CHAPTER IV
PARTIAL OXIDATION OF METHANE OVER Ni/Ce0,-ZrO, CATALYSTS

4.1 Abstract

In this study, methane partial oxidation (MPO) to synthesis gas over Ni/Ce;.
10, (x = 0, 0.25, and 1.0 with varying Ni loading of 5, 10 and 15 wt%) was
investigated over the temperature range of 400-800°C. The 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 and reducibility. Under the reaction conditions, MPO over Ni/CeO; and
Ni/Ceg 75719250, mixed oxide catalysts were active at temperatures above 550°C
whereas that of Ni/ZrO, took place at temperatures above 650°C. The H>/CO molar
ratio of 2.0+0.05 was obtained. Generally, the CH4 conversion slightly increased
while the CO and H, selectivities remained unchanged with increasing Ni loading,
The Ni/Ceg 75Zrp 250, 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.

4.2 Introduction

In recent years, a catalytic partial oxidation of methane to synthesis gas (CO
and H,) has been widely investigated as an attractive alternatively process to steam
reforming since the reaction is mildly exothermic and can produce H,/CO ratio of 2
which is suitable for methanol or Fischer-Tropsch synthesis.

Many catalysts containing transition metals (Ni, Cu and Fe) (Dissabayake et
al., 1991; Chellappa et al., 1995; Au et al., 1996; Hu and Ruckenstein, 1996; Lu et
al., 1998), noble metals (Ru, Rh, Pt and Pd) (Hickman and Schmidt, 1993;
Boucouvalas et al., 1994; Boucouvalas et al., 1996; Mallens et al., 1997; Otsuka et

al., 1999; Pantu et al., 2000; Pantu and Gavalas, 2002) and metal oxides (Hargreaves
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et al., 1990; Irigoyen et al., 1998; Otsuka et al., 1998; Ruckenstein and Hu, 1999)
were employed in investigations of methane partial oxidation. Among those, Ni-
based catalyst shows an excellent catalytic activity for this reaction when compared
to noble metal catalysts due to its low cost (Montoya et al., 2000; Zhu and Flytzani-
Stephanopoulos, 2001). However, Ni is deactivated easily by coke deposition and/or
metal sintering,.

Carbon deposition on a supported Ni catalyst mainly comes from methane
decomposition and CO disproportionation reaction at high temperatures. In general,
the deposition of carbon would occur over the metallic sites as well as on the acid
sites of the support. Therefore, the studies of highly active and stable catalyst have
been focused. Many additives were successive to reduce carbon deposition for Ni-
ALO; such as Li, La, K and Na (Miao et al., 1997). The use of Ni on different
supports such as CaO, SiO; and MgO was also reported (Au et al., 1996; Tang et al.,
1998). It was reported that the use of supports in the presence of basic sites such as
MgO resulted in enhancing activities and lowering carbon deposition (Tang et al.,
1998). On the other hand, use of reducibility support could result in enhancing
further activity and decreasing coke deposition (Swann er al., 1994; Pantu and
Gavalas, 2002; Noronha ez al.; 2001). Stagg-Williams et al. (2000) reported that a
higher degree of reduction of catalyst resulted in an increase in oxygen vacancies,
thus subsequent resisting to carbon deposition.

Recently, Otsuka et al. (1998) has reported that CeO, could be able to
convert methane to synthesis gas with a Ho/CO ratio of 2 and showed that adding Pt
black could promote a syngas formation rate. This finding was similar to Ni/CeO,
reported by Dong et al. (2002). They also proposed a mechanism over Ni/CeO, that
CH4 dissociates on Ni and the resultant carbon species quickly migrate to the
interface of Ni-CeO, and then react with lattice oxygen of CeO, to form CO.
However, ceria still has some disadvantages. Ceria, by itself, has a poor thermal
resistance and stability at high temperatures. Ceria-supported Ni with high Ni
loading (13 wt%) was an active catalyst for methane partial oxidation but rapidly
deactivated by carbon deposition (Tang et al., 1998).

