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Highlights

¢ Sol-gel Ni/y-Al>Os catalysts were modified with alkali, alkaline earth or rare-earth.
e The sol-gel synthesis is carried out in water medium in soft conditions.
¢ Single doping of support reduces the carbon deposition up to 40%.

e The combination of K and Ca leads to a high toluene conversion (60 %).
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Abstract

In this study, the influence of alkali, alkaline earth or rare-earth dopant (i.e. Ca, K, Mg or
Ce) addition in 10 wt. % Ni/y-Al>O3 catalyst were studied on the material physicochemical
properties and catalytic activity. Twelve doped Ni/y-Al.Oz catalysts were synthesized by sol-
gel process in aqueous medium. One Ni/y-Al2O3 catalyst without dopant was also synthesized
as reference material. The addition of 1.5 wt. % of alkali (i.e. Ca, K or Mg) did not influence
the acido-basicity properties of the catalysts due to low interactions with the support. All

samples doped with 1.5 wt. % of oxide (i.e. Ca, K, Mg or Ce) presented a decrease of benzene
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selectivity up to 73% and a decrease of the amount of carbon deposit up to 40 %. These results
were attributed to a higher degradation of the intermediate compounds of toluene and the
carbonaceous compounds because of a higher amount of H20 and CO, molecules adsorbed on
these oxides. Among the different compositions of Ni/y-Al,O3 catalysts doped with two
different types of oxides (i.e. K+Ca) showed the most interesting performances with an increase
of 20 % in conversion and a decrease of 10 % in carbon deposition. Therefore, it showed that
low-cost elements (as Ca and K) can be added in small amount to increase the catalytic

properties without the need of the expensive ceria element.
1. Introduction

Adapted from old coal gasification technologies developed during the industrial revolution,
the biomass gasification appears nowadays as an interesting and versatile way to take advantage
of different 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 directly used as

combustible or converted into storable and high valuable chemical compounds [1,2].

However, the reactors can have some technical problems, limiting their development [1-4].

The problems are mainly due to the formation of tars that can soot the reactor and the pipes.

In the recent decade, nanomaterials have attracted increasing attention for the development
of functional materials in a large range of applications in catalytic reactions with a large range
of synthesis methods. For examples, different metal oxides can be obtained by thermal
decomposition [5-8] and used in electrochemical or photocatalytic applications. Zeolites
modified with metallic ions can be obtained and used for oxidation reactions [9-12]. Different

semi-conductors catalysts can be synthesized with specific morphologies [13-15].
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For the removing of tars, many works have shown the possibility to use nanocatalysts

eliminating tars via reforming reactions [1,3,16-21].

Depending the catalyst location, different material properties will be required: within the
reactor for primary catalyst or outside the reactor with secondary catalyst. This work focused

on secondary catalytic materials working around 650 °C without mechanical stress.

For tar removal, Ni-based catalysts are often referred as the most efficient materials with a
loading in the range of 15-20 wt. % [1]. The Ni active phase is commonly deposited on various
substrates as Alumina, Zirconia, Zeolites or Olivine. y-Al,Os phase is especially pointed as the
best support for secondary catalyst applications [16,21-24] and many works have tried to

optimize its properties, as acidity/basicity or resistance to sintering, thanks to doping.

In this work, oxide dopants (CaO, MgO, K0, and CeO>) have been investigated to increase
the activity and lifetime of Ni/Al,Oz catalysts. Indeed, these dopants present positive

interactions with the alumina support of the catalysts.

Adding CaO to y-Al.Oz allows keeping a high dispersion of particles [25]. Furthermore,
when the calcination temperature is sufficiently high (T ~ 900 °C) [26], mayenite structure
(Car2Al14033) can. be formed. Mayenite shows a very good anti-coking and anti-sulfur

properties thanks to the presence of “free oxygen” in its structure [27].

In addition to the interesting properties of magnesium (i.e. Ni-MgO interactions, CO>
adsorption), under the adequate calcination temperature (T ~ 800°C) [28,29], the formation of
magnesium aluminate spinel (MgAI,O4) considerably increases the mechanical strength and the

sintering resistance of the catalyst [30].

Among a series of different additives (i.e. Na, K, Mg, Ca, Ba, La, Zr or Ce) deposited on
y-Al>,O3 support, Seok et al. [31] showed that K was the most efficient against coking. This

effect was researched thoroughly by Gélvez et al. [32], who suggested that after calcination at
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T > 650°C, the formation of K.O was possible. Under a syngas atmosphere, KO is immediately

transformed into K,COs3 or KOH, which favor the formation of reactive O” and HO™ species.

Despite its high price, cerium oxide appears to be the most promising support doping
element discovered in the last two decades. Indeed, cerium oxide can easily stock and destock
oxygen, which increases its redox properties and its oxygen lability, thus strongly inhibiting the
surface carbon formation. Wang et al. [33] investigated the dry reforming of methane with Ni
catalysts supported on y-Al203, CeO2, and CeO2/y-Al20Os. The catalytic performances were the
best for the composition Ni/CeO./y-Al>O3, followed by Ni/y-AlO3, and finally Ni/CeO>. The
authors highlighted the fact that adding CeO: to y-Al.Os generates strong metal-support
interactions, resulting in a higher dispersion of Ni nanoparticles and an increased resistance

against sintering.

