© 2001 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 74, 1841—1846 (2001)

Effect of Additives on the Stability of Pd/Al,O; for Carbon Dioxide
Reforming of Methane

Katsutoshi Nagaoka and Ken-ichi Aika™

Department of Environmental Chemistry and Engineering, Interdisciplinary Graduate School of Science & Engineering,
Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku Yokohama 226-8502

(Received March 14, 2001)

The effect of additives such as alkaline earth metal (Ca and Ba) and rare earth metal (La and Ce) oxides to Pd/Al,O5
catalyst for the CH4/CO, reforming was investigated at 1023 K under 0.1 MPa in terms of catalytic stability and coke
deposition. Catalytic stability of Pd/Al,O; was improved by all additives; the rare earth metal oxides were more effective
than the alkaline earth metal oxides. Temperature programmed hydrogenation (TPH) for those catalysts after exposure
to CH4/CO, showed that rate of coke deposition (deactivating catalysts), probably due to CH, decomposition, was in the
order: Pd/Al,O; > Ba/Pd/Al,O; > La/Pd/Al,Os;, being in accordance with the catalytic stability. Temperature pro-
grammed oxidation (TPO) showed that rate of CH, decomposition was in the order: Pd/Al,O; > Ba/Pd/Al,O; > La/Pd/
Al,O;. Further, the peak on La/Pd/Al,O5 was observed at lower temperature than on the others during the TPO, implying
that the reaction between CH, and CO, on La/Pd/Al,0; occurs more easily than on the others. Therefore, the (slow) de-
composition of CH, and the (fast) removal of the CH, would be balanced on Pd/Al,O; with the rare earth metal oxides.
Thus the catalysts do not show significant coke deposition and keep stable activity for a long time during the CH4/CO,
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reforming.

CH4/CO, reforming is attractive to generate synthesis gas
with a H,/CO ratio of one. This ratio can be adjusted by com-
bining CO; reforming with steam reforming from 1 to 3. Note
that gas fields sometimes contain CO, (= 25 vol%), which
may be an incentive to apply CO, reforming rather than sepa-
rating methane and CO,. Typically, supported Ni or noble
metals are reported as potential catalysts for the reaction.!™!!

Catalyst deactivation is a serious drawback for the CH,/CO,
reforming and must be overcome by effective catalysts. Two
potential causes of deactivation exist, i.e., coke deposition'™!!
and sintering of the metal particles."*®3. Most authors agree,
however, that coke deposition is the main cause of the deacti-
vation. Coke originates mainly from two reactions, i.e., meth-
ane decomposition (CH; — C + 2H,) and carbon monoxide
disproportionation (2CO — C + CO,). The former is endot-
hermic and favored at high temperatures, while the latter is
exothermic and favored at low temperatures.

Addition of basic metal oxides (alkaline, alkaline earth, and
rare earth) to Ni-based catalysts and the use of those oxides as
a support for Ni catalysts has been known to be an efficient
way for decreasing coke deposition'®!>'* and preventing sin-
tering of Ni.!> Further, Stagg—Williams et al.'®"'® have report-
ed that the addition of La,O; and CeQO, stabilizes catalytic ac-
tivity of Pt/ZrO, catalysts. However, it is still unclear what
kind of oxide is most effective to stabilize the activity of noble
metal catalysts.

In this contribution, palladium is selected as an active ele-
ment due to its high amount in the noble metals in the crust,
and the effect of additives such as alkaline earth metal (Ca, and
Ba) and rare earth metal (La and Ce) oxides is studied in terms
of catalytic stability and coke deposition. For that purpose, the

CH4/CO, reforming is performed at 1023 K for 50 h. Then,
temperature programmed hydrogenation (TPH) is carried out
to compare the amount of coke deposition on the catalysts dur-
ing the reaction. The TPH is also performed after CH./He,
CO/He, and CO,/He flow, in order to investigate the source of
coke deposition. Further, temperature programmed oxidation
(TPO) is also carried out to compare the rate of CH, decompo-
sition on these catalysts. From those results, the factors pre-
venting coke deposition are discussed.