The addition of ZrO, to CeO, can improve its oxygen storage capacity,

redox properties, thermal resistance and better catalytic activity at low temperatures
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(Fornasiero et al., 1995; Fornasiero et al., 1996; Horl ef al., 1998; Gonzalez-Velasco
et al., 1999; Roh et al.,, 2002). It was demonstrated that CeO,-ZrO, mixed oxides
produced synthesis gas with a H,/CO ratio of 2 and the formation rates of H, and CO
were increased due to the incorporation of ZrO, into CeQ,. The oxygen desorption
and reduction by H; of Ce;.,Zr,O; solid solution with x <0.5 took place at lower
temperature as compared with pure ceria. In our early study, we have also found that
Ceg.75Zr9250; solid solution exhibited the highest reducibility (Pengpanich et al.,
2002). On the contary, it was demonstrated that Ni/CeO,-ZrO, with Ce/Zr ratio of
0.25 or small amount of CeO; and exhibited high catalytic activity methane partial
oxidation (Takeguchi et al., 2001; Dong et al., 2002).

In this study, we report on the activity, selectivity and stability of
Ni/Ceq 75Zrj 250, catalyst compared with Ni/CeO, and Ni/ZrO, catalysts for methane
partial oxidation to synthesis gas over the temperature range of 400-800°C at

atmospheric pressure.
4.3 Experimental

4.3.1 Catalyst Preparation

Mixed oxide solid solutions of Ce-Zr metals were prepared as catalyst
supports via urea hydrolysis. The Ce-Zr mixed oxide solid solution samples were
prepared from Ce(NO;);.6H,0 (99.0%, Fluka) and ZrOCl,.8H;0 (99.0%, Fluka).
The ratio between the metal salts was altered depending on the desired solid solution
concentration: Ce,;.Zr,O, in which x = 0, 0.25 and 1.0. Th.e synthesized procedure
has been reported elsewhere (Pengpanich ef al., 2002).

The catalysts prepared by the incipient wetness impregnation method
were designated as IMP. To prepare Ni/Ce,.,Zr,O, (IMP) catalysts, Ni (5,10 and 15
wt%) was loaded by the incipient wetness impregnation method into the supports
using its nitrate salt solution.

The catalysts designated as GEL were prepared by the gel impregnation
method. In the case of GEL catalysts, a Swt% Ni was loaded during the gel step. The

washed gel was added with nickel nitrate salt solution to obtain a desired loading
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before drying and calcination. The catalysts were then calcined at 500°C for 4 hr in

air.

4.3.2 Catalyst Characterizations

BET surface area was determined by N, adsorption at 77 K (a five point
Brunauer-Emmett-Teller (BET) method using a Quantachrome Corporation
Autosorb). Prior to the analysis, the samples were outgassed to eliminate volatile
adsorbents on the surface at 250°C for 4 hr.

H; uptake and degree of dispersion were determined by pulse technique
using a temperature programmed analyzer (ThermoFinnigan modeled TPDRO 1100).
Prior to pulse chemisorption, the sample was reduced in H, atmosphere at 500°C for
I hr. Then the sample was purged with N, at 500°C for 30 min and cooled down to
40°C in flowing N;. A H; pulse (99.99% H, with a sample loop volume of 0.4 ml)
was injected into the sample at 40°C.

An X-ray diffractometer (XRD) system (Rigaku) equipped with a RINT
2000 wide-angle goniometer using CuK, radiation and a power of 40 kV x 30 mA
was used for examination of the crystalline structure. The intensity data were
collected at 25 °C over a 26 range of 20-90° with a scan speed of 5° (20)/min and a
scan step of 0.02° (20).

The morphology of carbon deposition on the spent catalysts was
observed by transmission electron microscopy (TEM) with a JEOL (JEM-2010)
transmission electron microscope operated at 200 kV. The samples were dispersed in
absolute ethanoi ultrasonically, and the solutions were then dropped on copper grids
coated with a lacey carbon film. '

H; temperature programmed reduction (H,-TPR) experiments were
carried out using a TPR analvzer (ThermoFinnigan modeled TPDRO 1100). The
sample was pretreated in N, atmosphere at 400°C for 30 min prior to running the
TPR experiment, and then cooled down to room temperature in N;. A 5% H,/N, gas
was used as a reducing gas. The sample temperature was raised at a constant rate of
10°C/min from room temperature to 950°C. The amount of H, consumption as a

function of temperature was determined from a TCD signal.
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CH4 temperature programmed reduction (CHs-TPR) experiments were
carried out in a quartz micro-reactor in a similar manner to H,-TPR experiments but
using a 2% CHy4 balanced with He as a reducing gas. The effluent gas composition as
a function of temperature was measured using a mass spectrometer (Balzer
Instruments modeled Thermostar GSD 300T).

