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Partial oxidation of methane to CO and H; at very small contact
times (4.8 ms at STP) over different supported Ni-catalysts at
700 and 800°C, CH4/O;, ratio in feed of 1.8 and gas space velocity
of 5.2x10° cm®.g~1-h~! (at STP) has been investigated. The
catalysts were prepared by depositing NiO-MgO on different com-
mercial low surface area porous catalyst carriers (obtained from
M/S Norton Co., USA) consisting of refractory compounds (viz.
SiOy, Aly03, SiC, ZrO,, and HfO,) at different concentrations and
having different surface properties and also prepared by depositing
NiO on the catalyst carriers precoated with different alkaline and
rare earth oxides (viz. MgO, CaO, SrO, BaO, Sm,03, and Yb;0s3).
The catalysts have been characterized by their TPR by H; from
100 to 900°C, degree of NiO reduction, and H, chemisorption
after the catalyst reduction at 900°C. The influence of support
(its composition and surface properties), method of NiO and MgO
deposition, support precoating agent, loadings of NiO and MgO
(as support precoating agent), and calcination temperature on the
conversion and selectivity has been studied. The influence of these
catalyst parameters on the TPR, degree of NiO reduction, and H;
chemisorption on the catalyst has also been studied. The catalyst
characteristics are strongly influenced by the support (containing
Al,O3 and/or SiO; at higher concentrations and having higher sur-
face area), precoating agent, loading of MgO precoat on the support,
particularly at lower loadings (below 2 wt%), and also by the cata-
lyst calcination temperature above 900°C. The catalyst prepared
by depositing NiO on the commercial supports (except SA-5552
having much higher surface area) precoated with MgO (6 + 1 wt%)
and calcined at 900°C shows excellent performance in the catalytic
process (at 800°C) with very high methane conversion (>91%),
selectivity (>95%) and CO productivity (>13 mol-g~*- h™%, which
is about two orders of magnitude higher than that obtained in steam
reforming of methane). However, the conversion and selectivity
are reduced drastically when the MgO loading is decreased below
2 wt%, the MgO precoat is replaced by that of SrO or BaO or when
the catalyst is calcined above 1050°C.  (© 1997 Academic Press
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INTRODUCTION

Catalytic oxidative conversion of methane to syngas with
H,/CO ratio of 2.0, a versatile feedstock for the methanol
and Fischer-Tropsch synthesis processes, is a process of
great commercial importance. Since the last few years, ex-
tensive efforts have been made for converting methane by
its partial oxidation with oxygen to syngas, using different
nickel, cobalt, and noble metal-containing catalysts (1-15).

NiO-MgO (6), NiO—CaO (7), and NiO-Yb,O3, or other
rare earth oxide (8) catalysts show high activity and selectiv-
ity at very low contact time (1-10 ms) and, hence, show very
high productivity in the oxidative conversion of methane
to syngas. However, because of their hygroscopic nature,
the pellets of these composite mixed metal oxide catalysts
have poor mechanical strength (i.e., low crushing strength
and poor attrition resistance). The mechanical strength of a
catalyst can be improved by supporting it on a porous cata-
lyst carrier having high mechanical strength. But when the
above three mixed metal oxide catalysts were deposited on
a sintered low surface area porous silica—alumina catalyst
carrier, the activity of the catalysts was reduced very sig-
nificantly (15). This was due to the formation of NiAl,O4
(spinel), which is catalytically inactive and also very diffi-
cultto reduce, by a solid—solid reaction between NiO (from
catalyst) and Al,O3 (from support).

In our recent preliminary studies (14), supported nickel
catalysts prepared using commercial sintered low surface-
area porous catalyst carriers (containing Al,O3; and/or
Si0O,) precoated with MgO, CaO, or rare-earth oxide show
very much higher activity, selectivity, and productivity in
the oxidative conversion of methane to syngas than the
catalysts prepared using the catalyst carriers without any
precoating. The beneficial effect of the support precoating
was attributed to the elimination or drastic reduction in the
formation of catalytically inactive NiAl,O4 (spinel) and/or
Ni,SiO4 phases resulting from the chemical interactions be-
tween NiO and Al,O3 and/or SiO, from support at high
catalyst calcination temperature. It is, therefore, interesting
to investigate in detail the effects of various parameters of
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the preparation of supported nickel catalyst (viz., use of dif-
ferent low surface area porous catalyst carriers, method of
deposition, precoating agents, loading of precoating agent,
loading of NiO, and catalyst calcination temperature) on
(1) temperature programmed reduction (TPR), (2) degree
of reduction of nickel oxide from the catalyst, (3)
chemisorption of hydrogen (which is a measure of Ni sur-
face area) on the catalyst after its reduction, and (4) con-
version and selectivity of the supported Ni catalysts in the
partial oxidation of methane to syngas at very low contact
time (4.8 ms at STP). The present investigation was under-
taken with these objectives.

