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Selective partial oxidation of methane to syngas over LaNiOs,
LaggCa(or Sr)o2NiO3 and LaNi;_xCoxO3 (where x=0.2-1) per-
ovskites at extremely short contact time ( ~0.8 ms) has been investi-
gated. Also, simultaneous oxidative conversion and steam and CO,
reforming of methane to syngas over LaNiOs at short contact time
( &9 ms) has been studied at different temperatures and CH4/O;
feed ratios. The catalysts, before and after reaction, were charac-
terized by XRD and SEM. LaNiO3 perovskite shows high activity
and selectivity in the oxidative conversion of methane to syngas.
However, the partial substitution of its La by Ca or Sr and also the
partial or complete substitution of its Ni by Co causes a large de-
crease in both its activity and its selectivity. LaNiOs is transformed
to its catalytically active form, Ni%La,03, during the initial period
of the process. This catalyst shows very good performance in the
simultaneous oxidative conversion (which is exothermic) and steam
and CO, reforming reactions (which are endothermic) of methane
to syngas, at short contact time, operating in a most energy effi-
cient manner and also requiring only a little or no external energy.
(© 1996 Academic Press, Inc.

INTRODUCTION

The currently practiced steam reforming process for pro-
duction of syngas from methane/natural gas is a highly en-
ergy and capital intensive process and also it provides syn-
gas with H,/CO > 3. Because of the energy crisis, efforts
are being made worldwide to find a novel energy efficient
(or less energy intensive) route for the production of syn-
gas with a H,/CO ratio of about 2.0, which is desirable
for methanol and Fischer-Tropsch synthesis processes. Re-
cently, a number of studies on catalytic partial oxidation of
methane to syngas (which is exothermic and hence not at
all energy intensive) with high conversion, selectivity, and
desirable Ho/CO ratio, operating at extremely short (1-10
ms) (1-8), moderate (9-15), and high (16) residence times
has been reported. The catalysts used in this process are as
follows: NiO-CaO (1), NiO-MgO (2), NiO-rare earth ox-
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ides (3), Ni/Al,O3 (4, 16), supported noble metals (5-8, 11,
12), and pyrochlore and perovskite oxides containing noble
metals, Ni or Co, such as Ln,Rus(or Ir;)O7 (Ln, lanthanide)
(9, 10), LaMO3 (M, Ni, Rh, or Co) (13), (CaSr) (TiNi or
C0)O3_«(14),and BagNiRuTaOg (15). Coupling of exother-
mic and endothermic reactions in methane-to-syngas con-
version by carrying out the partial oxidation of methane
simultaneously with steam reforming (17) and CO, reform-
ing (18, 19) or both (20) over NiO-CaO catalyst has also
been reported for eliminating hazards associated with the
oxidative conversion process without losing its advantages,
thus increasing the process feasibility (17, 20). Simultane-
ous CO; and steam reforming of methane over supported
noble metals (21) and NiO-CaO (22) has also been inves-
tigated earlier.

Although the pyrochlore and perovskite oxide catalysts
containing noble metals, viz. La;Ru(or 1r)O7 (9, 10) and
LaRhO3 (13), showed excellent performance in the oxida-
tive conversion of methane to syngas, their use in the pro-
cess is limited because of their extremely high cost. The
catalytic properties of LaNiOg3 perovskite are expected to
be altered by partial substitution for La by Sr or Ca and
for Ni by Co (23, 24). It is, therefore, interesting to know
the influence of the partial substitutions in LaNiO3 on the
catalytic activity/selectivity in the oxidative conversion of
methane to syngas. The present investigation was under-
taken for this purpose and also for studying the coupling
of exothermic and endothermic reactions involved in the
simultaneous oxidative conversion and steam and CO; re-
forming of methane to syngas over the perovskite oxide
catalyst.

EXPERIMENTAL

The LaNiOj, LaNij_xCoxO3, LaCoOj and LaggCa
(or Sr)o,NiO3z perovskite catalysts were prepared by
coprecipitation method as follows. An aqueous solution
containing equimolar quantities of nitrates of La (with or
without Ca or Sr in requisite amounts) and Ni or Co or both
(in requisite amounts) was added slowly to the aqueous
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solution of sodium carbonate under continuous stirring
over a period of 1 h (the amount of sodium carbonate was
25% more than that required for the complete precipita-
tion). The precipitate formed was kept overnight for age-
ing and then filtered and washed thoroughly with distilled
water. It was dried in an air oven at 100°C for 15 h and then
decomposed at 500°C in static air for 5 h. The decomposed
mass was washed thoroughly with boiling distilled water
to remove the remaining traces of Na*, NO;, and CO%~
ions and then filtered and dried at 100°C for 15 h. It was
pressed binder-free to 25-mm diameter pellets, using 5 tons
of pressure. The pellets are calcined in air at 900°C for 15 h
and crushed to 22-30 mesh size particles (bulk density of
particles, 1.8-2.0 g cm™).