Temperature programmed oxidation (TPO) carried out in a TPO micro-
reactor analyzer coupled with an FID was used to quantify the amount of coke
formation in the spent catalysts. Typically, a 40 mg sample was heated from room
temperature in flowing 2% O,/He at a heating rate of 10°C/min to 900°C. The output
gas was passed to a methanation reactor using 15 wt% Ni/Al,O; as a catalyst. After
the TPO system reached 900°C, where all carbon had been burned off, the FID signal
for methane was calibrated by injecting 100 pl of CO, pulses into the methanation
reactor, and sending the methane produced into the FID. By integrating the methane
signal during the entire TPO run, it was possible to calculate the amount of coke

removed from catalyst.

4.3.3 Catalytic Activity Tests

Catalytic activity tests for methane partial oxidation were carried out in
a packed-bed quartz microreactor (i.d. @ 6 mm). Typically, a 100 mg catalyst sample
was packed between the layers of quartz wool. The reactor was placed in an electric
furnace equipped with K-type thermocouples. The catalyst bed temperature was
monitored and controlled by Shinko temperature controllers. The feed gas mixture
containing 4%CHa, 2%0; and balanced with He was used for which a gas hourly
space velocity (GHSV) was maintained at 53,000 hr' using Brooks mass flow
controllers. Measurements were carried out at various furnace temperatures adjusted
sequentially from 400-800°C with an interval of 50°C. The carbon formations on the
catalysts were further studied in the same system as for MPO at 700-800°C with
different conditions (GHSV of 53,000 hr' and CH4/O; ratios of 1.6, 2.0 and 2.5).

The gaseous products were chromatographically analyzed using a
Shimadzu GC 8A fitted with a TCD. A CTR I (Alltech) packed column was used to

separate all products at 50°C except for H,O which was trapped out prior to entering
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the column. The CHs conversion (X, ), O2 consumption (X, ) and selectivity (S)

that reported in this work were calculated as follows:

CHY -CHJ™

%Xcn, = —= x 100 (3.3)
4
0121'1 _ out
%Xg, =————2—x100 (3.4)
0y’
out
%SCO = 9 x 100 (3.5)

%Sy 2 x 100 (3.6)

4.4 Results and Discussion

4.4.1 Catalyst Characterizations
4.4.1.1 BET Surface Area, H, Uptake and Metal Dispersion

The BET surface areas, H; uptake and metallic Ni dispersion
of the catalysts are shown in Table 4.1. The suriace areas of the catalysts are in
the range of 80-138 m?%/g. For IMP catalysts, the surface areas were found to
decrease with increasing Ni loading. When Ni loading was increased from 5 to
15 wt%, Ni/CeO; (IMP) surface areas were drastically decreased by about 40%.
On the other hand, the surface areas of Ni/Ceg 75Zrp250; (IMP) and Ni/ZrO,
(IMP) catalysts were somewhat decreased by 17 and 8%, respectively. This
might be due to nickel acts as a nucleating agent promoting the sintering and
ceria, itself, has low thermal stability (Montoya et al., 2000). The surface areas

of GEL catalysts are barely different from those of IMP catalysts.
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The degree of dispersion of Ni/CeO, and Ni/Ceg 75Zrg 250,
catalysts are higher than those of Ni/ZrO, catalysts indicating that Ni particles
are better dispersed on CeO, and Cep75Zrg250, than ZrO,. The dispersion
degree was found to decrease with an increase in metal loading. This is due to
the formation of NiO bulk particles. It should be noted that the amount of H,
uptake for the GEL catalysts is lower than that for IMP catalysts indicating a

lower exposed Ni metal due to particle encapsulation (Shishido et al., 2002).
4.4.1.2 XRD Analysis

The structure of the catalysts was determined using an XRD
as shown in Figure 4.1. For 5% Ni loading catalysts, the XRD patterns of
Ni/CeO; and Ni/Ceg75Zrg 2505 prepared via both_ IMP and GEL methods
exhibited a cubic fluorite structure while the XRD patterns of both the IMP and
GEL Ni/ZrO; catalysts showed a tetragonal structure. No separate Ni and NiO
phases were found by XRD for such a low Ni loading (5 wt% Ni). It might be
postulated that the amount of Ni metal loading is too small to be detected by the
XRD. At higher Ni loadings (10 and 15 wt% Ni), three new peaks at about 37°,
43° and 62° (20) indicating 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 agglomerated particies were present (Zhu and Flytzani-
Stephanopoulos, 2001). This result appears to be in good agreement with the

degree of metal dispersion data.



