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Abstract—We investigated the steam reforming of methane (SRM) over various NiCo bimetallic catalysts supported
on ZrO, to determine whether the addition of Co on the Ni catalyst suppressed carbon formation. The effect of metal
loading on SRM reaction was evaluated in a downflow tubular fixed-bed reactor under various steam-to-carbon (S/
C) ratios and temperatures. For monitoring changes in the catalysts before and after the SRM reactions, several tech-
niques (BET, XRD, TEM, and CHN analysis) were used. The effects of reaction temperature, gas hourly space velocity
(GHSV), and molar S/C ratios were studied in detail over the various catalyst combinations. It was found that an Ni-
to-Co ratio of 50 : 50 supported on ZrO, provided the best catalytic activity, along with an absence of coking, when
operated at a temperature of 1,073 K, a GHSV of 24 L g h™', and an S/C ratio of 3 : 1.
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INTRODUCTION

The catalytic steam reforming of methane (SRM) is used world-
wide as the main technology for the large-scale production of hy-
drogen [1-3]. Recently, this reaction has become more important
as a means for the prior processing of fuel cell feedstock gas [4].
The metallic elements in group VIII of the periodic table are all es-
sentially active catalysts for this reaction. The SRM reactions are
outlined in reactions (1) and (2) [1-3]:

CH,+H,0—3H,+CO (AH=+206 kJ mol™") (1

@

Ceramic-supported nickel catalysts are both favored and widely
used in the industry because of their high activity, their relatively
long life spans, and their significantly lower utilization costs, in com-
parison with the other precious metal-based catalysts [3,5-9]. Nev-
ertheless, catalyst aging (deactivation) and subsequent formation of
surface coke are major problems that make it difficult to use this
metal on large scales [5-12]. Generally, when hydrocarbons are ex-
posed to high temperatures, the formation of superficial carbon de-
posits often occurs through the formation of C-C and C=C bonds
from the hydrocarbon chains on the exposed catalyst surfaces. Thus,
during the production of synthesis gas from natural gas (NG), car-
bon deposits are often formed through decomposition of the meth-
ane feedstock (reaction (3)) or through the Boudouard reaction (4):

©)
Q)

CO+H,0—>CO,+H, (AH=—41 kI mol"")

CH,—C+2H,; (AH3,=75 kJ mol™")

2CO—>C+CO,; (AH5=—172 kI mol™)
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The coking problem is particularly severe for Ni-based catalysts.
Although other tested metals, including Pt, Pd, Rh, and Ru, exhibit
better resistance toward carbon deposition [13-15], they are pro-
hibitively expensive. Because Ni is much cheaper, there is cur-
rently much research aimed at improving the stability and coking
resistance of Ni-based catalysts.

It is proposed that during CH,/CO, reforming, the coke species
formed by decomposition of CH, on the metal has to be removed
by the activated oxygen species derived from CO,. Takanabeet al..
[16] and Ruckenstein et al. [17] showed that the Co catalysts tended
to be deactivated by oxidation of the metal, implying that the oxygen
species derived from CO, reacts more preferentially with Co than
the coke species derived from CH,. This proves that Co has stron-
ger affinity towards oxygen species, which can suppress the car-
bon formation during reforming reactions.

The addition of Co to Ni catalyst suppresses coke formation by
various reactions, including the partial oxidation of methane to syn-
thesis gas [18,19], the steam reforming of propane and acetic acid
[20-22], and the CO, reforming of methane [23,24]. There is rela-
tively little data, however, related to the suppression of carbon for-
mation after the addition of Co to Ni catalysts applied to the SRM
reaction. Thus, our objective in this study was to combine the strong
affinity of Co for oxygen species with the strong affinity of Ni for
carbon species to suppress carbon formation and, thereby, increase
the methane conversions and product yields of the SRM reaction.
We investigated the behavior of these catalysts with respect to sev-
eral factors: the Ni-to-Co ratio, the steam-to-carbon ratio (S/C ratio),
the gas hourly space velocity (GHSV), and the reaction temperature.

EXPERIMENTAL

710, powder, a support for the catalysts, was prepared using the
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precipitation method, with zirconyl nitrate [ZrO(NO;),-2H,0] as
the precursor and aqueous ammonia solution as the hydrolyzing
agent. In a typical experiment, aqueous ammonia solution was added
to 0.1 M aqueous ZrO(NO,),-2H,O until the solution reached pH
9. The resulting precipitate was filtered off, washed thoroughly with
water, dried at 373 K for 12 h in an oven, and finally calcined at
873 K for 4 h in a muffle furnace to obtain monoclinic ZrO,.

