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Abstract

In this study, methane partial oxidation (MPO) to synthesis gas over Ni/{ZeO, (x = 0, 0.25, and 1.0 with varying Ni loading of 5,
10 and 15 wt.%) was investigated over the temperature range of 40058008e experimental results showed that the catalysts prepared by
impregnation method are more active than those prepared by gel impregnation method because of their higher degrees of metal dispersion anc
reducibility. Under the reaction conditions, MPO over Ni/Gedd Ni/Ce 75Zr 250, mixed oxide catalysts were active at temperatures above
550°C whereas that of Ni/Zrexook place at temperatures above 660The H/CO molar ratio of 20+0.05 was obtained. Generally, the ¢H
conversion slightly increased while the CO angddlectivities remained unchanged with increasing Ni loading. The Yj&Z&, .50, mixed
oxide catalysts were found to resist to coke formation more than the other catalysts due to their high degrees of metal dispersion and surface
oxygen mobility. The TPO results indicated that a major source of carbon deposition on these catalysts is due to the methane decomposition.
Results also showed that the activity and selectivity of the catalysts can be regained after the regeneration under oxidizing atmosphere.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction on the acid sites of the support. Therefore, the studies of

highly active and stable catalyst have been focused. Many

In recent years, a catalytic partial oxidation of methane additives were successive to reduce carbon deposition for
to synthesis gas: CO and;Hhas been widely investigated  Ni/Al O3 such as Li, La, K and N419]. The use of Ni
as an attractive alternative process to steam reforming sincepn different supports such as CaO, Si@d MgO was

the reaction is mildly exothermic and can producgGD also reported4,20]. It was reported that the use of sup-
ratio of 2 which is suitable for methanol or Fischer—Tropsch ports in the presence of basic sites such as MgO resulted
synthesis. in enhancing activities and lower carbon deposit[@n].

Many catalysts containing transition metals (Ni, Cu and On the other hand, use of reducibility support could result
Fe) [1-5], noble metals (Ru, Rh, Pt and P@-12] and in further activity and decrease coke formatidr2,21,22]
metal oxides[13-16] were employed in investigations of  Stagg-Williams et al[23] reported that a higher degree of
methane partial oxidation. Among those, Ni-based catalyst reduction of catalyst results in an increase in the number
shows an excellent catalytic activity in this reaction when of oxygen vacancies and subsequent to resist to carbon

compared to noble metal catalysts due to its low fbsf18]. deposition.
However, Ni is deactivated easily by coke formation and/or  Recently, Otsuka et al16] has reported that Ce@ould
metal sintering. be able to convert methane to synthesis gas witfCB

Carbon deposition on a supported Ni catalyst mainly ratio of 2 and that adding Pt black could promote syngas
comes from methane decomposition and CO disproportion- formation rate. This finding is similar to Ni/CeQeported
ation reaction at high temperature. In general, the depositionpy Dong et al.[24]. They also proposed mechanism over
of carbon would occur over the metallic sites as well as Ni/CeO, that CH, dissociates on Ni and the resultant carbon

