni and Co) and promoter (La) produce a slight
decrease of specific surface area, pore volume and pore size
(Table 1) produced by a partial blockage of the alumina
pores by precursor salts solution addition. However, the
addition of lanthana avoids the nucleation of «-Al,0; and
produces a thermal stabilization of the catalysts decreasing
the specific surface area loss ascribed to y to o alumina
transition [37,38].

The XRD patterns of support (a) and prepared catalyst (b)
are shown in Fig. 2. The support pattern was ascribed to y-
Al,0; which diffraction peaks match perfectly with the
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Table 1 — Textural properties of catalyst synthesized and
support.

Textural parameter Alumina Catalyst
BET (m?-g™ % 119.0571 104.0032
Vpore (cm>-g 1) 0.419200 0.349296
Average pore size (nm) 13.59 13.43

reference pattern 00-004-0858 of the JCPDS. Some differences
were identified in catalyst sample after support impregnation
with the active phase and further thermal stabilization at
800 °C. An important intensity decrease (factor of 5) was
detected and may be due to a loss of crystallinity.

It is important to note that there are no evidence of
diffraction peaks that could be ascribed to nickel and cobalt
species, which indicates the low particle size or the amor-
phous state. However, some diffraction peaks were shift to
lower 2o indicating the formation of new phases after
impregnation and calcination. The peak presented at 20 31,11°
could be ascribed to the formation of LaCoO3; (01-086-1665)
which intensity increases as cobalt concentration increases
(diffractograms doesn't shown). A shift in the peak at 20 66,99°
was identified, and could correspond to the formation of
NiAl,04 (00-001-1299). This fact was supported by the decrease
of the peak intensity that appears at 2o 39,58° ascribed to
alumina. The results would be consistent with the existence
of strong interaction between the metal and the support
(SMSI).

XPS performed on fresh calcined sample shows a surface
composition of Ni 3.21 wt%, Co 2.34 wt%, La 2.07 wt%, O
54.02 wt%, C 1.25% and Al 37.11 wt%. The comparison of the

1000
900 b)
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100 ]
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T —
500040 20 30 40 50 60 70 80 90 100 110 120 1

o
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o] o

Intensity (a.u.)

composition obtained by XRF and XPS allows having an idea
about the amount of element presented on the surface, and
the element amount in the bulk, and therefore a dispersion
estimation (Table 2). It is important to note that is really
difficult to obtain an accurate measure of the dispersion of
Ni—Co bimetallic catalysts and catalysts with SMSI effects
because of the adsorption in the case of Co particles is acti-
vated with the temperature, opposite to Ni particles, being
different the optimum probe molecule used for both metal
particles dispersion determination [39,40]. It is observed that
lanthanum is presented on catalyst surface while a 60% of
cobalt and 42.80% of Ni are presented on the surface. Taking
into account the species detected in XRD characterisation and
chemical analysis results obtained by XRF and XPS it is
possible to determine that after calcination at 800 °C a part of
Ni and Co has interacted with support.

The curve fitting of Ni 2p % and Ni 2p 3/2 (figures doesn't
presented) corroborates the presence of Ni(OH),. The decon-
volution of the curve of Co 2p % and Co 2p 3/2 allows identi-
fying the presence CoO, Co(OH), and Co,03 species.

Catalyst testing

The catalyst synthesized was submitted to a biogas simulated
stream with a CH4:CO, ratio of one, and a sewage sludge
gasification simulated stream with a toluene model com-
pound concentration of 25 g-Nm >, the highest tar concen-
tration range usually presented in bubble fluidised gasifiers
[41,42].

Biogas simulated reforming

Catalytic activity tests. A biogas reaction test in a model biogas
stream with a ratio CH4:CO, of one and flow of 20 N ecm?® - min—?
was performed in a microactivity reactor. The catalyst sample
(200 mg) was tested at W/F mass hourly space velocity of
9.9 mg min- N cm™3, in a temperature range 750—450 °C,
decreasing the reaction temperature in 50 °C steps, and
maintaining 3 h in every temperature step. Methane, carbon
dioxide conversion and products distribution vs. temperature
for biogas simulated stream (Fig. 3) was determined. It is
noteworthy that methane and carbon dioxide conversion
achieved equilibrium values predicted by thermodynamic
equilibrium in the temperature range studied, equilibrium
values determined in a previous paper [45]. Carbon dioxide
conversion was higher than methane conversion in the tem-
perature range studied as a consequence of reverse water gas
shift reaction (Eq. (2)) and reverse Boudouard reaction (Eq. (3))
contributions [43,44]. The light-off temperature for methane
conversion was 620 °C, reaching a conversion of 80% at 750 °C.