Methods

Catalyst Preparation. Pd/Al,O; was prepared by impreg-
nating Al,O; (JRC-ALO-4; reference catalyst of the Catalysis
Society of Japan) with Pd(NO;), (Wako chemicals) in water.
The palladium loading was set to 2 wt% against the catalysts.
The catalyst was dried overnight at 395 K in static air and sub-
sequently reduced with H, at 723 K for 2 h. Further, it was im-
pregnated with Ba(NOs),, Ca(NOs),-4H,0, Ce(NOs);-6H,0,
or La(NOs3);:6H,0 (Wako chemicals) for preparing 3-compo-
nent catalysts. Such catalysts are hereafter denoted as xM/Pd/
Al,O3. The mole ratio of additives to Pdis x (= 1 or 5), and M
is the element of additives. The catalysts which were in pow-
der form were pressed into pellets at 200 bar for 5 min. The
pellets were crushed and sieved to obtain grains with diameters
between 0.3 and 0.6 mm.

Activity and Stability Tests. The catalyst (0.2 g) was
loaded into a tubular quartz reactor. This catalyst was reduced
with H, (20 mL min~") at 1073 K for 3 h, and the temperature
was lowered in Ar to 1023 K. The reactant gas (CH,/CO, = 1
vol/vol with a total flow rate of 50 mL min~") was subsequent-
ly fed to the reactor. The products were analyzed by TCD gas
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Fig. 1. Stability tests for xM/Pd/Al,O; (M; alkaline earth

metal) catalysts at 1023 K with CH,/CO, = 25/25 mL
min~! under 0.1 MPa. 0.2 g catalysts. O; non, A; 1Ca, A;
5Ca, [(J; 1Ba, H; 5Ba.

chromatographs with Porapak Q and MS-13x columns. Car-
bon balance was assumed to be kept during the reaction, and
conversions and yields were calculated.

Temperature Programmed Hydrogenation (TPH) and
Temperature Programmed Oxidation (TPO). The cata-
lyst (0.1 g) was loaded into a tubular quartz reactor and a ther-
mocouple was placed at the top of the catalyst layer. The cata-
lyst was reduced with H, at 1073 K for 3 h. After the reduc-
tion, the temperature was lowered to 1023 K in flowing He and
some feed gas mixture (CH,/CO, = 1/1, CHy/He = 1/1, CO/
He = 1/1, or COy/He = 1/1 (vol/vol) with a total flow rate of
25 mL min~') was fed to the reactor for the required time.
Then the catalyst was kept in He for 30 min at the previous
temperature and next cooled to 323 K.

For the TPH experiments, the sample was subsequently ex-
posed to a flow of H, (40 mL min~') at 323 K and heated up to
1273 K (heating rate was 10 K min~!). CH, originating from
the carbon species on the catalyst was measured with a gas
chromatograph (Shimadzu GC-8A) with a FID.

For the TPO experiments, Oy/He (5/95) with a total flow rate
of 30 mL min~" was fed instead of H, in the TPH. CO and
CO, were analyzed by a mass spectrometer.

Transmission Electron Microscopy (TEM). TEM imag-
es were observed for the catalysts by using JEOL 200CX with
an accelerated voltage at 200 kV, after reduction with H, or the
CH,/CO; reforming for 1 h.

Results and Discussion

Effect of Additives on Catalytic Stability for Pd/ALQO;.
Stability of Pd/Al,O; with alkaline earth metal and rare earth
metal oxides was measured; the results are shown in Figs. 1
and 2, respectively. As a comparison, the stability of Pd/Al,O;
is also shown in those figures. Further, the results of stability
tests including deactivation ratio are summarized in Table 1.
Since equilibrium CO, conversion at 1023 K under 0.1 MPa
was 90% and the highest value of CO, conversion in the cur-
rent work was much lower than this value, the contribution of
reverse reactions to activity and catalytic stability would be
minimized. A small amount of addition increased initial activ-
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Fig. 2. Stability tests for xM/Pd/Al,O3 (M; rare earth metal)
catalysts at 1023 K with CH,/CO, = 25/25 mL min~! un-
der 0.1 MPa. 0.2 g catalysts. O; non, A; 1La, A; 5La, [J;
1Ce, H; 5Ce.

