A Available online at BCREC website: https://bcrec.id
= BCRE(
CREC © Bulletin of Chemical Reaction Engineering & Catalysis, 15 (3) 2020, 885-897

Research Article

Syngas Production via Methane Dry Reforming over
La-Ni-Co and La-Ni-Cu Catalysts with Spinel and
Perovskite Structures

Hassiba Messaoudil4¥, Sébastien Thomas2, Samira Slyemil, Abdelhamid Djaidjals3,
Akila Barama?

1Laboratoire des Matériaux Catalytiques et Catalyse en Chimie Organique, Faculté de Chimie, Université des
Sciences et de la Technologie Houari Boumediene, BP 32 El Alia, 16111Bab Ezzouar, Alger, Algeria.
2Institut de Chimie et Procédés pour Z’Energie, U’Environnement et la Santé, UMR 7515 CNRS-Université de
Strasbourg, Groupe “Energies et Carburants pour un Environnement durable”, 25 rue Becquerel, 67087 Strasbourg
Cedex 2, France.
sLaboratoire des Procédés pour Matériaux, Energie, Eau et Environnement, Faculté des Sciences et des Sciences
Appliquées, Université de Bouira, rue Drissi Yahia, 10000 Bouira, Algeria.
1Faculté des Sciences, Département Sciences de la Matiéere, Université d’Alger 1, 2 Rue Didouche Mourad, Alger
centre 16000, Alger, Algeria.

Received: 1t November 2020; Revised: 18" December 2020, Accepted: 19 December 2020;
Available online: 26t December 2020, Published regularly: December 2020

Abstract

In this paper, the catalytic properties of La-Ni-M (M = Co, Cu) based materials in dry reforming of me-
thane (DRM) for syngas (CO + Hs) production, were studied in the temperature range 773—-1073 K. The
LaNiooMo.103 and LasNio9Mo.104(M = Co, Cu and Ni/M = 0.9/0.1) catalysts were prepared by partial
substitution of Ni by Co or Cu using sol-gel method then characterized by XRD, Hz-TPR and Nz phy-
sisorption. The XRD analysis of fresh catalysts showed, in the case of Co-substitution, the formation of
La-Ni and La-Co perovskite and spinel structures, while only LaNiOs and La2NiO4 phases were ob-
served for the Cu-substituted samples. The substitution of these two structures by copper decreases
the reduction temperature compared to cobalt. The reactivity results showed that the partial substitu-
tion of nickel by copper decreases the methane activation temperature, whereas a better stability of
catalytic activity and syngas production was obtained via the cobalt-substituted catalysts, which is due
to a synergistic effect between Ni and Co. The TPO analysis carried out on the spent catalysts indicat-
ed that the lowest carbon deposition was obtained for the cobalt substituted samples. Copyright © 2020
BCREC Group. All rights reserved
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1. Introduction try, especially for the production of higher hy-
drocarbons [1]. The syngas is principally provid-
ed via the methane reforming through one of
the three processes [2—4], i.e. steam reforming,
partial oxidation and dry reforming by COsa.
* Corresponding Author. Among these processes, the dry reforming of

Email: messaoudihassiba@gmail.com (H. Messaoudi); methane (DRM) is considered the most promis-

Syngas (H2+CO) is an essential raw material
for several reactions in the petrochemical indus-
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ing reaction since it allows at the same time
the conversion of methane into synthesis gas
(with an equimolar ratio Ho/CO) by using CO:
(greenhouse gas) which also contributes to the
reduction of this gas emissions in the environ-
ment [5].

CH4 + COz < 2CO + 2H2 AH’ 208 k=+247 kd/mol

The DRM process requires high energy because
it 1s a highly endothermic reversible reaction
[6]. Indeed, a very high temperature is neces-
sary for the course of the reaction and the for-
mation of synthesis gas as the main product of
this reaction [7]. In this case, the purpose of us-
ing catalysts is to reduce the energy required to
obtain a high yield of syngas.

However, like all the other catalytic process-
es which are carried out at high temperature,
the DRM reaction is also confronted with prob-
lems of catalysts deactivation due to sintering
and carbon deposition phenomena [8]. In fact,
these problems cannot be completely avoided
because they are linked to thermodynamics at
high temperatures at which the reaction is per-
formed. Whereas, these phenomena can be lim-
ited by bringing about changes in the operating
conditions of the reaction or even on the struc-
ture and properties of the used catalysts [9].