Bimetallic NiCo catalysts featuring various Ni/Co ratios were
prepared on the ZrO, supports through co-impregnation in an aque-
ous solution of their respective nitrates. The two metals were de-
posited at various compositions, but the loading amount was kept
constant at 10 wt% with respect to the support. The prepared cata-
lysts were then dried for 12 h and calcined at 873 K for 4 h in flow-
ing air to remove the ligands from the Co and Ni precursors. For a
ratio of Ni to Co of m:n, the samples are denoted as “NiCo(m:n)/
S,” where S is the support [25].

Elemental analysis of the samples was performed using induc-
tively coupled plasma/atomic emission spectroscopy (ICP). X-ray
diffraction (XRD) patterns were collected at room temperature using
a Rigaku X-ray diffractometer (M18XHF-SRA, Mac Science, Japan)
with Cu K-1/30 kV/100 mA. The spectra were scanned in the 26
range from 3 to 90° at a rate of 5° min™' to examine the phase struc-
tures of the catalysts. Brunau, Emmett and Teller (BET) tests were
performed to measure the specific surface areas of the mixed oxides
through adsorption of N, using a Micrometrics ASAP 2000 apparatus.
Carbon formation on the catalyst during tests of activity was meas-
ured through elemental analysis in an elemental analyzer EA1108
(model CHNS-0), using 2 mg of the sample in a tin capsule and a
furnace temperature of 1,293 K. The morphologies and particle sizes
of the catalysts were analyzed by a Technai G2 F20 transmission
electron microscope (TEM).

The SRM was conducted under atmospheric pressure in a fixed-
bed quartz reactor (inner and outer diameters: 8 and 9 mm, respec-
tively). The temperature of the reactor was controlled by a temper-
ature controller equipped with a thermocouple placed near the catalyst
bed. Fresh catalyst (0.5 g) was reduced in a H, flow (30 mL/min,
100% H,) at 973 K for 2 h. The catalyst was then flushed with N,
for 30 min and then exposed to the reaction gases: a mixture of CH,
(99.95% purity) and steam. The effects of the temperature, GHSV,
and S/C ratio on the various NiCo catalysts were studied. An iced
water trap was located at the reactor exit to remove the steam con-
tained in the effluent gas. A portion of the dried effluent gas (contain-
ing H,, CO, CH,, and CO,) was analyzed through online gas chro-
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matography (Agilent micro GC 3000A) using molecular sieves,
plot U columns, and a thermal conductivity detector (TCD). N, was
used as a tie balance. The H, and CO yields were obtained from the
CH, conversion. The CH, conversion and H,, CO, and CO, yields
are defined herein as follows [26]:

CH, Conversion (%)= (n CH“anle EIH“ out) x100
H, Yield= (%HZ’TD
CO Yield= (%4"1‘1‘3
CO, Yield= (‘%ﬁ?}
where n is the number of moles
RESULTS AND DISCUSSION

1. Characterization of Catalysts Prior to SRM

Table 1 lists the BET surface areas of the calcined catalysts. The
surface areas of the bimetallic catalysts supported on oxides decreased
slightly after the impregnation process. This reduction in surface
areas after metal loading might have been caused by the deposited
metals plugging the small pores in the Ni catalyst.

Fig. 1 displays XRD patterns of the various NiCo/ZrO, catalysts.
In Fig. 1(a), we observe that monoclinic ZrO, (JCPDS No. 830944)
was formed, while the XRD patterns of the bimetallic NiCo peaks
revealed alloy formation. To investigate the formation of the NiCo
alloy more intensively, we investigated the (111) plane of the metal-
lic peak over a narrow scanning range (26=44-45°). Fig. 1(b) reveals
that the NiCo bimetallic peak shifted from Co (44.2°) to Ni (44.5%)
upon decreasing the Co content, confirming the formation of the
NiCo alloy [17]. Table 1 also lists the amounts of the loaded metals,
as determined through ICP analysis and calculated from the XRD
patterns. We conclude that the metal loadings matched the precur-
sor metal contents well.
2. Effect of Reaction Temperature on SRM

