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Abstract

In this work, Ni/y-Al,O3 catalysts were prepared by sol-gel methods with different Ni
loadings (10 to 50 wt.%) and used as secondary catalyst for the steam reforming of toluene. A
sample prepared by wet impregnation with 10 wt.% of Ni was also synthesized and compared
to the corresponding sol-gel sample. This study was divided in three main parts: the comparison
of catalysts prepared by sol-gel process and impregnation, the influence of the gas composition
on the catalytic performance of the sol-gel 10 wt.% Ni/y-Al,0O3 catalyst and the influence of Ni

loading on the catalytic activity.
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When sol-gel and impregnated samples are compared, the impregnated catalyst showed a
high initial toluene conversion followed by a consequent and progressive deactivation.
Contrarily, the sol-gel catalyst showed a stable catalytic activity and relatively low carbon
deposit. Indeed, before the steam reforming of toluene at 650 °C, the sol-gel catalyst was only
calcined and no reduction step was realized to reduce nickel oxide. So this sample was reduced
during the catalytic test at 650 °C. Moreover, it was observed that, if toluene was withdrawn
from the syngas mixture during the catalytic test, the sol-gel sample was progressively re-
oxidized by CO; and H2O, leading to higher deactivation.

As the Ni loading increased, the nickel oxide with strong interactions (NiAl2O4) was
progressively joined by nickel oxide with low interactions (NiO/Al2O3) and bulk nickel oxide
(NiO). This led to a high initial conversion of toluene, but also to a progressive loss of the
catalytic activity throughout the catalytic test. It was shown that the sol-gel method developed
throughout this work allowed preparing micro/mesoporous Ni/y-Al2Os catalysts with a high

dispersion of Ni nanoparticles.

1. Introduction

Nowadays, the biomass gasification appears as an interesting and versatile way to take
advantage of different energy sources (e.g. agricultural and urban wastes, energy crops, food
and industrial processing residues). If managed conscientiously, these processes can therefore
lead to the sustainable and renewable production of a bio-syngas, which can either be used
directly as combustible or converted into storable and high valuable chemical compounds such
as methanol [1, 2]. However, despite the fact that bio-syngas is predicted to be an economically
viable energy and that some industrial plants are already in action, bio-syngas technologies still
encounter some technical problems, which seriously hinder their commercial development [3,

4]. Indeed, in practical applications, there are still some technical problems due to high tars



concentration in the outlet gas which can condensate and clog the pipes. Modifications of the
gasifier reactor design and of the gasification operating conditions (temperature, space ratio,
gasifying reagent) have proved to substantially reduce the tar concentration [5-9].

Many studies have highlighted the fact that the tar elimination via catalytic reforming
seem to be the more practical and economical solution [3, 9—-15]. The required properties of the
catalysts are determined by its location: inside the reactor (primary catalyst) or outside the
reactor (secondary catalyst). Primary catalysts are generally robust, non-toxic, cheap materials
and they are almost only intended for fluidized bed reactors. Secondary catalysts are more
versatile and can be used at the exit of both fluidized and fixed bed reactors. They are
characterized by tailored mesoporous shapes, controlled active site dispersions and adapted
elemental compositions. This work was focused on designing materials for secondary catalytic
applications, i.e. working at relatively low temperature (~ 650°C) with no mechanical stress.

Among the entire metallic elements commonly used as catalysts, transition metals are the
more recurrent. By definition, a transition metal is a metal that forms one or more stable ions
which has not completely filled its d orbital. This particularity enables them to change their
oxidation states and therefore to easily lend or take electrons from other molecules. The metallic
active states possess a greater capacity to decompose tars in the produced gas in comparison to
the oxidized states [16—18].

Although widely used industrially, Ni is not the most effective catalyst for steam
reforming. However, it is the element showing the most interesting activity/price ratio
compared to other more precious metals such as Ru or Rh [3]. The optimum Ni loading is
situated around 15 wt.% for impregnated and 20 wt.% for precipitated catalysts [9].

These catalysts are commonly supported on Al2O3, ZrO», Zeolites or Olivine. Various
studies agree on the fact that y-AlbO3 seems to be the best support for secondary catalyst

applications [10, 15, 17, 19, 20] thanks to (i) its large specific surface area (200-500 m?/g), (ii)



a high mechanical strength and (iii) a good sintering resistance. The two most common
preparation methods for Ni/y-Al,Os catalysts are the incipient wetness impregnation and the
sol-gel process. It appears that due to weaker active site/support interactions, the metallic
nanoparticles from impregnated catalysts are more inclined to sinter and undergo coke
deactivation, especially by carbon whiskers formation. Although generally showing a lower
activity, sol-gel synthesized catalysts are more interesting in terms of lifetime [3, 21-23].

In this work, Ni/y-Al,Os catalysts will be prepared by a new aqueous sol-gel methods with
different Ni loadings (10, 20, 30 and 50 wt.%) and will be compared for the reforming of toluene
as secondary catalyst. A sample prepared by wet impregnation with 10 wt.% of Ni will be also
prepared and compared to the corresponding sol-gel sample.

The aims of this work will be to study the influence of the Ni loading and the catalyst
preparation method on the catalysts performances and lifetime with a newly developed sol-gel
synthesis. It will allow to assess which sample better resist to sintering and coke deactivation.
Another aim of this manuscript will be to understand the influence of the syngas composition
on the performances of these new catalysts. It is why the same catalyst will be tested with
different gas conditions: (i) syngas without CHy; (ii) syngas without toluene; (iii) syngas with

toluene only for the first 105 min of test and (iv) syngas without neither toluene nor CHa.

2. Materials and Methods

2.1. Ni/y-Al>Os catalysts prepared by sol-gel method

The sol-gel prepared Ni/y-Al,O3 catalysts were synthesized according to a synthesis
procedure described in [24]. First, aluminum precursor (aluminum nitrate, AI(NO3)3.9H>0, 2
98%, Sigma Aldrich) and water are mixed together. Then, the sols were formed by a slow
addition of a NH4OH solution (30 wt.%, 15 M). After precipitation, the sols were agitated for

24 h at 85 °C, washed two times with water, re-dispersed in water and nickel nitrate hexahydrate
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(N1(NO3)2.6H20, 99.99%, Sigma Aldrich) was added. The sols were stirred for 30 min. The
doped sols were put in an oven for aging (24 h, 85 °C, 700 mbar) and for drying (24 h, 110 °C,
900 mbar). The dried gels were calcined for 5 h at 550 °C, with a heating rate of 2 °C/min.
Ni10/ALO3, N120/Al>03, Ni30/Al>03 and Ni150/A1,03; samples were prepared according to this

procedure with loadings of respectively 10, 20, 30 and 50 wt.% of Ni (Table 1).

2.2. Ni/y-Al>0s catalysts prepared by impregnation method

Nil0/Al,O03-IMP sample was prepared by a wet impregnation method. The support
consisted of calcined y-Al,O3 synthesized according to the procedure used for the preparation
of Ni-doped samples but without Ni. The support was crushed and sieved in order to get grain
sizes comprised between 300 and 700 pm, which were set in a glass balloon with water and
nickel nitrate. The balloon was fixed to a Rotavap apparatus and the water was evaporated under
continuous agitation at 85 °C and under 300 mbar. The dried sample was thereafter calcined

with similar calcination procedure as for sol-gel Ni-doped samples (5 h at 550 °C).

2.3. Characterization of Ni/y-Al>O3 catalysts

Samples compositions are determined by inductively coupled plasma—atomic emission
spectroscopy (ICP-AES), equipped with an ICAP 6500 THERMO Scientific device. Solid
samples are crushed and then dissolved with lithium tetraborate before analysis. Aluminum,
nickel, silicon and sodium loadings are obtained by comparison with standard solutions in the
same medium.

Textural properties are determined thanks to nitrogen adsorption-desorption isotherms
which are measured at -196 °C on a Micromeretics ASAP 2010 instrument after 12 h of
outgassing at 300 °C and 107 Pa. The microporous volume, Vpg, is calculated by the Dubinin-

Raduskevitch method on the first branch of the adsorption curves at low relative pressure (p/po

5



< 0.4). The pore size distributions are determined by the Broekhoff de Boer method (BdB)
applied to the adsorption profil-branch of the nitrogen isotherm [25].