Table 4.1 BET surface area, H; uptake and degree of dispersion of the catalysts

31

BET Surface H; Uptake Dispersion
Catalyst Area (umol/g) (%)
(m/g)

5% Ni/CeO, (IMP) 135 34.83 8.20
5% Ni/Ceq.75Zr 250, (IMP) 112 39.74 9.33
5% NV/ZrO, (IMP) 138 4.12 0.97
10% Ni/CeO, (IMP) 114 33.66 3.95
10% Ni/Ceg 75Zr9 250, (IMP) 95 31.04 3.64
10% Ni/ZrO,(IMP) 128 3.88 0.46
15% Ni/CeO, (IMP) 65 33.61 2.60
15% Ni/Ceg.75Zrp 250, (IMP) 93 31.61 2.50
15% Ni/ZrO,(IMP) 127 3.47 0.27
5% Ni/CeO,; (GEL) 128 19.95 4.69
5% Ni/Cey 75Zr0 25C, (GEL) 104 < 1.45
5% Ni/ZrO, (GEL) 124 1.28 0.30
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Figure 4.1 XRD patterns of catalysts calcined at 500°C: (a) 5 wt.% Ni/CeO,
(GEL), (b) 5 wt.% Ni/CeO; (IMP), (c) 10 wt.% Ni/CeO; (IMP), (d) 15 wt%
Ni/CeO; (IMP), (e) 5 wt% Ni/Ceg15Zr9.2502 (GEL), (f) 5 wt% Ni/Ce.75Zr0.250;
(IMP), (g) 10 wt% Ni/Ceg 75Zro.2502 (IMP), (h) 15 wt% Ni/Ceg.75Zr0.250, (IMP),
(i) 5§ wt% Ni/ZrO; (GEL), (j) 5§ wt% Ni/ZrO, (IMP), (k) 10 wt% Ni/ZrO, (IMP),
(1) 15 wt% Ni/ZrO, (IMP).
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4.4.1.3 H,-TPR

The H,-TPR profiles of the 5 wt% Ni IMP catalysts compared
with their supports are shown in Figure 4.2. For the Ni/CeO; (IMP) catalysts, a
strong peak with the maximum temperature at ca. 360°C and another broad peak with
the maximum temperature at ca. 800°C were observed. The first peak was attributed
to the reduction of NiO (indicated by XRD analysis) to Ni’ and the other peak is
related to the bulk reduction of CeQ, from Ce™ to Ce™ (Montoya et al., 2000;
Takeguchi et al., 2001).

Figure 4.3 shows the H>-TPR profiles of 5, 10 and 15 wt% Ni
IMP catalysts. An increase in Ni loading does not affect the reduction temperature of
NiO over CeO; but a small peak with the maximum temperature at ca. 250°C was
observed for the 10 and 15 wt% Ni loadings. This peak might be due to the reduction
of NiO particles with interacting weakly with support (Roh et al., 2002) or hydrogen
spillover effect (Takeguchi ef al., 2001). Similar results were found in the case of
Ni/Ceq 75Zro 250, (IMP) catalysts which exhibit two peaks with the maxima at ca. 360
and 800°C. However, a small peak at ca. 250°C was smaller than that of Ni/CeO,
indicating a lower amount of free NiO particles. This suggests that NiO-support
interactions for Ni/Ceg 75sZr.250; (IMP) catalysts be stronger than those for Ni/CeO,
(IMP) catalysts. For the 5 wt% Ni/ZrO, (IMP) catalyst, a peak at temperature ca.
480°C was observed while no reduction of ZrO, was observed (Figure 4.2). As an
increase in Ni loading (10 and 15 wt%), the unresolved peak with the maximum
temperature at ca. 350°C was observed. This suggests that there be two kinds of NiO
species. The peak at a lower temperature is assigned to a free NiO species interactir}g
weakly with support, and the other peak at a higher temperature is attributed to a