However, the diverse methods used for the preparation of the catalysts and the numerous
conditions of catalytic tests existing in the literature made the comparison of the influences of
these elements very difficult. Therefore, the main objective of this work is to perform a large
screening in order to highlight some interesting combinations of elements. In this work, the
synthesis method is the same for all the catalysts and consists in the use of the sol-gel process.
This method is known to highly disperse dopants or active sites in another matrix in only one

step [34-37] and aliows soft synthesis conditions [38,39].

In this work, 10 wt. % Ni/y-Al>O3 catalysts were modified with 1.5 wt. % of alkali,
alkaline earth or rare earth (i.e. Mg, Ca, K or Ce) in order to increase their catalytic activity on
the toluene reforming and increase their resistance to coking. Double doping (1.5 wt. % for
each dopant) was also investigated in order to highlight potential synergistic influences. From
the catalytic results of the single-doped samples, Ni/y-Al.O3 catalysts were also modified with
3 wt. % of the most promising oxides (i.e. Ca and K). The influence of the dopants on the

physico-chemical and catalytic properties were studied thanks to a large range of
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characterizations and catalytic experiments at 650 °C for the reforming of 24,000 ppmv of

toluene.
2. Materials and Methods
2.1. Catalyst synthesis

Aluminum nitrate nonahydrate (AI(NOz3)3.9H,0, ACS reagent, > 98 %, Sigma-Aldrich),
NH4OH solution (28 % NHs in H20, > 99.99 % trace metals basis, Sigma-Aldrich), Nickel
nitrate hexahydrate (Ni(NO3)2.6H20, 99.999 % trace metals basis, Sigma-Aldrich), Calcium
nitrate tetrahydrate (Ca(NOs3)2:4H.O, > 99.0 %, Sigma-Aldrich ), Magnesium nitrate
hexahydrate (Mg(NO3)2-6H20, ACS reagent, 99 %), Potassium nitrate (KNOs3, ReagentPlus®,
> 99.0 %, Sigma-Aldrich), Cerium(l11) nitrate hexahydrate (Ce(NO3z)3-6H20, 99.999 % trace

metals basis, Sigma-Aldrich) and distilled water are used as starting materials.

The catalysts were prepared according to the sol-gel aqueous method used in [40-42].
The alumina hydroxide sol was produced and washed twice with water. Ni(NO3). was added,
followed by the addition of dopants. Doping was performed with the corresponding nitrate salts
(with Ca, Ce, Mg or K nitrates). After salt additions, the sol was stirred for 30 min and dried
for 24 h at 85 °C under 700 mbar, then for 24 h at 110 °C under 900 mbar. Finally, the dried

samples were calcined under air for 5 h at 550 °C with a heating rate of 2 °C/min.

Simple doped catalysts were composed of y-Al2Os, with 10 wt. % of Ni, and 1.5 wt. % of

elements which were in the form of oxide (i.e. Ca, Ce, K, Mg).

Doping with 3 wt. % of the best oxides (i.e. Ca, K) and double doping (1.5 wt. % of two

different oxides) were also synthesized.
The amount of reagents were denoted in Supplementary Materials in Table S1.

2.2. Characterization
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Sample compositions were determined by inductively coupled plasma—atomic emission

spectroscopy (ICP—AES), equipped with an ICAP 6500 THERMO Scientific device [41,42].

Textural properties were evaluated thanks to nitrogen adsorption-desorption isotherms
which are measured at -196 °C on a Micromeretics ASAP 2010 instrument [41,42]. The
microporous volume, Vpr, was calculated by the Dubinin-Raduskevitch theory. The pore size

distributions was determined by the Broekhoff de Boer method (BdB) [42,43].

The crystallinity of the samples were measured by X-ray diffraction with a diffractometer
Siemens D5000 (Cu-K,, radiation) between 30° and 80° (26) with a step time of 18 s and a step
size of 0.04 s [41,42]. The alumina and Ni© crystallites sizes were calculated by using the
Scherrer equation centered on the (4 0 0) ray (26 = 67.0°) and on the (2 0 0) ray (20 = 51.83°)
respectively [41,42]. The same calculation was performed on all other characteristic peaks of

Ni and alumina, no difference was observed.

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 with the TEM

software [41,42].

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) [41,42]. Then, a hydrogen flux was sent 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) [41,42]. 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 the metallic species

(i.e. Ni) present in the samples [41,42].
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The surface acidity measurements were obtained on a Temperature Programmed
Desorption (TPD) performed on an AutoChem 11 2920 instrument from Micromeretics. The
measurements were performed according to the following steps: first, the samples were heated
from 25 °C to 600 °C with a heating rate of 10 °C/min and under an air flow of 50 mL/min.
These conditions were maintained for 1 h at 600 °C. Then, the samples were purged with a He
flow of 50 mL/min and the heating was stopped until the temperature reached 100 °C. At 100
°C, an ammonia gas mixture (5 % vol. NH3/95 %vol. He) was injected with a flow-rate of 50
mL/min during 1 h. Thereafter, the sample was purged once more with 50 mL/min of He for
30 min. Finally, a slow heating rate was applied (2 °C/min, 100-600 °C) under He (50 mL/min).
The TPD-NHs3 curves were determined from this last operating step. The amount of ammonia
by gram of catalysts (Vnn3, mmolnna/g) desorbed during the TPD-NHs; measurements were
determined by comparing the area under the peaks with a calibration performed on the

instrument.