Table 2 — Chemical composition of synthesized catalyst
determined by XRF and XPS.

Element Nominal XRF XPS % On surface
—
10 20 30 40 50 60 70 80 90 100 110 120 130 C
20 Al 4100 3711
Co 3.00 3.90 2.34 60.00
Fig. 2 — Diffractograms obtained on catalytic support (a), Ni 5.00 7.50 3.21 42.80
La 3.00 1.80 2.07 100

and catalytic simple (b).
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CH, 4+ CO; = 2CO + 2H, A4H° = +247KJmol ™" (1)
CO + H,0 = H, +CO, 4H° = —41kJmol™* )]
2C0 =C + CO, 4H°= +172kJmol* 3)
CH, + H,0 = CO + 3H, 4H° = +206kJ mol™" @)
CHy = C + 2H, AH° = +75kjmol™" (5)

The Fig. 4 represents the products distribution as a
function of temperature. Hydrogen and carbon monoxide
concentration increased as temperature increased as a
consequence of methane reaction with carbon dioxide (Eq.
(1)), supported by methane and carbon dioxide decrease vs.
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Fig. 4 — Products distribution vs. temperature in a biogas
simulated catalytic activity test.

temperature. Water concentration starts to increase
achieving a maximum at 600 °C as a consequence of reverse
water gas shift contribution (Eq. (2)) favoured at high tem-
perature range. At reaction temperature higher than 600 °C,
H,0 concentration decreases as a consequence of methane
steam reforming reaction contribution (Eq. (4)).

In order to study the catalyst performance, a long-term
reaction experiment was done at low methane and carbon
dioxide conversions, this means in a defect of catalyst mass.
With this type of experiment is possible to detect deactiva-
tion phenomena that could be masked by the use of an
excess of catalyst mass in the reaction test. It is important to
remark, that long-term experiments were performed at
700 °C, where coke is thermodynamically favoured, the re-
action is kinetically controlled and catalyst really evaluated.
A further temperature increase c.a. 800 °C, increases the
methane and carbon dioxide (as thermodynamic equilib-
rium predicts) and carbon deposition rate decreases. How-
ever, the thermal contribution in comparison with catalytic
one also increases, and the catalyst is evaluated in less
restrictive reaction conditions. Fig. 5 represents the con-
version of methane and carbon dioxide as a function of
time. It is a remarkable fact the stability of methane and
carbon dioxide conversion after 95 h in reaction conditions.
Ma et al. [44] studied Ni—Co bimetallic catalysts for biogas
reforming at 800 °C and WHSV of 10 mg min- N cm ™. The
best result was obtained for the catalyst with 7 %wt Ni and
3%wt Co. In order to understand the phenomena involved in
catalytic process, it is important to compare parameters
such as Xcua/Xco2 and H,/CO with thermodynamic predic-
tion. On the one hand, the Xcps/Xco2 value obtained was
0,74, higher than the value predicted by thermodynamic
equilibrium (0,62), taking into consideration that Xco, was
0,36 us. 0,47 (equilibrium value). On the other hand, H,/CO
achieved was 0,31 vs. 0.53 (equilibrium value). In a previous
paper [45], Ni supported on lanthana promoted alumina
catalyst was tested in a long-term reaction experiment in
the same reaction conditions after 40 h. The Xcua/Xcoz
value was slightly higher than equilibrium. However, the
ratio H,/CO was much higher than the obtained in Ni—Co
lanthana promoted catalyst. Therefore, the addition of

100

90 —o=CO,

—==—CH
80| 4

704

60 -

50+

Conversion (%)

0 10 20 30 40 50 60 70 80 90 100
time (h)

Fig. 5 — Methane and carbon dioxide conversion vs. time in
a biogas simulated catalytic activity long-term test at
700 °C.
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cobalt as a promoter inhibits methane decomposition (Eq.
(5)), responsible of carbon formation and the high H,/CO
ratio obtained. The decrease of X¢o, could be a consequence
of the lower carbon rate formation and therefore the low
coke deposits gasification contribution (reverse Boudouard
reaction).