species quickly migrate to the interface of Ni-Geahd then

* Corresponding author. Tel£66 2 988 4039; fax:+66 2 988 4039,  réact with lattice oxygen of CeOto form CO. However,
E-mail address: vissanu@mut.ac.th (V. Meeyoo). ceria still has some disadvantages. Ceria has a poor thermal
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resistance and stability at high temperatures. Ceria-supported H» uptake and degree of dispersion were determined by
Ni with high Ni loading (13 wt.%) was an active catalyst for pulse technique using a temperature programmed analyzer
methane partial oxidation but rapidly deactivated by carbon (ThermoFinnigan modeled TPDRO 1100). Prior to pulse
deposition[20]. chemisorption, the sample was reduced ifn &imosphere
The addition of ZrQ to CeQ can improve its oxygen at 500°C for 1 h. Then the sample was purged with at
storage capacity, redox properties, thermal resistance andb00°C for 30 min and cooled down to 4C. A H, pulse
better catalytic activity at low temperaturs—29] It was (99.99% H with a sample loop volume of 0.4 ml) was in-
demonstrated that Ce©ZrO, mixed oxides produced syn- jected into the sample at 4C.
thesis gas with a bICO ratio of 2 and the formation rates of An X-ray diffractometer (XRD) system (Rigaku) eg-
H> and CO were increased due to the incorporation of,ZrO  uipped with a RINT 2000 wide-angle goniometer using Cu
into CeQ. The oxygen desorption and reduction by &f Ko radiation and a power of 40 k¥ 30 mA was used for
Ce_,Zr, Oy solid solution withx = 0.5 took place at lower  examination of the crystalline structure. The intensity data
temperature as compared with pure ceria. In our early study,were collected at 25C over a 2 range of 20-90 with a
we have also found that @esZrg 2502 solid solution ex- scan speed of°#min (29) and a scan step of 0.02209).
hibited the highest reducibilit}80]. On the contrary, it was  The morphology of carbon deposition on the spent catalysts
demonstrated that Ni/CeRZrO, with Ce/Zr ratio of 0.25 was observed by transmission electron microscopy (TEM)
or small amount of Ce@exhibited high catalytic activity  with a JEOL (JEM-2010) transmission electron microscope
for methane partial oxidatiof24,31]. operated at 200 kV. The samples were dispersed in absolute
In this study, we report on the activity, selectivity and sta- ethanol ultrasonically, and the solutions were then dropped
bility of Ni/Ceq 752102502 catalyst compared with Ni/CeQO on copper grids coated with a lacey carbon film.
and Ni/ZrQ, catalysts for methane partial oxidation to syn- H» temperature programmed reductiorp{HPR) experi-
thesis gas over the temperature range of 4002808t at- ments were carried out using a TPR analyzer (ThermoFinni-
mospheric pressure. gan modeled TPDRO 1100). The sample was pretreated in
N2 atmosphere at 40@ for 30 min prior to running the TPR
experiment, and then cooled down to room temperature in

2. Experimental N2. A 5% Hy/N> gas was used as a reducing gas. The sam-
ple temperature was raised at a constant rate 6€@in—1
2.1. Catalyst preparation from room temperature to 95C. The amount of K con-

sumption as a function of temperature was determined from
Mixed oxide solid solutions of Ce—Zr metals were pre- a TCD signal.
pared as catalyst supports via urea hydrolysis. The Ce-Zr CH, temperature programmed reduction (EFPR) ex-
mixed oxide solid solution samples were prepared from periments were carried outin a quartz micro-reactor in a sim-
Ce(NG;)3-6H20 (99.0%, Fluka) and ZrOgi8H,0O (99.0%, ilar manner to H-TPR experiments but using a 2% @He
Fluka). The ratio between the metal salts was altered depend-as a reducing gas. The effluent gas composition as a func-

ing on the desired solid solution concentrationy C&r, 0> tion of temperature was measured using a mass spectrometer
in whichx = 0, 0.25 and 1.0. The synthesis procedure has (Balzer Instruments modeled Thermostar GSD 300T).
been reported elsewhef&0]. Temperature programmed oxidation (TPO) carried out

The catalysts prepared by the incipient wetness im- in a TPO micro-reactor analyzer coupled with an FID
pregnation method were designated as IMP. To preparewas used to quantify the amount of coke formation in the
Ni/Ce1_,Zr,O> (IMP) catalysts, Ni (5, 10 and 15wt.%) spent catalysts. Typically, a 40 mg sample was heated from
was loaded by the incipient wetness impregnation method room temperature in flowing 2% &He at a heating rate of
into the supports using its nitrate salt solution. 10°C min~? to 900°C.

The catalysts designated as GEL were prepared by the
gel impregnation method. In the case of GEL catalysts, a 2.3. Catalytic activity tests
5wt.% Ni was loaded during the gel step. The washed gel
was added with nickel nitrate salt solution to obtain a desired Catalytic activity tests for methane partial oxidation
loading before drying and calcination. The catalysts were were carried out in a packed-bed quartz microreactor (i.d.

then calcined at 500C for 4 h in air. @6 mm). Typically, a 100 mg catalyst sample was packed
between the layers of quartz wool. The reactor was placed
2.2. Catalyst characterizations in an electric furnace equipped with K-type thermocouples.

