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Abstract

MgO-modified Ni/Al,O3 catalysts with different Ni loadings were prepared and employed in dry reforming of methane (DRM). The effect of
Ni loadings on the activity and coke formation of Ni/MgO-Al,O3 catalysts were investigated. The synthesized catalysts were characterized
by XRD, N; adsorption-desorption, SEM, TPO and TPR techniques. The obtained results showed that increasing nickel loading decreased
the BET surface area and increased the catalytic activity and amount of deposited carbon. In addition, the effect of gas hourly space velocity

(GHSV) and feed ratio were studied.
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1. Introduction

Concerns about the depletion of petroleum reserves
and consideration on the chemical recycling of CO; to fu-
els/chemicals warrant increasing attention for the catalytic
process of CO; reforming of CHy (also known as dry reform-
ing of methane, DRM, Equation (1)), which can convert two
undesirable greenhouse gases into synthesis gas [1,2].

CH4+CO; — 2Hy +2CO  AHao3 = 247kJ -mol ™!

ey

This process offers certain advantages, such as a lower
H,/CO ratio, and seems to be more suitable for the Oxo and
Fischer-Tropsch processes. The major drawback of this re-
action, however, is the rapid deactivation of nickel catalysts
as a result of carbon deposition via the Boudouard reaction
(2CO+—C+CO0O,) and/or CH4 decomposition [3—5]. There-
fore, activity and selectivity to syngas, H/CO molar ratio,
carbon deposit and also specific surface area, dispersion sta-
bility and morphological characteristics of the catalysts have
been identified as the important parameters that influence the
high-performance for synthesis gas. Numerous materials like
Ni, Co, Fe and noble metals (Pt, Rh, Pd, Ir) have been re-
ported to be active for CHy reforming [6—8]. Although the
noble metal-based catalysts are generally reported more active

to reactant conversion and less sensitive to carbon deposition,
their application is confined by high cost and limited availabil-
ity. From the commercial viewpoint, industrial practice relies
on Ni-based catalysts. However, the major challenge of using
Ni-based catalysts is the high thermodynamic potential to car-
bon deposition, which will not only induce the deactivation of
catalysts, but also crush the catalysts pellets, increase the pres-
sure drop, and even block the reactor. Thus, carbon deposition
has been the primary hindrance on the way to industrialization
of DRM process [1,9—11].

Increasing the concentration of Lewis basicity of the sup-
port enhances the chemisorption of CO, in CRM reaction.
Hence, the alkali metal oxides (such as K,O, etc.) and al-
kaline earth metal oxides (such as MgO, CaO and BaO) are
commonly chosen as basic supports or modifiers. On one
hand, the presence of the basic modifiers promotes the pro-
cess of eliminating the coke through the course that CO; re-
acts with the C to form CO, improving the stability of the
catalyst. On the other hand, the chemisorption of CO, acti-
vates CO, molecule and augments the concentration of CO;
on the surface of the catalyst, which is beneficial to boost the
catalytic activity of the catalyst [12—16].

Considering the above research results, in this work, the
effect of Ni loadings on the catalytic activity and coke forma-
tion of Ni/MgO-Al,O3 catalysts were discussed.
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2. Experimental

2.1. Catalyst preparation

v-Al,O3 as catalyst support was prepared according to
the method described in our previous work [2]. In summary,
aluminum tri isopropylate (98% purity, Merck) was firstly hy-
drolyzed in distillated water by stirring for 1 h at 80—85 °C.
Subsequently, HNO3; was added dropwise with HNO3 to Al
molar ratio of 1: 1 and refluxed for 12 h at 98 °C. After that
the sol was kept at 98 °C for 2 h in air. After this step the sol
was became so viscous. The formed gel was dried overnight at
80 °C and calcined at 600 °C for 4 h. After that, the prepared
v-Al,O3 was first impregnated with an aqueous solution of
MgO precursor (Mg(NO3),-6H>0) with appropriate concen-
tration to obtain 3 wt% of promoter. After impregnation, the
promoted support was dried at 80 °C overnight and calcined
at 700 °C for 4 h. Then the promoted v-Al,O3was impreg-
nated with nickel nitrate with appropriate concentration to ob-
tain different loadings of nickel (5 wt%, 10 wt%, 15 wt% and
20 wt%). Finally, the catalysts were dried at 80 °C overnight
and calcined at 500 °C for 4 h.

