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Nano-sized Ni catalysts were prepared by using MgO-Al,0; mixed oxides from hydrotalcite-like
structure as a support. The property of support was controlled with various Mg/Al mixed ratio to
enhance coke resistance in combined H,0 and CO, reforming of CH4 (CSCRM) to produce synthesis gas
(H»/CO = 2) for gas to liquid (GTL). 12% Ni/MgO-Al,05 catalyst with Mg/Al of 0.5 shows the highest
activity in CSCRM due to high coke resistance, resulting from nano-sized Ni particles strongly interacting

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis gas production for gas to liquid (GTL) process
attracts an increasing interest in combined steam and carbon
dioxide reforming of methane (CSCRM) which is a feasible process
to adjust the H,/CO ratios of syngas with various feed ratio of H,O
and CO, [1-4]. In general, the required H,/CO ratio of syngas
depends on the target processes such as Fischer-Tropsch (F-T) and
methanol synthesis [5]. When the conventional steam reforming
and dry reforming processes are applied for the syngas production
for GTL, these processes need an additional process to adjust the
H,/CO ratio [6-9]. In addition, the commercial auto-thermal
reforming and partial oxidation of methane to produce the syngas
(H2/CO=2) for F-T synthesis have some drawbacks such as
follows. These reforming processes require the oxygen plant which
is very expensive and have difficulty in process control due to
explosion danger [10,11]. Therefore, the effective syngas produc-
tion is required to overcome the drawbacks of conventional
reforming processes. In this study, the syngas production for the F-
T synthesis was carried out in CSCRM by controlling the feed H,O/
CO, ratio.

In these reforming processes, Ni-based catalysts have been used
as promising catalysts because of high activity comparable to
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expensive noble metal catalysts. In general, Ni catalysts deactivate
rapidly due to carbon deposition and metal sintering in severe
operating conditions [12,13]. It is inevitable to develop the highly
dispersed nano-sized Ni catalysts with strong metal to support
interaction (SMSI) which results in high coke resistance and
prevents the metal sintering [14]. In addition, it has been reported
that the addition of a basic metal oxide into the catalyst improved
coke resistance [15]. In this study, Ni catalysts supported on
hydrotalcite-like MgO-Al,O; have been used as promising
catalysts. These mixed oxides prepared by hydrotalcite com-
pounds have been investigated because of some advantages such
as thermal stability, large surface area and well dispersion of metal
catalyst (Ni) [16,17]. Tsyganok et al. [18] reported that the
preparation methods of Ni containing Mg-Al layered double
hydroxides (LDH) have an effect on the coke deposition and the
state of the supported nickel. Hou and Yashima [19] reported that
mesoporous Ni/Mg/Al catalysts prepared by coprecipitation
method exhibited high activity and low coke formation because
the highly dispersed Ni catalysts with SMSI prevent the coke
formation and sintering. We have also reported that the surface
area and NiO crystallite size depend on the pre-calcination
temperature of support in nano-sized Ni/MgO-Al,05 catalysts
obtained from hydrotalcite-like material in CSCRM [2].

Base on the results of our previous work, the effect of Mg/Al
ratio on coke resistance has been investigated in CSCRM since the
surface properties such as basicity of support and structure
depends on the Mg/Al ratio. In addition, the optimum Mg/Al ratio
for coke resistance has been discussed in coke study using SEM,
TGA analysis and Raman spectroscopy.
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2. Experimental
2.1. Catalyst preparation

Ni/MgO-Al,Os catalysts were prepared by the incipient wetness
method using the hydrotalcite-like MgO-Al,05 mixed oxide (Mg/Al
molar ratio = 0.5, 1.3, 3.5, SASOL) and nickel nitrate (97%, JUNSEI).
Supports were pre-calcined in air at 800 °C for 6 h. The loading
amount of Ni was fixed at 12 wt%. The catalysts were calcined in air
at 800 °C for 6 h.

2.2. Characterization

The crystal structure and compositional homogeneity of the
prepared catalysts were examined by X-ray diffraction (XRD,
Rigaku D/Max-IIl C, Cu Ko radiation). The surface area of each
catalyst was measured by BET (Micromeritics, ASAP 2000) through
the nitrogen adsorption at —196 °C. H-chemisorption was
performed by using pulse technique to identify the metallic
dispersion and metal surface area in BEL-METAL-3 (BEL Japan, Inc.).
The sample of 50 mg was reduced in H; flow at 700 °C for 1 h. The
sample was purged at 700 °C for 1 h in He flow and cooled to 50 °C.
A hydrogen pulse (20% H,/Ar) was injected into the catalyst. The
adsorbed H, amount obtained by assuming the adsorption
stoichiometry of one hydrogen atom per nickel surface atom (H/
Nisurrace = 1) was used to estimate Ni dispersion and surface area.