The perovskite structure of all the catalysts was con-
firmed by XRD using a Holland Philips PW/1730 X-ray
generator with the Cu Ka radiation scintillation counter.
The crystal size and morphology of the perovskite catalysts
were determined by using a JSM 5200, JEOL scanning elec-
tron microscope. The surface area of the catalysts was mea-
sured by the single-point BET method by measuring the
adsorption of nitrogen at liquid nitrogen temperature from
a N,—He mixture containing 30 mol% N, using a monosorb
surface area analyzer (Quantachrome Corp., USA).

The catalytic partial oxidation of methane to syngas with
or without the steam and CO; reforming reactions was car-
ried out by passing continuously a gaseous feed contain-
ing pure methane (>99.95%) and oxygen (>99.9%) with
or without steam and CO; (>99.99%) over the catalyst
packed in a quartz reactor at different process conditions.
The oxidative conversion reaction was carried out using
0.02 g catalyst packed in 4 mm i.d. quartz reactor, whereas
the simultaneous oxidative conversion and steam and/or
CO, reforming reactions were carried out using 0.3 g cata-
lystpacked in 9 mmi.d. quartz reactor. In both the cases, the
reactor was kept in a tubular furnace and its 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
1 atm pressure. The gaseous products (after condensing the
water from the product stream at 0°C) were analyzed by an
on-line gas chromatography using a Spherocarb column.
The C, H, and O balances across the reactor were within
about 2-5% error.

RESULTS AND DISCUSSION

Catalyst Characterization

Data showing the influence of partial or complete substi-
tution of Ni by Co and also a partial substitution of La by
Ca or Sr in LaNiOj perovskite on its surface area are pre-
sented in Table 1. The substitution at both the sides results
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TABLE 1

Surface Area of Perovskite Oxide Catalysts and Their Specific
Activity in Oxidative Conversion of Methane to Syngas at 800°C
(Feed = 64.3 mol% CH,4 and 35.7 mol% O, GHSV =5.2 x 105 cm?®

—1p-1
gh™)

Specific activity (mmol m=2s~1)

Perovskite Surface area CH, CcO H,
composition (m?g~Y) conversion formation formation

LaNiO3 4.5 0.77 0.73 1.40
LaNi0‘8C00‘203 4.1 0.64 0.54 0.92
LaNigC00.403 3.6 0.54 0.41 0.59
LaNi4C00603 3.4 0.54 0.32 0.43
LaNig2C0( 03 2.7 0.27 0.06 0.06
LaCoO3 2.4 0.12 0.09 0.00
LaggCap2NiO3 4.1 0.65 0.56 0.81
Lag_gsro_zNi03 35 0.48 0.29 0.38

in a decrease in the surface area of the perovskite. Its sur-
face area is decreased continuously with increasing extent
of substitution of Ni by Co.

XRD spectra of LaNi;_xCo,O3 oxides (where x =0-1),
confirming their perovskitetype structure, are shown in
Fig. 1. The spectra of LaNiOg3 before and after the simul-
taneous oxidative methane conversion and steam and CO,
reforming reactions (at 850°C, CH4/O,;=2.1, CH4/CO;=
CH4/H,0 =12, GHSV = 43,100 cm® g~* h™1) are also com-
pared in Fig. 1. The comparison reveals that, after the reac-
tion, the perovskite (LaNiO3) undergoes adrastic structural
change: LaNiO;— LayOs+ Ni°. The reduction of Ni®*
from the pervoskite to metallic Ni is expected (23, 25) due
to the syngas (H, + CO) produced in the reaction. The used
catalyst shows a presence of La(OH)3 phase along with Ni°.
The formation of the La(OH)3 phase is due to hydrolysis of
La,O3 by steam during the reaction and also by the expo-
sure of the used catalyst to atmospheric moisture. In earlier
studies also, Ni/La,O3 (26) and Ni on lanthanum modified
alumina (27) showed high activity/selectivity and stability
in the CO; reforming of methane. The initial catalytic ac-
tivity of supported Ni catalysts was found to be dependent
upon the metallic nickel phase (28).

Scanning electron micrograms (SEM) of the LaNiOg,
LaNig4Co0p 03, and LaCoO3 perovskites before and after
the oxidative conversion of methane to syngas (at 800°C)
are presented in Fig. 2. A comparison of the catalysts be-
fore and after the reaction shows that the crystal size and
morphology of the catalysts are changed after the reaction.
This is expected because of the structural breakdown of
the perovskites, resulting from their reduction by the H;
and CO produced in the methane conversion reactions, fol-
lowed by recrystallization of their reduction products (viz.
La,O3 and partially and/or completely reduced Ni and Co-
oxide species). After the use of the perovskites, the size
of crystals for LaCoOg; is larger than that for LaNiOs.
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FIG. 1.
phases: (a) perovskite, (b) La(OH)s, (c) Ni°).

