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CoxMgs_xAl, (with x=0, 2, 4, and 6) mixed oxides catalysts were synthesized via hydrotalcite precursors.
The catalytic performance and stability were studied in dry reforming of methane. Regardless of the
amount of coke deposited on the CogAl,HT500 catalyst, no loss of activity was observed during 24 h on
stream indicating that part of this carbon is not poisonous. CosMg,Al,HT500 was undergoing a severe
deactivation after 11 h on stream. The XRD result revealed an important sintering phenomenon of metal

particles. Co,Mg4Al, HT500 has shown a stable performance for 24 h on stream without any deactivation
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or coke deposition, displaying very good stability. This performance was explained by the stability of
crystallite size of metal particles and by the presence of MgAl,04 phase known for its basic properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

CO, reforming of methane (CH4+CO;— 2CO+2H,
(AHagg © =247 kJ/mol)) presents a double interest due to the
production of syngas and the fact of consuming carbon dioxide;
this latter is an important agent of the greenhouse effect. Dry
reforming of methane is generally performed with catalysts based
on noble metals [1] or transition metals as nickel or cobalt [2-4].
The major problem of this reaction is the deactivation by carbon
deposition [5]. To minimize this problem, several authors suggest
the use of supports possessing basic characters, and/or allowing
to better dispersion of the active phase [6,7]. The objective of this
work is the catalytic study of mixed oxides issued of Co/Mg/Al
hydrotalcites (LDH) with different molar ratio as precursors for the
dry reforming of methane. Cobalt is known as an active metal for
this reaction [3] and mixed oxides obtained from hydrotalcites-like
compounds exhibit basic properties as well as higher dispersion
of the active phase [8]. Moreover catalyst surface basicity helps
to suppress carbon deposition by promoting the activation of
CO, on the surface of catalysts. Indeed, an interesting way to
obtain mixed oxides catalysts is through the use of hydrotalcites
as precursors.
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2. Experimental

Four samples with different Co and Mg contents were synthe-
sized using hydrotalcite method [9]: CoxMgg_xAl,HT with x=0, 2,
4, and 6. The calcination treatment of solids was performed under
a flow of air (4Lh~1'/2°Cmin~!4h at 500°C). Differential ther-
mal and thermogravimetric analyses (DTA/TG) (Netzsch STA 409
equipped with a microbalance) were conducted in air at a heating
rate of 5°Cmin~! (25-1000°C). The structure of solids was ana-
lyzed at room temperature by X-ray diffraction (XRD) technique
using a Bruker D8 Advance diffractometer equipped with a cop-
per anode (A =1.5406 A). Diffraction patterns were recorded over
a 20 range of 4-80° and using a step size of 0.02 and a step time
of 6s. The mean crystallite sizes were estimated using the Scher-
rer equation. Catalytic tests were performed under atmospheric
pressure. 100 mg of powder samples are placed in fixed bed quartz
reactor. The reactants and products are analyzed with an on-line
in a Varian 3600 chromatograph equipped with a CTRI column
and a thermal conductivity detector. Before testing, calcined cat-
alysts were treated with pure nitrogen (25-400°C; 10°Cmin~1),
after the sample is reduced or not with pure hydrogen flow
(25-800°C; 10°Cmin~1). Then the reactor is fed with the reagent
gas mixture diluted with Ar (CH4/CO, =1), with a total flow rate of
100 mLmin~1,

The determination of methane and carbon dioxide conversions
were calculated as follows:

(CH4 )in — (CH4)out

x 100
(CH4 )in

XCH4 conversion (%) =
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Table 1
XCH4/XCO,, CO,/CO, H,/CH4 ratio versus temperature and theoretical equilibrium
CH4 and CO; conversions.

T(°C) XCH4/XCO, C0,/CO Ha/CH4
COeAleTSOO
450 0.94 0.58 1.13
550 1.43 0.62 1.40
650 1.11 0.53 1.57
750 1.01 0.51 1.62
Co4Mg,ALHT500
450 0.16 0.86 1.86
550 0.86 0.54 1.48
650 1.05 0.51 1.54
750 1.08 0.48 1.49
COZ Mg4A12 HT500
450 0.63 0.62 1.31
550 0.84 0.55 1.46
650 0.94 0.53 1.55
750 0.99 0.50 1.61

Thermodynamic equilibrium (at 700°C) XCO; or XCHy 72.3%

(COZ )in - (COZ )out

XCO3 conversion (%) = (COy);
mn

x 100

The different ratio is presented in Table 1 and carbon balances
were calculated as follows:
moles of H, produced

H,/CO ratio (for example) = moles of CO produced

(CH4 )out + (COZ )out + (Co)out
(CHg)ip + (CO2)ip

The product selectivity is represented as the molar ratio of
H,/CO. The comparisons of the activities of these catalysts were pri-
marily characterized by the conversion and the product selectivity
criteria.