2.2. Characterization

X-ray diffraction (XRD) analysis was performed using
an X-ray diffractometer (PANalyticalX Pert-Pro) with a Cu-
K, monochromatized radiation source and a Ni filter in the
range of 26 = 10°-70° to examine the crystallinity of the pre-
pared samples. N, adsorption/desorption analysis was car-
ried out at boiling temperature of nitrogen (—196 °C) us-
ing an automated gas adsorption analyzer (Tristar 3020, Mi-
cromeritics). The samples were purged with nitrogen gas for
2 h at 200 °C using VacPrep 061 degas system (Micromerit-
ics). Temperature-programmed reduction (TPR) analysis was
used for evaluating the reduction properties of the prepared
catalysts with Micromeritics chemisorb 2750 gas-adsorption
equipment. In TPR measurement, 100 mg catalyst was
subjected to a heat treatment (10 °C/min) in a gas flow
(30 mL/min) containing a mixture of Hy : Ar (10 : 90). Prior
to TPR experiment, the samples were heat treated under an in-
ert atmosphere (Ar) at 200 °C for 1 h. H; uptake amount dur-
ing the reduction was measured using a thermal conductivity
detector (TCD). Temperature-programmed oxidation (TPO)
of the spent catalysts was carried out using a similar apparatus
by introducing a gas flow (30 mL/min) containing a mixture
of O, and He (5:95) and the temperature was increased up
to 800 °C at a heating rate of 10 °C/min. Scanning electron
microscopy (SEM) analysis was performed with VEGA TES-
CAN operated at 30 k'V.

2.3. Catalysts evaluation

The catalytic reaction was carried out in a tubular fixed
bed flow reactor made of quartz under atmospheric pres-

sure. The thermocouple was inserted in the bottom of the
catalyst bed to monitor the temperature. The reactor was
charged with 200 mg of the prepared catalyst. Prior to re-
action, the catalysts were reduced with the flow of pure Hp
gas (GHSV = 6000 mL/(gc,-h)) at a heating rate of 10 °C/min
from room temperature to 600 °C and then maintained at
600 °C for 2 h. The reactant gas stream consisting of CH4 and
CO, with constant molar ratios, was controlled by mass flow
controller and the activity tests were carried out at different
temperatures ranging from 550 to 700 °C in steps of 50 °C.
The reaction effluents were analyzed using a gas chromato-
graph (Varian 3400) equipped with a TCD and a carboxen
1000 column.

3. Results and discussion
3.1. Structural properties of the catalysts

Figure 1 shows the XRD patterns of NiO/MgO-Al,03
catalysts with different Ni loadings. It can be seen that by
increasing Ni loading, two peaks were detected at 260 = 43.5°
and 75.6°, which are ascribed to NiO phase. These extra peaks
were not observed when Ni loadings were 5 wt% and 10 wt%,
due to low percentage of Ni in these two catalysts. Also in-
creasing nickel loading decreased the fraction of NiAl,O4 at
20 = 67° that overlapped with Al,O3 phase. Increasing Ni
contents causes an increase in Ni crystallite size and conse-
quently a decrease in Ni dispersion. Therefore, peaks appear
intensely for high nickel loadings.
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Figure 1. XRD patterns of NiO/3 wt% MgO-Al, O3 catalysts with various
Ni loadings. (1) 5 wt%, (2) 10 wt%, (3) 15 wt%, (4) 20 wt%

The structural properties of NiO/MgO-Al,O3 catalysts
with different Ni contents are summarized in Table 1. It is
seen that, increasing Ni loading decreased SggT and pore vol-
ume. The decrease in BET surface area and pore volume is
due to the blocking of catalyst pores with loaded nickel. Fig-
ure 2(a) displays the nitrogen adsorption/desorption isotherms
of these catalysts. All the samples showed IV type isotherm
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with H2 shaped hysteresis loop, indicating the mesoporous
features. The H2 shaped hysteresis loops generally illumi-
nated that all the mesopores were cylindrical-shaped channels
with non-uniform pores [8]. Furthermore, the pore size dis-
tributions of these samples are presented in Figure 2(b). It is
seen that all the samples showed a mesoporous structure with
a pore size located in the range of 5—16 nm. As seen, increas-
ing nickel loading shifted the pore size distribution to smaller
size.