Post-reaction catalyst characterisation. The sample submitted
to long-term reaction experiments up to 95 h was charac-
terised by temperature programmed oxidation (TPO) and
scanning electron microscopy (SEM) in order to detect car-
bon deposition on catalyst sample. Fig. 6 shows a catalyst
SEM image obtained after 95 h in reaction. EDX analysis
revealed the lack of carbon deposition on the catalyst par-
ticle (Table 3). However, TPO experiment performed on
catalytic sample (Fig. 7) revealed the presence of a negligible
carbon deposit. The types of carbon deposits were identified
depending on carbon oxidation temperature. In this sense,
low temperature gasification carbon deposit (525 °C), that
could be ascribed to carbon deposited on nickel particles
without interaction with catalytic support (C,), and amor-
phous carbon deposited on catalytic support (Cg) that was
oxidised at 600 °C [46—48] were identified. The mass loss

Table 3 — EDX Analysis performed on catalyst submitted

to long-term reaction conditions in biogas reforming.

Element Weight (%) Atomic (%)
AlK 80.19 91.36
CoK 341 1.78
NiK 10.71 5.61
Lal 5.69 1.26
CK 0.00 0.00

ascribed to carbon deposition in our work was 2.7768%, that
represents an average rate of coking of 0.2922 mg-gei-h™™.
On one hand, Ma et al. [44] determined an average rate of
coking of 0.6527 mg-ges:-h™® in a 100 h experiment but
operating in isothermal conditions at 800 °C with a WHSV
(mL-ges-min~?), this means 20 times higher. On the
other hand, Zhang et al. [49] determined an average rate of
coking of 0.2175 mg-go%-h™! in a 2000 h experiment per-
formed at 750 °C, being this value similar to the value ob-
tained in the present work. Not only the value obtained by
Zang et al. is similar to the value obtain in this work but
also the type of carbon deposited. From this stand point,

Al S
Co
Co
La
Ni
La
Co
Ni La n Ni
iLa Lala LalaLa Co Co i
RS T e e e e sl
0 1 2 3 4 5 7 8 9 10 1 1]
Full Scale 5022 cts Cursor: -0.301 keV (0 cts) keV|

Fig. 6 — Scanning electron microscopy image and EDX spectra of a catalyst sample submitted to 95 h in a biogas conversion

test.
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Fig. 7 — TG-mass obtained in a temperature programmed
oxidation experiment of a catalyst sample after 95 h in a
biogas conversion test.

Zang et al. identified two types of carbon that can oxidizes
at 500 °C and 600 °C respectively, being the temperature
values obtained in this work of 525 °C and 600 °C respec-
tively. The first peak oxidation temperature difference could
be ascribed as a consequence of the different Ni/Co ratio
used in both works or related to the different interaction
between active phase, promotor and support, also different
in both cases. No information about carbon oxidation tem-
perature was obtained in the Ma et al. article in order to
compare it.

Tar conversion in gasification simulated streams

Thermal process. Prior to start with catalytic tests, a thermal
toluene conversion process was performed using SiC as
inert material as substitute of catalytic sample in the tube
reactor, in order to have a reference to study the catalytic
process. The light-off temperature, at which 50% of con-
version is reached, for thermal cracking process was closed
to 815 °C (Fig. 8) when a gasification gas was applied, being
necessary a temperature of 1000 °C to complete toluene
conversion.

Thermal conversion of toluene led to the formation of
some by-products. The number of by-products was
increased when reaction temperature was decreased. A
total of twenty-one by-products were identified and quan-
tified by mass spectrometry (Table 4). The main by-products
at 1000 °C were benzene, due to the loss of the methyl
group of toluene, and naphthalene due to the condensation
of two aromatic rings. The temperature decrease up to

o SiC
1004 & 5Ni2Co

B (2] @
o o o
1 1 1

Toluene Conversion (%)
N
o
1

T T T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000
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Fig. 8 — Toluene conversion. Catalytic process vs. thermal.

900 °C resulted in lower conversion of toluene and a rise
in the number and concentration of by-products such
as benzene, naphthalene, phenanthrene, biphenyl, biphe-
nylene and anthracene. At 850 °C, the increase in
concentration and number of by-products was higher,
especially in the heaviest compounds such as fluorene,
phenanthrene, anthracene and fluoranthene. Below 600 °C
the conversion of toluene was so small that only benzene
was formed.