EXPERIMENTAL

Unsupported NiO-MgO with Ni/Mg ratio of 3.0 (Ta-
ble 1) was prepared as per the procedure reported earlier
(7). NiO-MgO (Ni/Mg = 3.0) directly supported on differ-
ent low surface area (<1 m?-g~1) porous catalyst carriers
(SA-5205, SA-5218, SA-5552, SC-5532, SS-5231, and SZ-
5564, obtained from M/S Norton Co., USA) were prepared
by impregnating (using the incipient wetness impregnation
technique) 22—-30 mesh-size particles of the commercial sup-
ports with mixed nickel nitrate and magnesium nitrate so-
lutions, drying and calcining in air at 900°C for 4 h; NiO
supported on the different catalyst carriers precoated with
different alkaline earth or rare-earth oxides were prepared

TABLE 1

Results of the Oxidative Conversion of Methane to CO and H;
over NiO-MgO (Ni/Mg=3.0) Mixed Metal Oxides Deposited on
the Different Supports (Loading of NiO—-MgO on Support=13 +
1 wt%)

Catalyst Reac-

) Selectivity .
surface  tion CH, (%) Productivity
area temp. convn. H,/CO for CO
Support (m?.g7!) (°C) (%) CO H, ratio (mol-g~*-h7%)
Nil 3.66 800 959 998 99.6 200 14.3
700 909 96.6 94.0 1.95 13.1
SA-5205  0.39 800 865 964 927 192 12.4
700 803 922 909 197 111
SA-5218 0.34 800 828 959 921 1.92 11.9
700 811 938 916 195 11.4
SA-5552  0.89 900 412 910 354 0.78 5.6
800 18 — — — —
SC-5532 0.36 900 19 — — — —
800 No reaction
SZ-5564 0.57 800 862 957 925 1.93 12.3
700 832 934 904 194 11.6
SS-5231 0.88 800 56.7 869 736 169 7.4

Note. Reaction conditions: CH4#/O, =1.8 and GHSV =5.2 x 10° cm®-
gt-ht
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TABLE 2
Main components (wt%) Surface  Pore _
area volume Porosity

Support Al,O3 SiO, SiC HfO,+2ZrO; (m?-g71) (cm®.g7%) (%)
SA-5552 931 56 — — 0.33 0.39 59
SA-5205 86.1 118 — — <0.05 0.35 54
SA-5218 86.1 120 — — <0.05 0.20 40
SC-5532 4.7 285 65.8 — 0.15 0.23 45
SS-5231 41 950 — — 0.22 0.25 35
Sz-5564 04 16 — 94.1 0.10 0.15 45

by impregnating nickel nitrate from its aqueous solution on
22-30 mesh-size particles of the precoated catalyst carriers,
using incipient wetness impregnation technique, drying and
calcining in air at different temperatures (600-1200°C) for
4 h. The catalyst carriers were precoated with alkaline earth
or rare-earth oxide by impregnating the carriers with the
corresponding metal nitrate, drying, and calcining in air at
900°C for 4 h.

The main chemical constituents, surface area, pore vol-
ume, and porosity of the different commercial catalyst car-
riers are as shown in Table 2. The catalyst carriers were
crushed to 22-30 mesh-size particles before using them for
supporting the catalysts.

The catalysts were characterized for their surface area by
the single point BET method, using a Monosorb Surface
Area Analyser (Quantachrome Corp., USA). The catalysts
were also characterized by their temperature programmed
reduction (TPR) from 100 to 900°C with a linear heating
rate of 20°C - min~t in a flow of H,—Ar (3.7 mol% H,) mix-
ture (space velocity =6000 cm®.g~%-h™') in a quartz re-
actor (ID 4 mm) having a low dead volume. The hydro-
gen consumed in the TPR was measured quantitatively by
TCD. Before the TPR, the catalyst was pretreated in a flow
of He at 900°C for 1 h. The chemisorption of H; on the
reduced catalysts was measured by saturating the catalyst
with H; at 50°C in a flow of the H,—Ar mixture for 4 h and
then carrying out the temperature-programmed desorption
(TPD) of the adsorbed hydrogen from 50 to 700°C at a lin-
ear heating rate at 10°C - min~! in the flow of the H,~Ar
mixture (space velocity =6000 cm®-g~* - h™1). The hydro-
gen desorbed (which corresponds to the amount adsorbed
at 50°C) was measured quantitatively by the TCD. The H,
desorption was complete upto 700°C.