The crystallographic properties of samples are determined by X-ray diffraction on a
diffractometer Siemens D5000 (Cu-K, radiation) between 30° and 80° (2 #) with a step time of
18 s and a step size of 0.04 s. The alumina crystallites sizes were calculated by using the
Scherrer equation centered on the (4 0 0) ray y-AlbO3 (2 8 = 67.0 °) of the XRD pattern. The
Ni® crystallites sizes were calculated by using the Scherrer equation centered on the (2 0 0) ray
(260=51.83°).

The sizes of metallic particles and their distribution are measured by transmission
electron microscopy (TEM) performed on a CM10-PW6020 Philips Electron Microscope by
averaging the measurement of approximately 100 particles on TEM micrographs. First, crushed
samples are dispersed in absolute ethanol. Then a drop of the dispersion is placed on a copper
grid (Formvar/Carbon 200 Mesh Cu from Agar Scientific).

H: reduction steps were performed on 1 g of sample. The reactor was first purged with
helium at room temperature (15 min, 50 mL/min), then a hydrogen flux was send to the sample
(50 mL/min) and the temperature was increased (from 25 °C to 750 °C with a heating rate of 5
°C/min). After 1 h at 750 °C, the heating was stopped and the reactor was purged with helium
(50 mL/min).

Temperature Programmed Reduction measurements were performed with a TPD/R/O
1100 device from CE instruments to give information about the reduction of nickel present in
the samples. An amount of 0.2 g of catalyst was put in a tube quartz. Samples were heated from
25 °C to 1000 °C with a heating rate of 2 °C/min and under a flow of 20 mL/min of a gas
mixture (5 %vol. H2/95 %vol. Ny).

After the catalytic tests, carbon deposits are studied with thermogravimetric (TG) and

differential scanning calorimetry (DSC) measurements, which are realized with a Sensys



Setaram instrument. Samples are heated from 25 °C to 800 °C with a heating rate of 2 °C/min

under air (20 mL/min).

2.4. Catalytic experiments

The catalytic experiments are performed on an experimental toluene reforming
installation whose schemes are presented in Figures 1 and 2. In order to prevent corrosion, the
tubing is in stainless steel (Inox AISI type 316). Each gas line includes a filter (2 pm), an
electro-valve, a pressure captor, a mass flow controller and a check valve. Liquid deionized
water is injected thanks to a peristaltic pump (ISMATEC, Multi channels). Due to
incompatibility between toluene and various polymeric tubes for peristaltic pump, the liquid
toluene is injected thanks to a syringe pump (KDScientific, Legato) and a syringe made of glass
and PTFE. The different gases and liquids are injected and heated in a stainless steel mixing
chamber. The mixing chamber and all the downstream tubes are heated at 180 °C in order to
prevent any water or toluene condensation. At the exit of the mixing chamber, the gas mixture
is directed either towards the stainless steel reactor or towards the bypass line. The reactor is
made of inox 316 with 'z inch intern diameter (Figure 2). Inside the metallic reactor is placed a
quartz tube to avoid contact between the reactive gas mixture and the metallic reactor at
temperatures higher than 400 °C. Catalytic samples is introduced inside the quartz tube and
maintained thanks to two quartz wool layers and a quartz stalk. A PTFE seal is set between the
metallic reactor and the quartz tube at the bottom of the reactor. According to the temperature
gradient measurements realized on the catalytic reactor of this study (Figure 2), the catalytic
samples are placed between 250 and 400 mm from the reactor bottom.

The effluent is analyzed by gas chromatography (GC Compact, Interscience) with
different detectors and columns: (i) a FID detector to quantify the organic compounds (CHa,

toluene, benzene) with an analytic column (RTXT1) and (ii) a TCD detector for the other gas



(CO2, CO, Haz, N») thanks to a backflush line with two analytic columns (Molsieve 5A and
Porapak). It is also possible to quantify H,O with the TCD detector. For both detectors, He is
used as carrier gas.

The catalytic samples were crushed and sieved with a particle diameter distribution
between 315 and 700 um. The standard catalytic tests were performed with a toluene
concentration of 24.000 ppmv and with a standard gas mixture: 31.5 %vol. Hz, 31.5 %vol. CO,
15.2 %vol. COz, 11 %vol. H20, 10 %vol. The mass of the catalyst was set to 300 mg, for a
catalytic bed height of # =12 mm, with a gas flowrate of 50 mL/min and consequently a GHSV
of 5000 h™! (residence time of 0.72 sec). The standard catalytic tests were performed at 650 °C,
for 300 min.

The toluene conversion, Cr, is determined from the Equation 1:

Ctin—CT,0ut Mt 1n—MT,0ut
Cr. = Soin=tTout , 149 — MLm=Mrout , 40 (1)
T c M
T,In T,In

where Cr;in is the initial toluene concentration (mol/m?®) and Cr ou is the toluene concentration
at the outlet of the reactor (mol/m?); and Mr,n is the initial toluene mass (kg) and Mr oy is the
toluene mass at the outlet of the reactor (kg).

The benzene selectivity (Sg) is determined from the Equation 2:

Sp = —BOW 100 ©)

"~ C1in—CT,0ut
where Cgouw is the outlet concentration of benzene (mol/m®), Cr is the initial toluene
concentration (mol/m®) and Crou is the toluene concentration at the outlet of the reactor
(mol/m?).
The methane conversion, Ccpy, 1s determined from the Equation 3:

C —C
CCH4 — CH4,In CH4,0ut * 100 (3)
CcH4,In

where Ccuam is the initial methane concentration (mol/m*) and Ccmsouw is the methane

concentration at the outlet of the reactor (mol/m?).



All Cr, Sg and Cchs values were obtained by making an average of the results obtained
during the last 10 measurements of each test.

The consumption rate of toluene, 1 (molt/(gni.h)), was also compared. For this gas

mixture, the (H20 + CO,)/C ratio is about 1.6 when only taking toluene as carbon source, and
it is about 1.0 when taking toluene + methane as carbon source. Though these values are low,
they are equal or higher to the stoichiometric ratio. Hence, the toluene consumption rate can be
expressed with respect only to the toluene concentration and according to a first order (n = 1),
which leads to:
—rr = k. Croy “)
where rr is the consumption rate of toluene (molt/(gni.h)), & is the apparent kinetic constant
(m*/(gni.h)) and Crol is the concentration of toluene (moltor/m?).

Since the reaction rate is assumed to be of first order (n = 1), 7ol can also be expressed

as follows [26, 27]:

rr = (=) In(1- fr) 5)

where Fr is the molar flowrate of toluene at the reactor inlet (molr/h), W is the nickel mass
inside the reactor (g) and f7 is the toluene conversion (Equation 1).

The yield of methane, Ychs, which corresponded to the methane produced from the
conversion of toluene by hydrocracking (C;Hs+H>—CsHs+CHy) or by hydrodealkylation

(C7Hs+10.H>—7.CHy) reactions was determined according to Equation 6:

NCH4,0ut ( 6)
7+n1,In—(7*NT,0ut +6*NB Out)

Yena =
where nt 1 1s the initial amount of toluene (mol), and 7t 0ut, 72B,0ut, cH4,0ut are respectively the

amounts of toluene, benzene and methane at the exit of the reactor (mol). This yield did not

take into account the carbon deposit and could only be used as an estimation value.



In order to get a more accurate comparison of the coking tendency of the catalysts, the
term Coke* was introduced. This value corresponds to the amount of carbon formed by gram

of toluene converted and is determined by Equation 7:

Coke

Coke” = —77i——
T *(A]Nl)*t*M

T\ 100 T

(7)

where Coke is the amount of carbon deposit determined from TG-DSC measurements
(gcarbon/gcata), (20Ni/100) is the gram of nickel by gram of catalyst, determined from ICP-AES
measurements, 71 is the consumption rate of toluene (molrow/(gni.h)), ¢ is the time of test (5 h)
and Mr is the molecular mass weight of toluene (92.1 g/mol).