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 [41,42]. Samples are heated from 25 to 800 °C with a heating rate of 2

°C/min under air (20 mL./min).
2.3. Catalytic experiments

The samples are tested at 650 °C, for 300 min, with a standard procedure described in
[40,42,44], with a toluene concentration of 24,000 ppmv and a gas mixture of 31.5 %vol. H,
31.5 %vol. CO, 15.2 %vol. CO», 11 %vol. H20, and 10 %vol. CHa. The mass of the catalyst is
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 s) [41,42].
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All the equations to calculate the toluene conversion (Ct), the benzene selectivity (Sg),
the methane conversion, (Ccha), the consumption rate of toluene, (rr) and the coke tendency

(Coke*) are fully detailed in [41,42].
3. Results and Discussion

3.1 Catalysts doped with 1.5 wt. % of oxide
3.1.1. Composition and textural properties
Table 1 shows the composition and textural properties of 10 wt. % Ni/y-Al.Oz catalysts
prepared with 1.5 wt. % of oxide. The theoretical and actual loadings were similar for all
samples. All the samples were micro- and mesoporous with Sger, Vp and Vpr values similar for
all the samples (an example of isotherm is presented in Figure S1 for 10Ni-Cal.5 sample in the
Supplementary Materials). It seems that, at these loadings, the element doping had no visible
influence on the textural properties of the samples. Consequently, it was assumed that the

differences in catalytic performances exhibited were only attributed to the different dopants.

3.1.2. TPR and NHz-TPD measurements of Ni/y-Al,O3 catalysts doped with 1.5 wt.

%o of oxide

Figure 1 shows the TPR profile of 10 wt. % Ni/y-Al,Os catalysts doped with 1.5 wt. % of
oxide. The metallic nickel particle sizes obtained by TEM and XRD measurements (Figure 2
and 3) after TPR measurements are presented in Table 2. The TPR profiles of samples 10Ni-
1.5Ca and 10Ni-1.5K (Figure 1) showed a peak with low intensity located around 500 °C, which
could be attributed to nickel oxide with low interactions with the alumina support. Indeed, in
previous studies [45], it was shown that the strong affinity of CaO or KO with Al,O3 can
partially decrease the interactions between Ni and y-Al,Os. However, the main reduction peak

of Ni stayed at the same temperature (around 850 °C) compared to sample 10Ni.
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For sample 10Ni-1.5Mg (Figure 1), the addition of magnesium shifted the reduction step
of Ni towards higher temperatures (47 = + 75 °C) compared to sample 10Ni. This influence of
MgO on the nickel reduction has been well established in the literature [30,46,47]. According
to Wang et al. [23], “because MgO has a lattice parameter and bond distance close to those of
NiO, MgO and NiO can form a solid solution resulting in its lowered reducibility”. However,
contrary to the results seen in some previous studies [46,48], sample 10Ni-1.5Mg did not show
smaller metallic nickel particles after TPR (dxrp = 25 nm and drem = 34 nm) compared to other

samples (Table 2).

Sample 10Ni-1.5Ce presented a TPR profile (Figure 1) with a broad peak of low intensity
located between 450 °C and 700 °C, which was attributed to the CeO>—Ce>03 reduction step
[49,50]. The main reduction peak of Ni was shifted towards higher temperatures (47 = + 65 °C)
compared to sample 10Ni. Despite the fact that the interactions between Ni and CeOyx were
strong, the consequence of CeO2 on the reducibility of Ni supported on y-Al,O3 varies among
the publications. Some authors found that the addition of cerium decreased the temperature
needed for the reduction of Ni [33,51]. This was attributed to Ni-CeOy interactions, which might
prevent the formation of NiAl,Os spinel, a difficult phase to reduce. In contrary, Liu et al. [50]
found that the addition of Ce made the reduction of Ni oxides more difficult. The author
attributed the delay of the reduction to the presence of CeOx species on the surface of Ni. In
this work, whereas the addition of CeO> apparently allowed a decrease in the sintering rate of
the Ni© particles [33,50,52], sample 10Ni-1.5Ce presented larger metallic particle sizes after
TPR (dxrpo = 28 nm and dtem = 44 nm) compared to the other samples (Table 2). This could be

a consequence of the interactions of Ni-CeOyas above [33,51].

Figure 2 presents TEM micrographs for the four samples doped with 1.5 wt. % of oxide
after TPR measurements. All samples had similar aspects (highly dispersed Ni metallic

nanoparticles into alumina matrix) with variation in the Ni nanoparticles size only (Table 2).
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Concerning the XRD, all samples are represented on Figure 3. They presented similar
patterns with peaks of Ni and »~Al>Os. No shift in peak position is observed. The Ni crystallite

size was in the same range for all samples doped with 1.5 wt. % of oxide (i.e. 23 to 28 nm).

NH3-TPD measurements (Figure 4) and their corresponding volumes of NH3 desorbed
(Table 2) led to very close results for all samples doped with 1.5 wt. % of oxide. The presence
of similar acido-basicity properties was attributed to the low amount of alkali and to the
relatively low calcination temperature (550 °C), which was insufficient to enable the formation
of strong interactions between the alkali and the y-Al.O3 support during the preparation of

catalysts [53-55].
3.1.3. Catalytic performances of Ni/y-Al,O3 catalysts doped with 1.5 wt. % of oxide

The catalytic performances of all samples doped with 1.5 wt. % of oxide were measured.
Figures 5a and 5b show the toluene conversion, Cr, as a function of time and the toluene
reforming rate, rr, as a function of the amount of carbon deposit. Figures 5¢ and 5d show the
benzene selectivity, Sg, and the methane conversion, Ccns. Figure 6 shows the DSC curves
under air performed on samples after catalytic tests. The metallic particle sizes, the type of
metallic phase present after tests as well as the catalytic performances of the samples are

resumed in Table 3.