Table 1. Structural properties of NiO/3 wt% MgO-Al,03
catalysts with different Ni loadings

. . SEET Pore volume Pore width®
Ni loadings (mz/g) (cmS/g) (am)

5 wt% 153 0.44 8.6

10 wt% 140 0.39 8.6

15 wt% 133 0.35 8.4

20 wt% 121 0.32 8.0

a Calculated by BET equation; ® BJH desorption pore volume;
¢ BJH desorption average pore diameter
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Figure 2. N, adsorption/desorption isotherms (a) and pore size distributions
(b) of calcined NiO/3 wt%MgO-Al, O3 catalysts with different Ni loadings

3.2. TPR analysis

TPR profiles of NiO/MgO-Al,O5 catalysts with various
Ni contents are shown in Figure 3. All the samples showed
only one remarkable reduction peak in the region of 600 °C

to 770 °C regardless of Ni content. The reduction peak for
dissociated NiO also did not appear in the low temperature
region (300—400 °C) either, suggesting that the intense inter-
action between Ni species and the support had also been es-
tablished [12]. In addition, as the Ni loading decreased from
20 wt% to 5 wt%, the hydrogen uptake peaks decreased be-
cause of the decrease of Ni content. Moreover, the reduction
peak gradually migrated towards lower temperature as the Ni
loading increased, which might be related to the lower interac-
tion between nickel and catalyst support due to the increasing
Ni particle size.

The second peak observed at about 900 °C, can be at-
tributed to NiAl,O4 species. As seen, with the increase of Ni
loading, the peak intensity was reduced and shifted to lower
temperatures. It can be concluded that by increasing Ni con-
tent, NiO phase appeared more than NiAl,O4 phase and the
catalyst reducibility was improved.
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Figure 3. TPR profiles of NiO/3 wt%MgO-Al, O3 catalysts with different Ni
loadings. (1) 5 wt%, (2) 10 wt%, (3) 15 wt%, (4) 20 wt%

3.3. Catalytic performance

The effect of Ni content on the catalytic activity of
NiO/3 wt%MgO-Al,O3 catalyst was studied. CH4 and CO;
conversions of the prepared catalysts are shown in Figure 4(a)
and 4(b), respectively. As seen, both CHy and CO; conver-
sions increased in the temperature range of 550—700 °C due
to the endothermic nature of CRM reaction. It was found that
the conversion of CHy increased with the increase of Ni load-
ing from 5 wt% to 20 wt%, suggesting that more active sites
were provided as Ni loading increased. H,/CO molar ratios of
the catalysts are shown in Figure 4(c). It is clear that H,/CO
ratio was less than one for all the samples due to the presence
of reverse water gas shift reaction (CO,+H; —CO+H;0).

Short time stability test was carried out on
NiO/3 wt%MgO-Al;O3 catalysts at 700 °C. As it is demon-
strated in Figure 5(a), all these catalysts displayed a very high
stability without any decrease in CHy4 conversion over the test
period of 300 min. Long term stability was performed over
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Figure 4. CH4 conversion (a), CO, conversion (b) and H,/CO ratio (c) on NiO/3 wt%MgO-Al,O3 catalysts with different Ni loadings in dry reforming of

methan. Reaction conditions: CH4/CO; = 1/1, GHSV = 12000 mL/(gcat-h)
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Figure 5. Short time stability of Ni/3 wt%MgO-Al, O3 catalysts with various
Ni loadings (a) and long term stability of Ni/3 wt%Mg-Al,O3 catalyst with
20 wt% Ni loading (b). Reaction conditions: CHs : CO, =1:1, T'=700°C
and GHSV = 12000 mL/(gc4-h)

the catalyst with 20 wt% Ni loading (Figure 5b). The result
showed that this catalyst has a high stability during 15 h time
on-stream under the reaction conditions.