The catalytic partial oxidation of methane to syngas was
carried out by passing continuously a gaseous feed contain-
ing pure methane (>99.95%) and oxygen (>99.9%) over
the catalyst (0.02 g) packed in a quartz reactor (ID 4 mm)
kept in a tubular furnace (ID 25 mm). The temperature
was measured/controlled by a chromel-alumel thermocou-
ple provided in the center of the catalyst bed. The reaction
temperature could be controlled within 5°C. The gas hourly
space velocity (GHSV) of the feed was measured at 0°C and
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1 atm pressure. The gaseous products (after condensing the
water from the product stream at 0°C) were analysed by an
on-line gas chromatograph using a spherocarb column.

RESULTS AND DISCUSSION
The partial oxidation of methane to syngas,

CH, 4 0.50, — CO + 2H, + 5.4 kcal - mol ™ (at 800°C)
[1]

at very small contact time (GHSV =5.2 x 10° cm®.g*-

h~1) has been carried out over the following nickel con-
taining catalysts with or without support at atmospheric
pressure at two different temperatures (700 and 800°C):

—NiO-MgO (Ni/Mg = 1.2 and 3.0) without any support.

—Mixed NiO-MgO (Ni/Mg = 3.0) supported on differ-
ent commercial catalyst carriers, commonly used for sup-
porting oxidation catalysts.

—NiO supported on the catalyst carriers which are pre-
coated with MgO.

—NIiO supported on a particular catalyst carrier (SA-
5205) precoated with different alkaline earth and rare earth
oxides.

—NiO supported on SA-5205 precoated with MgO
(NiO/MgO/SA-5205) with different loadings of MgO and
NiO.

—NiO/MgO/SA-5205 catalyst (Loading of NiO and
MgO = 13.6 and 5.1 wt%, respectively) calcined at different
temperatures (600-1200°C).

The commercial catalyst carriers used for the supported
nickel catalysts (Tables 1 and 3) are sintered low sur-
face area, porous supports composed of refractory com-
pounds, such as Al,Os, SiO,, SiC, ZrO,, and HfO,, etc. They
have different chemical compositions and surface proper-
ties (viz., surface area, pore volume, and porosity), as de-
scribed earlier. The catalysts in their operating state (i.e., in
their active form) are essentially Ni® dispersed on the alka-
line earth and rare earth oxides supported on the different
supports. The NiO from the catalysts is reduced in the ini-
tial short reaction period by its autocatalytic reaction with
methane (6-8).

The catalysts have been characterized for their specific
surface area. The reducibility (at different temperatures)
and degree of reduction of the NiO supported on different
catalyst carriers precoated with alkaline earth or rare earth
oxides have been determined by carrying out TPR of the
catalysts by H, (3.7 mol% H; in Ar) from 100 to 900°C at
a linear heating rate of 20°C - min~. The degree of NiO re-
duction is determined from the concentration of NiO in the
catalyst and the amount of H, consumed in the TPR, assum-
ing the reaction stoichiometry (NiO + H; — Ni®+ H,0).
The reduced catalysts are characterized by the chemisorp-
tion of H, at 50°C.
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TABLE 3

Results of the Oxidative Conversion of Methane to CO and H;
over NiO Deposited on the Different Supports Precoated with MgO
(Loading of MgO and NiO on Support=6 + 1 and 14 + 2 wt%,
Respectively)

Catalyst Reac- Selectivity

surface tion CH, (%) Productivity
area  temp. convn. H,/CO for CO
Support (m?.g7!) (°C) (%) CO H, ratio (mol-g~t-h™1)

Without — 800 935 929 96.9 207 13.0
support? 700 88.1 915 934 204 12.0
SA-5205 2.0 800 947 975 956 196 13.8
700 89.7 943 950 201 12.6

SA-5218 1.6 800 929 998 971 1.86 13.9
700 894 971 947 195 12.9

SA-5552 3.2 800 814 988 971 197 12.0
700 788 975 96.8 1.99 11.5

SC-5532 1.7 800 915 96.8 96.1 2.00 13.2
700 889 954 959 201 12.7

SS-5231 33 800 919 951 950 200 13.0
700 88.2 928 940 204 12.2

SZ-5563 2.7 800 937 975 96.7 1.98 13.6
700 895 942 948 201 12.5

Note. Reaction conditions: CH,/O,=1.8 and GHSV =5.2 x 10° cm®.
g—l . h_l.