Temperature programmed reduction (TPR, Micromeritics,
Autochem 2910) was carried out to identify the reduction
temperature and H, consumption of catalysts. The sample of
0.1 g in a quartz reactor was pre-treated with He gas at 250 °C for
1 h, then cooled down to 50 °C, and then re-heated by an electrical
furnace at heating rate of 20 °C/min from 100 to 1000 °C under 10%
H, in Ar gas. The sensitivity of the detector was calibrated by
reducing known weight of NiO. The reduction degree was
estimated by integrating the peak area of the reduction profile
relative to the reference curve of NiO [2]. To estimate the reduction
degree in the same reduction condition prior to the reforming
reaction, the peak area of the TPR profile was integrated up to
700 °C.

CO,-temperature programmed desorption (CO,-TPD, Bel-
Metal) was performed to identify the basic strength distribution
of the support. The sample of 50 mg in a quartz reactor was pre-
treated with He gas at 700 °C for 1 h and then cooled down. CO,
was adsorbed at 50 °C for 1 h and weakly adsorbed CO, was
removed by purging with He. The sample was heated from 50 to
900 °C at a heating rate of 10 °C/min in He flow and the desorbed
amount of CO, was detected with a thermal conductivity
detector (TCD). The CO, amount was estimated by integrating
the TPD profile with the Distribution Fitting Software (BEL Japan,
Inc.).

2.3. Catalytic test

The CSCRM was carried out from 750 to 650 °C over 15 h under
atmospheric pressure. Before the reaction, the catalyst was reduced
at 700 °C for 1 h with 10% H; in N. To obtain the syngas with H,/CO
ratio of 2, the reforming reaction was performed with the feed ratio
of CH4:H0:C0O5:N5 = 1:0.8:0.4:1 at GHSV = 530,000 ml/(h gc4) from
750t0650 °C.Inour previous work, we have reported that the H,/CO
ratio was controlled by the feed ratio of H,O and CO- [20]. To clarify
the catalytic activity according to the Mg/Al molar ratio, we
compared the initial CH4 conversion with the final CH,4 conversion of
each catalyst after reforming test under severe condition
(GHSV = 1,060,000 ml/(h gc,)) at 700 °C for 15 h. The effluent was
passed through a trap to condense residual water and then analyzed
with an on-line micro gas chromatograph (Agilent 3000) equipped

with a TCD detector. In this study, CSCRM to obtain the syngas with
H,/CO = 2 involves the following reaction:

3CH4 +2H,;0 + CO, — 8H;, +4CO

H, and CO yields are defined as follows:

Experimental H, product
Theoretical H, product

H, yield (%) = % 100

Experimental CO product

H o) —
COyield (%) = Theoretical CO product

x 100

2.4. Coke study

The coke test was carried out under severe conditions resulting
in the deactivation of the catalyst to observe the coke formation on
the catalyst related with the effect of Mg/Al ratio. The prepared
catalysts with various Mg/Al molar ratios were loaded in a fixed-
bed reactor without diluents. After reforming test under condition
of GHSV = 530,000 ml/(h g.,) at 650 °C for 15 h, the used catalysts
were collected. The detailed reaction procedure was described in
our previous report [3]. The morphologies and coke formation of
used catalyst were identified by scanning electron microscopy
(SEM, Philips XL30SREG). The quantitative analysis of coke amount
on the used catalyst was performed with a thermogravimetry
analyzer (TGA, Netzsch TG209F3). The sample of 50-70 mg was
heated from 30 to 800 °C with a heating rate of 5 °C/min in air. The
Raman spectra were obtained with a LabRam HR spectrometer
(Horiba Jobin Yvon) using a 514 nm excitation source. A 100 pm
pinhole was used with the spectral resolution grating, yielding
about 1.0 cm™! resolution.