The catalyst bed temperature was monitored and controlled
BET surface area was determined by Bidsorption at by Shinko temperature controllers. The feed gas mixture
77K (a five point Brunauer—-Emmett—Teller (BET) method containing 4% CH, 2% O, and balanced with He was
using a Quantachrome Corporation Autosorb). Prior to the used for which a gas hourly space velocity (GHSV) was
analysis, the sample was outgassed to eliminate volatile ad-maintained at 106,0001 using Brooks mass flow con-
sorbents on the surface at 280 for 4 h. trollers. Measurements were carried out at various furnace
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temperatures adjusted sequentially from 400 to8DWith
an interval of 50C. The coke formations on the catalysts

This might be due to the fact that nickel acts as a nucleat-
ing agent promoting the sintering and ceria, itself, has low

were further studied in the same system as for MPO at thermal stability[17]. The surface areas of GEL catalysts

700-800 C with different conditions (GHSV of 53,000H
and CHy/O5 ratios of 1.6, 2.0 and 2.5).

are barely different from those of IMP catalysts.
The degree of dispersion of Ni/CeQand Ni/Ce 75

The gaseous products were chromatographically analyzedZrg 250, catalysts are higher than those of Ni/zr©@at-

using a Shimadzu GC 8A fitted with a TCD. A CTR | (All-

alysts indicating that Ni particles are better dispersed on

tech) packed column was used to separate all products aCeQ and Ce@ 75Zr0.2502 than ZrGQ. The dispersion degree

50°C except for HO which was trapped out prior to enter-
ing the column. The CHconversion Kch,), O consump-
tion (Xo,) and selectivity § reported in this work were
calculated as follows:

CHJ — CHJ™

%XcH, = o x 100 1)
4
Oin _ Oout
%Xo, = % x 100 2)
2
COout
%SCO = m x 100 (3)
out
%SH, = 2 x 100 (4)

HQUE 4+ Hp0out

3. Results and discussion
3.1. BET surface area, H, uptake and metal dispersion
The BET surface areasHiptake and metallic Ni disper-

sion of the catalysts are shownTable 1 The surface areas
of the catalysts are in the range of 80—138gn For IMP

was found to decrease as an increase in metal loading. This
is due to the formation of NiO bulk particles. It should be
noted that the amount of Hiptake for the GEL catalysts is
lower than that for IMP catalysts indicating a lower exposed
Ni metal due to particle encapsulati{3].

3.2. XRD analysis

The structure of the catalysts was determined using an
XRD as shown inFig. 1L For 5% Ni loading catalysts,
the XRD patterns of Ni/Ce®and Ni/Ce 75Zrg 2502 pre-
pared via both IMP and GEL methods exhibited a cubic
fluorite structure while the XRD patterns of both the IMP
and GEL Ni/ZrQ catalysts showed a tetragonal structure.
No separate Ni and NiO phases were found by XRD for
such a low Ni loading (5wt.% Ni). This might be postu-
lated that the Ni metal loading is too small to be detected
by the XRD. At higher Ni loadings (10 and 15wt.% Ni),
three new peaks at about 3743 and 62 (20) indicat-
ing a NiO phase were observed. The peak intensity was
obviously stronger with increasing Ni loading suggesting
that at a low Ni content, NiO was present in the form of
nanoparticles while at a high Ni content, bulk NiO agglom-
erated particles were presejit3]. This result appears to
be in good agreement with the degree of metal dispersion

catalysts, the surface areas were found to decrease with indata.

creasing Ni loading. When Ni loading was increased from

5 to 15wt.%, Ni/CeQ (IMP) surface areas were drastically

3.3. Hx-TPR

decreased by about 40%. On the other hand, the surface

areas of Ni/Cg75Zrp.2502 (IMP) and Ni/Zr& (IMP) cata-

The H-TPR profiles of the IMP catalysts are shown

lysts were somewhat decreased by 17 and 8%, respectivelyin Fig. 2 For the Ni/CeQ (IMP) catalysts, a strong peak