2Unsupported NiO—-MgO catalyst having the Ni/Mg ratio (1.2) same
as that for the supported catalysts.

Influence of Support

The performance of the supported NiO-MgO (Ni/Mg =
3.0) catalysts in the oxidative conversion of methane to syn-
gas is compared with that of the unsupported NiO-MgO
(Ni/Mg=3.0) in Table 1. The comparison clearly shows
a strong influence of support on the performance of
NiO—-MgO catalyst. Both the conversion and selectivity for
the catalyst (NiO-MgO) are decreased after depositing it
on the different catalyst carriers. The decrease in the cata-
lytic performance is small when the catalyst is supported
on SA-5205, SA-5218, and SZ-5564 supports but it is very
large when the catalyst is deposited on the other supports.
The catalyst supported on SA-5552 and SC-5532 shows a
little or no activity even at 800°C.

However, when the NiO is deposited on the different
catalyst carriers precoated with MgO, the resulting sup-
ported nickel catalysts (Ni/Mg~ 1.2) show the conversion
and selectivity in the catalytic process comparable to or
even better (for SA-5205 and SZ-5564 supports) than that
observed for the unsupported NiO-MgO (Ni/Mg~ 1.2)
catalyst (Table 3). These results reconfirm the earlier ob-
served beneficial effect of precoating of catalyst support
(containing Al,O3 and SiO,) with MgO before depositing
NiO on the support in the preparation of supported nickel
catalyst (14).
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The effect of support on the performance of the sup-
ported NiO—-MgO catalyst (Table 1) arises mainly from the
strong chemical interactions between the alumina and/or
silica from the supports with the NiO from the mixed
NiO-MgO deposited on the supports at the high calcina-
tion temperature (900°C). The chemical interactions are
expected to result into formation of catalytically inactive
binary metal oxide phases such as nickel silicate and/or
aluminate, similar to that observed when NiO is directly
supported on the silica and/or alumina containing cata-
lyst carriers (14). The chemical interactions are expected
to be stronger for the support containing larger concen-
tration of Al,O3 and SiO, and/or having larger surface
area. The results are quite consistent with this. For SZ-5564
support, which contains Al,O3 and SiO, at low concentra-
tions, the decrease in the catalytic activity is small. For the
silica—alumina supports (SA-5205, SA-5218, and SA-5552),
the conversion and selectivity observed for the supported
Ni-catalyst is decreased with increasing the support sur-
face area. The very low activity of the catalysts supported
on high silica containing supports (viz., SS-5232 and SC-
5532) may also be due to physical interactions of metal-
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lic nickel (formed during the initial period of the catalytic
reaction), leading to its rapid crystal growth or sintering.
Thisaspect of catalyst deactivation by support needs further
investigation.

When the supports are precoated with MgO, at the high
calcination temperature (900°C), there is a solid—solid re-
action between the MgO and the Al,O3; and SiO, from
the support surface, forming a stable protective layer of
MgAl,O, (spinel) and MgSiOs, respectively, at the MgO-
support interface (14). This protective layer is responsible
for eliminating the chemical interactions between the ac-
tive components of the supports (viz., Al,O3; and SiOy)
and the NiO, after its deposition on the MgO precoated
supports.

The TPR curves for the NiO deposited on SA-5205, SA-
5552, SS-5231, and SZ-5564 catalyst carriers precoated with
MgO are presented in Fig. 1. Data on the degree of re-
duction of the NiO from the catalysts and H, chemisorp-
tion on the catalysts, after reduction at 900°C, are given in
Table 4.

The TPR of the NiO/MgO/SA-5205 catalyst is started
above 400°C; it shows a single peak with a peak maximum

NiO/Mg0O/SZ-5564

H, CONSUMED

Ni0/Mg0/SS-5231

NiO/MgO/SA-5208

NiO/MgO/SA-5552

1 1 1

100 300 500

700

900 9200 900

TEMPERATURE ()

FIG. 1.
NiO =122 + 1.5 wt%).