Carbon balance = x 100

3. Results and discussion
3.1. Catalysts characterization

A detailed characterization of these catalysts can be found
elsewhere [9]. In summary, the calcination at 500 °C of “HT” sam-
ples leads to a mixture of three oxide spinel phases: Co304,
CoAl;04 and CoyAlO4. Fig. 1a presents the XRD patterns of the
reduced samples before test. For all samples Co? is observed. For
Co,Mg4AlLHT500 and Co4Mg,Al,HT500, the presence of spinel
phase such as MgAl,04 and CoAl, Q4 is observed. For CogAl, HT500,
the peaks corresponding to the CoAl,04 spinel structure are
observed. The partial Co® oxidation into CoAl,O4 spinel takes place
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during the XRD analysis. This result indicates the stability of this
structure under air at ambient temperature.

3.2. Catalytic activity

Solids did not show significant activity without reduction
pretreatment (Fig. 2a). The low reforming activity can be
assigned to the absence of metallic phase which is necessary
to the adsorption and the activation of the reactants [4]. In
the case of CoxMgg_xAl,HT catalysts, reduction pre-treatment
at 800°C (1h under pure H, flow 40mLmin~!) strongly influ-
enced the activity and selectivity. Fig. 2a-d illustrates the
evolution of methane and CO, conversions obtained, at vari-
ous temperatures, for reduced catalysts. The initial activity by
comparison of methane conversion (Fig. 2a) follows the order:

CogALLHT500 > CosMg,Al, HT500 > Co, MgaAl, HT500 > MggAl, HT500.

The calculation of the equilibrium conversion for CO, reforming
of methane at 700°C for a CH4/CO, feed ratio of 1/1 at atmo-
spheric pressure is added in Table 1. This calculation is based on
the assumption that only reforming reaction occurs without any
side reactions. As the equivalent reaction stoichiometric, the CHy4
and CO, conversions should be equal and the H,/CO ratio should
be unity at all temperatures. However, the results obtained on CO,
reforming of methane have discrepancies with the equilibrium
results. The CO, conversion is different from that of CH4 and the
H,/COratio is below unity (Table 1 and Figs. 2 and 3c). These results
reveal that unfavourable reactions have strong influence on the per-
formance of the reforming reaction and contribute to the reactants
consumption without being strictly accounted for in equilibrium
calculation as shown the studies of Haag et al. [10] and Avila-Neto
et al. [11]. Their data show that the experimental result appears
above the equilibrium curves, suggesting the formation of coke on
the surface of the catalysts [11].

As illustrated in Fig. 3a, an amount of water is formed at the
temperature range from 450 to 700 °C and reached a maximum at
550-600 °C beyond which the water yield decreased and the water
formation is suppressed at higher temperatures. In parallel, at the
same temperature range, an amount of carbon is formed as shown
in Fig. 3b by an important negative carbon estimation. This result
can be attributed to two reactions: the reverse water-gas shift reac-
tion (CO, +Hy — CO+Hy0 (AH3gg ° =41 kJ/mol)) which led to the
formation of CO and water and the reverse carbon gasification reac-
tion (CO+Hy — C+Hy0 (AHygg ° =— 131 kJ/mol)) which led to the
formation of carbon and water (Fig. 3a and b). During, the reverse
water-gas shift reaction, CO, react with H; to produce CO and water
in accordance with the experimental ratio presented in Table 1 (the
ratio are lower than those provided by the dry reforming reaction
only, for example H; is consumed and CO is produced which leads to
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Fig. 1. XRD patterns of Co,Mg,ALHT500 after H, reduction (a) and after catalytic test (b). *: Co®: JCPDS 150806; ®: spinel (CoAl;O4: JCPDS: 822239; MgAl,04: JCPDS: 211152)

A: graphite carbon: JCPDS 751621.
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Fig. 2. Comparison of methane conversion over CoyMg,Al,HT500 non reduced samples (--) and CoxMgyAl,HT500 reduced samples (—) (a) (#: CosAlHT500; M:

CosMg,AlLHT500; a: CoaMgsAlLHT500; +: MgeAl,HT500). Methane and CO; conversions of CogAl;HT500 reduced sample (b); CosMg;Al,HT500 reduced sample (c) and

Co,Mg4Al, HT500 reduced sample (d) (¢: CH4 conversion; ¢: CO, conversion).

a H,/CO ratio below 1; CO, is consumed which leads to XCH4/XCO,
ratio below 1).