Diverse catalytic systems are used in the
DRM reaction in particular nickel supported
catalysts [10] because of their high efficiency
and low cost compared to noble metal catalysts
[11]. Otherwise, the use of well-defined struc-
tures in methane reforming reactions is getting
a lot of attention and is currently considered as
one of the interesting alternative materials to
minimize the problems of sintering and rapid
deactivation of catalysts encountered with con-
ventional supported nickel-based systems
[12—14]. Indeed, the insertion of the nickel into
a defined structure like spinel and perovskite
has several advantages such as a well disper-
sion of nickel particles, a strong interaction
that makes the nickel species less mobile than
on the surface of a conventional support and
furthermore a favored regeneration of nickel
metallic sites by an in situ reduction. These
properties should therefore improve the cata-
Iytic activity and stability of nickel species by
limiting the formation of large aggregates and
consequently reducing the coke deposition.
Guo et al. [15] found that the Ni/MgO-yAl2Os
and Ni/MgAl:O4 catalysts tested in the dry re-
forming of methane exhibit better stability and
higher activity compared to Ni/yAl:Os system.
In the one hand, these good catalytic perfor-
mances were attributed to the formation of

MgAlz04 spinel in Ni/MgO-yAlz:0Os, which stabi-
lizes small Ni crystallites. On the other hand,
the high activity of the Ni/MgAl:O4 catalyst
compared to Ni/yAloO3 were mainly related to
the characteristics of the MgAl2O4spinel sup-
port, that reduces the sintering phenomena of
nickel active phase. In addition, according to
these authors, the formation of NiAl2O4 is com-
pletely avoided over MgAl2O4 spinel phase and
that strong interactions between nickel and
MgAl204 produce highly dispersed active Ni
species leading to high catalytic reactivity [15].

Other studies reported that La and Ni spi-
nel and perovskite structures were found to be
very interesting catalysts in the DRM reaction
because of the uniform dispersion of Ni thus re-
ducing Ni% segregation and the generated
La20s that interact with COz to form La202COs
intermediates, which help to decrease coke for-
mation [16—18]. Furthermore, it has been con-
firmed in our previous work, that the use of
MgAl>O4 spinel as catalytic support for the
LaNiOs and La:NiOs catalysts increases the
CH:; and CO:2 conversions and enhanced the
catalytic stability [3].

In order to further improve the catalytic ac-
tivity and the metal dispersion, the effect of
nickel doping with another transition metal
has also been the subject of many studies. In-
deed, these bimetallic systems have exhibited
very good catalytic performances [19—21] due
to the synergistic effect between the nickel and
the inserted metal, which contributes to the
improvement of the activity and stability of the
final catalyst. In a study on bimetallic cata-
lysts, Fan et al. [22] compared the conversion
rates of methane on Ni/MgO-ZrOs, Co/MgO-
ZrO32, and Ni-Co/MgO-ZrOs catalysts. Bimetal-
lic Ni-Co reached 80% methane conversion at
1023 K, higher than those observed with mono-
metallic catalysts Ni and Co (70% and 71%,
respectively). The increase of the catalytic ac-
tivity of the bimetallic compound relative to
the monometallic ones has been synonymous
with the synergistic effect due to the coexist-
ence of small particles of both Ni and the added
metal. Another work developed by Nataj et al.
[23] studied the effects of nickel and copper
loadings and reaction temperature on the reac-
tivity of Ni-Cu/Al20s catalysts in methane dry
reforming. The results indicated that the cata-
Iytic activity was strongly influenced by the
amounts of Cu. Furthermore, sintering of ac-
tive phases during the reaction was restricted
by the formation of Ni-Cu alloy that leads to
the improvement of both catalyst activity and
stability. However, the promoting effects of
copper were significantly faded by increasing
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Cu content. Samples with high amounts of cop-
per presented lower activity and rapid deacti-
vation due to the agglomeration of active phase
and Ni covering.