TPR of nickel oxide supported on different catalyst carriers precoated with MgO (loading of MgO =6.0 &+ 1.0 wt% and loading of
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TABLE 4

Results Showing the Effect of Support on the Degree of Reduction
(by H2 in TPR) of NiO Deposited on Different Supports Precoated
with MgO and H; Chemisorption on the Reduced Catalysts (Load-
ing of MgO and NiO: 6 + 1 and 12.2 £+ 1.5 wt%, Respectively)
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TABLE 6

Results Showing the Effect of Precoating Agent (MOy) on the
Degree of NiO Reduction (by H; in TPR) of NiO/MO/SA-5205
Catalysts and H, Chemisorption on the Reduced Catalysts (NiO
Loading = 14 + 2 wt%)

H, chemisorbed

H, chemisorbed

Support Reduction (%) (umol -g7%) Precoating agent (MOy) Reduction (%) (umol-g7%)
SA-5205 345 9.4 MgO (5.1 wt%) 345 9.4
SA-5552 433 6.8 CaO (6.5 wt%) 53.9 5.2
SS-5231 40.3 7.5 BaO (8.6 wt%) 574 1.7
SZ-5564 36.7 8.9 Yb,03 (13.9 wt%) 74.6 6.5

above 800°C (Fig. 1B). The TPR is quite similar to that
observed for a typical NiO-MgO complete solid solution
(16, 17). As expected for the solid solution, the degree of
NiO reduction is small (34.5%). The high temperature TPR
peak for the NiO/MgO/SA-5552, NiO/MgO/SS-5231 and
NiO/MgO/SZ-5564 catalysts (Fig. 1A, C, and D) and their
low degree of reduction (Table 4) also indicate the forma-
tion of NiO-MgO solid solution in these catalysts. How-
ever, the observed small TPR peak between 400 and 500°C
for these catalyst, indicating the presence of small amounts
of free NiO, suggest that the formation of NiO-MgO solid
solution is not complete. Thus, the comparison of the TPR
and the degree of reduction of the different supported
nickel catalysts shows a strong influence of support on the
formation of NiO—-MgO solid solution and consequently
also on the degree of NiO reduction.

The H; chemisorption (which is a measure of the surface
area of nickel) of the catalyst is also influenced significantly

by the support. The methane conversion is consistent with
the H; chemisorption; it is increased with increasing the H;
chemisorption.

Influence of Support Precoating Agent

Results of the oxidative methane-to-syngas conversion
over the NiO deposited on SA-5205 precoated with dif-
ferent alkaline earth or rare earth oxides are presented in
Table 5. Also, results showing the influence of support pre-
coating agent (alkaline earth or rare earth oxide) on the
TPR and degree of NiO reduction of the catalysts and on
the H;, chemisorption, after their reduction, are given in
Fig. 2 and Table 6.

The results (Table 5) show a very strong influence of the
precoating agent on both the conversion and selectivity
in the catalytic process. In the absence of the precoating
of the support, the catalyst is not at all active and selec-
tive. When the support is precoated with SrO or BaO, the

TABLE 5

Results Showing Effect of the Precoating of Catalyst Support SA-5205 with Different Alkaline and Rare Earth Metal Oxides (MOy) on
the Oxidative Conversion of Methane to CO and H; over NiO/MO,/SA-5205 Catalysts (Loading of NiO on Support =13 + 1 wt%)

Loading Catalyst Reaction Reaction Selectivity (%) Productivity
of MOy surface area start temp. temp. CHy,4 convn. -7 for CO
MOy (Wt%) (m?.g7h °C) C) (%) co H; H,/CO ratio (mol-g™t-h™h
Without 0.0 >780 800 3.4 12.1 — — 0.06
precoating® 700 No reaction
MgO 5.0 2.0 635 800 94.7 97.5 95.6 1.96 13.8
700 89.7 94.3 95.0 2.01 12.6
CaO 6.5 1.3 675 800 82.0 91.9 89.6 1.95 11.2
700 73.4 87.2 85.8 1.97 9.6
SrO 16.6 0.8 >800 900 4.7 85.7 — — 0.6
BaO 8.6 0.7 >800 900 6.1 54.0 — — 0.5
800 1.6 338 — — 0.1
Sm,03 15.3 0.9 514 800 87.2 93.8 91.2 1.94 12.2
700 80.6 90.2 88.1 1.95 10.9
Yb,03 19.7 2.1 538 800 88.3 95.5 93.2 1.95 12.6
700 81.6 93.6 91.9 1.96 114

Note. Reaction conditions: CH,/O,=1.8 and GHSV =5.2 x 10°cm®.g~*-h™%.

2NiO is deposited directly on the support.
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Ni0O/Ba0/SA-5205

Ho, CONSUMED

NiO/Mg0/SA-5205

Ni0/Ca0/SA-5205

NiO/b,05/SA-5205

700
TEMPERATURE °C

%00 900 500

FIG.2. TPR of nickel oxide supported on catalyst carrier SA-5205 precoated with MgO, CaO, BaO, or Yb,03 (loading of NiO =12.2 4+ 1.5 wt%,
loading of MgO, CaO, BaO, and Yb,03=5.1, 6.5, 8.6, and 13.9 wt%o, respectively).

catalyst shows very poor performance. When the support is
precoated with CaO, Sm;0s3, or Yb,Oj3 the catalyst shows
good performance. However, the best performance is ob-
served for the catalyst prepared using MgO as a support
precoating agent.