Fig. 3a indicates, for temperatures higher than 550-600 °C, the
drastic reduction of water formation. Steam reforming of methane
reaction (CH4 +H,0 — 3H, + CO (AHjgg ° =206 kJ/mol)) has also to
be considered.

For Co4Mg,Al,HT500 and CogAl, HT500, the contribution of the
steam reforming reaction is visible at 550°C and 600 °C, respec-
tively, in accordance with the results presented in Table 1 and
Fig. 2b and c. Indeed, at these temperatures, the CH4 conversion
is higher than that of CO, which is ascribed to the CH4 consump-
tion by the steam reforming reaction. Moreover, the H,/CO ratio
reached maximum which is ascribed to the H, formation by the
steam reforming reaction.

The methane cracking reaction (CH4 — C+2H,
(AHggg ° =206 kJ/mol)) may also occur leading to the produc-
tion of carbon (deficiency of carbon balance, consumption of CHy
and H; production).

The catalytic behaviour of Co,Mg4Al;HT500 solid is different
compared to the other catalysts. Water production is lower than
for other catalysts and methane conversion is always lower than
that of CO,. Indeed, the CO, conversion higher than the CH4 con-
version (Fig. 2c and Table 1) can have several origins: a trapping
effect of CO, by the basic sites of the surface (described in the fol-
lowing section) may contribute to displace the equilibrium towards
higher conversion. Such an effect would only be transient till
the adsorption capacity of the surface is reached. Another reac-
tions can explain the results, the reverse of Boudouard reaction
C+C0O, — 2C0 also contribute to the CO, and carbon consump-
tions and may explain the observed carbon balance (Fig. 3a), the
XCH4/XCO5 ratio in Table 1 and the H,/CO ratio. The carbon pro-
duced can be also consumed by the reaction C+H,0— CO+H,
(water is consumed and may explain the low amount of water
observed Fig. 3a). H, and CO are produced and can explain the
H,/CO ratio presented in Fig. 3c.

3.3. Catalysts stability

The activity and stability of the prepared catalysts are exam-
ined for a period of about 24h on stream at 700°C (Fig. 4).
CogAl,HT500 and Co,Mg4Al,HT500 are stable with time under
flow. CosMg,AlL,HT500 shows a higher deactivation after about
11h on stream. One possible reason for such deactivation
could be the loss of active phase area due to severe sinter-
ing of metal particles or by blocking of the metal surface sites
by carbonaceous deposits or oxidation of the metal. Different
types of coke deposits have been reported for methane reform-
ing on catalysts, such as adsorbed atomic carbon, amorphous
carbon, bulk carbide, and crystalline graphitic carbon. After exper-
iment, CogAl,HT500; Co4Mg,Al;HT500 and Co,Mg4Al,HT500
are characterized by TG-DTA (Fig. 5a-c). Catalysts exhibit a
weight decrease corresponding to carbon oxidation, the fol-
lowing order is obtained for carbon amount: CogAl,HT500
(—52%)>Co4Mg,Al,HT500 (—23%) > Co;Mg4Al, HT500 (—5.5%).

For CogAl,HT500 and Co4Mg,Al,HT500, the oxidation of coke
occurred mainly at 400-550 °Cin accordance with the DTA and DTG
curves. For Co,Mg4Al,HT500, no considerable exothermic phe-
nomenon s observed (Fig.5¢)in atemperature range of 190-900 °C.

Thus, CogAl,HT500 and CosMg,Al,HT500 show a strong total
amount of deposited carbon and the weight loss observed can
be ascribed to coke containing hydrogen (CHx) and or sur-
face carbon [4,12]. For these catalysts containing a considerable
amount of deposited carbon, crystalline plane of graphite like
structures is also visible (Fig. 1b) by the graphite carbon peak
which appears at 2@ =26.3°. Regardless of the amount of coke
deposited on the CogAl,HT500 catalyst, no loss of activity is
observed during 24 h on stream indicating that part of this car-
bon is not poisonous. But CosMg,Al;HT500 undergoes severe
deactivation after 11 h on stream. In our case, the catalyst activ-
ity has not been influenced by the carbon deposition after 24 h.
This behaviour could be related to the carbon deposition sites
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Fig. 3. Water formation versus temperature (a); carbon balance versus temperature
(b); Hz/CO ratio versus temperature (c) (¢: CogAl,HT500; M: CosMg,AlLHT500; a:
Co,Mg4AlL,HT500).