Table 1

BET surface area, Huptake and dispersion degree of the catalysts
Catalyst BET surface Hj uptake Dispersion

area (M/g) (wmollg) (%)

5% Ni/CeQ (IMP) 135 34.83 8.20

5% Ni/Cey75Zr0.2502 (IMP) 112 39.74 9.33

5% Ni/ZrO, (IMP) 138 4.12 0.97
10% Ni/CeQ (IMP) 114 33.66 3.95
10% Ni/Ce 75Zr92502 (IMP) 95 31.04 3.64
10% Ni/Zr&, (IMP) 128 3.88 0.46
15% Ni/CeQ (IMP) 65 33.61 2.60
15% Ni/Ce 75Zr02502 (IMP) 93 31.61 2.50
15% Ni/ZrQ, (IMP) 127 3.47 0.27

5% Ni/CeQ (GEL) 128 19.95 4.69

5% Ni/Cey 752102502 (GEL) 104 6.17 1.45

5% Ni/ZrO, (GEL) 124 1.28 0.30

with the maximum temperature at ca. 3@ and another
broad peak with the maximum temperature at ca. €00
were observed. The first peak was attributed to the reduc-
tion of NiO (indicated by XRD analysis) to Riand the
other peak was related to the bulk reduction of @é@m
Ce™ to Ce™3 [17,31] An increase in Ni loading does not
affect the reduction temperature of NiO over Gelut a
small peak with the maximum temperature at ca. 250
was observed for the 10 and 15wt.% Ni loadings. This
peak might be due to the reduction of free NiO particles
[29] or hydrogen spillover effed31]. Similar results were
found in the case of Ni/GgsZro2s02 (IMP) catalysts
which exhibit two peaks with the maxima at ca. 360 and
800°C. However, a small peak at ca. 280 was smaller
than that of Ni/Ce@ indicating a lower amount of free NiO
particles. This suggests that NiO—support interactions for
Ni/Cep 752102502 (IMP) catalysts be stronger than those
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Fig. 1. XRD patterns of Ni over Cef Cay75Zrp2502 and ZrQ catalysts prepared via impregnation and during gel impregnation method calcined at
500°C.

for Ni/CeO, (IMP) catalysts. For the 5wt.% Ni/ZrEXIMP) 3.4. Catalytic activity for methane partial oxidation (MPO)
catalyst, a peak at temperature ca. 480was observed

while no reduction of Zr@ was observedHig. 2). As an The catalytic activity for MPO to synthesis gas was tested
increase in Ni loading (10 and 15wt.%), the unresolved in a dilute mixture (4% Cldand 2% Q balanced with He) in
peak with the maximum temperature at ca. 360was the temperature range of 400-8@ The supports (Cef)
observed. This suggests that there be two kinds of NiO Cey75Zrp2502 and ZrQ) are not relatively active for MPO
species. The peak at a lower temperature is assigned taas seen irFig. 4 Dominant MPO products (CO and,H

a free NiO species interacting weakly with support, and were observed at temperatures higher than°@w@ith only
the other peak at a higher temperature is attributed to aabout 5% CO yield at 70CC.

complex NiO species interacting strongly with support  The addition of Ni onto the supports resulted in an in-

[29]. crease in MPO catalytic activit§zig. 4 shows the Cld con-
The H-TPR profiles for the GEL catalysts are similar version, CO selectivity and Hselectivity as functions of
to those for the IMP catalysts as shownRig. 3. How- temperature for MPO over the IMP and GEL catalysts. For

ever, the reduction profile of 5% Ni/GesZrg 2502 (GEL) the 5wt.% IMP catalysts, CHconversion with the com-