A comparison of the TPR (Fig. 2) and degree of NiO re-
duction (Table 6) for the catalysts shows a strong influence
of the precoating agent on the state of NiO in the catalysts.
For MgO as a precoating agent, the NiO reduction occurs
at higher temperatures and, also, the degree of reduction
is low because of the incorporation of Ni*" deep in the
MgO matrix forming NiO-MgO solid solution. However,
in the case of other precoating agents, the NiO reduction
starts at a lower temperature (below 400°C) and also com-
pletes at much lower temperatures; the degree of reduction
is also higher. The observed strong influence of the pre-
coating agent on the TPR and degree of reduction of NiO
from the supported nickel catalyst (Fig. 2 and Table 6) in-
dicates that the nickel oxide in these catalysts exists in dif-
ferent forms; at least some part of the total NiO exists as
free-NiO. The presence of free-NiO was detected by XRD

for the catalysts with CaO, SrO, BaO, Yb,03, and Sm,03 as
precoating agents.

It is interesting to note from the results (Table 6) that
the degree of NiO reduction for the catalysts with the pre-
coating agent CaO, BaO, and Yb,Os is higher, but the H;
chemisorption on them (after the reduction) is lower than
that for the catalyst with MgO as a precoating agent. The ob-
served lower H, chemisorption indicates sintering of nickel
in the catalysts. The sintering is highest for the catalyst with
BaO as a precoating agent. As expected, this catalyst also
shows very poor conversion and selectivity in the oxida-
tive conversion of methane to syngas. The conversion ob-
served for the other catalysts is also consistent with their H,
chemisorption (Table 5 and 6); it is increased with increas-
ing the H, chemisorption. However, interactions of nickel
with the precoating agent and/or with the support itself may
also be responsible for the observed large variation in the
activity of the catalysts.

The observed higher H, chemisorption and, hence, higher
stability of nickel against sintering for the catalyst with MgO
as a precoating agent is attributed to the incorporation of
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Ni?* in the MgO matrix forming a solid solution of NiO in
MgO. In the reduction, the outermost Ni° atoms nucleate
to form fine metal particles but some, which lie deeper, re-
main isolated in the MgO matrix either as Ni° or a charged
Ni species in a low oxidation state. The reduced solid so-
lution provides a strong ionic environment at the metal
particle-support interface and even more so for the reduced
species (Ni% which are at the surface but not fully exposed
(16). This is not the case for the NiO/Yb,O3 catalyst and
yet this catalyst shows high conversion and selectivity, al-
though smaller than that shown by the NiO/MgO catalyst.
However, the NiO/MgO catalyst is expected to show bet-
ter stability in the process against sintering. Studies on this
aspect are in progress.

Influence of MgO Loading on Support

Results showing the influence of the loading of MgO
(which acts as the best precoating agent among the alkaline
earth and rare earth oxides) in the catalyst having almost
the same NiO loading (13.4 4+ 0.2 wt%o) on its performance
in the partial oxidation of methane are presented in Fig. 3.
TPR curves and H, chemisorption data for the catalyst with
different MgO loading (0-5.1 wt%b) are presented in Fig. 4
and Table 7, respectively.

In the absence of MgO, the catalyst shows a very small
conversion with very poor selectivity for CO and H,. This is
expected partly because of the strong chemical interaction
of nickel with Al,O3 and SiO, from the support, resulting
in the formation of catalytically inactive binary metal oxide
phases, viz., NiAl,O4 and Ni;SiO4 (14). The degree of NiO
reduction at the zero MgO loading is, however, higher than
that observed in the presence of MgO. The TPR of the cata-
lyst with zero MgO loading (Fig. 4A) is quite similar to that
observed for pure NiO. These observations indicate pres-
ence of free-NiO as a major fraction of the total nickel in
the catalyst. However, the H, chemisorption on the reduced
catalyst is very low, indicating sintering of nickel to a large
extent. Thus, the very low conversion shown by the cata-
lyst is attributed to both the strong nickel-support chemical
inteoractions and sintering of the active catalyst component
(Ni®).