In this context, the present work is focused
on the study of the catalytic performances of
Ni-M bimetallic materials (M = Co, Cu) of well-
defined perovskite and spinel structures in the
methane dry methane reaction for the produc-
tion of synthesis gas. The bimetallic catalysts
were prepared by the substitution of 10 mol%
of Ni by cobalt or copper in the monometallic
structure LaNiO3s and La2NiQOa.

2. Materials and Methods
2.1 Catalysts Preparation

Non substituted La-Ni and substituted La-
Ni-M (M = Co, Cu) with spinel and perovskite
structures were prepared by the sol-gel method
using nitrates salts and citric acid as raw mate-
rials [24]. The non substituted samples are per-
ovskite LaNiOs (noted LN3) and spinel
La2NiO4 (noted LN4). While the nickel substi-
tuted solids by copper or cobalt are perovskite
LaNip9Mo10s (noted LNM3) and spinel
LasNio9Mo.104 (noted LNM4) with M = Co, Cu.
The corresponding loadings for Co and Cu,
respectively are 2.4 wt% and 2.5 wt% in the
LNMS3 samples and 1.5 wt% and 1.6 wt% in the
LNM4 solids.

The preparation consists of dissolving the
nitrate salts La(NOs3)3.6H20, and Z(NO3)2.6H20
(Z = N1, Co, Cu) in 10 mL of deionized water,
according to the stoichiometric ratios of perov-
skite and spinel structures. The citric acid is
then added with a molar ratio of citrate to me-
tallic ions equal to 3.0. The resulting solution is
left under stirring and heating at 353 K until a
green gel is obtained which is dried at 393 K
for 12 hours. The final precursors were calcined
at 1023 K (5 K.min™?!) for 6 hours in the case of
the perovskite and 4 hours for the spinel. The
calcination conditions were fixed after several
tests of heat treatments during different times
and at various temperatures in order to obtain
high crystallinity under moderately severe con-
ditions.

2.2 Catalysts Characterization
2.2.1 Powder X-Ray diffraction (XRD)

The structure of the fresh, reduced and used
catalysts was studied by the X-Ray diffraction
analysis using a Bruker AXS-D8 diffractometer
with a Cu-Ka radiation (A=1.5406 A). The XRD
patterns were recorded in a 20 range of 10-80°
with a step size of 0.020° and a time of 0.80 s

per step. The phase composition was deter-
mined using powder files (PDF-ICDD).

2.2.2 Surface area measurements (BET)

The specific surface areas of the different
samples were obtained by measuring nitrogen
adsorption-desorption isotherms at 77 K using
a Micromeritics ASAP 2420 instrument. Prior
to measurements, around 100 mg of sample
were outgassed under vacuum at 523 K for 12
h. The BET surface areas were calculated with
the Brunauer, Emmett and Teller model in the
range of P/Py of 0.05-0.30. The pore size distri-
bution was determined using the Barrett-
Joyner-Halenda (BJH) method.

2.2.3 Temperature programmed reduction (Ho-
TPR)

The reducibility of the catalysts was studied
by the temperature programmed reduction (Ho-
TPR) on a Micromeritics Auto ChemlII 2920 ap-
paratus. The catalyst (around 50 mg) was heat-
ed from room temperature to 1173 K (10
K.min-!) under a flow of 10% H: in argon
(50 mLsarp.min-!). The reduction tempera-
tures, the Hz-consumption as well as the reduc-
tion degree (called ‘% red’) of the different sam-
ples were measured by this technique. The %
red designates the ratio between the number of
moles of experimental and theoretical H2 con-
sumed by the sample.

2.2.4 Temperature programmed oxidation

(TPO)

The analysis of the carbon deposits on the
surface of spent samples (after catalytic test in
DRM) was carried out by TPO analysis coupled
to a mass spectrometer with a Pfeiffer Vacuum
instrument QMS 2000 Prisma. Around 10 mg
of used sample were subjected to a flow of heli-
um (15.0 mLsarp.min~!) from room temperature
to 1073 K (15 K.min!) to desorb the car-
bonates. After cooling to 323 K, the TPO was
carried out under 1.0% mol Oz2in He (15.0
mLsarp.min-1) up to 1073 K with a temperature
ramp of 8 K.min1.