The materials doped with an alkali (i.e. samples 10Ni-1.5Ca, 10Ni-1.5Mg, and 10Ni-
1.5K) showed much lower Sg values (4-9 %, instead of 15 % for sample 10Ni) and lower
amounts of carbon deposit after test (Coke of 0.06-0.08 gcarbon/gcata, instead of 0.10 gcarbon/Jcata
for sample 10Ni) (Table 3). Furthermore, samples 10Ni-1.5Ca and 10Ni-1.5K did not show any
filamentous carbon after the catalytic test because only one large peak located between 350 °C
and 550 °C, characteristic of amorphous carbon combustion, is present on DSC curves (Figure

6). Taking into account that the TPD-NH3 measurements (Figure 4 and Table 2) revealed that

11
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the alkali addition did not have a strong influence on the acidity of the alumina supports, it was
assumed that the better anti-coking properties showed by the alkali-doped samples were mostly
due to their better ability to adsorb and dissociate the HO and CO. molecules [56]. In this way,
the higher presence of oxidative species (O and HO") favored the gasification of the
carbonaceous compounds produced during the cracking of the toluene and prevented these
molecules to react with each other and to form stable filamentous carbon [3,57,58].

Figures 5a and 5b revealed that sample 10Ni-1.5Mg presented a very low Cr value at the
beginning of the catalytic test and that a longer period was required to activate this sample
during the test. Furthermore, this sample showed low Cr values throughout the whole duration
of the test (at 300 min for sample 10Ni-1.5Mg, Ct= 31 %, whereas Ct =51 % for sample 10Ni).
Hence, in that case, too strong NiO-MgO interactions (see TPR curves, Figure 1) were
detrimental for the catalytic activity. Moreover, the formation of filamentous carbon and lowest
reaction rate were observed. It was supposed that the active phase was not well adapted for the
reaction and as the reaction was slower, more intermediate product as benzene were formed.

Sample 10Ni-1.5Ca showed slightly lower Ct and Ccha values (Table 3) compared to
sample 10Ni. It was assumed that these lower conversion values were caused by the covering
of the Ni© particles by CaO. Indeed, during catalytic tests, alkali oxides could migrate and
cover the surface of the Ni© particles. This covering could have beneficial influences because
it favors the adsorption-dissociation of H.O and CO, molecules, and therefore increases the
direct oxidation of the carbonaceous species cracked [24,59-61]. However, for the steam and
dry reforming of CHa, the presence of alkali at the surface of Ni® could also block the access
to some active sites and slightly decrease the catalytic activity of the materials. This effect
depended on different parameters such as the synthesis method [62,63] or the amount of alkali
doping [64]. Furthermore, the alkali element could modify the electronic environment of the Ni

atoms and hence increase the energetic barrier needed for the CH4 dissociation [24,65].

12
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Despite a very slight decrease in the Cchs value (Table 3), the addition of potassium
presented beneficial influences on the catalytic performances of sample 10Ni-1.5K compared
to sample 10Ni: lower Sg value (4 %), higher rr value (7.2 .10 molro/(gni.h)), and low amount
of carbon deposit after test (Coke = 0.08 gcarbon/Qcata) (Table 3). No clear explanation was found
in the literature to explain the differences in activities between K and Ca doped materials. An
explanation of these differences could be the higher lability of K* ions compared to Ca?* ions,
as a consequence of higher rates of adsorption-dissociation of H,O and CO2 molecules for
sample 10Ni-1.5K.

Despite the fact that the addition of cerium in the composition of reforming catalysts is
more and more encouraged in the literature [17,66-68], sample 10Ni-1.5Ce did not show
exceptional performances. Indeed, sample 10Ni-1.5Ce showed similar catalytic activity and
similar coking values as reference sample 10Ni (Table 3). The low influences of the Ce doping
could be attributed to inadequate interactions between the y-Al,O3 support and the Ce oxide
species. Indeed, in contrary to the present aqueous sol-gel synthesis used, in most previous
studies, the supports were prepared by the doping of commercial y-Al.O3 support with Ce by
incipient wetness methods [22,33,69,70]. In these studies, the calcination temperature varied
from 450 °C to 1200 °C. This strong influence of the preparation method on the properties of
Ni/CeO2/Al;O3 catalysts was notably highlighted by Tomishige et al. [71], who showed that
catalysts prepared by co-impregnation method exhibited much higher performances than the
same materials prepared by sequential impregnation. In the present case, it was assumed that
the calcination temperature was not high enough to create sufficient interactions between the
Ce oxide species and alumina, and to form the anti-coking AlCeOx phases.

3.2. Catalysts doped with two oxides

10 wt. % Ni/y-Al>O3 catalysts doped with 1.5 wt. % of one oxide and 1.5 wt. % of a second

oxide (i.e. Oxide = Ce, Ca, Mg or K) were synthesized, characterized, and tested for the

13
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reforming of 24,000 ppmv of toluene at 650 °C. Figure 7a gives an overview of the reforming
rate of toluene, rr, as a function of the amount of carbon deposit after test for all samples.
Figures 7b and 7c give an overview of the benzene selectivity, Sg, and methane conversion,

Ccha, for all catalysts doped with two oxides.