The influence of the gas composition will be evaluated on the catalytic activity of
Ni10/Al,0O3 sample, this catalyst was tested for 300 min at 650 °C according to the following
conditions: 1) standard conditions; ii) without methane; iii) without toluene; iv) with standard
conditions until 105 min of test, after toluene was removed from the syngas mixture; v) without
methane and without toluene. Table 1 shows the composition of the gas mixtures during the

catalytic tests.

3. Results and Discussion

3.1. Catalyst composition

Table 2 shows the theoretical and actual compositions of all samples. The theoretical and
actual compositions were similar for all samples. No loss of materials was happened during the

synthesis, calcination and reduction steps.

3.2. Influences of the catalysts preparation method
3.2.1. Physico-chemical properties of Ni10/y-Al>O3 catalysts prepared by impregnation or

by sol-gel method
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Table 2 shows the textural properties after calcination, and the metallic Ni particles sizes
after either reduction step or TPR measurements determined by TEM and XRD analyses for
Nil0/AlO3 and Nil0/Al,O3-IMP samples. It was observed that the textural properties of
Ni10/Al,03-IMP sample slightly decreased compared to Nil10/AlO3 sample (4Szer=- 30 m?/g,
AV, = 0.1 cm?/g), probably because of the impregnation with nickel salts and of the second
calcination step. Figures 3a and 3b illustrate the TEM micrographs of Nil0/Al,O3; and
Ni10/Al,O03-IMP samples after reduction step.

After H> reduction step, drem, otem and dxrp values (Table 2) were relatively similar for
Nil0/Al,O3 and Nil0/ALLO3-IMP sample. On the opposite, after TPR measurement,
Ni10/A1,03-IMP sample showed a more important standard deviation compared to Ni10/Al,03
sample (orem = 15 nm vs orem = 9 nm) (Table 2). Figure 4 presents the distribution of the
metallic Ni particle sizes after H> reduction step and after TPR measurement for both samples.

Figure 5 shows the TPR profiles of both samples. In the case of Ni10/AlO3-IMP sample,
broad and asymmetric H> consumption peaks revealed the presence of different interactions
between the Ni oxides and the alumina support. Three types of oxides were observed: 1) bulk
NiO was present between 400 °C and 550 °C. Bulk NiO is known to share very few interactions
with the alumina support. Indeed, at this loading of metal (10 wt.%), bulk NiO is more likely
encountered for nickel supported on a-Al>O3; i1) NiO/AlO3 was present between 550 °C and
700 °C. In that case, the Ni*" ions are in octahedral coordination and show relatively strong
interactions with the support; ii1) NiAl,O4 was observed from 700 °C to 1000 °C [28-30]. In
that case the Ni** ions are in tetrahedral coordination and are fully integrated inside a spinel
structure of nickel aluminate [29, 31, 32]. The presence of Ni incorporated into y-AlOs is
evidenced by the fact that the TPR curve did not come back to the baseline at 7= 1000 °C.
Indeed, it was estimated for sample Nil0/Al,O3-IMP, that only 90 % of the Ni was reduced

during the TPR measurement.
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On the opposite, Ni10/Al,O3 sample (Figure 5) presented only a symmetric and narrow
consumption peak, which evidenced the exclusive presence of NiAl2Os [30-32]. This
observation was in accordance with other studies, in which Ni/y-Al,O3 materials were prepared
by a sol-gel method and with similar nickel doping [33—35]. In that case, the TPR baseline came
back to zero at 7= 1000 °C and the reduction of Ni was close to 100 %.

Since both samples presented Ni particles with similar initial sizes and dispersions after
the H> reduction (Figure 4a) and showed similar textural properties (Table 2), it was deduced
that the different type of Ni oxides observed in Nil0/Al,O3-IMP and Nil0/Al,O; samples
during the TPR measurements was only a consequence of the preparation method. This
assumption was strengthened by the fact that previous studies highlighted that nickel/alumina

interactions were greatly influenced by the preparation method [31, 33, 35].

3.2.2. Catalytic activity of Ni10/y-Al2Os catalysts prepared by impregnation or by sol-gel

process

Figure 6a shows the evolution of the toluene conversion as a function of time. Table 3
shows the Ni particles sizes and the catalytic performances of Ni110/Al,O3-IMP and Ni110/A1,03
samples. Ni10/A1,O3-IMP sample showed a high Ctvalue at the beginning of the test (87 % for
the first measurement, Figure 6a), but presented a high loss of catalytic activity during the
followed measurements (ACt = - 26 %). After 105 min, Cr was relatively stabilized around 50
%, but it seemed that Ct continued to slightly decrease until the end of the test. In the opposite,
Nil0/AlO3 sample started with a low Cr value (38 %) but was progressively activated during
the test until it reached a stable Crt value (51 %). This sample was not deactivated during the
300 min of test.

It was observed in Table 3 that Ni110/Al,O3-IMP sample presented higher catalytic activity

values compared to Nil0/Al,Os sample: a higher toluene reforming rate (rr = 7.6 .10
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molron/(gni.h) vs. = 6.7 .10"2 molrow/(gni-h)), a higher methane conversion (Ccua= 13 % vs.
Ccns = 10 %) and a lower benzene selectivity (S = 8 %, whereas Sg = 15 %). However,
Nil0/ALO3-IMP sample presented a higher sensibility towards carbon formation than
Ni10/Al,03 sample (Coke= 8.9 .10 gCarbon/ETolu, V5. Coke= 3.1 .10 gcarbon/ETolu).

The analysis of the post-test DSC curves presented in Figure 6b revealed that, whereas
the carbon deposit of Ni10/Al,O3 sample was only composed of amorphous carbon (burned at
T <550 °C), the carbon deposit of Ni10/Al,O3-IMP sample was constituted of both amorphous
and filamentous (burned at 7> 550 °C) carbon deposits. TEM observations (Figure 3d) also
confirmed the problematic presence of filamentous carbon for this sample.

The higher catalytic activity and sensibility towards carbon formation of Ni10/Al.O3-IMP
sample can be explained by the presence of easily reduced bulk nickel oxide (NiO) evidenced
during the TPR measurement (Figure 5). Indeed, during the catalytic test performed at 650 °C,
bulk NiO was instantly activated at the beginning of the test. As this type of nickel oxide is
known to present the highest catalytic activity but also the lowest interactions with the support,
it was quickly deactivated by coking mechanisms [33, 34]. Furthermore, the sintering of NiO
crystallites was increased by the fact that this type of nickel oxide shows low interactions with
the alumina support. This would explain that Ni10/Al,03-IMP samples presented larger Ni©®)
particles with a broad distribution of sizes after a catalytic test compared to Ni10/Al,O3 sample
(Table 3). The growth of filamentous carbon being more favorable in the presence of large
metallic particles [36-38], this would also explain why Nil0/Al,O3-IMP sample presented
filamentous carbon, whereas Ni10/Al,O3; sample only presented amorphous carbon (Figure 6b).
Hence, after 105 min of test, it was assumed that all NiO crystallites were deactivated by coke
and the stable Ct value of Nil10/Al,O3-IMP sample was only guaranteed by the nickel which

strongly interacted with the support (coming from NiO/Al2O3; and NiAL2Os).
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The stable catalytic activity and low carbon deposit observed for Ni10/Al,O3 sample was
attributed to the initial presence of nickel oxide which strongly interacted with the support
(NiAL2O4). However, at this stage, the behavior of Ni10/Al,O3; sample during the catalytic test
was not fully understood. Indeed, being that the TPR measurement (Figure 5a) indicated that
the reduction of the NiAloOs phase only started at 680 °C, this sample was progressively
reduced into the catalytic reactor by the syngas mixture during the catalytic tests performed at
650 °C and presented Ni) nanoparticles after catalytic tests (evidenced by XRD and TEM
measurements). Hence, it seemed that the composition of the syngas influences the reducibility

of the catalyst (further details in section 3.3).