ities for most additives, while a large amount of addition had
the reverse effect. The additives would play a role as a poison
due to coverage on the catalytic active sites. Pd/Al,O; lost
most of its activity (conversions and yields) during the initial
24 h, but the activity loss was decreased by additives (see the
deactivation ratio in Table 1). Both of the alkaline earth metal
(Ca and Ba) oxides improved the catalytic activity of Pd/Al,O3
a little. On the other hand, both of the rare earth metal (La and
Ce) oxides improved it very much. Thus the rare earth metal
oxides were much more effective than alkaline earth metal ox-
ides. Further, the effect of additives to the catalytic stability
was increased with the loading, indicating that the amount of
additives was too small to prevent coking in the case of x = 1.
In order to elucidate the effect of additives on coke deposition,
BaO from alkaline earths metal oxides and La,O; from rare
earth metal oxides were chosen and the TPH experiments were
performed after various treatments. The results are shown with
those of Pd/Al,O5 hereafter.

Effect of Additives on Coke Deposition for Pd/Al,O; dur-
ing the CHy/CO, Reforming. In order to study the effect of
additives on coke deposition during the CH,/CO, reforming,
the TPH was carried out for Pd/Al,O3, 5SBa/Pd/Al,Os, and SLa/
Pd/Al,O5 after the reaction for 15 min and 1 h; the results are
shown in Fig. 3. A single peak was observed about 1073 K for
Pd/Al,O3, and this increased with time of exposure. Three
peaks appeared about 623, 923, and 1073 K for 5Ba/Pd/Al,O3,
and a peak with a top about 1073 K was increased with time of
exposure. A sole peak was visible about 623 K for 5La/Pd/
Al O; after exposure for 15 min, and the size of this peak did
not change much as time passed. A small peak also appeared
about 1123 K after exposure for 1 h. The peaks with a top
above 1073 K for all catalysts increased with time of exposure
and the order of the increasing rate of the peak intensity was
Pd/Al,0; > 5Ba/Pd/Al,O; > 5La/Pd/AL,Os;. The results
would provide explanations about the high stability of SLa/Pd/
Al,O; (low coke deposition) and the low stability of Pd/Al,O3
and 5Ba/Pd/Al,O5 (high coke deposition). From such consid-
erations, the peaks with a top above 1073 K were attributed to
coke deactivating the catalysts.
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Table 1. The Results of Stability Tests” for Pd Catalysts
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Catalyst Time/h Conversion/% Yield/% Deactivation ratio”

CO, CH, CcO H,

Pd/Al,O4 1 59 52 55 50
50 15 12 13 11 0.75

1Ca/Pd/AlL O3 1 62 55 59 51
50 21 16 19 15 0.67

5Ca/Pd/AL,O4 1 56 48 52 45
50 19 15 17 14 0.65

1Ba/Pd/Al,O3 1 59 52 55 49
50 19 15 17 15 0.68

5Ba/Pd/AlLO; 1 56 48 52 46
50 20 16 18 15 0.64

1La/Pd/Al,05 1 62 56 59 51
50 23 18 20 16 0.64

5La/Pd/Al,O3 1 63 54 58 49
50 51 45 48 40 0.18

1Ce/Pd/AlL O3 1 67 59 63 53
50 32 26 29 22 0.52

5Ce/Pd/AL,O4 1 58 48 53 43
50 48 38 43 35 0.18

a) Reaction condition: CH,/CO, = 25/25 mL min~', 1023 K, 0.1 MPa, 0.2 g catalysts.
b) Deactivation ratio is calculated as 1 — (CO, conversion at 50 h)/(CO, conversion at 1 h).

Source of Coke Deactivating Catalysts. The TPH was
also performed for Pd/Al,Os, 5Ba/Pd/Al,O3, and SLa/Pd/Al,O3
after exposure to CHy/He, CO/He, and CO,/He for 5 min, in
order to investigate the source of coke deposition. The results
are shown in Figs. 4, 5, and 6, respectively. The peaks ap-
peared above 1123 K for all catalysts after exposure to CH,/He
(Fig. 4), and the peak intensities at 1273 K were higher than
background level. Some of coke seems not to be removed
from catalysts by reaction with H, below 1273 K at the coking
condition. Peaks appeared in three regions for all catalysts af-
ter exposure to CO/He (Fig. 5). As CO disproportionation
would occur on those catalysts under CO/He, the form of ad-
sorbed carbon species might be adsorbed CO, CO,, and/or
coke deposition. As the reactivity of coke toward H, is lowest
in those species, the peaks which appeared at the highest tem-
peratures were attributed to those of coke. The peak intensities
of the coke were almost identical for all catalysts, indicating
that the contribution of CO to coke deposition is the same for
all catalysts. Peaks were observed about 573 K after exposure
to CO,/He (Fig. 6) for all catalysts, and the temperature was
much lower than that of coke deactivating catalysts. These
peaks may be assigned to carbonate species on the catalysts.