2.3 Catalytic reaction

Catalytic tests in methane dry reforming
using a molar ratio CH4#/CO2 = 1.0 (Figure 1)
were conducted at atmospheric pressure using
a quartz reactor in form I (length 300 mm, in-
ner diameter 7.0 mm) placed in an experi-
mental setup previously described [4], in the
temperature range 773—1073 K. The catalyst
(15.0 mg) was pretreated under nitrogen from
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room temperature to 773 K (3.0 mLsarp.min-1)
then the gas mixture is introduced at rate of
28.0 mLsatp.min-! (GHSV around 5.6x104 h1).
The equations used to calculate conversions of
CH4, CO2 and yields of Hz, CO are given below
[3]:

e, —F
Conversion of CH, = X, = _in(CH,) ~ our(CH,) (1)
F;n(CH4)
Fyeon —F.
Conversion of CO, =X, = Lin(coy) ~ Tour(€o,) @
F:’n(COZ)
E
Yield of H, = Y, __ out() 5
7 2XF;')1(CH4) ( )
Yield of CO=Y,, = M W
En(CH” +F;'n(C02)

where Fi, is the inlet molar flow and F,. is the
outlet molar flow.

3. Results and Discussion

3.1 Catalysts Characterizations

The BET surface areas and the average pore
diameters of the calcined samples are reported

Valve

in Table 1. It can be seen that for all samples,
average pore diameters around 5 nm were ob-
tained indicating a mesoporous texture of our
solids. The elaborated samples also revealed
very low specific surfaces between 5—7 m2.g1,
which evidences that the partial substitution of
nickel by cobalt or copper on both perovskite
and spinel structures has no significant effect
on the evolution of the BET surface. Indeed,
these results are also similar to those reported
by Valderrama et al. [25], who studied the tex-
ture of LaNiOs and LaNiosCoo203s cobalt-type
perovskite catalysts, calcined at 1023 K. These
authors have measured specific surfaces of the
order of 7 m2.g-1 for both catalysts. The nitro-
gen adsorption-desorption isotherms of the cal-
cined samples, shown in Figure 2-a, are similar
to type IV (IUPAC classification [26]) charac-
teristic of mesoporous materials (2-50 nm),
which agrees with the obtained pore diameter
(around 5 nm). The pore size distribution rep-
resented by the BJH curves (Figure 2-b) also
confirms the mesoporous character of the elab-
orated samples with a porous distribution be-
tween 2 and 10 nm.
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Figure 1. Experimental set up of methane dry reforming.
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Figure 2. (a) N2 physisorption isotherms and (b) pore size distribution of the elaborated samples.

Table 1. Specific surface area (Sper), average pore diameter (dpore), experimental Hs consumption
(after H2-TPR) and reduction degree (%req) of the calcined samples.

Catalyst SBE? dpore H: consump‘fionexp H> consump‘Eiontheo Reduction degree
(m2.g71) (nm) (mmol.g1) (mmol.g1) (% rea)

LN3 7.3 4.9 4.04 4.07 99

LN4 5.5 4.3 2.48 2.50 99
LNCo3 6.0 5.7 4.05 4.07 99
LNCu3 5.8 4.8 4.07 4.06 100
LNCo4 7.3 5.7 2.25 2.50 90
LNCu4 5.7 5.4 2.08 2.49 84
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Figure 3 shows the XRD patterns of the dif-
ferent fresh catalysts. The diffractogram of
non-substituted perovskite LaNiOs and spinel
LazNiO4 structures obtained in our previous
work [3] are also given as references. As can be
seen from the XRD results, the substitution of
nickel in perovskite and spinel structures by
cobalt or copper affects the crystalline struc-
ture. In the case of fresh LNCo3 and LNCu3
samples calcined at 1023 K, the diffractograms
reveal the formation of perovskite phases, on
the contrary LNCo4 and LNCu4 which present
the formation of mixture of spinel phase and
lanthanum oxide La203 (PDF-ICDD 05-0602)
with a predominant of La20s3in the case of the
cobalt-substituted solid. It is also important to
point out that it is difficult to accurately deter-
mine the spinel and perovskite phases formed
in the case of cobalt-substituted samples. In-
deed, an overlap between the diffraction lines
of LaNiOs (PDF-ICDD 33-0711) and LaCoOs
(PDF-ICDD 48-0123) was observed for LNCo3
and between those of La:NiOs4 (PDF-ICDD 34-
0314) and La2CoOs4 (PDF-ICDD 72-0937) for
LNCo4. These overlap phenomena were also

c LaNiO,
* LaCoO,

a)