Moreover, as the catalytic experiments are made at 650°C and, as observed on Figure 5,
the reduction of Ni species occurs at higher temperature, the degree of Ni reduction is probably
different in both samples which can also influence the catalytic activity. But in both cases, Ni’
is well observed on the post catalytic experiment analysis (Table 3) showing at least a partial

reduction of the catalysts during the experiments at 650 °C.

In this way, it appears that the 10 wt.% Ni/y-Al2O3 catalyst prepared by the sol-gel
process, represents a compromise between catalytic efficiency and resistance to coking
deactivation for the reforming of 24.000 ppmv of toluene at 650 °C. Therefore, this study
confirms the advantage of the use of sol-gel instead of wet impregnation methods for this

application due to better resistance to coking.

3.3. Influences of the syngas composition

Several catalytic tests were performed in order to understand why Ni10/Al,O3 sample was
activated at 650 °C during the test performed in section 3.2 (Figure 6a) whereas it was reduced

only at 680 °C during H>-TPR measurement (Figure 5). These tests also allowed understanding
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the influence of the presence of methane in the syngas mixture, to estimate the fraction of
toluene converted either to CHa, or to CO and H», and to estimate the influence of the presence
of a catalyst on the composition of the syngas mixture by parallel reactions.

The sol-gel prepared Nil0/Al>Os catalyst was tested for 300 min at 650 °C according to
the following conditions: 1) standard conditions ; ii) without methane; iii) without toluene; iv)
with standard conditions until 105 min of test, after toluene was removed from the syngas
mixture; v) without methane and without toluene.

Table 1 shows the composition of the gas mixtures during the catalytic tests. When the
catalytic test was performed without neither methane nor toluene (condition v), the volumic
percentages of CO and H>O decreased (4Vco= - 2.0 %; AVuo= - 1.6 %) and the volumic
percentages of CO; and Hz increased (4Vco2=+2.5 %; AVu2=+ 0.7 %). This effect was mainly
attributed to the Water-Gas Shift reaction (CO+H>0+CO,+H>), which can occur on Al203
supports doped with metallic oxides [39, 40].

Figures 7a and 7b show the X-Ray diffraction patterns and the DSC curves performed on
sample Ni10/AlxO; after catalytic tests performed in different conditions (i to v). Ni10/AL>O3
sample tested without methane (condition ii) presented slightly higher Ct and lower Sg values
compared to the standard condition i (A4Ct = + 4 %; A4S = - 5 %). However, the absence of
methane in the syngas mixture favored the formation of filamentous carbon (Figure 7b).
Therefore, it was assumed that under standard test condition i, the higher covering of the
metallic Ni particles by carbon species adsorbed on the surface (C, species), coming from
methane, decreased the adsorption and ring-breaking of the toluene molecules, which would
explain the lower Ct and Sg values. However, the high covering of the metallic particles by
carbon species, coming from methane, might prevent the condensation of large polymeric
carbons by the “ensemble control” effect between C,” and graphitic carbon (Cz") species, which

could explain the absence of filamentous carbon for Nil10/Al>O3 sample.
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When no methane was added to the syngas mixture (conditions ii and v), no methanation
reactions (CO+3.H>—~CH4+H>0 or 2.CO+2.H>~CH4+CO>) occurred during the test in
condition v (Table 1), but in condition ii, there was a slightly production of methane (+ 0.7 vol.
%) during the catalytic test. Hence, it was deduced that this amount of methane was entirely
generated from the conversion of toluene molecules. According to Equation 6, the fraction of
toluene converted to methane (Ycns4) was estimated to be about 9 %. Since this value was very
close to the Sg value (10 %) (Table 1), it was assumed that methane was produced by
hydrodealkylation (to/uene+H>—benzene+methane).

Interestingly, for in both conditions iv and v, on the X-Ray patterns after catalytic tests at
650 °C (Figures 7a), no characteristic Ni” peaks, but only NiO peaks, were observed. However,
the small intensity of the NiO peaks suggested that a part of nickel atoms might also be
incorporated into the y-Al>O; support in a NiAl2O4 spinel (not visible by XRD because of the
presence of y-Al,O3 peaks at the same diffraction angles). The absence of Ni” particles for
both samples was also confirmed by TEM measurements (not shown).

Analysis of the X-Ray pattern for sample tested in condition iii (Figure 7a) revealed
similar trends. Indeed, whereas the X-Ray pattern of sample tested in condition i presented only
Ni® peaks after the catalytic test (Figure 7a), the sample tested in condition iii presented very
small peaks of Ni® and more larger characteristic peaks of NiO (Figure 7a). Hence, it appeared
that the removal of the toluene from the syngas mixture at 105 min during the catalytic test led
to a re-oxidization of the Ni® particles of Nil0/Al,O3 sample by H,O and CO,. These
observations can be correlated with the works of Cheng et al. [41, 42]. Indeed, it was found
that, at temperatures above 450 °C, the reduction of NiO/a-AlLO; catalysts was
thermodynamically more favorable with several organic compounds (glucose, furfural, acetic
acid, ethanol and acetone) than with common reducing agent (CO, H»). Figure 8 shows the

mechanism of reduction proposed by Cheng et al. [41, 42] adapted to this case with toluene. It
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was decided in the present work to call this phenomenon “special reduction by toluene”. In a
first step, the toluene is adsorbed on NiO and on the alumina support. Thereafter, the toluene
molecules are decomposed into carbon (char). NiO and the char react to form Ni” and CO..
Then CO» reacts with the char located at the surface of the support to form CO, which can
further reduce the remaining nickel oxides into Ni(®,

Table 4 shows the Gibb’s free energy values calculated for the reduction of bulk NiO with
different compounds. The values presented are only informative since they were calculated for
the reduction of bulk NiO, which is very different from the case of nickel oxide nanoparticles
highly dispersed on y-Al2O3. When CO and H; are used as reducing agents (Table 4), the
exothermic aspect (4Ho23k < 0) of the “NiO+H>” and “NiO+CO” reactions is the main driving
force. In the opposite, when C, CH4 or toluene are used as reducing agents, the reactions of NiO
reduction are endothermic (4H923x > 0). Hence, for C, CH4 and toluene, negative 4Goa3k values
are obtained by an increase of the entropy caused by the production of more gas volumes [41,
42].

Either considering the formation of CO and H> (Equation 8), or the formation of CO; and
H>O (Equation 9) (Table 4), the reduction of NiO is thermodynamically more favorable with
toluene than with methane or with standard reducing agents (CO, H»). Furthermore, toluene
being more inclined to form carbon deposit than methane, this would increase the reduction of
NiO into Ni®® by formation of char according to the reduction mechanism proposed in Figure
8. Finally, this phenomenon is emphasized by the fact that the Ni) nuclei, formed during the
reduction of NiO, increase the adsorption-dissociation of Hy by the “spillover effect” [43, 44]
and consequently greatly increase the rate of reduction [45]. Hence, once the reduction is
initiated by toluene, and that metallic Ni” is present, the reduction can occur with other

reductive molecules (CO and H>) and leads to the whole reduction of the catalyst. This would
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explain why Ni10/Al,O3 sample tested in condition i only presented characteristic peaks of Ni®¥
on its X-Ray patterns (Figure 7a).

During the catalytic test, the atmosphere is reductive (Pco/Pco2= 2.1 and Pu2/Pu20 =2.9).
However, in this case, Ni and y-Al,O3; showed very strong interactions: exclusive presence of
NiAl>Os spinel and starting of the reduction only at 680 °C under standard H>-TPR (Figure 5).
Furthermore, during the catalytic tests performed at 650 °C, Nil0/Al,O3; sample was tested
below its initial theoretical temperature of reduction. So, this would explain the removal of
toluene during the catalytic test at 105 min led to a re-oxidization of the Ni‘”) particles for sample
of condition iii (see XRD, Figure 7a).