It appeared that samples 10Ni-1.5Ca-1.5K and 10Ni-1.5Ce-1.5K showed the best
catalytic performances. Hence, the properties and catalytic performances of both best catalysts

are presented in the following parts.

3.2.1. Composition, crystallinity, particle size and reducibility of samples doped with

Ca+K or Ce+K

For samples 10Ni-1.5Ca-1.5K and 10Ni-1.5Ce-1.5K, the theoretical and actual

compositions are similar (Table 1).

Figure 8 shows the TPR profiles of samples 10Ni-1.5Ca-1.5K and 10Ni-1.5Ce-1.5K. For
a better comparison, the curves of samples 10Ni-1.5Ca, 10Ni-1.5K, 10Ni-1.5Ce, and 10Ni were
also added in Figure 8. Similariy, as for samples 10Ni-1.5Ca and 10Ni-1.5K, sample 10Ni-
1.5Ca-1.5K showed a small and broad peak located between 450 °C and 625 °C, attributed to
the presence of Ca and K which reduce the interactions between Ni and y-Al.Oz [45,72].
Furthermore, sample 10Ni-1.5Ca-1.5K did not show a shift of the Ni reduction peak. For sample
10Ni-1.5Ce-1.5K, as for sample 10Ni-1.5K, a peak of very low intensity was also observed
between 400 °C and 600 °C (Figure 8). Furthermore, the peak of Ni reduction at 850 °C was
broadened and shifted towards higher temperatures, which highlighted the presence of strong

Ni-CeOy interactions.

Samples 10Ni-1.5Ca-1.5K and 10Ni-1.5Ce-1.5K presented similar Ni particle sizes
measured after TPR measurements (Table 2), their XRD patterns were similar to those of Figure

3. It was also observed that sample 10Ni-1.5Ce-1.5K present lower Ni particle sizes (drem = 33

14
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nm and dxrp = 25 nm, TEM on Figure 2e) compared to sample 10Ni-1.5Ce (drem = 44 nm and

dxrp = 28 nm, TEM on Figure 2d) (Table 2).
3.2.2. Catalytic performances of samples doped with Ca+K or Ce+K

Figure 9 shows the toluene conversion, Cr, as a function of time and the toluene reforming
rate, rr, as a function of the amount of carbon deposit for samples 10Ni-1.5Ca-1.5K, 10Ni-
1.5Ce-1.5K, the single doped catalysts (i.e. samples 10Ni-1.5Ce, 10Ni-1.5Ca, and 10Ni-1.5K),
and reference 10Ni. Figure 10 shows the DSC curves under air realized after catalytic tests. The

Ni© particle sizes and the catalytic performances of the samples are shown in Table 3.

In Figure 9 and Table 3, sample 10Ni-1.5Ca-1.5K evidenced that under these conditions
of catalytic test, the combination of Ca and K led to a catalyst that showed a slightly higher
amount of carbon deposit (Coke = 0.09 gcamon/gca), but a higher rr value (8.6 .107
molroi/(gni-h)) compared to samples 10Ni-1.5Ca and 10Ni-1.5K. A synergistic effect between
Ca and K could increase the adsorption-dissociation of H.O and CO. molecules [58,73].
Furthermore, the better catalytic activity observed for sample 10Ni-1.5Ca-1.5K could also be
attributed to the increase of reducibility of the nickel oxide caused by the presence of alkali
(Figure 8). Finally, as for samples 10Ni-1.5Ca and 10Ni-1.5K, the carbon deposit of sample

10Ni-1.5Ca-1.5K was only constituted of amorphous carbon.

Though the association of Ce and K did not show the expected anti-coking effect, sample
10Ni-1.5Ce-1.5K showed a higher catalytic activity compared to samples 10Ni-1.5Ce and
10Ni-1.5K. Indeed, in Figure 9 and Table 3, sample 10Ni-1.5Ce-1.5K showed the highest rr
value of all the samples of this study (1.1 .10 molrau/(gni.h)) for an acceptable amount of

carbon deposit (Coke = 0.11 gcarbon/Jcata).

3.3. Influences of oxide dopant loading
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In view of the results obtained in the upper parts of this study, it was decided to study 10
wt. % Ni/y-Al>Os catalysts doped with a higher loading (i.e. 3 wt. %) of Ca or K. Table 1 shows

that the theoretical and actual compositions of these samples are very similar.

3.3.1. Crystallinity, particle size and reducibility of samples doped with 3 wt. % of

CaorK

Figure 11 shows the TPR profiles of the samples doped with different loadings of Ca or
K. The metallic nickel particle sizes after TPR measurements determined by TEM and XRD
analyses are presented in Table 2, the TEM picture for sample 10Ni-3K is presented on Figure
2f. The XRD patterns were identical to the corresponding sample doped with 1.5 wt. % (Figure

3).

Like sample 10Ni-1.5Ca, sample 10Ni-3Ca showed a small peak of H> consumption
located at about 500 °C (Figure 11). However, the higher doping of Ca shifted the main peak
of Ni reduction towards higher temperatures (47= + 70°C). Indeed, when added in important
amounts, CaO can cover the NiO particles and therefore decrease their reducibility [64]. After
TPR measurements, sample 10Ni-3Ca presented similar metallic Ni particle sizes compared to

sample 10Ni-1.5Ca (Table 2).