The peak intensities of coke deactivating catalysts (above
973 K) were highest after exposure to CH,/He for all catalysts,
indicating that the main cause of the coke would be CH, de-
composition. On the other hand, the peaks appearing around
623 K (5Ba/Pd/Al,0; and 5La/Pd/Al,05) and 923 K (5Ba/Pd/
Al,O3) in Fig. 3 may be assigned to adsorbed CO and/or coke
(more reactive than coke appearing above 973 K) from CO.

High Stability of Pd/Al,O; with Rare Earth Metal Ox-
ides. The size of Pd particle was measured by TEM after the
H, reduction; the results are shown together with specific sur-
face areas in Table 2. The size of Pd particle was almost the
same for all catalysts, indicating that the additives did not af-
fect the initial Pd particle size that may change catalyst perfor-

mance for coke deposition. Further, no sintering was observed
for Pd/AL,O3, 5Ba/Pd/AL,O5, and 5La/Pd/Al,O; after the CHy/
CO; reforming for 1 h.

During the CH4/CO, reforming, CH, is dissociated on the
catalysts, generating CH, (x = 0-3) species on the catalysts
and H; in gas phase. The CH, species would be removed from
catalysts by reaction with (directly from gas phase and/or acti-
vated) CO,. As we revealed that the source of coke was CHy,
the imbalance in the rate of CH, decomposition (generation of
CH, on the catalysts) and removal of the CH, would give the
coke deposition and subsequent deactivation of the catalysts."

In order to compare the rate of CH; decomposition, temper-
ature programmed oxidation (TPO) was performed for Pd/
Al,O3, 5Ba/Pd/Al 05, and 5La/Pd/Al,O; after exposure to
CHy/He. The results are shown in Fig. 7 (note that some of the
coke was not removed from catalysts during the TPH at the
same coking condition). The intensity for CO (m/e = 28) was
11% of that for CO, (m/e = 44) for all TPO experiments, cor-
responding to fragmentation of CO, (not shown). Thus, all
coke was converted to CO, during the TPO. The rate of coke
deposition (total area of the peak) after exposure to CHs/He
was in the order: Pd/Al,O; > 5Ba/Pd/Al,O; > 5La/Pd/Al,Oxs;
such order was in agreement with the order of coke deposition
after exposure to CH,/CO,. Momterio and Noronha®® have
demonstrated that the addition of CeO, to Pd/Al,O53 decreases
H, uptake for the reduced catalyst and diminishes the H/Pd ra-
tio, by so-called SMSI (strong metal support interaction).
Some Pd particles may be covered by oxides in the current
work and the number of sites of CH, dissociation would be de-
creased. However, difference of the coke amount (Fig. 7)
among the catalysts was less remarkable than that after expo-
sure to CHy/“CO,” reforming gas (Fig. 3). Hence, not only
CH,4 decomposition but also the removal of CH, species by
“CO,” would also affect the coke deposition during the CHy/
CO, reforming. As the reactants are CH, and CO, in this step,
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Fig. 3. Temperature programmed hydrogenation (TPH) pro-
files for Pd catalysts after exposure to CH4/CO, for 15 min
and 1 h at 1023 K. (a); Pd/ALO;, (b); 5Ba/Pd/Al, 05, (¢);
SLa/Pd/Al,0s.

the difference of reactivity of each (by doping additives) would
bring about the difference in the reactivity of CH, toward CO,.