The low formation of carbon and the good resistance against deactivation by coking
observed for Ni110/Al,0O3 sample tested in condition 1 were attributed to the fact that the catalytic
tests were performed at the boundary between the oxidation and the reduction of Ni
nanoparticles. In this way, it was assumed that during a standard catalytic test (condition 1), as
soon as some areas of the Ni*) particles were re-oxidized by CO- or H>O, they would be quickly
reduced again by the phenomenon of “special reduction by toluene” (Equations 8 and 9, Table
4). Hence, this effect would reduce the formation of carbon deposit.

This hypothesis could explain why, in section.3.2, the presence of initial bulk NiO caused
a severe deactivation of Ni10/Al,O3-IMP sample during the catalytic test performed at 650 °C,
while Ni10/Al20O3; sample presented a stable activity. Indeed, since the bulk NiO present in
Ni10/Al,O3-IMP sample was reduced at low temperature (7 ~ 450 °C), it was not able to take
advantage of the anti-coking properties provided by the phenomenon of “special reduction by

toluene”.

3.4. Influences of the nickel loading

3.4.1. Physico-chemical properties of Ni10/y-Al,O3 catalysts with different loadings

18



The influences of the nickel loading on properties and catalytic performances of Ni/y-
ALO; catalysts were studied for Ni loadings equal to 10, 20, 30 and 50 wt.%. TEM
measurements (Figures 3a and 3c) revealed that all samples presented homogenous structure at
nanoscopic scale. It was also observed by XRD measurements (not shown here) that all samples
presented y-Al,O3 phases.

Figure 9 presents the nitrogen adsorption-desorption isotherms and the associated pore
size distribution of all samples. The textural values (Sget, Vp and Vpr) of the samples are listed
in Table 2. It was observed that all samples presented a hysteresis, characteristic of mesoporous
samples (Figure 9a). Furthermore, all samples were also highly microporous. Indeed, Vpr
values were equal of about 0.08 cm?/g, except for Ni50/Al,O3 sample, for which Vpr was
slightly lower (0.05 cm®/g). In that case, the high amount of nickel added clogged a part of
micropores and small mesopores. Finally, the nickel loading did not affect the mesopore size
distributions of the samples (Figure 9b).

Figure 10 shows the TPR profiles of pure nickel oxide (NiO) and of Ni/y-Al>O; catalysts
with different nickel loadings. For all samples, the reduction was almost complete (between 90
and 100 %) when the temperature reached 1000 °C. Whereas Nil10/Al,O3 sample presented
only one peak of nickel aluminate (NiAl>O4), higher loadings of Ni led to the presence of other
nickel/alumina oxides. In this way, in addition to a NiAl,O4 peak, Ni20/Al,0O3 sample also
presented a small peak of bulk nickel oxide (NiO) located at 475 °C. Furthermore, a notable
shift of the NiALbO4 peak (47 = - 75 °C) was observed for this sample. This important shift was
attributed to the presence of easily reduced bulk nickel oxide (NiO). NiO being converted to
metallic nickel at low temperature, it can favor the adsorption-dissociation of H> molecules by
“spillover effect” [43, 44] and improve the reduction of more stable oxide phases like

NiO/AlLO3 or NiAbO4.[29, 32, 43]. Higher loadings of Ni (Ni30/Al,03; and Ni50/Al,03
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samples) led to more intense peaks of bulk nickel (N1O) and to the presence of octahedral nickel
(N1O/Al203), associated to a reduction peak shift of NiAl>O4 of about A7 ~ - 100 °C.

It was observed in Table 2 that after the H» reduction step, dtem, dxrp and otem values
were relatively similar and remained low for all samples. Indeed, even for Ni50/A1,O3 sample,
which presented the highest Ni loading, orem was only equal to 7 nm, and dtem and dxrp values
were only equal of about 16 nm. In this way, even for high loadings of Ni, the samples presented
particles of relatively low sizes. In the opposite, after TPR measurements, the standard deviation
values became very important for Ni30/Al,03 and Ni50/A1,O3 samples (o1em = 28 nm and otem
= 64 nm respectively) (Table 2) and very large nickel particles (up to 200 nm) were observed
by TEM measurements. It was also observed that as the nickel content increased, the differences
between drem and dxrp values became more and more important (Ni50/Al,O3 sample showed
the highest difference: drem = 50 nm and dxrp = 28 nm). These strong differences can be
explained by the fact that, during TPR measurements, the Ni particles submitted important
sintering being that the temperature was increased until 1000 °C, and formed large agglomerates
constituted of crystallites with different diffraction plans. In addition to the high content of
metal, it was assumed that the high sensibility of Ni30/Al203 and Ni50/A1,0O3 samples towards
sintering was also provoked by their high amount of bulk nickel (NiO), which is known to easily

sinter because of its low interactions with the support.[29, 33, 34]

3.4.2. Catalytic activity of Ni/y-AlbOs catalysts with different Ni loadings

The catalytic activity of all samples were evaluated for the reforming of 24.000 ppmv of
toluene for 5 h at 650 °C. The toluene conversion values as a function of time are presented in
Figure 11a. Table 5 shows the metallic nickel particles sizes after catalytic tests, and the
catalytic performances of all samples. Figure 11b shows the DSC curves of samples after

catalytic tests. As for the comparison between impregnated and sol-gel samples, the degree of
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Ni reduction is probably different in the samples and can also influence the catalytic activity.
But in all cases, Ni’ is well observed on the post catalytic experiment analysis (Table 5) showing
at least a partial reduction of the catalysts during the experiments at 650 °C.

In Figure 11a, whereas the toluene conversion for Nil10/Al,O3 sample remained stable
around 50 % throughout the catalytic test, Ni20/Al>O3 sample showed a drastic loss of toluene
conversion during the first 100 min of test (4Ct ~ - 35 %). Nevertheless, around 150 min of
test, the conversion of toluene stabilized (Cr ~ 62 %). Despite its higher toluene conversion,
compared to Nil10/Al,O3; sample, Ni20/Al,O3 sample showed a lower toluene reforming rate
(rr=0.047 molTor/(gni.h) vs. rr =0.067 molTow/(gni.h)) and a much higher trend to form carbon
deposit (Coke* = 0.16 gcarbon/gTolu, VS. Coke™ = 0.031 gcarbon/gTolu) (Table 5). Furthermore,
Ni20/Al,03 sample presented a large amount of carbon deposit after test (Coke = 0.71
ZCarbon/ZCata) Which was either amorphous (burned at 7' < 550 °C) and filamentous (burned at 7
> 550 °C) (Figure 11b). The presence of a high amount of filamentous carbon for Ni20/Al>O;
sample was confirmed by TEM measurements (as in Figure 3d). Similarly to Ni10/A1,O3-IMP
sample presented in section 3.2, the deactivation by coking of Ni20/Al,O3 sample was attributed
to the presence of bulk nickel (NiO). As this type of nickel oxide is easily reducible (7"~ 450
°C), it was quickly activated at the beginning of the catalytic test, which explains the high initial
Ct value (nearly equal 100 %) showed by Ni20/Al,O; sample. However, since NiO was
reduced at low temperature, it could not take advantage of the anti-coking influence caused by
the mechanism of “special reduction by toluene” described in section 3.3. This explains why
Ni20/A1,03 sample was quickly deactivated during the test. Hence, it was assumed that, during
the catalytic test of Ni20/Al2O3 sample presented in Figure 11a, around 150 min, NiO was
totally deactivated and the stable Ct observed for the rest of the test was only guaranteed by

Ni® nanoparticles with strong interactions with the alumina support.
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The fact that the toluene conversion of Ni30/Al,O3 sample was nearly equal to 100 %
during the catalytic test (Figure 11a) must be interpreted with caution. Indeed, during the test,
the pressure drop increased until reaching a stable value of 0.3 bar around 60 min, which was
sustainable for the experimental installation, but could be problematic at higher scale.
Ni30/ALO3 sample presented a very high amount of carbon deposit (Coke = 1.21 gcarbon/gcata),
which was mostly composed of filamentous carbon (Figure 3d, Table 5 and Figure 11b). This
sample did not produce benzene (Sz= 0 %). In view of these observations, it was assumed that
the high tendency of Ni30/Al2O; sample to form filamentous carbon was also caused by the
presence of bulk NiO. The total conversion of toluene during the test was explained by the
presence of a large amount of nickel, which would compensate the deactivation of one fraction
of it during the test. The almost total conversion of toluene could also be partially due to the
high coking of the sample, which would consume toluene and benzene to form carbon deposit.