Fig. 2 and Table 2 reveal the effect of the catalytic activities for
the SRM reactions over the temperature range from 773 to 1,173 K.
These tests were performed using the catalysts prepared at an S/C
ratio of 3 and a GHSV of 24 L g™ h™'. Fig. 2 also shows the equilib-
rium CH, conversion with the reaction temperature at 1 atm. CH,
conversion increases with the increasing temperature in this tem-

Table 1. BET surface area for all the oven dried NiCo samples, and elemental analysis (ICP-AES) data for all reduced NiCo samples

Metal contents in

Metal loading from Metal loading from

Catalyst ]?E;F ?f? precursor solution (wt%) XRD analysis (wt%)* ICP analysis (wt%)
m
NiCo(100 : 0)/ZrO, 35 10 0 9.7 0 9.8 0
NiCo(75 : 25)/ZrO, 33 6.6 33 6.8 3.1 7.1 2.7
NiCo(50 : 50)/ZrO, 32 5 5 52 4.7 4.5 4.8
NiCo(25 : 75)/Zr0O, 34 33 6.6 32 6.5 3.1 6.8
NiCo(0 : 100)/ZrO, 32 0 10 0 9.9 0 9.8

ZrO, surface area=55.3 m’ g’
*Calculated from XRD patterns of the reduced catalysts
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Fig. 1. (a) XRD patterns of all of the reduced catalysts supported
on ZrO, (o=metal peak; Ni or Co). All the other peaks rep-
resent monoclinic ZrO,. (b) XRD patterns of the samples
in the narrow 26 range from 44 to 45°.

perature range. The theoretical thermodynamic equilibrium shows
99% CH, conversion at 1,073 K. In Fig. 2 we observe that the con-
version of CH, increased upon increasing the reaction temperature
or decreasing the Co content in the catalysts. As the temperature
increased, the CO, yield decreased sharply; in contrast, the yields
to H, and CO increased dramatically. This is because as the temper-
ature increased the SRM reaction (1) became more prominent avoid-
ing the WGS reaction (2), and also because at lower temperatures
steam adsorbed on the surface of the catalyst could not be acti-
vated sufficiently [20]. At 773 K, we observed no activity for the
catalysts for the SRM reactions. At 873 K, however, the Ni/ZrO,,
NiCo (50 : 50)/ZrO,, and NiCo (75 : 25)/ZrO, catalysts (i.e., those
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Fig. 2. Effect of temperature on the performance of all NiCo cata-
lysts supported on ZrQ, at S/C ratio: 3; GHSV: 24 L g" h™.

Table 2. Activities and yields to the products of all the ZrO,-sup-
ported NiCo catalysts obtained after effect of temperature
on SRM

Temperature  H, CO CO, Hy
(K) yield yield yield CO
Ni/ZrO, 773 0 0 0 0
873 1.29 0.12 020 10.7
973 1.80 022 030 8.0
1073 276 0.76 0.10 3.6
1173 320 091 008 34
NiCo(75 : 25)/Z1O, 773 0 0 0 0
873 128 0.12 022 10.2
973 1.68 023 026 7.07
1073 263 069 0.13 37
1173 305 088 009 34
NiCo(50 : 50)/ZrO, 773 0 0 0 0
873 1.02 009 036 114
973 1.62 0.17 026 92
1073 2.56 0.70 0.13 3.6
1173 299 0.87 0.06 34
NiCo(25 : 75)/ZrO, 773 0 0 0 0
873 0 0 0 0
973 097 008 020 114
1073 2.13 043 030 438
1173 245 052 037 47
Co/Z10, 773 0 0 0 0
873 0 0 0 0
973 0 0 0 0
1073 209 043 033 438
1173 2.35 051 021 45

Catalyst

containing low loadings of Co) began to mediate the methane con-
version; the other two NiCo (25 : 75)/ZrO, and Co/ZrO, catalysts
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(i.e., those containing high loadings of Co) did not mediate the meth-
ane conversion. Thus, when loading of Co in the catalysts was high,
the reforming reaction of methane did not occur at lower tempera-
tures [17]. The methane conversion rates did not vary significantly
at temperatures above 1,073 K, irrespective of the composition of
the bimetallic catalysts. Based on these results, we conclude that
1,073 K was the optimal reaction temperature for minimizing any
undesirable effects (e.g., metal sintering) that might occur during
high temperature processing of the bimetallic catalyst combinations;
we employed it as the operating temperature for our subsequent
analyses.
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Fig. 3. Time-on-stream analysis of NiCo catalysts; temperature:
1073 K; S/C ratio: 3; GHSV: 24 L g h™'.