In this context, the TPH has been used to investigate the na-
ture and reactivity of the coke on catalyst and the peak appear-
ance temperature is related to the composition of the carbon.?!~
2324 Erdohelyi et al.? distinguished three forms of carbon on
Rh supported catalysts: (i) the highly reactive carbidic form,
which can be hydrogenated even below 350-400 K, (ii) a less
reactive amorphous layer, 7, = 235495 K, and (iii) the rela-
tively inactive graphitic form, which reacts with hydrogen only
above 650 K. The peak for coke deactivating catalysts was ob-
served at the higher temperature on 5La/Pd/Al,O; than on the
others, after the catalysts were exposed to CH4/CO, (Fig. 3)
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Fig. 4. Temperature programmed hydrogenation (TPH) pro-
files for Pd catalysts after exposure to CHs/He for 5 min at
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Fig. 5. Temperature programmed hydrogenation (TPH) pro-
files for Pd catalysts after exposure to CO/He for 5 min at
1023 K. (a); Pd/AlLO;, (b); 5Ba/Pd/AL, O, (c); SLa/Pd/
Al Os.

and CH4/He (source of coke) (Fig. 4) in the current work. The
results imply that the reactivity of coke itself is lower on 5La/
Pd/Al,O; than on 5Ba/Pd/Al,O; and Pd/Al,O;. Therefore, the
reactivity of coke toward CO; is not correlated to the reactivity
of coke itself, but to the reactivity of CO,.

During the TPO (Fig. 7), a sole peak appeared about 933 K
with shoulders about 913 K and 983 K for Pd/Al,O;. A single
peak was observed about 913 K for 5Ba/Pd/Al,Os, and the
temperature was identical with that of the shoulder for Pd/
AlO;5. The only peak with a shoulder about 913 K was visible
about 833 K for 5La/Pd/Al,O3, and the temperature of the peak
(833 K) was almost 80 K lower than the temperatures of peaks
and shoulders for the other catalysts. These results indicate
that the coke reactivity toward O, is higher on 5La/Pd/Al,O5
than on the others. As the reactivity of coke itself was lower
on 5La/Pd/Al,O; than on the others (Figs. 3 and 4), the differ-
ence of O, reactivity would bring about the distinction of coke
reactivity toward O,. The results may also predict the high re-
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Fig. 6. Temperature programmed hydrogenation (TPH) pro-
files for Pd catalysts after exposure to CO,/He for 5 min at
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ALO;.

Table 2. Pysico-Chemical Properties® of Pd Catalysts

Specific surface area  Pd particle size

Catalyst

/m*g! /nm
Pd/Al, O3 147 20
5Ba/Pd/Al, O3 144 23
5La/Pd/Al,O4 117 18

a) Measured after reduction with H,.
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Fig. 7. Temperature programmed oxidation (TPO) profiles

for Pd catalysts after exposure to CH,/He for 5 min at 1023

activity of CO, on 5La/Pd/Al,0;. The enhancement of CO,
activation would be due to the formation of new surface struc-
ture, i.e., La,0,(C0O;).1° In the case of Pd/AL,O; with CeO,,
CO, activation may be enhanced by the reducibility of Ce**,
ie., Ce,0; + CO, — 2Ce0, + CO.” Therefore, the (slow)
decomposition of CH,4 and the (fast) removal of CH, would be
balanced on Pd/Al,O5; with rare earth metal oxides. Thus, the
catalysts do not show any significant coke deposition during
the CH,/CO, reforming.

Bull. Chem. Soc. Jpn., 74, No. 10 (2001) 1845

Conclusions

The addition of alkaline earth metal (Ca and Ba) and rare
earth metal (La and Ce) oxides to Pd/Al,O; catalyst for CHy/
CO, reforming improved catalytic stability of Pd/Al,O;, and
the rare earth metal oxides were much more effective than the
alkaline earth metal oxides. The amount of coke (causing de-
activation, mainly from CH,) on the catalysts during the CH,/
CO, reforming was in the order: Pd/Al,O; > Ba/Pd/Al,O; >
La/Pd/AlL,Oj; such order was in agreement with the catalytic
behavior of those catalysts. The decomposition of CH,4 and the
removal of CH, would be balanced on Pd/Al,O5; with rare earth
metal oxides, due perhaps to the partial coverage of Pd parti-
cles by the reduced oxides of rare earth metal (SMSI) and the
formation of new phases.
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