The TPR profile of sample 10Ni-3K also presented a small H> consumption peak located
around 500 °C. Similarly to sample doped with Ca, the addition of 3 wt. % of K led to a shift
of the Ni reduction peak towards higher temperatures (47= + 75 °C) (Figure 11), probably for
the same reason explained for sample 10Ni-3Ca. Sample 10Ni-3K presented similar metallic
Ni particles size compared to sample 10Ni-3Ca after TPR measurements (Table 2). No
difference in TEM picture was observed with higher loading (Figure 2), only the Ni particle

size could vary a little bit between samples.

3.3.2. Catalytic experiments on samples doped with 3 wt. % of Ca or K
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Figure 12 shows the toluene conversion, Cr, as a function of time and the toluene
reforming rate, rr, as a function of carbon deposit for the samples prepared with different
loadings of Ca or K. Figure 13 shows the DSC curves under air performed on samples after
catalytic tests. The metallic Ni particle sizes after test determined by TEM and XRD

measurements, as well as the catalytic performances are listed in Table 3.

Sample 10Ni-3Ca presented a lower rr value (3.9 .10 molro/(gni.h)) and a lower Ccha
value (3 %) compared to sample 10Ni-1.5Ca (Table 3). These lower catalytic activity values
were attributed to the lower reducibility of nickel in sample 10Ni-3Ca (see TPR in Figure 11)
and probably also to the blockage of Ni©® active sites by the large amount of CaO present in the
sample. Despite a lower catalytic activity, sample 10Ni-3Ca presented the same amount of
carbon deposit as sample 10Ni-1.5Ca (0.07 gcarbon/Qcaa). Furthermore, whereas sample 10Ni-
1.5Ca presented carbon deposit only constituted of amorphous carbon, the increase of the
loading of Ca up to 3 wt. % led to the formation of filamentous carbon because a peak around
590 °C, characteristic of combustion of structured carbon, is present in Figure 13. In this way,
whereas after TPR measurements, samples 10Ni-1.5Ca and 10Ni-3Ca presented similar Ni
particle sizes (Table 2), after catalytic test, sample 10Ni-3Ca presented in contrary larger Ni
particles (dxrp = 19 nm and drem = 15 nm) with a broad size distribution (etem= 17 nm) (Table
3). This presence of larger Ni particles could explain the growth of filamentous carbon. Indeed,
it has been shown in previous studies that the alkali improves the sintering rate of Ni particles
because the higher loading of Ca increases the formation of more mobile Ca(OH), and CaCO3

species during the catalytic test [24,74-76].

Sample 10Ni-3K also presented lower rr and Ccha Values. The reason was attributed to a
large covering of the Ni©® particles by K,O [62,65,77]. However, in this study, the catalytic
activity was only very slightly decreased, whereas in previous studies concerning methane

reforming, the catalytic activity was strongly decreased because of the presence of K [78]. It
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was assumed that the high covering of the metallic Ni particle by K>O allowed in contrary to
efficiently prevent the catalyst from the formation of carbon deposit (Coke = 0.02 gcarbon/Qcata).
As for sample 10Ni-3Ca, sample 10Ni-3K was more sensitive towards sintering during the
catalytic test (dxro = 17 nm, drem= 13 nm, and otem = 14 nm, Table 3), due to a higher loading
of K. However, no filamentous carbon was observed after the test for 10Ni-3K probably due to

the anti-coking ability of K (Figure 13).

Hence, catalysts with a higher loading of alkali (i.e. Ca or K) presented lower catalytic
activity and metallic nickel particles are more inclined to sinter. However, the good anti-coking
performance of KO countered the drawbacks caused by the presence of larger Ni particles and

allowed keeping a sample almost free of carbon after 5 h of catalytic test at 650 °C.
4. Conclusions

In this study, the physico-chemical properties and catalytic activity of 10 wt. % Ni/y-
Al>O3 catalyst doped with different oxides were studied. Twelve doped Ni/y-Al>Os3 catalysts
were synthesized by sol-gel process. One Ni/y-AlOs catalyst without dopant was also

synthesized as reference material.

NHs-TPD measurements highlighted that the addition of 1.5 wt. % of alkali (i.e. Ca, K or
Mg) did not influence the acido-basicity properties of 10 wt. % Ni/y-Al,Os catalysts. It was
assumed that no sufficient interactions were formed between the oxides and the alumina support

during the preparation of the catalysts.

All samples doped with 1.5 wt. % of oxide (i.e. Ca, K, Mg or Ce) presented a decrease of
benzene selectivity and of the amount of carbon deposit. These results were attributed to a better
degradation of the intermediate compounds of toluene and of the carbonaceous compounds
because of a higher amount of H>O and CO, molecules adsorbed on these oxides. The addition