Arbitrary intensity (a.u.)

Fig. 4. XRD analyses of used catalysts; #Co,0,; o=metal peak (Ni
or Co); *=carbon formed on the catalysts.

Table 3. Carbon analysis data after time on stream analysis for

12h
Catalyst Carbon formed (wt%)"
Time-on-stream analysis (12 h)
Ni/ZrO, 1.6
NiCo(75 : 25)/ZrO, 1.3
NiCo(50 : 50)/ZrO, 0
NiCo(25 : 75)/ZrO, 0
Co//ZrO, 0

“Obtained from carbon analysis

3. Effect of Co Addition in the Catalysts on SRM

We performed “time on stream analyses” for all of our supported
NiCo catalysts to determine whether the addition of Co to the Ni
catalysts would effectively suppress carbon formation. The SRM
reactions were conducted at 1,073 K for 12 h with an S/C ratio of 3
and a GHSV of 24 L g™ h™". In Fig. 3, the “time on stream analy-
ses” of the five NiCo catalysts, including the pure Ni and pure Co
samples, reveal that the catalysts featuring lower Co contents [i.e.,
Ni/ZxO,, NiCo(75 : 25)/Zr0,, and NiCo(50 : 50)/ZrO,] provided
almost constant CH, conversions (87-86%, 84.2-83.2%, and 81.8-
81.4%, respectively). Oxidation of the Co metal can be a cause for
degradation in CH, conversion for catalysts with higher Co con-
tents. XRD analysis (Fig. 4) revealed that carbon formation occurred
during the reactions performed on the catalysts incorporating low
contents of Co and oxidation of Co metal in catalysts containing
higher contents of Co. Table 3 lists the amounts of carbon formed
after the “time on stream analyses” performed for 12 h. It appears
that deactivation of the methane conversions over the NiCo(25 : 75)/
710, and Co/ZrO, catalysts was due to oxidation of the Co metal
to Co,0, (Fig. 4). Thus, when the amount of Ni was small and the
amount of Co was large, the oxidation reactions in the catalysts were
limited; in addition, the carbon formation that occurred for the cata-
lysts featuring high Ni contents could be controlled through the addi-
tion of an appropriate amount of Co to the catalyst. Therefore, there
must be an Ni/Co ratio that provided the best SRM performance,
i.e., without metal oxidation or carbon formation. Our results sug-
gested that the NiCo(50 : 50)/ZrO, catalyst was the best bimetal
composition in terms of its limiting of both metal oxidation and car-
bon formation. Therefore, we used this bimetal composition as a
baseline catalyst for our subsequent experiments.
4. Effects of GHSV and S/C Ratio on NiCo (50 : 50)/ZrO,

Fig. 5 displays the effect of the GHSV on the catalytic perfor-
mance of the NiCo(50 : 50)/ZrO, catalyst. The tests were performed
at 1,073 K with an S/C ratio of 3. Upon increasing the GHSV from
9.6t048 L g h', the CH, conversion decreased from 90 to 58.7%
because of the decreased residence time of CH, on the surface of
the catalyst. The GHSV also influenced the yields to the products:
upon increasing the GHSV, the H, and CO yields decreased from
2.68 to 1.73 and from 0.64 to 0.38, respectively. We observed that
1.38 wt% carbon formation occurred on the catalyst spent at the
GHSV 0of 9.6 L g h™; in contrast, no carbon appeared on the cata-
lyst spent at higher GHSVs. From all of these tests, we found that
aGHSV of 24 L g™ h™' provided the optimal results: a CH, conver-
sion of 81.8% with no carbon formation; therefore, we used these

Korean J. Chem. Eng.(Vol. 27, No. 2)
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Fig. 6. Effect of the S/C ratio on the performance of the NiCo(50 :
50)/ZrO, catalyst.

conditions as a baseline for our subsequent reactions.