complex NiO species interacting strongly with support (Roh et al., 2002).
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Figure 4.2 H-TPR profiles of IMP catalysts and their supports calcined at 500°C
with a heuting rate of 10°C min™', a reducing gas containing 5% hydrogen in nitrogen
with a flow rate of 30 ml min™: (a) ZrO, (b) Cep75Zry250; (c) CeO,; (d) 5 wt%
NI/ZrO; (e) 5 wt% Ni/Ceq75Zr.250; and (f) 5 wt% Ni/CeOs.
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Figure 4.3 H,-TPR profiles of IMP catalysts calcined at 500°C with a heating rate of
10°C min™, a reducing gas containing 5% hydrogen in nitrogen with a flow rate of 30
ml min™: (a) 5 wt% Ni/ZrO, (b) 5 wt% Ni/Ceq.75Z10.250; () 5 wt% Ni/CeO, (d) 10
wt% Ni/ZrO; () 10 wt% Ni/Ce75Zr0.250; (£) 10 wt% Ni/CeO, (g) 15 wt% Ni/ZrO,
(h) 15 wt% Ni/Ceq 75Zr0.250; and (i) 15 wt% Ni/CeOs,.
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The H,-TPR profiles for the GEL catalysts are similar to those
for the IMP catalysts as shown in Figure 4.4. However, the reduction profile of
5%Ni/Ce.75Zr2502 (GEL) is slightly different from that of the IMP catalyst. The
catalysts prepared by gel impregnation show a broader reduction peak than those
prepared by incipient wetness impregnation. The wideness of peak is due to a broad
particle size distribution. Also the GEL reduction temperature is relatively higher
than the IMP catalysts. Interestingly, the reduced NiO region of 5%Ni/Cey75Zr0250;
(GEL) was shifted from the maximum at ca. 350°C to 420°C when compared with
that of 5%Ni/Ceg75Zro250, (IMP) catalyst. This result indicates that the catalyst
prepared by gel impregnation has a higher interaction between NiO and support
(Montoya et al., 2000).
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Figure 4.4 H,-TPR profiles of IMP and GEL catalysts calcined at S00°C with a
heating rate of 10°C min™, a reducing gas containing 5% hydrogen in nitrogen with a
flow rate of 30 ml min™: (a) S wt% Ni/ZrC:, (IMP) (b) 5 wt% Ni/Cep7sZro250; (IMP)
(c) S wt% Ni/CeO, (IMP) (d) 5 wt% Ni/ZrO, (GEL) (e) 5 wt% Ni/Ceg75Zr02502
(GEL) and (f) 5 wt% Ni/CeO, (GEL).
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4.4.2 Catalytic Activity for Methane Partial Oxidation

4.4.2.1 Catalytic Activity Test

Figures 4.5-4.7 show the CH,4 conversion, CO selectivity and H,
selectivity of MPO over the Ni/CeO,, Ni/Cej75Zry 250, and Ni/ZrO, catalysts. The
catalytic activity for MPO to synthesis gas was tested in a dilute mixture (4%CH,
and 2%0; balanced with He) in the temperature range of 400-800°C. The supports
(CeOg, Ceg.75Zr.250; and Zr0,) are not relatively active for MPO as seen in Figures
4.5-4.7. Dominant MPO products (CO and H,) were observed at temperatures higher
than 600°C with only about 5% CO yield at 700°C.

The addition of Ni onto the supports resulted in an increase in
MPO catalytic activity. As shown in Figure 4.5-4.7, for the 5 wt% IMP catalysts,
CH4 conversion with the complete oxidation products, CO, and H,0, was observed
at temperatures < 550°C for Ni/CeO; and Ni/Ceg 75Zrp 250, catalysts and at
temperatures < 650°C for Ni/ZrO, catalyst. Beyond such temperatures, the CH,
conversion dramatically increases resulting from the methane partial oxidation
reaction. The oxygen was completely consumed and the H,/CO molar ratio of ca.
2.0£0.05 was obtained at these conditions. The resulfs are similar to that observed by
Shishido er al. (2002) suggesting that the first stage is corresponding to the
combustion of methane followed by steam and CO, reforming reactions of methane
to synthesis gas.

As illustrated in Figures 4.5-4.7, CH; conversion and CO
selectivity at 700°C are about 92% and 96%, respectively, over 5 wt% Ni/CeO, and
Ni/Ceg 75Zr9 250, (IMP) catalysts. These ,values attained approach the equilibrium
values as reported elsewhere (Zhu and Flytzani-Stephanopoulos, 2001). In contrast,
about 60% CH,4 conversion and 80% CO selectivity were achieved over 5 wt%
Ni/ZrO, (IMP) catalyst at the same reaction temperature. This indicates that 5 wt%
Ni/CeO; and Ni/Ceg75Zrg 250, (IMP) catalysts give higher MPO catalytic activity
and selectivity to synthesis gas than those of 5 wt% Ni/ZrO, (IMP) catalyst.