is slightly different from that of the IMP catalyst. The cata- plete oxidation products, GOand HO, was observed at
lysts prepared by gel impregnation show a broader reductiontemperatures< 550°C for Ni/CeQ and Ni/Ce 75Zrg 2502
peak than those prepared by incipient wetness impregnation.catalysts and at temperature$650°C for Ni/ZrO, catalyst.
The wideness of peak is due to a broad particle size dis- Beyond such temperatures, the £tdnversion dramatically
tribution. Also the GEL reduction temperature is relatively increased resulting from the methane partial oxidation reac-
higher than the IMP one. Interestingly, the reduced NiO re- tion. The oxygen was completely consumed and th&CiD
gion of 5% Ni/Ce 75Zr0.2502 (GEL) was shifted from the  molar ratio of ca. D + 0.05 was obtained at these condi-
maximum at ca. 350 to 42@ when compared with that of  tions. The results are similar to that observed by Shishido
5% Ni/Cey 75Zr0.2502 (IMP) catalyst. This result indicates et al. [32] suggesting that the first stage is corresponding
that the catalyst prepared by gel impregnation has a higherto the combustion of methane followed by steam ang CO
interaction between NiO and supp§tf]. reforming reactions of methane to synthesis gas.
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Fig. 2. H-TPR profiles of catalysts calcined at 5D with a heating rate of 10C min—1, a reducing gas containing 5% hydrogen in nitrogen with a flow
rate of 30 ml mirr: (a) ZrO,, (b) Ca).75Zr0.2502, () CeQ, (d) 5wt.% Ni/ZrQ, (IMP), (e) 5wt.% Ni/Ce 75Zro.2502 (IMP), (f) 5wt.% Ni/CeQ (IMP),

(9) 10wt.% NI/ZrG (IMP), (h) 10 wt.% Ni/C@ 75Zrg.2502 (IMP), (i) 10 wt.% Ni/CeQ (IMP), (j) 15wt.% Ni/ZrQ, (IMP), (k) 15wt.% Ni/Ce 75Zrg 2502
(IMP), (1) 15wt.% Ni/CeQ (IMP).

As illustrated inFig. 4, CH, conversion and CO selectiv-  believed that the decomposition of methane occurs on the
ity at 700°C are about 92 and 96%, respectively, over 5wt.% metal[22]. The low activity of the catalysts prepared by gel
Ni/CeQ; and Ni/Ce 752102502 (IMP) catalysts. These val-  impregnation method can be attributed to a lower degree of
ues attained approach the equilibrium values as reporteddispersion of metal compared to that of the catalysts pre-
elsewherd18]. In contrast, about 60% Citonversion and pared by impregnation method.

80% CO selectivity were achieved over 5wt.% Ni/2rO

(IMP) catalyst at the same reaction temperature. This in- 3.5. Coke formation

dicates that 5wt.% Ni/Ceand Ni/Ce 75Zrp.2502 (IMP)

catalysts give higher MPO catalytic activity and selectivity =~ The CHy/O5 ratio also affects the catalytic activity of the
to syngas than 5wt.% Ni/Zr9 catalysts. As given iffable 2 an increase in oxygen content

With increasing Ni loading, the CHconversion over inthe feed stream (CiHO, = 1.6) resulted in decreasing CO
Ni/CeQ, and Ni/Ce 75Zrp2502 (IMP) catalysts was in- and H selectivities but remaining CHconversion. In the
significantly increased (ca. 2%) whereas CO angd dd- case of insufficient oxygen (GO, = 2.5), the CH, con-
lectivities were remained unchanged. For Ni/ZrOMP) version was found to decrease for 15wt.% Ni/Zr@MP)
catalyst, the Chl conversion, CO and Hselectivities were  catalyst while it remained unchanged for 15wt.% Ni/GeO
considerably increased when increasing Ni loading from 5 and 15wt.% Ni/Cg75Zrp2502 (IMP) catalysts. The CO
to 10wt.% but were insignificantly altered after which the and H selectivities were slightly increased as an increase
Ni loading was increased to 15 wt.%. This may be due to the in CH4/O; ratio. This might be due to the fact that CeO
fact that CH conversion, CO and #iselectivities approach  and Ceg 75Zrp.2502 have considerable oxygen storage abil-
the equilibrium values. At this point, the change in catalytic ity [16,25,26] The evidence of coke formation was found
activity by catalyst would be less pronounced. Therefore, at the CH/O; feed ratio of 2.5, indicating the #ACO ratio
no effect could be observed as for the change in Ni loading. above 2.012].