Intensity (a.u.)
= 0O

LNCu

Intensity {a.u.)

observed by G. Valderrama et al. when substi-
tuting Ni by Co with a substitution ratio rang-
ing from 0 to 1 [25]. On the other hand, the
substitution of both perovskite and spinel
structures by copper gives rise to the formation
of LaNiOs and La:NiOs phases. No copper
based phase was identified. According to the
literature, the absence of copper phase or Ni-
Cu alloy in the case of Cu-substituted samples
can be explained by a good dispersion of copper
species in the calcined sample [27-28].

To examine the effect of Hz-reduction on the
structure of our materials, samples after Ha-
TPR analysis were also characterized by XRD
(Figure 4). The diffractograms show the pres-
ence of La203 phase accompanied by the char-
acteristic peaks of metallic nickel Ni°® (PDF-
ICDD 04-0850) for both LNM3 and LNM4
structures. No characteristic peak of metallic
cobalt or copper has been detected which may
be due to their very low content and /or their
good dispersion. We also note the absence of al-
loy between nickel and cobalt or copper which
is confirmed by the H2-TPR analysis (Figure 5)
that highlighted two reduction peaks attribut-

® La,NiOy
La,Co0, .

ula,0,

1
— : .3'_“_,.__&,_{_,” |
LNCo3 i
L3 |

2Theta (deg)

2 Theta deg)

Figure 3. XRD patterns of fresh catalysts: a) LNM3 and b) LNM4 (M = Co, Cu).
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Figure 4. XRD patterns of the samples after Ho-TPR analysis: a) LNM3 and b) LNM4 (M = Co, Cu).
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ed to the reduction of Ni2*. Indeed, according
to the literature works [26,29], the alloy for-
mation is confirmed by the presence of a single
reduction peak indicating that the reduction of
bimetallic catalysts (Ni-Co) occurs in one step.
The H2-TPR profiles of the elaborated LNM3
and LNM4 catalysts are represented in Figure
5. In order to highlight the effect of nickel sub-
stitution by cobalt or copper on the reducibility,
the profiles of non-substituted spinel Laz2NiOy

a)

and perovskite LaNiOs samples are also given.
For all samples, two reduction peaks are ob-
served. For LNM3 sample, the first one corre-
sponds to the reduction of Ni3* to Ni2+ in
LasNiz205 (2 LaNiOs + Ha — LasNi2Os + H:0)
and also to that of NiO species, while for LNM4
solid, it represents the reduction of NiO to NiO.
Concerning the second peak, it is attributed to
the reduction of Ni2+ species present in form of
LazNiOs (in LNM3) and La2NiO4 (in LNM4) to

3 , 3
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Figure 5. H2-TPR profiles of fresh catalysts: a) LNM3 and b) LNM4 (M = Co, Cu).
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lanthanium oxide and metallic nickel as fol- nickel cations. The experimental H2 consump-
lows: LasNi205 + 2 Ha — 2 Ni + La203 + 2 H20 tion and reduction degree (%) given in Table 1
and La2NiO4 + Hz — La203 + Ni + H20. The indicate that the substituted LNM3 samples
LNCo3 profile is similar to that of LaNiOs per- are more reducible than LNM4 ones. Indeed,
ovskite sample. In the case of LNCo4, a 30 K regardless the incorporated metal (Co, Cu), the
decrease of temperature of both reduction reduction is almost total in the case of LNM3
peaks was noted (663 and 823 K for the substi- while for substituted LNM4 structures, it is es-
tuted sample instead of 693 K and 853 K for timated at 90% for LNCo4 and 84% for LNCu4.
the La2NiO4 oxide). On the contrary, for copper