Catalytic activity tests. The synthesized catalyst sample was
also tested for tar model (toluene) conversion in the
upgrading of air sludge gasification streams. For this propose,
1750 mg of catalytic sample with particle size range
0.5—-1.0 mm was introduced in a 3/8” o.d tube reactor. The
catalyst operated at W/F of 16.6 mg min-N cm . The Fig. 9
compiles toluene conversion and by-products distribution
us. temperature. The light-off temperature for toluene con-
version was 600 °C (Fig. 9 a), this means 215 °C lower than
thermal process, achieving total toluene conversion at 700 °C
vs.1000 °C obtained in the thermal process. The light-off
temperature for toluene conversion coincides with the tem-
perature at which benzene reaches the maximum concen-
tration (Fig. 9b), being benzene the only by-product obtained.
The behaviour of benzene concentration curve is typical of a
reaction intermediate, being the loss of methyl group the first
reaction step of the reaction mechanism that could tenta-
tively proposed for this catalyst operation. This aspect will be
studied in depth in upcoming papers using the technique of
in situ FTIR-DRIFTS.

It is noteworthy the selectivity achieved with the catalyst
synthesized in comparison with the thermal process. The
catalyst is capable of converting benzene and methane into
hydrogen and carbon monoxide, avoiding the reactions that
lead to benzene condensation products such as complex tar
(naphthalene, phenanthrene, biphenyl, biphenylene, anthra-
cene ...) identified and quantified in the thermal process (fig-
ures does not shown).
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Table 4 — Tar concentration vs. temperature obtained in the thermal process with a simulated sewage sludge gasification

stream.

Compound (g-m—3)

Reaction temperature (°C)

1000 900 850 800 700 600
Benzene 11.525472 6.897459 12.424386 8.021426 0.684999 0.092947
Toluene 0.188289 0.462023 6.495409 14.845699 18.725077 21.390684
Ethyl cyclohexane 0.000462 0.003392
Ethyl benzene 0.002988 0.007400 0.007727 0.007135
m + p-xylene 0.001238 0.027595 0.037334 0.003105 0.000920
Styrene 0.001476 0.000194 0.001200 0.001638 0.000157
o-xylene 0.000248 0.009062 0.014671 0.001233
Indene 0.007859 0.000791 0.000965 0.000491 0.000031
Naphthalene 0.087762 0.001117 0.000473 0.000144
1-methyl naphthalene 0.000355 0.000090
2-methyl naphthalene 0.000230 0.000061
biphenyl 0.012930 0.016936 0.004321 0.001136
2,2'-dimethyl biphenyl 0.000082 0.000085 0.000147 0.000136 0.000073
biphenilene 0.030369 0.000992 0.000155 0.000057
4-methyl-1,1'biphenyl 0.000144 0.000157 0.001445 0.000686
Acenaphtilene 0.000313 0.000147
acenaphtene 0.000252
3,4'-dimethyl-1,1’-biphenyl 0.000032 0.000079
Fluorene 0.000523 0.001004 0.000442 0.000199
Phenantrene 0.003779 0.000819 0.000083 0.000085 0.000015
Antracene 0.000486 0.000298 0.000049 0.000056 0.000019
2-phenyl naphthalene 0.000230
Pyrene 0.000095 0.000344
Fluorantene 0.000100 0.000212 0.000126

The Fig. 9 c represents the main products concentration
as a function of temperature. Up to 600 °C main products
concentration remains constant. When temperature was
increased, CO concentration starts to increase and CO,
starts to decrease simultaneously. The slight increase in the
hydrogen concentration despite the increase in the CO,
conversion (RWGS) put in evidence the greater contribution
of the methane reforming reaction, thermodynamically
favoured in this temperature range. It is also important to
note that the catalyst is capable of converting methane at
temperature higher than 700 °C, very important aspect if
the aim is to apply the catalytic system to hydrogen pro-
duction. In this reaction the catalytic support plays an
important role on reaction mechanism. From this point of
view, parameters such as surface acidity, surface area, pore
structure ... can affect the catalyst activity [50]. Maximizing
catalytic activity is not the only goal for tar conversion. The
catalyst stability is crucial for industrial application. Sutton
et al. [51] studied a Ni/Al,0; alumina catalyst that gave the
highest activity for tar removal but it was not stable [52].
However, surface acidity of alumina as well as nickel ability
for C—C and C—H bonds activation is responsible of coke
formation and catalyst deactivation. The catalyst synthe-
sized tries to overcome these effects modifying surface
acidity by lanthanum basic oxide addition, and controlling
nickel activity modifying electronic density of nickel parti-
cles by cobalt interaction.