The results indicated that the IMP catalysts are more ac- It was also observed that at a low Ni loading all catalysts
tive than GEL catalysts, as can also be seeRiin 4. It is are rather stable over a 24 h period of time on stream (data
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Fig. 3. H-TPR profiles of catalysts calcined at 58D with a heating rate of 1GCmin~%, a reducing gas containing 5% hydrogen in nitrogen with a
flow rate of 30mIminm®: (a) 5wt.% Ni/ZrQ (IMP), (b) 5wt.% Ni/Ce 75Zrp2502 (IMP), (c) 5wt.% Ni/CeQ (IMP), (d) 5wt.% Ni/ZrQ, (GEL), (e)
5wt.% Ni/Ce 75Zrp 2502 (GEL), (f) 5wt.% Ni/CeQ (GEL).

are not given). Thus, to compare the effect of support on 700°C for the latter, with an additional peak centered at
coke formation, the high Ni loading of 15 wt.% was chosen. the temperature of 55@. The two peaks observed on the
As can be seen frorfrig. 5 the 15wt.% Ni/ZrQ (IMP) TPO profile of 15wt.% Ni/ZrQ (IMP) catalyst can be due
catalyst possesses the least stability. However, €@ to the presence of either different types of carbon or differ-
ratio of the catalysts is rather constant. ent sites of carbon deposited. The results are confirmed by
TPO technique was used to quantify the amount of car- TEM images as shown ifig. 7. For spent Ni/Ce®@ and

bon formed on the spent catalysts. The TPO profiles of Ni/Cey75Zrg 2502 catalysts, it was observed that the only
15wt.% Ni/CeQ (IMP), 15wt.% Ni/Ce 75Zrg.2502 (IMP) type of carbon deposition is in the form of flament. The
and 15wt.% Ni/ZrQ (IMP) catalysts Fig. 6) show a large carbon structure is graphitic with the usual constant spacing
peak centered at ca. 650 for the formers and at ca. between layers. The dark particle in the end of tube would

Table 2
Methane partial oxidation on 0.1g of 15% Ni/CeQMP), 15% Ni/Ce 75Zro2502 (IMP) or 15% Ni/ZrQ, (IMP) catalysts using varied GO, feed at
100 ml/min flow rate (GHS\= 53,0000 1)

Temperature CHy/O,  15% Ni/CeQ 15% Ni/Ce 75Zr0.2502 15% Ni/ZrQ,

°C feed ratio

<) Xere (%) Sco (%) S, (%) Ho/CO Xom, (%) Sco (%) S, (%) Ho/CO Xow, (%) Sco (%) Swp (%) HRICO
700 2.5 94 97 93 2.4 94 98 95 2.4 84 97 96 2.2
750 2.5 95 98 93 2.4 97 99 96 2.4 87 98 97 2.2
800 2.5 96 98 94 2.4 97 99 96 2.4 88 99 98 2.2
700 2.0 95 96 92 2.0 96 96 93 2.0 92 96 95 2.0
750 2.0 97 97 93 2.0 97 97 94 2.0 94 97 96 2.0
800 2.0 98 98 93 2.0 98 98 95 2.0 96 98 96 2.0
700 1.6 98 91 90 2.0 97 91 91 2.0 91 84 88 2.0
750 1.6 99 92 90 2.0 98 93 91 2.0 95 89 90 2.0
800 1.6 99 93 90 2.0 98 94 91 2.0 96 91 90 2.0

Note: the oxygen was completely consumed at all these cases.
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Fig. 4. The CH conversion, CO selectivity andzHselectivity of methane partial oxidation over Ni-supported IMP catalysts calcined &C500H,/O»
ratio of 2.0, GHSV= 106,000 ii'): (a) Ni/CeQ, (b) Ni/Cey75Zr0.2502, (c) Ni/ZrO,.