TABLE 7

Results Showing the Effect of NiO and MgO Loadings on the
Degree of NiO Reduction (by H; in TPR) of NiO/MgO/SA-5205
Catalyst and H, Chemisorption on the Reduced Catalyst

Loading (wt%) H, chemisorbed

NiO MgO Reduction (%) (umol-g7%)
13.2 0.0 64.5 11
135 2.1 35.0 6.2
13.6 5.1 34.5 9.4
25.7 5.1 42.9 5.7
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FIG. 3. Variation of the conversion and selectivity in the oxidative
methane-to-syngas conversion at 700°C (O) and 800°C (@) with the MgO
loading for the NiO (12.2 + 1.5 wt%)/MgO/SA-5205 catalyst [CH4/O,
ratio in feed = 1.8, GHSV =5.2 x 10°cm®.g~*.h™].

Both the conversion and selectivity of the catalyst are
increased sharply with increasing the MgO loading. How-
ever, above the MgO loading of about 2 wt%, the influ-
ence on the conversion and selectivity is small. For the
low MgO loading (2.1 wt%), the TPR curve (Fig. 4B)
shows a low temperature reduction peak (between 400 and
500°C), indicating the presence of free-NiO in the cata-
lyst. But the presence of free-NiO is not observed for the
catalyst with 5.1 wt% MgO loading (Fig. 4C). A compar-
ison of the TPR curves (Figs. 4A, B, C) clearly shows a
sharp decrease in the free-NiO in the catalyst with increas-
ing the MgO loading because of the increased dissolution
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FIG. 4. TPR of nickel oxide supported on catalyst carrier SA-5205 precoated with MgO with different loadings of MgO and NiO.

of NiO in MgO. Consequently, the degree of NiO reduc-
tion is also decreased with increasing the MgO loading and
the H; chemisorption on the reduced catalyst is increased
(Table 7).

It may, however, be noted that, when the MgO loading
is increased from 2.1 to 5.1 wt%, the change in the NiO
reduction is very small but that in the H, chemisorption and
also in the activity and selectivity is appreciable. This shows
that enough MgO on the support is essential for having
a perfect NiO-MgO solid solution and also for stabilising
nickel in the catalyst against sintering.

Influence of NiO Loading on MgO Precoated Support

Results showing the influence of NiO loading in the
NiO/MgO/SA-5205 catalyst, having the same loading of
MgO (5.1 wt%), on its performance in the oxidative
methane-to-syngas conversion are presented in Fig. 5. TPR
curves and the data on the degree of reduction and H;
chemisorption for the catalyst with different NiO loadings
(0-25.5wt%) are included in Fig. 4 and Table 7, respectively.

The influence of NiO loading as compared to that of
MgO loading in the catalyst on the conversion and selec-

tivity is quite small. With the increase in the NiO load-
ing from 1.6 to 25 wt%, the CO selectivity is almost un-
changed but the methane conversion and H; selectivity are
passed through a maximum (at the NiO loading of about
10 wt%o).

For the high NiO loading (25.7 wt%), the TPR curve has
ahump at low temperatures (350-550°C) and the reduction
startsat lower temperatures (atabout 350°C), indicating the
presence of free-NiO to an appreciable extent. This is con-
sistent with the high degree of NiO reduction as compared
to that for the 13.6 wt% NiO loading (Table 7). However,
the H, chemisorption for the higher NiO loading is smaller.
This indicates that, for the higher NiO loading, the sintering
of nickel is greater. The observed lower catalytic activity for
the catalyst with 25.7 wt% NiO loading is consistent with
its lower H;, chemisorption (Fig. 5 and Table 7).

Influence of Calcination Temperature

The influence of calcination temperature of the NiO
(13.6 wt%)/MgO (5.1 wt%)/SA-5205 catalyst on the conver-
sion and selectivity in the catalytic process, TPR, degree of
NiO reduction and H, chemisorption (after the reduction)
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is shown in Figs. 6-8. From the results, the following general
observations can be made.

The increase in the catalyst calcination temperature from
600 to 900°C has little or no effect on the conversion and
selectivity. But a further increase in the calcination temper-
ature results in a decrease in the conversion; the catalytic
activity is totally killed by the calcination at 1200°C.

With the increase in the calcination temperature, the
shape of TPR curve is changed, the temperature at which
the reduction of the catalyst starts is gradually increased
and also the TPR curve and also its peak maximum is grad-
ually shifted towards the higher temperature side (Fig. 7).
The degree of NiO reduction is also decreased apprecia-
bly (Fig. 8a). These observations suggest that the incor-
poration of Ni*" in the MgO matrix forming NiO-MgO
solid-solution is increased with increasing the temperature
because of the higher diffusivity of the ionic Ni?* and O~

species in solid phase at higher temperature. However, at a
very high calcination temperature (1200°C), there is a high
possibility of the formation of NiAl,O4 (spinel) because of
the higher mobility of Ni?* species. Indeed, the presence of
NiAl,O,4 as a major phase in the catalyst calcined at 1200°C
is confirmed by XRD. However, at the calcination temper-
ature of 1050°C, the presence of this phase only in traces
was observed.