substituted samples, a significant decrease of 3.2 Catalysts Reactivity

temperature for the low temperature peak was
observed for both structures compare to the
non-substituted samples. Indeed, the first re-
duction peak is observed at 603 K for LNCu3
and at 668 K for LNCu4, which correspond to
around 20 K temperature decrease compared to
LaNiOs and 25 K in comparison with La2NiOq4
respectively. The second peak of reduction was
recorded at 768 K for LNCu3 and 853 K for
LNCu4 which is close to the temperature of the
corresponding non substituted structure. Ac-
cording to Moradi et al. [28] and Nataj et al.
[23], Cu?*is reduced in Cu® at temperatures
lower than those corresponding to the reduc-
tion of Ni3+ and Ni2*, and that the presence of
Cu® crystallites facilitates the reducilibilty of

The reactivity results of LN3, LN4, LNM3,
LNM4 (M = Cu or Co) in the dry reforming of
methane, obtained in the temperature range
(773-1073 K), are presented in Figure 6. First-
ly, it can be noted that the nickel substitution
by cobalt or copper has a significant effect on
the initial conversion temperature of both me-
thane and carbon dioxide. Indeed, the substitu-
tion by cobalt delays the activation of CH4 con-
trary to copper for which, a decrease in the ini-
tial activation temperature (Tinit) is observed.
Comparing the initial activation temperature
of both reactants CH4 and COg, the cobalt sub-
stituted samples LaxNio9Co0010y (x =1, 2 and y
= 3, 4) show an increase of Tinic (1023 K) com-
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Figure 7: Yields of Hz (a and ¢) and CO (b and d) in dry reforming of methane (W/F =0.0089 g.h.LL1,
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Figure 8. Stability results in DMR of the catalysts prepared by sol-gel method at 1073 K (W/F =
0.0089 g.h.L-1, CH#/CO2 = 1): (a) & (c) for LNMS3 and (b) & (d) for LNM4 (M = Co, Cu).
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pared to the copper substituted catalyst
LaxNio9Cu010y (Thmit = 873 K). At the reaction
temperature of 1073 K, the highest CH4 and
CO2 conversions, estimated respectively at 88
and 91%, are obtained over the copper substi-
tuted sample with spinel structure (LNCu4).

The decrease of the activation temperature
of both reactants, observed in the case of copper
substituted catalysts, can be explained by the
formation of Cu? crystallites that favors the re-
ducibility of nickel cations to active metallic
sites Ni°. Similar results have been observed by
Valderrama et al. [25] for LaCoOs catalyst and
Moradi et al. [28] in the case of copper substi-
tuted catalysts.

The yields of reaction products (CO + Hb)
are shown in Figure 7. The measured yields at
1073 K revealed that the copper catalysts
LNCu3 and LNCu4 have similar CO and H:
yields compared to those obtained for corre-
sponding non-substituted LN3 and LN4 sam-
ples. No differences were observed between the
two structures in the case of copper containing
samples (90 and 86% for perovskite LNCu3)
and (86 and 79% for spinel LNCu4). However,
for the catalysts substituted by cobalt, a signifi-
cant difference in the product yields is noted for
the two structures compared to the non-
substituted samples with a higher CO/H:ratio
at the reactor outlet. This high ratio, indicating
an important CO production, suggests the im-
portant participation of the reverse water gas
(RWGS) reaction for the cobalt based catalysts
[31].

The study of the effect of the reaction time
on the stability of catalytic performances was
carried out at 1073 K during 65 h of catalytic
test (Figure 8). Results obtained on non-
substituted LN3 and LN4 catalysts show that
both catalysts exhibit relatively stable conver-
sions of reactants (76% of CH4 and 86% of CO3)

% La,0,C0,

- a
fla U 3 NI° ]

X | Nif

ntensity {a.u.)

and product yields (around 70% of Hz and 80%
of CO) for both samples. However, it is also im-
portant to note that the spinel catalyst LN4 is
slightly more stable over time than perovskite
LN3. This difference in stability may be due to
the presence of a larger amount of La20s3 in the
spinel catalyst, on which CO2 can adsorb and
then migrate in the bulk to form La202COs in-
termediate; this latter prevents carbon deposi-
tion and reduces the deactivation of active
nickel species according to the following equa-
tion: La202:C0Os + Ni-C — La203 + 2 CO + Ni

[32].
For the substituted catalysts, the obtained
stability results show that the cobalt-

substituted samples with spinel structure
(LNCo4) exhibit the best and most stable con-
versions (CHs and COz2) and syngas production
(H2 + CO), despite the fact that copper substi-
tuted samples activate the methane at lower
temperature compared to the Ni-Co catalysts.
This better stability of cobalt-substituted cata-
lysts could be explained by a synergistic effect
between Ni and Co in the case of nickel-cobalt
bimetallic catalysts [25,33—35]. In fact, the co-
existence of these two metals contributes to the
improvement of the catalytic performances and
the stability of the catalysts.