Fig. 6 reveals that the S/C ratio in the SRM reactions performed
at 1,073 K and at a GHSV of 24 L ¢' h™' had significant effects
on both the CH, conversion and yields to the products. Upon in-
creasing the S/C ratio from 1 to 3, the CH, conversion increased
substantially from 68.9 to 81.8%, while the yields of the products
H, and CO increased from 2.04 to 2.64 and from 0.38 to 0.72 re-
spectively. A significant amount of CO, formed at the lower S/C
ratios, but its yield decreased upon increasing the S/C ratio. This
shows that as S/C ratio increased, the SRM reaction became more
dominant, avoiding the formation of CO, at higher S/C ratios. The
carbon content on the surface of the catalyst decreased significantly
upon increasing the S/C ratio; formation of carbon and presence of
higher amounts of CO, shows that Boudouard reaction was taking
place at lower S/C ratios. When we performed the SRM reactions
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Fig. 7. Long-term stability tests of the NVZrO, and NiCo(50 : 50)/
ZxO, catalysts over 50 h.

Table 4. Crystallite sizes of all of the ZrO,-supported NiCo cata-
lysts as calculated from Scherrer equation

Metal crystallite size (nm)

Catalyst - -
Before reaction After reaction
Ni/ZrO, 39.98 48.72
NiCo(75:25)/Z10O, 41.11 42.93
NiCo(50:50)/ZrO, 38.67 41.11
NiCo(25:75)/Zr0O, 39.61 44.61
Co/Zr0, 41.65 41.71

at S/C ratios of 1 and 2, we observed the formation of 1.45 and 1.3
wt% of carbon, respectively. In contrast, no carbon formation oc-
curred in the SRM reaction performed at an S/C ratio of 3, which,
gratifyingly, also provided higher methane conversions [27].
5. Long-term Stability Test

Fig. 7 displays the results of long-term stability tests for both the
Ni/ZrO, and NiCo(50 : 50)/ZxO, catalysts, performed at an S/C ratio
of 3 for a period of 50 h. For the Ni/ZrO, catalyst, we observed a
decrease in the methane conversion from 87 to 84.1%, and about
8.3 wt% of carbon was formed, which led to a high pressure drop
(from 20 to 73 cm H,0) in the reactor during the SRM reaction.
The carbon formation was confirmed through carbon analysis on
the spent catalyst. This shows that the loss in catalytic activity is due
to the carbon formation on the surface of catalyst, as the content of
Ni in the catalyst is higher. We also noticed (Table 4) that there was
a large increase in the Ni crystallite size-from 38.98 to 57.62 nm
(calculated using the Scherrer equation [28])-which led to sintering
of the catalyst. On the other hand, during the long-term stability
test the NiCo(50 : 50)/ZrO, catalyst displayed a constant methane
conversion of 81.8%;, no carbon formation on the surface of the cata-
lyst, a negligible pressure drop in the reactor, and an insignificant
change in the crystallite size (from 38 to 43 nm). This shows that
the presence of Co on the surface of the catalyst suppresses carbon
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Fig. 8. TEM analysis of (a) the Ni/ZrO, catalyst before the SRM reaction, (b) the Ni/ZrQ, catalyst after the SRM reaction for 50 h, (c) the
NiCo(50 : 50)/ZrO, catalyst before the SRM reaction, and (d) the NiCo (50 : 50)/ZrO, catalyst after the SRM reaction for 50 h.

formation. TEM images of the Ni/ZrO, and NiCo(50 : 50)/ZrO,
catalysts recorded before and after their SRM reactions (Fig. 8) reveal
a large amount of carbon on the surface of the former catalyst, but
no carbon on the latter. There was little change in the particle size
for either catalyst. Thus, the long term stability tests confirmed that
NiCo(50 : 50)/ZrO, was a better catalyst than Ni/ZrO, for the sup-
pression of carbon formation during SRM reactions.

CONCLUSION

In terms of the ability to suppress carbon formation, Co-added
Ni/ZrO, catalysts functioned better than unmodified Ni/ZrO, cata-
lysts in SRM reactions. A Ni-to-Co ratio of 50 : 50 provided the
best results: no carbon formation and superior catalytic activity. The
reaction temperature, GHSV, and S/C ratio all had significant effects
on the CH, conversions and product yields. Under the optimized
conditions-a temperature of 1,073 K, a GHSV of 24 L ¢' h™', and
an S/C ratio of 3-the NiCo(50 : 50)/ZrO, catalyst provided better
catalytic activity during a long-term stability test performed over a

period of 50 h, with no carbon formation, when compared with the
performance of the corresponding Ni/ZrO, catalyst.
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