Ni50/A1203 sample also presented a complete conversion of toluene, but the test had to
be stopped after 15 min because of a too high pressure drop (1 bar). TEM and DSC
measurements (not shown here) performed after test revealed that the clogging of the reactor
was also provoked by a considerable formation of filamentous carbon, which was assumed to
be caused by the initial presence of bulk nickel NiO in large amounts (Figure 10).

In Table 5, it is observed that the three catalysts Ni10/Al>O3, Ni20/Al2O3 and Ni30/A1,03
did not submit excessive sintering for Ni nanoparticles during the catalytic test. The size of the
Ni particles being also a crucial factor for the formation of filamentous carbon, this observation
confirmed the fact that the sensibility of the Ni/y-Al>O; catalysts against coking mechanisms
was strongly influenced by the initial presence of nickel with low interactions with the support
(NiO), and not by the size of Ni particles present in the different catalysts.

From all these results, it appeared essential to prevent the formation of bulk NiO for two

reasons: 1) its low interactions with the y-Al2O3 support favoring the formation of filamentous
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carbon; ii) by showing a reduction temperature (450 °C) lower than the temperature of catalytic
test (650 °C), NiO cannot take advantage of the anti-coking phenomenon of “special reduction
by toluene”.

In this way, despite the fact that the sol-gel procedure permits to prepare very micro- and
mesoporous Ni/y-AlbO3 catalysts, even at high doping of metals (up to 50 wt.%), it appeared
that the 10 wt.% Ni/y-Al,O3 catalyst was the best compromise between catalytic activity and
coking resistance for the reforming of 24.000 ppmv of toluene at 650 °C. Indeed, because of
the exclusive presence of a NiAl,O4 phase, Ni10/Al,O3 sample was able to beneficiate from the
mechanism of “special reduction by toluene” which allowed protecting the catalyst from

deactivation by coking.

4. Conclusions

In this work, Ni/y-Al,Os catalysts were prepared by a new aqueous sol-gel method with
different Ni loadings (10, 20, 30 and 50 wt.%) and were compared for the reforming of toluene
at 650 °C. A sample was also prepared by wet impregnation with 10 wt.% of Ni and compared
to the corresponding sol-gel sample. So this study was divided in three main parts: (i) the
comparison of a catalyst with 10 wt.% of Ni prepared by sol-gel process and impregnation, (i1)
the influence of the gas composition on the catalytic performance of the sol-gel Ni/y-Al>O3
catalyst with 10 wt.% of Ni and (iii) the influence of Ni loading on the catalytic activity.

When 10 wt.% Ni/y-Al,O3 catalysts prepared by sol-gel process or wet impregnation
method were compared, it was observed that, whereas the sample prepared by the sol-gel
method presented only a NiAl,O4 spinel phase, the catalyst prepared by wet impregnation
showed different nickel oxide species (bulk NiO, NiO/Al,O3; and NiAl>O4). Tested for the
reforming of toluene at 650 °C, the catalyst prepared by wet impregnation showed a high initial

toluene conversion followed by an important deactivation. This behavior confirmed the fact
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that the presence of bulk NiO, which shows low interactions with the alumina support and
which is reduced at lower temperatures (around 450 °C) than the catalytic tests, should be
avoided.

The stable catalytic activity and relatively low carbon deposit observed for 10 wt. % Ni/y-
AL O3 catalyst prepared by the sol-gel process was explained by the fact that, during catalytic
test performed at 650 °C, the sample was tested at the boundary between the reduction and
oxidation of Ni nanoparticles. The calculation of the Gibb’s free energy values at this
temperature showed that, from a thermodynamic point of view, the toluene is a more effective
reducing agent compared to CO or H». Indeed, without toluene in the syngas mixture, the
catalyst did not show Ni®) particles after catalytic test, but NiO particles. Furthermore, it was
observed that, if toluene was withdrawn from the syngas mixture during the catalytic test, the
sample was progressively re-oxidized by CO> and H>O.

As the Ni loading increased (from 10 wt. % to 50 wt. %), NiAlbO4 was progressively
joined by nickel oxide with low interactions (NiO/Al>O3) and bulk nickel oxide (NiO). This led
to a high initial conversion of toluene, but also to a progressive loss of the catalytic activity
throughout the catalytic test. In addition to low metal/support interactions, the high sensibility
of NiO towards coking was also attributed to the fact that NiO was reduced at a lower
temperature (~ 450 °C) than the catalytic test (650 °C), and hence did not take advantage of the
anti-coking effect brought by the phenomenon of “special reduction by toluene”. It was shown
that the sol-gel method developed throughout this work allowed synthesizing very porous and

highly dispersed Ni/y-Al2O; catalysts with high amounts of Ni.

Acknowledgements

V. C. thanks to F.R.S.-F.N.R.S. for his doctoral grant obtained with the “Fonds de

Recherche collective” n® 2.4541.12. S. D. L. is also grateful to F.R.S.-F.N.R.S for her Senior

24



Research Associate position. The authors also acknowledge the Ministére de la Région
Wallonne Direction Générale des Technologies, de la Recherche et de I’Energie (DG06) and

the Fond de Bay for financial supports.

Compliance with ethical standards

Conlflict of interest: The authors declare that they have no conflicts of interest.

Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time as

the data also forms part of an ongoing study.

References

[1]  B.& B. Gershman, Gasification of Non-Recycled Plastics From Municipal Solid Waste

In the United States, GBB report, 2013.

[2] Total, La biomasse, une énergie en plein essor, Recherche. (2011) 85-91.

[3] F.L. Chan, A. Tanksale, Review of recent developments in Ni-based catalysts for
biomass gasification, Renew. Sustain. Energy Rev. 38 (2014) 428-438.

doi:10.1016/j.rser.2014.06.011.

[4] M.Qiu, Y. Li, T. Wang, Q. Zhang, C. Wang, X. Zhang, et al., Upgrading biomass fuel
gas by reforming over Ni-MgO/y-Al1203 cordierite monolithic catalysts in the lab-scale
reactor and pilot-scale multi-tube reformer, Appl. Energy. 90 (2012) 3-10.

doi:10.1016/j.apenergy.2011.01.064.

[5] Z.A.B.Z. Alauddin, P. Lahijani, M. Mohammadi, A.R. Mohamed, Gasification of
lignocellulosic biomass in fluidized beds for renewable energy development: A review,

Renew. Sustain. Energy Rev. 14 (2010) 2852-2862. doi:10.1016/j.rser.2010.07.026.

25



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

I. Narvaez, A. Orio, M.P. Aznar, Biomass Gasification with Air in an Atmospheric
Bubbling Fluidized Bed . Effect of Six Operational Variables on the Quality of,

Ind.Eng.Chem.Res. 35 (1996) 2110-2120.

P.A. Simell, J. Bredenberg, Catalytic purification of tarry fuel gas, Fuel. 69 (1990) 1219—

1225.

M.L. Salvador, J. Arauzo, R. Bilbao, Catalytic Steam Gasification of Pine Sawdust .
Effect of Catalyst Weight / Biomass Flow Rate and Steam / Biomass Ratios on Gas

Production and Composition, Energy and Fuels. (1999) 851-859.

S. Albertazzi, F. Basile, J. Brandin, J. Einvall, C. Hulteberg, M. Sanati, Clean Hydrogen-

rich Synthesis Gas, Chrisgas report, 2004.

S. Anis, Z. a. Zainal, Tar reduction in biomass producer gas via mechanical, catalytic
and thermal methods: A review, Renew. Sustain. Energy Rev. 15 (2011) 2355-2377.

doi:10.1016/j.rser.2011.02.018.

D. Li, Y. Nakagawa, K. Tomishige, Development of Ni-Based Catalysts for Steam
Reforming of Tar Derived from Biomass Pyrolysis, Chinese J. Catal. 33 (2012) 583—

594. doi:10.1016/S1872-2067(11)60359-8.