In order to examine the structure evolution
and coke deposition, XRD and TPO analyses
were carried out on the spent catalysts after 65
h of catalytic test in DRM at 1073 K. The XRD
patterns (Figure 9) reveal a total decomposi-
tion of the initial phases and the appearance of
characteristic peaks of La202COs (PDF-ICDD
048-1113) and Ni° in addition to La20s phase.
In fact, as previously mentioned, the formation
of the La202COs phase is due to the in situ ad-
sorption and bulk migration of COz [36]. Fur-
thermore, no diffraction lines of copper, cobalt
or carbon phases were detected for the spent

b)

[} | X
il WA I e e -"W-’\.MW«-\

2Theta (deg)

30 40 50 60 70 80
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Figure 9: XRD of used catalysts calcined at 1023 K and temperature reaction 1023 K: a) LNM3 and

b) LNM4 (M = Co, Cu).
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samples, indicating no segregation of copper
nor cobalt and no significant formation of struc-
tured carbon.

The TPO profiles (Figure 10) giving the oxy-
gen consumption as a function of temperature,
show for all the spent catalysts that the oxygen
consumption occurred in the temperature
range 833—-973 K indicating the formation of
C,-type carbon due to the high reaction temper-
ature and the long reaction time corresponding
to nickel carbide NiC and/or carbon nanotubes
[37-38].

The Measurements of carbon amounts de-
posited after 65 h of catalytic test in DRM were
performed by TPO analysis. The obtained re-
sults reveal that the spinel La2NiO4 catalyst
leads to low carbon formation (5.6 mmol.g1)
compared to LaNiOs perovskite (13.3
mmol.g-1), which is in good agreement with the
good stability of the La2NiO4 sample observed
during the DRM reaction. The comparison be-
tween the cobalt and copper-substituted solids
for the two structures shows that the substitu-
tion with cobalt leads to a carbon deposition of
8.2 mmol.g! in the case of the perovskite
LNCo3 and 9.9 mmol.g-1for the spinel LNCo4.
On the other hand, the presence of copper in
the structure gives rise to amounts of 11.2 and
20.0 mmol.g7! for LNCu3 and LNCu4 respec-
tively. The lower carbon depositions obtained
over the Co-substituted catalysts are in good
agreement with the reactivity results that have
revealed more stable catalytic performances in
the case of cobalt samples.

4. Conclusion

The reactivity of LaNiooMo.103 (LNM3) and
LaaNiooMo104 (LNM4) catalysts with M= Co,
Cu, prepared by partial substitution of Ni by
Co or Cu using sol-gel method, was studied in
the dry reforming of methane (DRM) for syn-
gas (CO + H2) production and their perfor-
mances were compared to those of LaNiOs per-
ovskite and La2NiO4 spinel. The obtained re-
sults highlighted the effect of: (i) the structure
type, and (i1) the substitution of nickel by co-
balt or copper on the catalytic activity and sta-
bility. The reducibility and activity results re-
vealed better catalytic performances in the
case of perovskite structure (LN3) due to its
high reducibility compared to the spinel one
(LN4). The nickel substitution in the LaNiOs
perovskite and La2NiO4 spinel structures by co-
balt or copper strongly influences the activa-
tion temperature of methane and the stability
of the catalytic performances over reaction
time. The presence of cobalt improves the cata-
Iytic stability leading to higher and more stable
conversions of CH4 and CO:z and syngas (Hz +
CO) production with a low carbon deposition
compared to copper samples. These results are
strongly related to a synergistic effect between
Ni and Co that enhances the catalytic perfor-
mances in the DRM reaction.
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