3. Results and discussion
3.1. Catalyst characterization

Fig. 1(a) shows the XRD patterns of pre-calcined MgO-Al,03
supports with various Mg/Al molar ratios. MgO-Al,03; mixed oxide
which consists of the Mg/Al molar ratio of 0.5 was transformed into
MgAl,0,4 spinel phase after pre-calcination at 800 °C. At the Mg/Al
molar ratio of 1.3, the MgO phase co-exists with MgAl,04, while
MgO peaks are dominant with Mg/Al of 3.5. It is obvious that the
MgO phase becomes dominant by increasing the Mg/Al molar
ratio. From the XRD patterns of Ni/MgO-Al,O3 catalysts, it is hard
to distinguish the MgO peak from the NiO peak because the peaks
overlap each other in Fig. 1(b).

Fig. 2 shows the H,-TPR patterns of Ni/MgO-Al,03 catalyst with
various Mg/Al molar ratios. The peak appearing at 800 °C is
assigned to the reduction peak of complex NiO, species, which
have strong interaction with support [2]. In the case of catalyst
with Mg/Al = 0.5, TPR peak is present at high temperature (830 °C)
due to SMSI. As the Mg/Al molar ratio increases, TPR peaks are
present at high temperature above 900 °C resulting from formation
of NiO-MgO solid solution [21,22]. As a result, the Ni/MgO-Al,03
catalysts with higher Mg/Al molar ratio can be partially reduced
under reduction condition at 700 °C for 1 h due to the fact that the
catalysts can be completely reduced above 900 °C. It is clear that
the reduction degree of prepared catalysts is different (Table 1).

Table 1 summarizes the characteristics of the Ni/MgO-Al,03
catalysts with various Mg/Al molar ratios. In this table, H, uptake
of Ni/MgO-Al,05 catalyst with Mg/Al molar ratio of 0.5 is the
highest, resulting in the highest Ni surface area (3.4 m?/g). With
increasing the Mg/Al ratio, reduction degree of Ni decreases. This is
due to the fact that solid solution formation of NiO-MgO obstructs
the reduction of NiO species, resulting in less available Ni sites after
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Fig. 1. XRD patterns of pre-calcined MgO-Al,03 supports (a) and Ni/MgO-Al,03
catalysts and (b) with various Mg/Al molar ratios.

the reduction process. As expected from the TPR results, Ni catalyst
is partially reduced due to formation of a NiO-MgO solid solution.

Fig. 3 shows the CO,-TPD patterns of Ni/MgO-Al,03 catalysts
with various Mg/Al molar ratios. In the case of the catalyst with
Mg/Al ratio of 0.5, three types of basic site exist at 115, 305 and
680 °C. On the other hand, TPD peaks of catalysts with Mg/Al ratio
of 1.3 and 3.5 show a separate peak at 345 and 365 °C, respectively.
As the Mg/Al ratio increases, TPD peaks shift toward the high
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Fig. 2. H,-TPR patterns of Ni/MgO-Al,03 catalysts with various Mg/Al molar ratios
of 0.5 (a), 1.3 (b) and 3.5 (c).
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Fig. 3. CO,-TPD patterns of Ni/MgO-Al,05 catalysts with various Mg/Al molar ratios.

temperature and show higher peak intensity attributed to the
increase of basicity. The total amount of desorbed CO, was
estimated from the integration of CO,-TPD peak area (Table 2). In
the case of the catalyst prepared with Mg/Al molar ratio of 0.5, the
amount of desorbed CO, is 1 mmol/g at 115 °C, 9.8 mmol/g at
305 °C and 3 mmol/g at 680 °C, respectively. The CO,-TPD result
demonstrates that the basicity of prepared catalysts increases
obviously with the increase of Mg/Al molar ratio. In general, the
basic catalysts could improve the adsorption of acidic CO, gas
which supplies the surface oxygen to suppress the coke deposition
[21,23]. In addition, the basicity and strength of basic sites of the
catalyst have an effect on the catalytic performance [24]. In this
study, the catalyst with Mg/Al molar ratio of 0.5 shows high
catalytic activity and good coke resistance as compared to other
catalysts with high basicity. This can be explained as follows. Tang
et al. [25] reported that prior to weak basic sites, strong basic sites
are favorable to depress the coke formation in MgO and CaO
promoted Ni catalysts. In our study, the catalyst with Mg/Al = 0.5
has the weak, middle and strong basic sites whereas other catalysts
have the only middle basic site. As a consequence, the high coke
resistance of the catalyst with Mg/Al = 0.5 is possibly related to the
presence of strong basic site at 680 °C. However, it is hard to
evaluate the catalytic activity and coke resistance by the difference
of basic strength because the catalytic performance depends on the
various factors including the Ni metal size, dispersion, reduction
degree and so on.