D. Swierczyr'lski, S. Libs, C. Courson, a. Kiennemann, Steam reforming of tar from a
biomass gasification process over Ni/olivine catalyst using toluene as a model
compound, Appl. Catal. B Environ. 74 (2007) 211-222.

doi:10.1016/j.apcatb.2007.01.017.

J.N. Kuhn, Z. Zhao, A. Senefeld-Naber, L.G. Felix, R.B. Slimane, C.W. Choi, et al., Ni-
olivine catalysts prepared by thermal impregnation: Structure, steam reforming activity,

and stability, Appl. Catal. A Gen. 341 (2008) 43—49. doi:10.1016/j.apcata.2007.12.037.

26



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Z. Zhao, N. Lakshminarayanan, J.N. Kuhn, A. Senefeld-Naber, L.G. Felix, R.B.
Slimane, et al., Optimization of thermally impregnated Ni—olivine catalysts for tar

removal, Appl. Catal. A Gen. 363 (2009) 64—72. doi:10.1016/j.apcata.2009.04.042.

M.M. Yung, W.S. Jablonski, K. a. Magrini-Bair, Review of Catalytic Conditioning of

Biomass-Derived Syngas, Energy & Fuels. 23 (2009) 1874—1887.

T. Nordgreen, V. Nemanova, K. Engvall, K. Sjostrom, Iron-based materials as tar
depletion catalysts in biomass gasification: Dependency on oxygen potential, Fuel. 95

(2012) 71-78. do1:10.1016/5.fuel.2011.06.002.

J. Rostrup-Nielsen, Catalytic Steam Reforming, Catal. Sci. Technol. 5 (1984) 1-117.

doi:doi.org/10.1007/978-3-642-93247-2 1.

I. Chorendorff, J.W. Niemantsverdriet, Concepts o Modern Catalysis and Kinetics, 2003.

doi:10.1002/an1e.200461440.

Z.R. Ismagilov, M.A. Kerzhentsev, V.A. Sazonov, L.T. Tsykoza, N. V Shikina, V. V
Kuznetsov, et al., Study of Catalysts for Catalytic Burners for Fuel Cell Power Plant

Reformers, Korean J.Chem Eng. 20 (2003) 461-467.

S. Wang, CO2 reforming of methane on Ni catalysts: Effects of the support phase and

preparation technique, Appl. Catal. B Environ. 16 (1998) 269-277.

W.-S. Xia, Y.-H. Hou, G. Chang, W.-Z. Weng, G.-B. Han, H.-L. Wan, Partial oxidation
of methane into syngas (H2 + CO) over effective high-dispersed Ni/SiO2 catalysts
synthesized by a sol-gel method, Int. J. Hydrogen Energy. 37 (2012) 8343-8353.

doi:10.1016/j.ijhydene.2012.02.141.

Y. Zhang, G. Xiong, S. Sheng, W. Yang, Deactivation studies over NiO/y-Al203

catalysts for partial oxidation of methane to syngas, Catal. Today. 63 (2000) 517-522.

27



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

L. Zhang, X. Wang, B. Tan, U.S. Ozkan, Effect of preparation method on structural
characteristics and propane steam reforming performance of Ni—Al203 catalysts, J. Mol.

Catal. A Chem. 297 (2009) 26-34. doi:10.1016/j.molcata.2008.09.011.

V. Claude, M. Vilaseca, A.S. Tatton, C. Damblon, S.D. Lambert, Influence of the
Method of Aqueous Synthesis and the Nature of the Silicon Precursor on the
Physicochemical Properties of Porous Alumina, Eur. J. Inorg. Chem. 11 (2016) 1678—

1689. do0i:10.1002/ejic.201501383.

A. Lecloux, Exploitation des isothermes d’adsorption et de désorption d’azote pour
I’étude de la texture des solides poreux, Mémoires Société R. Des Sci. Liege. (1971)

169-209.

S. Lambert, C. Cellier, F. Ferauche, E.M. Gaigneaux, B. Heinrichs, On the structure-
sensitivity of 2-butanol dehydrogenation over CU/Si02 cogelled xerogel catalysts, Catal.

Commun. 8 (2007) 2032-2036. doi:10.1016/j.catcom.2007.04.004.

S. Mani, J.R. Kastner, A. Juneja, Catalytic decomposition of toluene using a biomass
derived  catalyst, = Fuel  Process. Technol. 114 (2013) 118-125.

doi:10.1016/j.fuproc.2013.03.015.

A. Mattos, S. Probst, J. Afonso, M. Schmal, Hydrogenation of 2-Ethyl-hexen-2-al on

Ni/AI203 Catalysts Arthur, J.Braz.Chem.Soc. 15 (2004) 760-766.

C.H. Bartholomew, R.J. Farrauto, Chemistry of nickel-alumina catalysts, J. Catal. 45

(1976) 41-53. doi:10.1016/0021-9517(76)90054-3.

B. Hoffer, a Dickvanlangeveld, J. Janssens, R. Bonne, C. Lok, J. Moulijn, Stability of
highly dispersed Ni/AlO catalysts: Effects of pretreatment, J. Catal. 192 (2000) 432—440.

doi:10.1006/jcat.2000.2867.

28



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

P.K. De Bokx, W.B.A. Wassenberg, J.W. Geus, Interaction of nickel ions with a
$gamma;-Al1203 support during deposition from aqueous solution, J. Catal. 104 (1987)

86-98. doi:10.1016/0021-9517(87)90339-3.

M. Zangouei, A.Z. Moghaddam, M. Arasteh, The influence of nickel loading on
reducibility of NiO/Al203 catalysts synthesized by sol-gel method, Chem. Eng. Res.

Bull. 14 (2010) 97-102. doi:10.3329/cerb.v14i2.5052.

Y. Chen, Conversion of methane and carbon dioxide into synthesis gas over alumina-
supported nickel catalysts . Effect of Ni-A1203 interactions, Catal. Letters. 29 (1994)

39-48.

Z. Hao, Q. Zhu, Z. Jiang, B. Hou, H. Li, Characterization of aerogel Ni/AI203 catalysts
and investigation on their stability for CH4-CO2 reforming in a fluidized bed, Fuel

Process. Technol. 90 (2009) 113—121. doi:10.1016/j.fuproc.2008.08.004.

G. Li, L. Hu, J.M. Hill, Comparison of reducibility and stability of alumina-supported
Ni catalysts prepared by impregnation and co-precipitation, Appl. Catal. A Gen. 301

(2006) 16—24. do1:10.1016/j.apcata.2005.11.013.

E. Baker, L. Mudge, Catalysis in Biomass Gasification, Batelle, 1984.

J.A. Lercher, J.H. Bitter, W. Hally, W. Niessen, K. Seshan, Design of stable catalysts for

methane-carbon dioxide reforming, Stud. Surf. Sci. Catal. 101 (1996) 463—472.

C.P.B. Quitete, R.C.P. Bittencourt, M.M.V.M. Souza, Steam reforming of tar using
toluene as a model compound with nickel catalysts supported on hexaaluminates, Appl.

Catal. A Gen. 478 (2014) 234-240. doi:10.1016/j.apcata.2014.04.019.

C. Karakaya, R. Otterstitter, L. Maier, O. Deutschmann, Kinetics of the water-gas shift

reaction over Rh/Al<inf>2</inf>0 <inf>3</inf> catalysts, Appl. Catal. A Gen. 470

29



[40]

[41]

[42]

[43]

[44]

[45]

(2014) 31-44. doi:10.1016/j.apcata.2013.10.030.

T. Shishido, M. Yamamoto, D. Li, Y. Tian, H. Morioka, M. Honda, et al., Water-gas
shift reaction over Cu/ZnO and Cu/ZnO/AI20 3 catalysts prepared by homogeneous

precipitation, Appl. Catal. A Gen. 303 (2006) 62—-71. doi:10.1016/j.apcata.2006.01.031.

