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The exchange reaction between methane and deuterium has been studied over a
series of nickel-silica catalysts. Meaningful reaction rates were obtained between 225
and 250°C on impregnated catalysts which varied from 2 to 50% nickel by weight.
Multiple exchange was promoted by increased reaction temperature and increased
nickel crystallite size. The apparent activation energy of the stepwise and multiple
exchange reactions proved to be a function of nickel crystallite size: for the step-
wise reaction the apparent activation energy increased from 12 to 27 keal/mole with
increasing crystallite size; the multiple exchange activation energy showed a corre-

sponding increase from 20 to 33 kcal/mole.

INTRODUCTION

Recently there has appeared in the liter-
ature several reports which show concern
with the important problem of dispersion
and its effect on the catalytic properties of
supported metals. The pioneering work in
this area was accomplished by Yates, Tay-
lor and Sinfelt (1) who studied the specific
activity for the hydrogenolysis of ethane
as a function of particle size. For 10%
nickel on silica, these workers found that
specific activity was insensitive to particle
size; however, in later work (2) on dilute
nicke] catalysts they did discover such a
dependence. Subsequent to this work a
large number of reactions have been studied
in an effort to correlate crystallite sizes to
specific activities. These reactions include
various catalytic oxidations (3, 4), hydro-
genations and dehydrogenations (5-8), and
isomerizations (9). In a majority of cases
it was found that specific activities were
insensitive to crystallite size and to the
manner in which the surface was prepared.
The term facile (5) was coined to charac-
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terize these reactions while reactions whose
specific activities were dependent on crys-
tallite size and surface preparation were
termed demanding.

In addition to changes in specific activi-
ties a relatively small number of reactions
have been studied which show a selectivity
dependence on crystallite size. Reactions
showing such a dependence have for the
most part involved rather complex mole-
cules which possibly interact with the sup-
port in a subtle way, stereochemieal con-
siderations being of primary importance. In
particular Boudart et al. (9) have shown
that the ratio of the rate of neopentane
isomerization to that for hydrogenolysis is
sensitive to crystallite size.

In this investigation we chose to study
the effect of erystallite size on the methane-
deuterium exchange reaction. We felt that
in addition to being fairly well character-
ized (10-21!) this reaction should not be
subject to stereochemical and geometric
considerations to the extent of other reac-
tions studied. Moreover, since this reaction
possibly involves several different adsorbed
“methane” species the likes of which may
be sensitive to surface structure, it might
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prove to be a superior probe to study sur-
face properties.

Supported nickel was chosen in view of
results (10, 18) reported in the literature
which show that nickel films catalyze multi-
ple exchange (i.c., more than one deuterium
incorporated into the methane per period
of residence on the surface) rather than
stepwise exchange. It has also been shown
(18) that this reaction displays insensitivity
to nickel film surface structure. We hoped
that studics on very small nickel crystallites
might demonstrate stepwise exchange and/
or sensitivity to surface structure.

MEeTHODS

Except for the following discussion the
methods and materials used in this work
have been described previously in this
series (27). Ultrapure methane (99.97%)
used in these exchange experiments was ob-
tained from the Matheson Co.

After reduction at 400°C hydrogen was
removed from the catalyst surface as be-
fore. Then the reactor was brought to the
appropriate reaction temperature at which
time a standard mixture of reactants con-
sisting of a methane/deuterium molecular
ratio of 2:1 was rapidly admitted and im-
mediately circulated over the catalyst. In
addition, the total pressure in the reaction
loop was quickly adjusted to an initial pres-
sure of 50 Torr.

Gas phase analysis was conducted ini-
tially at regular intervals to determine
intial reaction rates, then irregularly until
cquilibrium was attained, usually at 24 hr,
on a CEC (Du Pont) model 21-104 mass
speetrometer equipped with an  eleetron
multiplier. The m/e peak for residual water
and its mass spectrometer produced frag-
ments were adequately resolved from the
m/e 18, 17, and 16 peaks, respectively. After
correcting for naturally occurring carbon-
13, the fragmentation corrections were ap-
plied in accordance with patterns reported
by Schissler, Thompson and Turkevich
(22). All processing of raw data was accom-
plished by appropriately programming an
IBM 360/50 computer.

No noticeable change in nickel surface
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arca was observed between successive cx-
periments and surface area measurements.

REesuLts aND DISCUSSION

On the assumption that each hydrogen
atom of a methane molecule is equally
available for exchange, the initial methane-
deuterium reaction rates were evaluated
using the first order rate equations previ-
ously deseribed by Kemball (24). If ky is
the rate constant for the appearance of deu-
terium in the methane, one has

kot
—logu(ds — ¢) = 5 3(;2 yi logue, (1)
where ¢ is defined by
1
=N 2
¢ =) i (2)

where x; is the percentage of the species
containing ¢ deuterium atoms and ¢ is the
equilibrium value of ¢.