Taking into consideration catalytic gas upgrading system
integration in gasification process, reaction temperature at
which the catalyst is capable of operating with enough ac-
tivity and stability is the key factor to maximize the process

efficiency. From this point of view, most of Ni/Al,05; cata-
lysts studied in literature used to work at temperature
higher than 800 °C [53]. In this temperature range the overall
process efficiency including gasification and gas upgrading
starts to decrease as hot gas cleaning process temperature
increases. Furthermore, the possibility of identifying ther-
mal and catalytic contribution in the process is so difficult.
Therefore it is important to develop catalysts capable of
working at temperature below gasification process in order
to maximize energy efficiency. In this temperature range,
the role of the catalysts is really important due to thermal
contribution is really low. In this sense, the catalyst syn-
thesised is able to operate at 700 °C with total toluene con-
version, this means 100—150 °C lower than gasification
temperature.

Long-term catalytic activity tests. A long-term isothermal re-
action test at 700 °C maintaining W/F, was performed with the
aim of studying the stability and possible deactivation pro-
cesses in the catalyst synthesized. The Fig. 10 represents
toluene conversion vs. time. A stabilization time period of
1.5 h was observed due to the influence of reducing medium,
where catalyst sample was activated (Fig. 10 a). It is important
to note the lack of by-products in the time range studied
(Fig. 10 b). In the Fig. 10 ¢, changes in main products concen-
trations were observed. On one hand, a reversal in concen-
trations of carbon dioxide and carbon monoxide due to the
contribution of the reverse water gas shift reaction was
observed. On the other hand, after catalyst activation period,
total methane conversion was achieved, also detected by the
increase of hydrogen concentration.
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Fig. 9 — Catalytic activity test performed in a tar conversion
experiment: a) toluene conversion vs. temperature, b) by-
product concentration vs. temperature, c) Main products
distribution vs. temperature.

Post-reaction catalyst characterisation. Following the same
experimental procedure as in the case of methane reforming
with carbon dioxide, SEM images of the catalyst sample after
100 h in reaction condition were obtained. In the Fig. 11 catalyst
particles with a magnification of 4000x are shown. There are
not signals of carbon fibres. EDX analysis performed in different
zones of the sample demonstrates the lack of carbon deposits
on catalyst particles (Table 5). These results were confirmed by
XPS analysis performed on the same catalyst sample. Catalytic
sample was also submitted to TPO analysis by TG-mass anal-
ysis technique (Fig. 12). The dTG curve (Fig. 11 a) magnified
shows the presence of two incipient peaks at 358 °C and 547 °C
that could be ascribed to coke deposits gasification. However,
mass spectroscopy analysis performed simultaneously doesn't
show any desorption peak of m/z 44 ascribed to carbon dioxide
which put in evidence that coke deposition after 100 h in re-
action conditions was negligible.

Conclusions

This work was focused on the possibility of applying the same
concept in catalyst design to be implemented in two thermal
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Fig. 10 — Catalytic long-term tar conversion test at 700 °C: a)
toluene conversion vs. time, b) by-product concentration
vs. time, ¢) Main products distribution vs. time.

processes involved in sewage treatments plants for energy
valorisation for hydrogen production: biogas direct reforming
(carbon dioxide methane reforming) and tar conversion in
sewage sludge gasification. The catalyst deactivation phe-
nomena in both processes was coke deposition on catalyst
surface, and the strategy to overcome it proposed in this work
was the same.

Catalyst designed and synthesized achieved equilibrium
values predicted by thermodynamic equilibrium for direct
carbon dioxide methane reforming. The catalyst tested in
long-term experiments up to 95 h demonstrated total stability
in methane and carbon dioxide conversion as well as products
distribution.

On the other hand, catalyst tests in model gasification
streams showed total toluene and methane conversion
without by-products (tar) formation, levels maintained in the
long-term experiments.

Post-reaction catalyst samples characterisation by
SEM, TPO and XPS demonstrated the lack of carbon
deposits responsible of catalyst deactivation which corrob-
orates the stability of the reaction tests. The results ob-
tained allow the scale up of both processes to have and
integral solution for hydrogen production from sewage
treatment plants.
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test.
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Table 5 — EDX Analysis performed on catalyst submitted
to long-term reaction conditions in tar conversion.

Element Weight (%) Atomic (%)
AlK 83.24 92.14
CoK 5.44 2.79
Ni K 8.19 4.38
Lal 3.11 0.68
C 0.0 0.0

100

95 {; \\
90! J ~ - i
o 8 =
s o]
2 ol T=3g57C  T476C 5

=] 100 200 300 400 500 600 700 800 900
©
= 4 --C(12
= ——H,0(18)
S ——CO, (44)
c
25x10""
1.5x10" <
1.0x10™ <
5.0x10™"

0.0

T T T T T T
100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 12 — TG-mass obtained in a temperature programmed
oxidation experiment of a catalyst sample after 95 h in a
tar conversion test.
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