Table 1
Characteristics of Ni/MgO-Al,05 catalysts with various Mg/Al molar ratios.

Mg/Al BET S.A® H, uptake® Reduction Ni dispersion® Ni surface Ni size®

molar (m?/g) (pmol/gcar) degree® (%) area® (nm)
ratio (%) (m?/g)

0.5 108 421 14.6 27.5 34 3.5
13 112 32.2 9.6 31.5 2.6 3.1
3.5 100 232 2.5 90.8 1.9 1.1

¢ Estimated from N, adsorption at —196 °C.
b Estimated from H,-chemisorption at 50 °C.
¢ Calculated from reduction of the catalysts at 700 °C for 1 h.

Table 2

CO,-TPD results of Ni/Mg0-Al,05 catalysts with various Mg/Al molar ratios.
Mg/Al 0.5 1.3 35
Total desorbed CO, * (mmol/g) 13.8 20.8 24.0

2 Estimated from the integration of CO,-TPD peaks.
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Fig. 4. CH, conversion (a) and CO, conversion (b) with reaction temperature over
Ni/MgO-Al,05 catalysts with various Mg/Al molar ratio (reaction conditions:
CH4:H,0:C0O5:N;, = 1:0.8:0.4:1, GHSV = 530,000 ml/(h gca)).

3.2. Catalytic test in CSCRM

Fig. 4 shows the results for CH4 conversion and CO, conversion
with different reaction temperature from 750 to 650 °C. All the
catalysts exhibited almost thermodynamic equilibrium CH,
conversion within a range of acceptable error, while the CO,
conversion showed some difference at 650 °C. The Mg/Al molar
ratio of 3.5 showed the highest CO, conversion. It is most likely
that the increase of Mg/Al molar ratio is favorable to CO,
adsorption, resulting in the increase of CO, conversion. Table 3
summarizes the H, and CO yield and H,/CO ratio over Ni/MgO-
Al,03 catalysts with various Mg/Al molar ratios at 750 °C in
CSCRM. These values are almost close to the thermodynamic
equilibrium values. It is noted that CO yields of catalysts with Mg/
Al molar ratio of 1.3 and 3.5 are above 100% because of the reverse
water gas shift reaction (RWGS: CO, + H, = CO + H,0) at high
temperatures. The selectivities to both H, and CO are 100% because
there is no side product in CSCRM [21]. It has been confirmed that

Table 3

Reaction results over Ni/MgO-Al,03 catalysts at 750 °C in CSCRM.

Mg/Al ratio H, yield (%) CO yield (%) H,/CO
0.5 96.2 97.3 2.0
1.3 94.8 101.6 2.0
3.5 94.6 102.2 2.0

All the reactions were carried out at GHSV = 530,000 ml/(h gcar).

Table 4

CH, conversion over Ni/MgO-Al,05 catalyst with Mg/Al molar ratio of 0.5 and 3.5.
Mg/Al=0.5 Mg/Al=3.5

Initial CH4 conversion (%) 85 78

Final CH, conversion (%) 65 60

All the reactions were carried out at GHSV = 1,060,000 ml/(h gcat).

the H,/CO ratio of 2.0 which is required for the F-T synthesis is
achieved by CSCRM.

To screen the catalysts more rapidly, the GHSV was doubled to
1,060,000 ml/(h g.5¢) at 700 °C. At this condition, we compared
initial CH4; conversion with final conversion (time on
stream = 15 h). Table 4 summarizes the initial conversion and
final conversion. The CH,4 conversion dropped with time on stream.
Ni/MgO-Al,05 catalyst (Mg/Al = 0.5) exhibited higher CH, conver-
sion than that with a ratio of 3.5. As pointed out previously, the
highly dispersed Ni particle with SMSI offers resistance to sintering
and coke deposition. The lower CH,4 conversion of catalysts with
Mg/Al ratio of 3.5 is attributed to low Ni surface area due to low

0t Magn . Det WD
L 26000% SE 75

Fig. 5. SEM images of used catalysts with Mg/Al molar ratio of 0.5 (a), 1.3 (b) and 3.5
(c).
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Fig. 6. TG profiles of used Ni/MgO-Al,05 catalysts under air.

reducibility of Ni particles, resulting from formation of NiO-MgO
solid solution.