This coincides with the poor performance of LaCoOg;
(Fig. 3).

Earlier studies (29) showed that LaCoO3 perovskite pre-
pared from metal nitrate solutions contains an amorphous
Co304 impurity indicated by evaluation of oxygen (150
umol g~1) between 527 and 837°C. However, in the present
case, the amount of O, evolved from the LaCoOs is found
to be much smaller (31.5 umol g™1), indicating only a very
small CozO4 impurity. Nevertheless, the CozO4 impurity
along with the perovskite is expected to be reduced (23)
in the initial period of the reaction, resulting in Co/La;O3
or Ni-Co/Lay0Os.

Oxidative Conversion of Methane to Syngas

The oxidative conversion of methane to syngas over the
perovskite oxide catalysts was carried out at atmospheric
pressure, using a mixture of pure methane and oxygen with
CH4/O, mole ratio of 1.8 as a feed at a GHSV of 5.2 x 10°
cm?® g~! h~L. The catalysts are compared for their specific
catalytic activity in Table 1.

Figure 3 shows the influence of the partial and complete
substitution of Ni by Co in LaNiOs on its activity/selectivity
in the oxidative conversion of methane to syngas at 800°C
and extremely small contact time (=0.8 ms). Both the con-
version and the selectivity for CO and H; and consequently
the CO space-time yield are decreased with increasing the

b
c b b
X =0 (After reaction) c c .__L
a
a a
X=1'0 a a a ’ a
AA AA /\“ ~ A " A N—————
[
x=0'5vx AAL _A M ’ A
X=0-6 ”
X=0-4 ‘
X=0-2 \
1 " 1 1 " 1 A 1 l " 1 Fa— I T 1 PR S 1 i 1 " 1 " | "
82 78 74 70 66 62 58 54 50 46 42 38 34 30 26 22 16 12

XRD spectra of LaNi;_xCoxO3 (where x =0, 0.2, 0.4, 0.6, 0.8, 1.0) perovskite oxides before reaction and of LaNiO; after reaction (crystalline

substitution of Ni by Co. The H,/CO product ratio is also
decreased with increasing substitution, the decrease being
very pronounced for the complete substitution of Ni by Co.
These results reveal that, LaNiOjs is highly active and selec-
tive in the reaction but LaCoO3 isa much less active and not
at all selective catalyst for the partial oxidation of methane
to syngas. This is consistent with the fact that the latter is a
good combustion catalyst (23, 24).

The selectivity (for H, and CO) of LaNiO3 is almost same
as that of the NiO-La,O3 (3), a nonperovskite catalyst, but
the former is more active in the oxidative conversion of
methane to syngas. This is probably because of a high dis-
persion and/or an uniform distribution of Ni® in the matrix
of La,Oz due to the reduction of LaNiO3 to Ni%La,O3 by the
syngas produced during the initial period of the reaction.
The reduction of LaNiOj3 by H; at different conditions has
been reported earlier (23, 25, 30, 31). Earlier studies on
CaRuOs3 (32), LaCo0Os3 (33), and LaNiOs (34) perovskites
indicated that by reduction treatment, the metal (Ru, Co,
and Ni) is in a highly disperse state on a matrix composed
of the respective metal oxide. In the present case also, the
average crystal size of Ni® (31.3 nm) for LaNiOs (after
use/reaction), obtained from the XRD line broadening, is
found to be much smaller than that (125 nm) for NiO-La,O3
3).

The influence of temperature on the activity/selectivity
of LaNiOgs in the oxidative methane-to-syngas conversion
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FIG. 2.

is shown in Fig. 4. The results indicate that not only the
conversion but also the selectivity for both H, and CO is in-
creased with increasing reaction temperature. The increase
in the selectivity is consistent with the fact that the forma-
tion of H, and CO in the oxidative conversion of methane
is thermodynamically favored at the higher temperatures.
This is because of the fact that the water gas shift reaction
(CO + H,0 = CO2 + Hy), which governs H,/CO ratio, is
favored at lower temperatures (below 700°C).

The time-on-stream activity/selectivity of LaNiOs in the
reaction at 800°C is shown in Fig. 5. There is no significant
change in both the activity and selectivity of the catalyst for
a time-on-stream of 10 h.

The time-on-stream activity and selectivity data for the
LaggCag,NiO3 and LaggSro2NiOg3 catalysts are included
in Fig. 5. The results reveal that both the catalysts have
poor activity and selectivity as compared to that of LaNiO3
and also their activity and selectivity are decreased pro-
nouncedly with increasing the time-on-stream, indicating
their fast deactivation during the catalytic process. This
leads to the conclusion that the partial substitution of La by
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SEM of LaNiO3, LaNig4C0q03, and LaCoO3 perovskite oxides (before and after the oxidative conversion of methane to syngas at 800°C).