of Mg led to strong Ni/MgO interactions that decreased the catalytic activity of the catalyst at
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650 °C and increased the filamentous carbon formation. The catalyst doped with 1.5 wt. % of
Ce did not show the remarkable anti-coking properties that were expected in literature at 650
°C. This was attributed to the synthesis method by sol-gel process, whose calcination
temperature was believed to be insufficient to form AlCeOy phase. The addition of 1.5 wt. %
of Ca led to a slightly lower catalytic activity at 650 °C, but to a better resistance against coking.
However, when the loading of Ca increased up to 3 wt. %, the sample showed a harder Ni
reducibility, which led to a lower catalytic activity during the catalytic test at 650 °C.
Furthermore, because of this large amount of Ca, the sintering of the Ni® particles was favored
during the catalytic test, which resulted in an increase of the formation of filamentous carbon.
Potassium appeared to be the most interesting alkali dopant. Indeed, the catalyst doped with 1.5
wt. % of K showed a very good toluene reforming activity (around 55 % of toluene conversion)
associated to a low amount of carbon deposit. At higher doping (i.e. 3 wt. %), the sample
showed a slight decrease of its catalytic activity and a low methane conversion during the
catalytic test at 650 °C. Once more, this was attributed to the covering of the Ni© particles by
K20. The high amount of alkali increased the sintering of the Ni® particles and led to the
formation of large metallic particles with a broad size distribution. However, despite the
presence of large Ni© particles, the sample doped with 3 wt. % of K showed almost no carbon

deposit after the catalytic test at 650 °C.

Among the different compositions of Ni/y-Al.Oz catalysts doped with different types of
oxides, the catalysts doped either with K+Ce, or K+Ca showed the most interesting
performances. At 650 °C, the sample doped with K+Ce showed the highest toluene reforming
rate among all catalysts of this study (with a toluene conversion of 70 %). However, it was
assumed that at these temperatures, the gasification rates of the carbonaceous compounds were
insufficient to balance the high rate of toluene cracking, which resulted in large amounts of

carbon deposits. In contrary, the sample doped with K+Ca showed interesting toluene and
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methane conversions, associated to a relatively low amount of carbon deposit exclusively
formed of amorphous type. Furthermore, in spite of its high loading of alkali, this catalyst still
presented small Ni© particles around 10 nm with a narrow size distribution. Therefore, it was
shown that catalysts with very interesting catalytic activity and good anti-coking performances
can be obtained only thanks to the combination of classic alkali dopant (i.e. Ca and K) and

without the use of the expensive ceria element.
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Table 1: Theoretical, actual compositions, and textural properties of 10 wt. % Ni/y-Al,O3 catalysts doped with oxide.

Sample Theoretical composition Actual composition SgeT Vp VbR

(wt. %) (wt. %) (m’lg)  (cm’fg)  (cm®g)

+0.1 +0.1 15 +0.1 +0.01
10Ni 90.0 Al203/10.0 Ni 89.5 Al203/ 10.5 Ni 240 0.3 0.08
10Ni-1.5Ca 88.5 Al:03/ 10.0 Ni/ 1.5 Ca 87.5 AlO3/ 11.1 Ni/ 1.5 Ca 240 0.3 0.08
10Ni-1.5K 88.5 Al203/10.0 Ni/ 1.5 K 88.0 Al203/10.4 Ni/ 1.6 K 235 0.3 0.08
10Ni-1.5Mg 88.5 Al203/10.0 Ni/ 1.5 Mg 87.9 Al,03/ 10.8 Ni/ 1.3 Mg 230 0.3 0.08
10Ni-1.5Ce 88.5 Al203/10.0 Ni/ 1.5 Ce 87.7 Al20s/ 10.6 Ni/ 1.7 Ce 245 0.3 0.08
10Ni-1.5Ca-1.5K 87.0 Al03/10.0Ni/1.5Ca/ 15K 85.8 Al;0O3/11.0Ni/15Ca/17K 255 0.3 0.08
10Ni-1.5Ce-1.5K 87.0 Al03/10.0Ni/1.5Ce /15K 85.5 Al03/11.1Ni/1.7Ce /17K 245 0.3 0.08
10Ni-3Ca 87.0 Al203/10.0 Ni/ 3.0 Ca 86.8 Al203/10.0 Ni/ 3.2 Ca 240 0.3 0.08
10Ni-3K 87.0 AlO3/10.0Ni/3.0K 85.7 Al,O3/ 10.9Ni/34 K 240 0.3 0.08

Seer: specific surface area determined from nitrogen adsorption-desorption isotherms and using the Brunauer-Emmet-Teller theory; Vp: porous volume determined from nitrogen adsorption-
desorption isotherms at saturation pressure; Vpr: microporous volume determined from Dubinin-Raduskevitch theory.

Table 2: Ni particle sizes after TPR measurements and total acidity for 10 wt. % Ni/y-Al,Os catalysts doped with oxide.

Sample drem (nm) OTEM dxro Weak acid sites Strong acid sites Total acidity
(nm) (nm) (mmolnwa/g) (mmolnna/g) (mmolnna/g)
+1 +0.01 +0.01 +0.01
10Ni 30 9 23 0.27 0.20 0.47
10Ni-1.5Ca 36 10 26 0.27 0.23 0.50
10Ni-1.5K 38 11 27 0.31 0.19 0.50
10Ni-1.5Mg 34 11 25 0.23 0.24 0.47
10Ni-1.5Ce 44 12 28 - - -
10Ni-1.5Ca-1.5K 33 11 27 - - -
10Ni-1.5Ce-1.5K 33 10 25 - - -
10Ni-3Ca 35 11 26 - - -
10Ni-3K 37 10 27 - - -

drem: metallic particle size median measured with TEM; orem : standard deviation associated to the metallic particle measured with TEM; dxro : metallic crystallite size estimation obtained by
XRD
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Table 3: Ni particle sizes after catalytic tests and catalytic performances for 10 wt. % Ni/y-Al.Oz catalysts doped with oxide. Test
conditions: T = 650 °C, t = 300 min, 24,000 ppmv of toluene, GHSV = 5000 h%.