With increasing Ni loading, the CH4 conversion over Ni/CeO,
and Ni/Ceg 75Zr 250, (IMP) catalysts was insignificantly increased (ca. 2%) whereas
CO and H; selectivities were remained unchanged. For Ni/ZrO, (IMP) catalyst, the

CHs4 conversion, CO and H, selectivities were considerably increased when
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increasing Ni loading from 5 to 10 wt% but were insignificantly altered after which
the Ni loading was increased to 15 wt%. This may be due to the fact that CHy
conversion, CO and H, selectivities approach the equilibrium values. At this point,
the change in catalytic activity by catalyst would be less pronounced. Therefore, no
effect could be observed as for the change in Ni loading.

The results indicated that the IMP catalysts are more active than
GEL catalysts, as can also be seen in Figures 4.5-4.7. It is believed that the
decomposition of methane occurs on the metal (Noronha et al., 2001). The low
activity of the catalysts prepared by gel impregnation method can be attributed to a
lower degree of dispersion of metal compared to that of the catalysts prepared by
impregnation method.

The CH4/O; ratio also affects the catalytic activity of the
catalysts. As given in Table 4.2, an increase in oxygen content in the feed stream
(CH4/O; = 1.6) resulted in decreasing CO and H, selectivities but retaining the CH,4
conversion. In the case of insufficient oxygen (CH4/O, = 2.5), the CH4 conversion
was found to decrease for 15wt%Ni/ZrO; (IMP) catalyst while it remained
unchanged for 15wt%Ni/CeO; and 15wt%Ni/Ceg 75Zr0250; (IMP) catalysts. The CO
and H; selectivities were slightly increased with an increase in CH4/O> ratio. This
might be due to that CeO, and Ceg75Zrg250, have considerable oxygen storage
ability (Fornasiero et al., 1995; Fornasiero et al., 1996; Otsuka et al., 1998). Evidence
of carbon formation was found at the CH4/O, feed ratio of 2.5, indicated by the
H,/CO ratio above 2.0 (Pantu and Gavalas, 2002).
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Figure 4.5 The CH, conversion (a), CO selectivity and H; selectivity (b) of methane
partial oxidation over Ni/CeQO, catalysts calcined at 500°C (CH4/O; ratio of 2.0,
GHSV = 53,000 hr'").



100
Il == &o?szruxsoz
—m— 5%Ni/Ce,,,Zry 0, (IMP)
80- —A— 10%NiCe, Zr, .0, (IMP)
—e— 15%Ni/Ce,, Zr, O, (IMP)
{ —— S%Ni/Ce,,Zr, 0, (GEL)
£
— 60_
=
i
4
o
>
&  40-
o
E P~
X
./‘ /
0 P"'_H_TH_PF-:X T T T T
400 500 600 700 800
‘ Temperature (°C)
(a)
100 | COselectivit - A f@"..‘.ﬁi.‘;:é@;; Bo B
—x— Ce,,.Zr,, 0,( Y __.-.f’
{ —=— s%NifCe, Zr, 0, IMP)
g0 | 4 10%NifCe, ,Zr,,,O, (IMP) 1
= —e— 15%Ni/Ce, ,,Zr,,,0, (IMP)
9 { —e— 5%NifCe, ,Zr, O, (GEL)
£ 60 - H, selectivity
‘E =G Cco.nzrozsoz :
3 ‘o S%Ni/Ce, ,Zr, .0, (IMP)
2 40+ & 10%Ni/Ce,,Zr. O, (IMP) | 3
S |0 15%Ni/Ce, ,,Zr, O, (IMP)
< 5%NilCe,,.Zr, ,,0, (GEL)f
20 4 .: i
s S ; x |
A g x—#_______,..-—-—-"'
0 : X
J = : v
——— 00— 00— @ O— O ——— T T
400 500 600 700 800

Temperature (°C)

(b)

100

2

(%) Anandapes

41

Figure 4.6 The CH, conversion (a), CO selectivity and H; selectivity (b) of methane

partial oxidation over Ni/Ceg 75Zr 250, catalysts calcined at 500°C (CH4/O; ratio of

2.0, GHSV = 53,000 hr'").
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Figure 4.7 The CHs conversion (a), CO selectivity and H; selectivity (b) of methane

partial oxidation over Ni/ZrO, catalysts calcined at 500°C (CH4/O; ratio of 2.0,
GHSV = 53,000 hr'").