The effect of gas hour space velocity (GHSV) on the cat-
alytic performance of 20 wt%Ni/3 wt%MgO-Al,O3 catalyst
was studied by maintaining the reaction temperature and feed
ratio in the system constant (7'=650°C, CHs : COy =1:1).
Figure 6 demonstrates that with the increase of GHSV from
6000 to 18000 mL/(gcac-h), the conversions of CH4 and CO;
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Figure 6. Effect of GHSV on the catalytic activity of 20 wt%Ni/3 wt%MgO-
Al,O3 catalyst. Reaction conditions: CH4/CO, =1:1,T =650 °C
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decreased. The reason for this might derive from the reduc-
tion in the residence time of the reactants on the surface of the
catalysts. As a result, the thermodynamic equilibrium could
not be achieved due to the insufficient contact time, leading to
the decrease of the catalytic activity [12].

Figure 7 presents the effect of feed ratio on the catalytic
activity of 20 wt%Ni/3 wt%MgO-Al,03 catalyst at 650 °C.
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The results showed that with an increase in CHy to CO; ratio
from 1:4 to 4:1, CHy conversion decreased whereas CO,
conversion increased (Figure 7a). The ratio of Hy/CO also
increased with the increase of CH4/CO; ratio, since the wa-
ter gas shift reaction took place seriously at a lower ratio of
CH4/CO, (Figure 7b).
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Figure 7. Effect of feed ratio on the catalytic performance of 20 wt%Ni/3 wt%MgO-Al,03 at 650 °C and GHSV = 12000 mL/(gca-h). (a) CH4 and CO;

conversion, (b) Hy/CO ratio

3.4. TPO analysis

TPO profiles of the spent Ni/MgO-Al,Oscatalysts with
different nickel loadings are shown in Figure 8. It is seen that
two oxidation peaks were detected for all the catalysts, in-
dicative of two kinds of carbonaceous species formed on the
catalysts. The first small peak at very low temperature could
be related to the extremely reactive carbonaceous species [12].
The high temperature peak around 700 °C could be ascribed
to filamentous carbon [17]. The obtained results showed that
with an increase of Ni loading the intensity of peak in these
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profiles increased because of an increase in the amount of
deposited carbon. The highest amount of deposited carbon
was observed over the 20 wt%Ni/3 wt%MgO-Al,O3 catalyst,
which may be related to the fact that this catalyst had the
largest particle size and the lowest Ni dispersion.

Increase in the coke deposition over the catalysts with
higher nickel loadings could be related to the lower dispersion
of nickel on the catalysts with higher nickel loadings [10].

TPO profile of 20%Ni/3%MgO-Al,03 spent catalyst af-
ter 15 h reaction is shown in Figure 8(b). As seen, one kind of
carbon specie deposited on the catalyst surface during CRM
reaction, which is corresponding to the whisker carbon.

(b)
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Figure 8. TPO profiles of Ni/3 wt%MgO-Al, O3 with different Ni loadings (a) and 20 wt%Ni/3%MgO-Al, O3 spent catalyst after 15 h reaction (b). Reaction
conditions: CHy : CO =1:1,7T =700 °C, GHSV = 12000 mL/(gc,-h) and time on stream = 15 h
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3.5. SEM analysis

SEM results of Ni/MgO-Al,O3 catalysts with 5 wt% and
20 wt% Ni loading are presented in Figure 9. It is obvious
that the amount of filamentous carbon formed over the cat-

NAGe X 20.0 K PHOTO* 1

L SEL EHT= 20.0KV WD 19 mm
2.00ym

ks

B ok N 148 50 .

Figure 9.
GHSV = 12000 mL/(gc,¢-h), time on the stream = 300 min

4. Conclusions

Ni/MgO-Al,03 catalysts with different Ni loadings
(5 wt%, 10 wt%, 15 wt% and 20 wt%) were prepared and em-
ployed in CO; reforming of methane. The results showed that
the catalytic activity increased with the increase of Ni loading
because of providing more accessible Ni active sites. In addi-
tion, by increasing Ni loadings, the catalyst could be reduced
in lower temperatures due to the increase of Ni particle size
and decrease of the interaction between Ni and the support.
Also by increasing Ni contents, coke formation increased in
MgO modified Ni/Al, O3 catalysts.
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