Caor Srin LaNiOg results in a catalyst with inferior perfor-
mance in the oxidative conversion of methane to syngas.

Simultaneous Oxidative Conversion and Steam and CO,
Reforming of Methane to Syngas

Results of the reactions of methane with O,, CO,, and
steam, occurring simultaneously over LaNiO3; perovskite,
at different temperatures (at CH4/O,=2.1, CH4/H,O =
CH4/CO;=12 and GHSV=43,100 cm® g~! h™!) and
CH4O, feed ratios (at 850°C, CH4/(O,+0.5CO,+
0.5H,0) =1.8, CO,/H,0 =1, GHSV =47,200cm®g~*h™?)
are summarized in Figs. 6 and 7. The negative conversion
of CO; and H,0 observed at temperatures <800°C (Fig. 6)
is just indicative of the formation of CO, and H,O in the
process, respectively. However, when the conversion of
CO; and H,O is >0, the selectivity (based on methane) for
CO and Hy, respectively, is 100%. The net heat of reaction
(AHy) for the overall process is estimated by subtracting
the heat of formation (at the process temperature) of the
components in the feed from that of components in the
product stream.
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LaNi;_xCoxO3 perovskite on conversion, selectivity, and space-time yield
in the oxidative conversion of methane to syngas at 800°C (CH4,/O,=1.8
and GHSV =52 x 10°cm®gthY).

In this catalytic process, following exothermic and en-
dothermic reactions are expected to occur simultaneously.
Exothermic reactions:

CH, +0.50;, — CO + 2H; + 5.2 kcal mol™* [1]
CHy + 2.00;, — CO; + 2H,0 + 191.5 kcal mol™* [2]
CO + H,0 = CO; + H; + 8.0 kcal mol ™. [3]

Endothermic reactions:

CH4 + CO, — 2CO + 2H; — 62.2 kcal mol™  [4]
CHy + H,0 — CO +3H, —54.2 kcal mol™t.  [5]

Results (Figs. 6 and 7) show that high methane conversion
(>90%) with almost 100% selectivity for both H, and CO
(particularly when the conversion of H,O and CO; is zero
or positive) and Ho/CO product ratio of about 2.0 (which
is suitable for methanol synthesis and Fischer-Tropsch pro-
cesses) at very high space velocity (245,000 cm® g~* h™?)
could be attained in this process. Because of the coupling of
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exothermic oxidation and the endothermic CO, and steam
reforming reactions (reactions [1]-[5]) over the same cata-
lyst, this process can be made mildly endothermic, almost
thermoneutral or mildly exothermic simply by manipulat-
ing the process conditions, particularly the reaction tem-
perature and/or CH4/O, ratio in the feed. Thus, this pro-
cess can occur with requiring little or no external energy.
The heat produced in the process or its exothermicity is
decreased markedly with increasing reaction temperature
(Fig. 6) and/or CH4/O; ratio in the feed (Fig. 7) due to
the increase in the rate of endothermic steam and CO, re-
forming of methane (reactions [4] and [5]). Since the heat
produced in the exothermic reactions (reactions [1]-[3])
is used instantly in the endothermic reactions (reactions
[4] and [5]) the process is expected to occur in a most en-
ergy efficient manner and also without forming hot spots
on the catalyst, consequently avoiding reaction runaway
conditions.
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FIG. 6. Influence of temperature on conversation, H,/CO product

ratio, and net heat of reaction (AH,) in the oxidative conversion of
methane to syngas in presence of steam and CO, in the feed (CH4/O,=2.1,
CH4/H,0 = CH,/CO,=12.0, and GHSV = 43,100 cm® g~* h%).
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CONCLUSIONS

LaNiOg3 perovskite has a high potential as a catalyst for
the selective partial oxidation of methane to syngas at ex-
tremely short contact time (=0.8 ms). During the catalytic
process, it is, however, transformed to Ni%La,Os3, which is
an active form of the catalyst during its operation in the
catalytic process. However, the perovskite with partial sub-
stitution of its La by Ca or Sr or with partial or complete sub-
stitution of its Ni by Co shows inferior performance in the
catalytic process. By carrying out the simultaneous oxida-
tive conversion and steam and CO, reforming of methane
over LaNiO; perovskite at 800-850°C and high space ve-
locity (contact time ~9 ms), syngas (with H,/CO ratio of
about 2.0) can be obtained with high conversion (>90%)
and almost 100% selectivity (based on methane) for both
H, and CO, while the process is operated in a most energy
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efficient manner, requiring little or no external energy be-
cause of the coupling of exothermic oxidative conversion
and endothermic steam and CO, reforming reactions over
the same catalyst.
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