F. Cheng, V. Dupont, M. V Twigg, Temperature-programmed reduction of nickel steam
reforming catalyst with glucose, "Applied Catal. A, Gen. 527 (2016) 1-8.

doi:10.1016/j.apcata.2016.08.013.

F. Cheng, Bio-Compounds as Reducing Agents of Reforming Catalyst and their

Subsequent Steam Reforming Performance, Leeds, 2014.

J. Conradie, J. Gracia, Energetic Driving Force of H Spillover between Rhodium and

Titania Surfaces: A DFT View, (n.d.).

W.C. Conner, J.L. Falconer, Spillover in Heterogeneous Catalysis, (1995).

N.W. Hurst, S.J. Gentry, A. Jones, B.D. Mcnicol, Temperature Programmed Reduction,

Catal. Rev. Sci. Eng. 24 (1982) 233-3009.

30



Table 1: Evolution of the gas composition and catalytic performances of Nil0/Al203 sample tested under different
atmospheres.

Sample Gas composition (vol. %) Catalytic performances
condition CO2 H20 Hz CH4 CO
Conditioni  Blank 16.2 12.8 29.0 11.2 30.8 Cr=51% Coke = 0.10 gcarbon/gcata
Test 15.8 7.3 33.1 10.2 33.6 Ccus=10 % SB=15%
AV -04 -5.5 +4.1 - 1.0 + 2.8
Conditionii  Blank 15.7 14.0 30.0 0.0 31.0 Cr=54% Coke = 0.11 gcarbon/gCata
Test 15.5 7.0 34.0 0.7 343 Ccna=# S8 (%) =10 %
AV -0.2 -7.0 +4.0 +0.7 +3.3
Condition iii ~ Blank 17.6 13.4 29.6 8.0 31.4 Cr=# Coke = 0.04 gcarbon/gCata
Test 18.9 9.9 33.7 6.0 31.5 Ccus=25% SB =#
AV +1.3 -35 +4.1 -2.0 +0.1
Conditioniv  Blank 16.9 12.4 29.7 9.4 31.6 Cr=# Coke = 0.02 gcarbon/gcata
Test 18.3 10.7 30.8 9.1 31.1 Ccua=3 % SB =#
AV +14 - 1.7 + 1.1 -0.3 -0.5
Conditionv ~ Blank 16.2 12.6 30.0 0.0 322 Cr=# Coke <0.01 gcarbon/gcata
Test 18.7 11.0 30.7 <0.1 30.2 Ccua=0 SB =#
AV +2.5 -1.6 +0.7 0.0 -2.0

Test conditions: 650 °C, 300 min, 24.000 ppmv of toluene, GHSV of 5000 h-!; The evolutions of the volume percentages (4V) were established by comparing the average
of the blank measurements before the test and the average of the 10 last values during the test.

Ct: conversion of toluene; Sg: selectivity in benzene; Cchs: conversion of methane; Coke: carbon deposit amount after 5 h of test measured by TG-DSC; #: No value
expected.



Table 2: Theoretical, actual compositions and physico-chemical properties of Ni/y-Al2O3 catalysts.

Sample Al2Os3 content Ni content SBET Vo Vbr Ni particle size
2 3 3
(m*/g) (cm’/g) (cm’/g) Post-}.lz Post-TPR
Reduction
Theo. Exp. Theo. Exp. drEm dxrp drEm dxrp
(wt. %)  (wt. %) (wt. %) (wt. %) (nm) (nm) (nm) (nm)
Nil0/Al,03 90.0 89.5 10.0 10.5 240 0.3 0.08 8+2 9 30+£9 23
Ni20/AL203 80.0 79.7 20.0 20.3 225 0.3 0.08 9+3 10 39+ 12 25
Ni30/A1,03 70.0 68.6 30.0 314 200 0.3 0.07 12+5 12 45 +£28 27
Ni50/AL03 50.0 51.2 50.0 48.2 135 0.2 0.05 177 15 50+ 64 28
Ni10/ALOs-IMP 90.0 91.1 10.0 8.9 210 0.2 0.08 10+3 10 35+ 15 24

Set: specific surface area; Vp: porous volume; Vbr: microporous volume, drem: metallic particles size median measured by TEM; dxrp: metallic nickel crystallites size obtained by
XRD.

Table 3: Ni particles size and catalytic performances of samples prepared by sol-gel or by impregnation methods.

Sample Ni particles size after catalytic test Catalytic performances
drEm dxrp Cr rT Cchs SB Coke Coke* Fil.
(nm) (nm) (%) (mOlTolu/(gNi.h)) (%) (OA)) (gCarbon/ (gCarbon/ carbon
gCata) gTolu)
Nil10/Al,03 11+£3 12 51 6.7 .10 10 15 0.10 3.1.1072 +
Ni10/A1,03-IMP 15+7 14 50 7.6 .10 13 8 0.28 8.9.107 ++

Test conditions: 650 °C, 300 min, 24.000 ppmv of toluene, GHSV of 5000 h-!,

drem: particle size median measured by TEM; dxrp: crystallites size estimation obtained by XRD; Cr: conversion of toluene; r1: reaction rate of toluene reforming; Ss: selectivity in benzene;
Ccna: conversion of methane; Coke: carbon deposit amount after 5 h of test measured by TG-DSC; Coke*: tendency of sample to form carbon deposit; Fil. carbon: filamenteous carbon.



Table 4: Variation of Gibb’s free energy, enthalpy and entropy values for the reduction of bulk NiO with either toluene, CH4, H2, CO or
C as reducing agent.

Equations of reduction AHo23k AS8923K AG923K Eq. n°
(kJ/molnio) (kJ/(molnio.K)) (kJ/molnio)
C7Hg+7NiO > 7Ni+7CO +4 H 140 0.252 -93 )
C7Hg + 18 NiO - 18 Ni+ 7 CO2 + 4 H20 38 0.105 -59 )
CH4+ NiO 2 Ni+2 H, + CO 215 0.331 -90 (10)
CH4+4 NiO 2 4 Ni+ 2 H,0 + CO2 45 0.100 -47 (11)
H> + NiO - Ni + H,0 -6 0.038 -41 (12)
CO +NiO = Ni + CO2 -48 0.003 -51 (13)
C +NiO 2 Ni+ CO 138 0.202 -48 (14)
C+2NiO =2 2Ni+CO2 45 0.095 -43 (15)

AHo3x : enthalpy change at 650 °C ; 4S923: entropy change at 650 °C; 4Go23k: Gibb’s free energy change at 650 °C. The enthalpy and entropy values were determined from the references values
obtained in the website of National Institute of Standards and Technology and by applying the following equations: AHgy3x = AHYgg + Cp * (923 — 298) and ASgy3 = ASYoek + Cp *
In(923/298).

These values are calculated at 650 °C per mol of NiO reduced.
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Table 5: Ni particles sizes and catalytic performances of Ni/y-AL2Os catalysts with different nickel loadings.

Sample Ni particles size Catalytic performances
drem dxrp Cr rT Cchy SB Coke Coke* Fil.
(nm) (nm) (%)  (molrow/(gni.h)) (%) (%) (gCarbon/gCata) (gcCarbon/€Tolt)  carbon
Nil0/ALO; 11+£3 12 51 0.067 10 15 0.10 0.031 No
Ni20/AL,0; 12+8 12 62 0.047 7 5 0.71 0.16 ++
Ni30/ALOs* 18+ 13 14 99 0.290 9 0 1.21 0.20 -+

Ni50/Al,O;  The test was stopped at = 15 min because of too high pressure drop (P = 1 bar).

Test conditions: 650 °C, 300 min, 24.000 ppmv of toluene, GHSV of 5000 h™!.

drem: metallic particles size median measured by TEM; dxrp: metallic crystallites size estimation obtained by XRD. Cr: conversion of toluene, rr: reaction rate of toluene,
Sg: benzene selectivity, Ccus: methane conversion. Coke: carbon deposit amount after 5 h of test measured by TG-DSC, Coke*: tendency of sample to form carbon deposit;
Fil. carbon: filamenteous carbon.

2 The pressure drop increased during the test and reached a stable value of P = 0.3 bar at t = 60 min.
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