Table 4.2 Methane partial oxidation 6n 0.1 g of 15%Ni/CeO, (IMP), 15%Ni/Ceg 752192502 (IMP) or 15%Ni/ZrO, (IMP) catalysts using
varied CH4/O; feed at 100 ml/min flow rate (GHSV = 53,000 hr")

Temperature CH,/O, 15%Ni/Ce0, 15%Ni/Cep 75710 2503 15%Ni/ZrO,
(°0) Feed Xy, Sco Sz H/CO  Xcha Sco Sz  H/CO  Xcna Sco Sw2  Hy/CO
atio (%) (%) (%) (%) (%) (%) (%) (%) (%)
700 Z5 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 a2
800 2.5 96 98 94 2.4 97 99 96 24 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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4.4.2.2 Carbon Formation

It was also observed that at a low Ni loading all catalysts are
rather stable over a 24 hr period of time on stream as shown in Figure 4.8. Thus, to
compare the effect of support on coke formation, the high Ni loading of 15 wt% was
chosen. As can be seen from Figure 4.9, the 15 wt% Ni/ZrO, (IMP) catalyst
possesses the least stability. However, the H,/CO ratio of the catalysts is rather
constant.

TPO technique was used to quantify the amount of carbon
formation on the spent catalysts. The TPO profiles of the spent 15 wt%Ni/CeO,
(IMP), 15 wt%Ni/Ceg75Zr9250; (IMP) and 15 wt%Ni/ZrO, (IMP) catalysts are
shown in Figure 4.10. The TPO profiles show a large peak centered at ca. 650°C for
the formers and at ca.700°C for the latter, with an additional peak centered at the
temperature of 550°C. The two peaks observed on the TPO profile of 15wt%Ni/ZrO,
(IMP) catalyst can be due to the presence of either different types of carbon or
different sites where carbon is deposited. The results are confirmed by TEM images
as shown in Figure 4.11. For spent Ni/CeQO; and Ni/Ceg75Zr0,50; catalysts, it was
observed that the only type of carbon deposition is in the form of filaments. The
carbon structure is graphitic with the usual constant spacing between layers. The dark
particle in the end of tube would be the encapsulated Ni species. For spent Ni/ZrO,
catalyst, carbon nanotubes and graphite filaments were observed. The total amounts
of carbon deposition on the spent catalysts are given in Table 4.3. The amount of
carbon deposition was found in the order 15 wt% Ni/Ceg 75Z10.250; (IMP) < 15 wt%
Ni/ZrO, (IMP) < 15 wt% Ni/CeO, (IMP) indicating that Ce 75Zro250, can promote
the oxidation of the carbon. This was also conformed by the CH4-TPR experiments
(Figure 4.12-4.14), revealing that the Ni/Ceg75Zro2s0, catalyst can produce CO,
more than can Ni/ZrO; and Ni/CeO, catalysts. It is also concluded that
Ni/Ceg 75219250, has a higher surface oxygen mobility (Zhu and Flytzani-
Stephanopoulos, 2001).
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Figure 4.8 The CH4 conversion (a), CO selectivity and Ho/CO (b) as a function of
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53,000 hr'").
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Figure 4.10 TPO profiles of catalysts after exposure to MPO reaction at 750°C
(CH4/O, = 2.5, GHSV = 53,000 hr") for 4 hr with a heating rate of 10°C min, an
oxidizing gas containing 2% oxygen in He with a flow rate of 40 ml min": (a)
15wt% Ni/CeO; (IMP) (b) 15wt% Ni/Ceg75Zr9250; (IMP) (c) 15wt% Ni/ZrO,
(IMP).
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Figure 4.11 TEM images of spent catalysts after exposure to MPO reaction at 750°C
(CH4/O, = 2.5, GHSV = 53,000 hr") for 4 hr: (a) 15wt% Ni/CeO; (IMP) (b) 15wt%
Ni;{ceo_';szro_zsoz (MP) (C) 15wt% le‘Zl'Oz (IN[P)
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Table 4.3 Amount of carbon deposition on the catalysts, as determined by TPO,

using 2%0; in He and heating rate of 10°C/min.