and/or the ability of carbon to play a role as a reaction interme-
diate. In accordance with the literature data, graphite (detected
by XRD, Fig. 1b) can favour close contact of coke and metal, acts
as CHy collector and reduces the time of carbon species resi-
dence on the metal surface, what can limit deactivation process
of catalyst surface despite the large amount of carbon deposit
[13-16]. The presence of carbon species deposited on the surface
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Fig. 4. Stability test for Co,MgyAl,HT500 reduced samples (¢: CosAl;HT500; M:
CosMg,AlLHT500; A: Co,Mg4Al,HT500).
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Fig. 5. DTA, TGA and DTG (dotted curves) profiles of CogAl,HT500 reduced sample
(a); CosMg,AlL,HT500 reduced sample (b); Co,Mg4Al,HT500 reduced sample (c)
after stability test.

of Co4Mg,Al,HT500 catalyst cannot be the only reason of the deac-
tivation.

Fig. 1b shows the XRD patterns of the catalysts reduced at 800 °C
after the CH4/CO, stability reaction. After the reaction the Co® phase
remained in the catalyst reduced with higher intensities.

The crystallite sizes of the Co? before and after test are reported
in Table 2. For the Co4Mg,Al,HT500 sample, the particle size of Co?

Table 2
Cristallite size of Co® phase before and after test.

Name of samples Before test (nm) After test (nm)

COGAlz HT500 - 13
CosMg,AlLHT500 6 31
Co,Mg4AlLHT500 11 16
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before (6 nm) and after the test (31 nm) shows a significant sinter-
ing phenomenon of CoY. In this context, the sintering particles are
well known to contribute to the deactivation of sample. On the
other hand, the smaller particles are known to contribute to the
inhibition of the coke deposition. Thus, for the Co,Mg4Al;HT500
the stability of crystallite size during the test and the resistance
to coking reveals interesting catalytic performances for the CO,
reforming of methane reaction. Indeed, CO, and CH4 conversions
are acceptable with little formation of water and coke. This can
be explained by the presence of Co allowing methane and carbon
dioxide conversions on one hand and by the considerable amount
of magnesium in the sample which makes it possible to attenuate
carbon formation on the other hand. MgAl,0,4 oxide detected by
XRD in the Co,Mg4Al, HT500 sample is known for its basic proper-
ties [17]. The presence of this oxide allows CO, adsorption on the
catalystand hence, decreases carbon deposit. As suggested in litera-
ture [18], carbon deposit can be attenuated or removed if the metal
responsible for the catalytic activity is supported on an oxide show-
ing strong basic sites. Mg-Al-0 oxide types exhibit various basic
functionalities at the surface: weakly basic OH~ groups, medium
to medium strong sites connected to the oxygen of MgZ*-0%~ pairs
and strong basic sites related to isolated 02~ anions [17]. The frac-
tion of medium-strong and strong sites increases with the Mg/Al
ratio and a high temperature of calcination. Indeed, it has also been
assumed that Mg oxides could inhibit coke deposition via adsorbed
CO, species on the basic site, able to react with the deposited carbon
through the reverse Boudouard reaction. Therefore, CO formation
by carbon oxidation involves a reduction of the H,/CO ratio and
could explain the reason why this ratio remains lower than 1.
Co4Mg,AlLHT500, which has a lower Mg content, shows a more
important carbon deposit than sample Co,Mg4Al, HT500. Thus, for
the reaction of dry reforming of methane, catalytic performances of
CoxMgy,Al,HT500 solids depend on Co content in the sample on one
hand and on the Mg content on the other hand. These results show
that a higher Co content implies higher activity and also higher
carbon deposition.

4. Conclusion

The activity and deactivation behaviour of Co-Mg-Al catalyst
are studied in carbon dioxide reforming of methane. Catalytic per-
formances of CoxMgg_xAl,HT500 solids depend on the reduction
pretreatment, Co and Mg contents in the sample. Therefore, for
CogAl,AlLHT500 higher Co content provides the best activity by
the increase of the Co active sites, in contrast it implies a great
increase on the amount of coke. The stability of crystallite size of
metal particles during the test and the resistance to coking by the
presence of MgAl,0,4 phase known for its basic properties mean
that the Co,Mg4Al, HT500 catalyst is a good compromise between
a good activity and a low coke deposition.
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