be the encapsulated Ni species. For spent Nij¢Zt&alyst, 15wt.% Ni/ZrQ, (IMP) < 15wt.% Ni/CeQ (IMP) indi-
carbon nanotubes and graphite filaments were observedcating that Cg75Zrp 2502 can promote the oxidation of
The total amounts of carbon deposited on the spent cata-the carbon. This was also conformed by the ;€HPR
lysts are given imable 3 The amount of carbon deposition experiments Fig. 8), revealing that 15wt.% Ni/Ggrs
was found in the order 15 wt.% Ni/@esZrg2502 (IMP) < Zrp.2502 catalyst can produce GQnore than can 15wt.%
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(b) 15Wt.% Ni/Ce 75202502 (IMP), (c) 15wt.% Ni/ZrGy (IMP).
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Fig. 9. TPO profiles of catalysts after exposure to reaction aPZ5@% CH, or 1% CO) for 1 h with a heating rate of 2@ min~1, an oxidizing gas
containing 2% oxygen in He with a flow rate of 40 mimin (a) 15wt.% Ni/CeQ (IMP), (b) 15wt.% Ni/Cg75Zr02502 (IMP), (c) 15wt.% Ni/ZrG
(IMP).

Ni/ZrO, and 15 wt.% Ni/Ce@catalysts. Itis also concluded analogous as shown Fig. 9. The TPO profiles of methane
that 15wt.% Ni/Cg75Zro 2502 has a higher surface oxygen decomposition over 15wt.% Ni/CeO(IMP), 15wt.%
mobility [18]. Ni/Ceg.75Zr9 2502 (IMP) and 15wt.% Ni/ZrQ (IMP) ex-
The coke formation on these catalysts is due to the hibit a large peak centered at ca. 600-700with an
methane decomposition since the TPO profiles are ratheradditional peak centered at 530 for 15wt.% Ni/ZrQ
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2.0, GHSV= 53,000 1) compared with the regenerated catalysts with 21%irOHe at 500°C.
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Table 3

105

Amount of carbon deposition on the catalysts, as determined by TPO, using,2% K and heating rate of & min—1, after 4 h reaction at 750

and CH;:O; ratio of 2.5

CO selectivity (%)

H selectivity (%) Percent of carbon (wt.%)

Catalyst CH conversioft (%)

15% Ni/CeQ (IMP) 95 98
15% Ni/Ce) 75Zr0.2502 (”\/lp) 97 99
15% Ni/Zr&, (IMP) 87 98

93 22.70
96 12.87
97 15.82

aConversion at the end of reaction time (4 h).

(IMP) catalyst. On the contrary, the TPO profiles of
CO disproportion over 15wt.% Ni/CeQ(IMP), 15wt.%
Ni/Cep 752102502 (IMP) and 15wt.% Ni/ZrQ (IMP) ex-
hibit a peak centered at ca. 300—4@@

It should be noted that after the regeneration under 21%
O2 balanced with He at 500 for 1 h, the original activ-
ity and selectivity were regained as shownFig. 10 The
H»/CO ratio of 20 4 0.05 was still obtained for these re-
generated catalysts.

4. Conclusions

It can be concluded that the catalysts prepared by im-
pregnation method showed higher catalytic activity for
methane partial oxidation than those prepared by gel im-
pregnation method due to a better metallic Ni dispersion
and reducibility. The Ni/Ce® and Ni/Ce 75Zrp 2502 cat-
alysts showed higher catalytic activity for methane par-
tial oxidation than Ni/Zr@ catalyst. The H/CO molar
ratio of 2.0 was achieved at a GKD, ratio of 2.0 for
all catalysts. The effect of C{O, ratio on the activ-
ity and H,/CO was more pronounced with Ni/ZgCGhan
Ni/CeQ; and Ni/Ce 752102502 catalysts. The Cliconver-
sion slightly increased while CO andatselectivities re-
mained unchanged with increasing Ni loading for Ni/GeO
and Ni/Ce 75Zrg 2502 catalysts. The Ni/GgrsZrp.2502
catalyst showed the highest stability with a little car-
bon deposition after prolonged reaction time. The car-
bon on the surface of the catalyst was due mainly to the
methane decomposition. The original activity and selectiv-
ity can be retrieved by oxidizing the spent catalysts with
oxygen.
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