Catalyst CH4 CO H; Percent
conversion®  selectivity” selectivity" of carbon
(%) (%) (%) (Wt%)
5%Ni/CeO, (IMP)" 98 98 93 9.93
5%Ni/Ceg75Zr0 2502 (IMP)° 98 99 96 8.56
5%Ni/ZrO, (IMP)" 74 98 97 4.18
10%Ni/CeO; (IMP)" 97 98 98 14.84
10%Ni/CeqsZro.250, (IMP)° 97 98 98 10.61
10%Ni/ZrO, (IMP)" 90 96 96 12.11
15%Ni/CeO; (IMP)” 97 98 94 21.71
15%Ni/Ceo.75Zr0.2502 (IMP)° 97 98 96 14.09
15%Ni/ZrO, (IMP)" 94 95 97 16.94
15%Ni/CeO; (IMP)¢ 95 98 93 22.70
15%Ni/Ceg75Zr0.2502 (IMP)° 97 99 96 12.87
15%Ni/ZrO; (IMP)® 87 98 97 15.82

* measured at the end of reaction time
b after 24 hr reaction at 750°C and CH4/O; ratio of 2.0
¢ after 4 hr reaction at 750°C and CH4/O, ratio of 2.5
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Figure 4.12 CH4-TPR profiles of Ni/CeO, (IMP) catalysts calcined at 500°C with a
heating rate of 10°C min™, a reducing gas containing 2% methane in He with a flow

rate of 50 ml min™": (a) 5 wt% Ni/CeQ; (IMP) (b) 15 wt% Ni/CeO, (IMP).
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Figure 4.13 CH4-TPR profiles of Ni/Ceg75Zro2s0, (IMP) catalysts calcined at
500°C with a heating rate of 10°C min™, a reducing gas containing 2% methane in
He with a flow rate of 50 ml min™": (a) 5 Wt% Ni/Ceg75Zro2502 (IMP) (b) 15 wt%
Ni/Ceg.75Z192502 (IMP).



52

0.14 800
0124
< | [
S o] - H, (m/z=2) -1 600
~— 0.104
> | — CH, (m/z=15) —
g 0.08 CO (m/z=28) g
E Ity CO2 ([11"/:44) L - 400 g
g 0.06 :’ 'l g
5 SN =
— (.04 1 7 LY —~
) ' % -
= ] " 200
0.024 :
0.00 T T T T T — T T T 0
0 20 40 60 80 100
Time (min)
(2)
800
0.124—
S 1 mmmeag H, (m/z=2)
S 0101 ——CHvz=15) - 600
2> CO (m/z=28) o
.g 008 & T (:c)2 (WZ'_“M) ('a“
8 1 s ~ - .U
E 0.06- \ 00 5
S 0044 i \ —
I~ - ; N 200 9
0.02 1 i Tag
- A
0.00 T T v T v T-.'." : - b H v T 0 2
0 20 40 60 80 100
Time (min)
(b)

Figure 4.14 CH,4-TPR profiles of Ni/ZrO, catalysts calcined at 500°C with a heating
rate of 10°C min™, a reducing gas containing 2% methane in He with a flow rate of

50 ml min™": () 5 wt% Ni/ZrO, (IMP) (c) 15 wt% Ni/ZrO, (IMP).
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The coke formation on these catalysts is due to the methane
decomposition since the TPO profiles are rather analogous as shown in Figure 4.15-
4.16. The TPO profiles of methane decomposition over 15 wt% Ni/CeO, (IMP), 15
wt% Ni/Ceo 752102502 (IMP) and 15 wt% Ni/ZrO, (IMP) exhibit a large peak
centered at ca. 600-700°C with an additional peak centered at 550°C for 15 wt%
NV/ZrO; (IMP) catalyst. On the contrary, the TPO profiles of CO disproportion over
15 wt% Ni/CeO; (IMP), 15 wt% Ni/Cey75Zrg 250, (IMP) and 15 wt% Ni/ZrO, (IMP)
catalysts exhibit a peak centered at ca. 300-400°C.

4.5 Conclusions

It can be concluded that the catalysts prepared by impregnation method
showed higher catalytic activity for methane partial oxidation than those prepared by
gel impregnation method due to a better metallic Ni dispersion and reducibility. The
Ni/CeO, and Ni/ceoqszrovzs()g catalysts showed higher catalytic activity for methane
partial oxidation than Ni/ZrO, catalyst. The H/CO molar ratio of 2.0 was achieved at
a CH4/O; ratio of 2.0 for all catalysts. The effect of CH4/O; ratio on the activity and
H,/CO was more pronounced with Ni/ZrO, than Ni/CeO, and Ni/Ceg75Zrg250;
catalysts. The CHs conversion slightly increased while CO and H, selectivities
remained unchanged with increasing Ni loading for Ni/CeO, and Ni/Ceg75Zro250;
catalysts. The Ni/Ceg.75Zrg250; catalyst showed the highest stability with a little
carbon deposition after prolonged reaction time. The carbon on the surface of the

catalyst was due mainly to the methane decomposition.
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