Sample Ni particles sizes Catalytic performances
drem OTEM dxrp Cr rr CeHa Sg Coke Fil.
(nm) (nm) (nm) (%) (moloiu/(gni.h)) (%) (%) (9carbon/gcaa)  carbon
+1 +1 +0.1.107 +1 *1 +0.01

10Ni 11 3 12 51 6.7 .107 10 15 0.10 No
10Ni-1.5Ca 11 5 10 42 4.9 .10 9 6 0.07 No
10Ni-1.5K 12 4 12 55 7.2.10% 9 4 0.08 No

10Ni-1.5Mg 11 7 12 31 3.3.102 8 9 0.06 +

10Ni-1.5Ce 8 2 12 50 6.4.10% 11 7 0.11 +
10Ni-1.5Ca-1.5K 10 9 12 61 8.6.107 11 4 0.09 No
10Ni-1.5Ce-1.5K 9 3 11 70 1.1.10% 10 4 0.11 No

10Ni-3Ca 15 17 19 33 3.9.107 3 7 0.07 +
10Ni-3K 14 13 17 48 6.1.107 7 6 0.02 No

drem: metallic particle size median measured with TEM; oTem : standard deviation associated to the metallic particle measured with TEM; dxro: metallic crystallite size estimation obtained by
XRD; Cr: conversion of toluene; rr: reaction rate of toluene; Sg: selectivity in benzene, Cena: conversion of methane; Coke: carbon deposit amount after 5 h of test measured by TG-DSC.
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Figure 1: H2-TPR curves for 10 wt. % Ni/y-Al2Os catalysts doped with 1.5 wt. % of oxide: (x) 10Ni, (l) 10Ni-1.5Ca, (#) 10Ni-1.5Mg, (A ) 10Ni-
1.5K, and (e) 10Ni-1.5Ce.
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Figure 2: TEM observations after TPR measurements of Ni/y-Al.O3 catalysts: (a) 10Ni-1.5Ca, (b) 10Ni-1.5Mg, (c) 10Ni-1.5K, (d) 10Ni-1.5Ce,
(e) 10Ni-1.5Ce-1.5K and (f) 10Ni-3K.
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Figure 3: XRD diffractograms after TPR measurements for 10 wt. % Ni/y-Al>O3 catalysts doped with 1.5 wt. % of oxide: (x) 10Ni, (H) 10Ni-
1.5Ca, (¢) 10Ni-1.5Mg, (A) 10Ni-1.5K, and (e) 10Ni-1.5Ce.
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Figure 4: NHs-TPD curves for 10 wt. % Ni/y-AlOs catalysts doped with 1.5 wt. % of alkali: (x) 10Ni, () 10Ni-1.5Ca, (¢) 10Ni-1.5Mg, and (A)
10Ni-1.5K.
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Figure 5: (a) Toluene conversion as a function of time; (b) toluene reforming rate as a function of carbon deposit amount; (c) benzene selectivity
and (d) methane conversion diagrams for 10 wt. % Ni/y-Al.Os catalysts doped with 1.5 wt. % of oxide.
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Figure 6: Post-test DSC curves for 10 wt. % Ni/y-Al2Oz catalysts doped with 1.5 wt. % of oxide: (x) 10Ni, (H) 10Ni-1.5Ca, () 10Ni-1.5Mg, (A)
10Ni-1.5K, and (e) 10Ni-1.5Ce.
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Figure 7: (a) Toluene reforming rate as a function of carbon deposit; (b) benzene selectivity, and (c) methane conversion diagrams for 10 wt. %
Ni/y-Al.03 catalysts doped with 1.5 wt. % of two different oxides.
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Figure 8: TPR profiles of samples doped with 1.5 wt. % of oxide or with two oxides: (x) 10Ni, () 10Ni-1.5Ca, (A) 10Ni-1.5K, (e) 10Ni-1.5Ce,
(*) 10Ni-1.5Ca-1.5K, and (+) 10Ni-1.5Ce-1.5K.
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Figure 9: (a) Toluene conversion as a function of time and (b) toluene reforming rate as a function of carbon deposit amount for samples 10Ni-
1.5Ca-1.5K, 10Ni-1.5Ce-1.5K, 10Ni-1.5Ca, 10Ni-1.5K, 10Ni-1.5Ce, and 10Ni.
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Figure 10: Post-test DSC curves for double oxides doped catalysts; (%) 10Ni, (&) 10Ni-1.5Ca-1.5K, and (&) 10Ni-1.5Ce-1.5K.
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Figure 11: TPR profiles for 10 wt. % Ni/y-Al2Os catalysts doped with different loadings of (a) Ca: (x) 10Ni; (M) 10Ni-1.5Ca; (#) 10Ni-3Ca; and
(b) K: (%) 10Ni; (A) 10Ni-1.5K; and (e) 10Ni-3K.
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Figure 12: (a) Toluene conversion as a function of time and (b) toluene reforming rate as a function of carbon deposit amount for 10 wt. % Ni/y-
Al>Os catalysts doped with different loadings of Ca or K.
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Figure 13: Post-test DSC curves for 10 wt. % Ni/y-Al.O3 catalysts doped with different loadings of Ca or K: () 10Ni, (e) 10Ni-1.5Ca, (A ) 10Ni-
3Ca, (W) 10Ni-1.5K, and (#) 10Ni-3K.
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