3.3. Coke study

The coke formation over used catalysts was monitored by SEM
analysis (Fig. 5). It is clear that Ni/MgO-Al,05 catalyst (Mg/Al = 0.5)
shows less coke formation, while a lot of filamentous carbon
species are present on Ni/MgO-Al,03 catalyst (Mg/Al =1.3). TGA
analysis was carried out to confirm quantitatively the coke amount
of used catalysts (Fig. 6 and Table 5). There are drastic loss in
sample weight in the catalyst with Mg/Al of 1.3 and 3.5. Moreover,
the TGA profiles show the different behavior of weight loss.
Tsyganok et al. [18] demonstrates the different behavior of TGA
profiles according to the temperature. Below 350 °C, the initial
weight loss is ascribed to thermal desorption of H,O and CO,
adsorbed and removal of easily oxidizable amorphous coke. Above
500 °C, the weight loss can be assigned to the oxidation of coke to
CO and CO, (COy). It is noted that the increase of weight due to the
oxidation of nickel particles on the surface is not observed in used
catalysts. It indicates that the Ni particles on the surface of
prepared catalysts are hard to oxidize. As pointed out previously,
TGA results support that the catalyst with Mg/Al = 0.5 shows high
coke resistance resulting from highly dispersed Ni catalyst with
SMSL.

The structure and the crystallite size of coke on used catalysts
were identified by Raman spectroscopy (Fig. 7). In all used
catalysts, two peaks appear in the vicinity of 1350 and 1580 cm™!,
respectively. According to some previous reports, the Raman
spectrum of graphite in single crystal appears in the 1500-
1700 cm™!, which is called G band. On the other hand, the
spectrum of polycrystalline and imperfect graphite appears at
about 1350 cm™!, which is called the D band [26,27]. The ratio of
areas of Ip/Ig is inverse proportion to the crystallite size of the
graphite. Based on Jawhari's report [28], the crystallite size of
graphite is estimated and summarized in Table 5. The crystallite

Table 5
Quantitative data and Raman spectrometry data of carbon deposited on used Ni/
MgO-Al,05 catalysts.

Mg/Al ratio Total amount I/Ip

of coke (%)

Crystallite size of
graphite?® (nm)

0.5 1.75 0.765 3.36
13 6.14 0.829 3.65
3.5 4.76 0.799 3.52

¢ Estimated from I¢/Ip using crystallite size (nm) = 4.4[Ig/Ip].
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Fig. 7. Raman spectra of the cokes over used Ni/MgO-Al,03 catalysts with Mg/Al
molar ratio of 0.5 (a), 1.3 (b) and 3.5 (c).

size of graphite for all catalysts is between 3.36 and 3.65 nm.
However, filamentous carbon does not affect the catalytic activity
and causes the breakage of catalyst and pressure drop in the
reactor [29]. Guo et al. [30] reported that catalytic activity showed
no deactivation in spite of a large amount of coke deposition. We
also observed that all catalysts maintained high CH4 conversions
irrespective of the coke formation (Fig. 4). At severe condition
(GHSV = 1,060,000 ml/(h ga¢)), the catalyst with Mg/Al=0.5
showed higher CH,; conversion than the catalyst with Mg/
Al=3.5 due to the highly dispersed Ni crystallites with SMSI.
When the Mg/Al molar ratio increases, it is hard to reduce the Ni
catalysts because of formation of NiO-MgO solid solution. These
results confirm that Mg/Al=0.5 is an optimum molar ratio to
suppress coke formation. It is most likely that Mg/Al = 0.5 shows
optimum SMSI for the highly dispersed Ni crystallites, and forms
relatively stable MgAl,04 without formation of NiO-MgO solid
solution. In addition, it is confirmed that the distribution and
strength of basic sites of the catalyst have a significant effect on
coke resistance. As a result, catalyst with Mg/Al = 0.5 exhibits the
highest activity with stability resulting from high coke resistance.

4. Conclusion

The nano-sized Ni/MgO-Al,0; catalysts with high coke
resistance have been prepared successfully for CSCRM by using
mixed oxide with hydrotalcite-like structure as a support. In the
case of high Mg/Al molar ratio, formation of NiO-MgO solid
solution obstructs the reduction of NiO species, resulting in less
available Ni sites after the reduction process. Ni/MgO-Al,03
catalyst with Mg/Al ratio of 0.5 exhibits good catalytic activity
and high coke resistance resulting from the stable MgAl,O4
formation and highly dispersed Ni crystallites with an optimum
SMSI.
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