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CH4/CDyisotope effect on the reaction of adsorbed
hydrocarbon species in CO,-reforming over Ni/Al,O3 catalyst
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By replacing CH4 with CDy, the isotope effect on the reaction of adsorbed hydrocarbon species with CO, over Ni/Al,O3 cat-
alyst was studied using pulse surface reaction rate analysis (PSRA). The first-order rate constant for this step was 1.45 times larger
for CHy than for CD4. The observed isotope effect suggests that the reaction of adsorbed hydrocarbon species with CO; (or

adsorbed oxygen) is rate-controlling for the reforming of CHy.

Keywords: CH,/CDjisotope effect, CO,-reforming, methane, pulse reaction, Ni/Al,O3

1. Introduction

Reforming of CH4 with COs is an attractive reaction
from the points of view that (i) syngas with low H,/CO
ratios for alcohol synthesis or oxo-synthesis can be
obtained therefrom [1-3] and (ii) both harmful green-
house effect gases CH4 and CO, can be converted to use-
ful chemicals. Supported Ni is known as one of the
typical catalysts for this reaction [4]. To develop a high
performance catalyst, it is of great importance to unravel
the reaction mechanism. However, the unambiguous
reaction mechanism has not been revealed yet for this
reforming reaction.

Concerning the elucidation of the reaction mechan-
ism, measuring the isotope effect is very informative.
Wang and Au recently found that CH4 conversion in the
reaction of CH4 and CO; was larger than CD4 conver-
sion in the reaction of CD4 and CO, on Ni/SiO, catalyst,
while such acceleration was not observed for the CO,
conversion [5]. On the basis of their finding, they dis-
cussed that two different pathways existed for the forma-
tion of CO, i.e., the oxidation of CH, species and the
dissociation of CO,;. Since CO,-reforming consists of
several steps including the dissociative adsorption of
both CH4 and CO,, surface reaction between the resul-
tant hydrocarbon species and oxygen atoms, and the de-
sorption of CO and H,, it would be more informative to
examine the isotope effect on a specified step than on the
overall reaction.

We found previously that the rate of reaction between
adsorbed hydrocarbon species and CO; (or adsorbed
oxygen) can be determined by applying pulse surface
reaction rate analysis (PSRA) to the CH4;—CO; reaction
[6-8]. This paper describes the CH4/CDy isotope effect
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on such a specified step involved in the CH4—CO, reac-
tion by replacing CH4 with CDy.

2. Experimental

Ni/Al,O5 catalyst (metal loading, 20 wt%) was pre-
pared by impregnating a commercially obtainable
Al,Os (surface area, 112 m? g~!) with an aqueous solu-
tion of Ni(NO3),-6H,0 followed by drying and subse-
quently calcining at 773 K for 3 h. PSRA experiments
were performed in the same manner as described pre-
viously [6—8]: a small amount of CH4 or CD4 was pulsed
onto the catalyst via the CO,—Ar carrier gas, and the
effluent gases were monitored by a quadrupole mass
spectrometer.

3. Results and discussion

CDy4 pulsed onto the catalyst via the carrier gas
reacted with CO; to produce CO and D;. The dynamic
behaviors of the produced CO and D; are shown in fig. 1.
A pronounced tailing was observed in the mass spectro-
scopic signal for the produced CO. When CO was pulsed
instead of CDy4 no tailing could be observed (dotted line
in fig. 1). The produced D; also showed a tailing in the
later period of reaction after a sharp response. The
authors found similar dynamic behavior for CO and H,
produced from the reaction of CH4 with CO, and con-
cluded that the pulsed CH4 was dissociatively adsorbed
on the catalyst to release gaseous H, and the resultant
adsorbed hydrocarbon species gradually reacted with
CO; (or adsorbed oxygen atoms) to produce CO and H,
[6-8]. The rate analysis for the dynamics of the products,
CO and Dy, also enabled us to determine the first-order
rate constant of the reaction of adsorbed hydrocarbon
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Fig. 1. Tailing curves of CO (a) and D; (b) produced from CD4~CO,
reaction on Ni/Al,Oj3 catalyst at 703 K. The sharp dotted line is the
response for CO pulsed instead of CDy.

species, CD,, with CO; (or adsorbed oxygen atoms).
Assuming that the rate of CO production is proportional
to the concentration of adsorbed species, the following
equation is obtained [6-8]:

Inhco = —kpt + constant

where /ico is the response of the produced CO at time ¢.
The relationship between In/co and ¢ should give a
straight line, the slope of which is the first-order rate con-
stant, kp. As shown in fig. 2, the In /ico vs. ¢ plot gives a
straight line, indicating that the equation is valid for the
kinetic analysis as in the case of the CH4—~CO; reaction
[6-8].

In fig. 2, In /ip, is also plotted as a function of 7. Here,
hp, is the response of the produced D,. Although devia-

o~

=]

o

~

-

N’

S
-4 -
-5

r T T T

0 25 50 75 100
Time / s

Fig. 2. Inhco vs. t (O) and Inhp, vs. ¢ (@). The responses are respec-
tively normalized by dividing the highest ones, #°, at t = 0.

tion from the straight line is observed in the initial period
of reaction, a good straight line is also obtained and the
slope is almost the same as that of In /ico vs. £. The almost
equal rate constant should result from simultaneous pro-
ductions of CO and D, from the reaction between
adsorbed hydrocarbon species and CO, (or adsorbed
oxygen atoms), which provides evidence for involving
deuterium atom(s) in the adsorbed hydrocarbon species.
The deviation of In /p, vs. ¢ from the straight line in the
initial period of reaction must result from D, released
from dissociative adsorption of CDy.

Fig. 3 shows the comparison of the first-order rate
constant between the reactions of CHy4 and of CDy. The
rate constant of the reaction between CH4 and CO, was
1.45 times larger than that between CD4 and CO,, indi-
cating a CH,4/CDy isotope effect on the surface reaction
between adsorbed hydrocarbon species and CO; (or
adsorbed oxygen atoms). The activation energy was ca.
71 kJ mol~!, which was comparable to that on Rh/
Al,0O3 (66 kJ mol~!) or on Pd/Al,O3 (87 kJ mol~1) [9].
Among the steps involved in the CO;-reforming of CHy,
the dissociative adsorption of CH4 and the surface reac-
tion between adsorbed hydrocarbon species and CO; (or
adsorbed oxygen atoms) are the steps in which hydrogen
atom(s) are concerned and therefore the isotope effect is
expected. Since the former step proceeds rapidly as
described above, this step is excluded from being the
rate-determining step. Therefore, the observed isotope
effect strongly indicates that the surface reaction
between adsorbed hydrocarbon species and CO, (or
adsorbed oxygen atoms) is rate-controlling for the CO,-
reforming of CHy. Since no isotope effect is expected for
the adsorbed carbon species which does not contain any
hydrogen, the observed isotope effect also clearly indi-
cates that the adsorbed species contains some hydrogen
atom(s), as concluded by the analysis of the dynamics of
the produced D5.
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Fig. 3. Arrhenius plots of the rate constants, ky (O) and kp (@) for
CH4—CO; reaction and for CD4—CO, reaction, respectively, on Ni/
Al,Oj catalyst determined by PSRA.
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