The H, chemisorption is decreased with increasing the
calcination temperature; the decrease is sharp above 900°C
(Fig. 8b). The observed large decrease in the conversion
with increasing the calcination temperature, above 900°C
is quite consistent with the sharp decrease in the H;
chemisorption. Thus, influence of the catalyst calcination
temperature, particularly above 900°C is attributed to both
the sintering of nickel and the strong nickel-support chem-
ical interactions.
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FIG. 6.

Dependence of the conversion and selectivity in the oxidative methane-to-syngas conversion over NiO (13.6 wt%)/MgO (5.1 wt%)/SA-

5205 catalyst on its calcination temperature [Reaction temperature (Tr): 600°C (O), 700°C (@) and 800°C (A); CH4/O; ratio in feed =1.8, GHSV =

52x10°cm®.g~t.h71].

CONCLUSIONS

From the studies on the oxidative conversion of methane
to syngas over the supported Ni-catalyst (prepared by dif-
ferent methods and using different commercial low surface
area porous catalyst carriers or prepared with different
compositions) and their TPR and H, chemisorption (af-
ter reduction), following important conclusions have been
drawn:

1. The conversion and selectivity observed for unsup-
ported NiO-MgO are reduced markedly by depositing
it on the catalytic carriers containing Al,O3 and SiO; at
higher concentrations and having higher surface area. How-
ever, when the supported catalyst is prepared by deposit-
ing NiO on the catalyst carriers precoated with MgO, the
influence of support is drastically reduced and the sup-
ported catalysts show performance in the catalytic pro-

cess comparable to that of the unsupported NiO-MgO.
The supported catalysts prepared using SA-5205 and SZ-
5564 supports show even slightly superior performance.
For these supported catalysts, the formation of NiO-MgO
solid solution, degree of NiO reduction, and H, chemisorp-
tion are strongly influenced by the different supports
used.

2. The conversion and selectivity, TPR, degree of NiO
reduction, and H, chemisorption (or nickel surface area)
of the supported catalyst (NiO/MO,/SA-5205, where MOy
is the support precoating agent (viz. MgO, CaO, SrO, BaO,
Sm,03, or Yb,03) are strongly influenced by the precoating
agent. The catalyst prepared using SrO or BaO as the sup-
port precoating agent shows little or no catalytic activity but
that prepared using MgO as the support precoating agent
shows highest conversion and selectivity in the process. The
catalyst characteristics are strongly influenced by the MgO
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FIG.7. TPR of NiO/MgO/SA-5205 catalyst calcined in air at different temperatures (loading of MgO and NiO =5.1 and 13.6 wt%, respectively).

loading, particularly at lower loadings (<2 wt%). However,
the influence of NiO loading on the NiO/MgO/SA-5205
catalyst on the conversion/selectivity and other character-
istics is relatively much smaller.

3. In the supported Ni-catalysts prepared by depositing
NiO on support precoated with MgO, the MgO plays two
important roles—one, to avoid the chemical interactions
of the catalytically active component (NiO) with the re-
active components of support (viz., Al,O3 and SiO,) by
providing a stable protective layer of MgAIl,O,4 (spinel)
and/or Mg-silicate on the support surface; second, to sta-
bilise nickel on the support surface against sintering by
forming a NiO-MgO solid solution.

4. The NiO-MgO solid solution formation and con-
sequently TPR and degree of NiO reduction of the

NiO/MgO/SA-5205 catalyst are strongly influenced by its
calcination at different temperatures (600-1200°C). The
catalyst calcination upto 900°C has a little or no effect
on the conversion/selectivity and a small effect on the H;
chemisorption but these are drastically reduced when the
calcination temperature is increased further, particularly
above 1050°C, because of sintering and/or formation of
catalytically inactive NiAIl,Og.

5. The activity/selectivity of the different supported Ni-
catalysts is consistent with their H, chemisorption, showing
a good correlation between the two.

6. Among the supported Ni-catalysts, NiO/MgO/SA-
5205 (loading of NiO and MgO=13.6 and 5.1 wt%,
respectively) showed best performance in the oxidative
methane-to-syngas conversion process.
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