A second first order rate constant k may
be used to define the rate of disappearance
of light methane. One has then

—logw{z — a.)

= —EZTO:R].G—%’——I;)— —_ ]()glo(l()() - .Tw)
where x and z,, arc pereentages of CH, in
the gas phase at time t and cquilibrium,
respectively.

If only one hydrogen atom is replaced
during cach period of residence of a methane
molecule on the surface and if no isotope
effect 1s considered, it is apparent that k =
k¢ provided we consider only low total con-
versions. In general two different mecha-
nisms for exchange are found for hydro-
carbons on metal surfaces: stepwise for
which k = k¢, and multiple exchange in
whieh more than one deuterium is incor-
porated during each period of residence. In
the case of multiple exchange it is evident
that k =£ kg and 1t is useful to define a new
parameter M, such that k¢ = Mk, where
M essentially represents the number of hy-
drogen atoms replaced during each period
of residence on the surface. A reasonable
mechanism (10-12) for stepwise and multi-
ple exchange is shown below

(3)
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Prior to conducting the exchange reac-
tion on the nickel-Cab-O-Sil catalysts, we
performed a preliminary experiment in
which a methane-deuterium mixture was
circulated over Cab-0-8Sil. As the temper-
ature was increased, the gas phase was
monitored for possible methane—deuterium
exchange, and a very slow stepwise exchange
appeared at 300°C. This is somewhat below
the temperature, 600°C, as reported by
Larson and Hall (25) for a similar ex-
change. Our nickel catalyzed methane-deu-
terium exchange investigation was con-
ducted at 250°C, or lower, thereby
climinating possible eatalytic effects of the
support. Typical results for exchange re-
actions conducted at 250°C on catalysts
having different crystallite sizes are shown
in Figs. 1 and 2. For a 2% nickel catalyst
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Fic. 1. Methane-deuterium exchange on 2%

nickel-Cab-0O-Sil. Initial rates shown.
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Fre. 2. Methane-deuterium exchange on 50%
nickel-Cab-O-8il. Initial rates shown.

it is apparent that stepwise exchange is
initially dominant with only trace amounts
of CD,, CHD;, and CH.D, being formed.
On the 50% nickel catalyst multiple ex-
change is initially dominant. The corre-
sponding M values are 1.79 + 0.2 and 3.3
+ (.2, respectively. We have reported un-
certainties in M values of 0.2 as we found
them to be rather sensitive to equilibrium
values of ¢.

The results obtained on the 50% nickel
catalyst compare favorably with those (10,
18, 18) obtained on nickel films. It is also
interesting to note that in both previous
investigations CD, predominates as an ini-
tial product and all deuterated species are
not always initially present. In our study,
however, a considerably larger amount of
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CHD, was formed and we found all deu-
terated species present initially.

Our studies on the 2% nickel catalyst are
in striking variance to those obtained on
nickel films. Anderson and MacDonald
(18) have shown the substitution of deu-
terium in methane to be rather insensitive
to surface structure with little or no differ-
ence in M values for [111], [100] or ran-
domly deposited crystal planes. We find a
definite correlation between M values and
dispersion. Table 1 summarizes the effect
of dispersion on M values for reactions con-
ducted at 225 and 250°C. That the rate of
exchange is a function of both temperature
and dispersion is apparent.

The effect of crystallite size on apparent
activation energy is also summarized in
Table 1. The activation energy E, for step-
wise exchange is computed from the initial
appearance rate of CH,D. The 1initial rate
of formation of CH,D., CHD, and CHD,
were considered collectively in eomputing
the apparent activation energy E,, for multi-
ple exchange. Justification for this is based
on cvidence reported in the literature (10~
13) that there are only two operating
mechanisms. Activation energies for both
multiple and stepwise exchange increase
with particle size; however, E, — K, ex-
hibits a deereasing trend from the 2% cata-
lyst to the 50% catalyst, thercby explaining
why multiple exchange occurs at lower
temperatures on larger crystallites and
metal films. Activation energies on the 50%

nickel catalysts are in agreement with re-
sults (10, 13, 18) obtained on nickel films.

Reasons for changes in activation ener-
gies with particle sizes might be several-
fold. One, for example, might expect that
as crystallite size decreases the number of
adjacent sites per particle necessary for
multiple ecxchange would decrease. The
smaller crystallite cubes also contain many
more nickel atoms located on either cdges
or corners possibly invoking a stereochemi-
cal hindranece to a methane molecule ex-
changing with more than one adsorbed
deuterium atom. It has also been suggested
(15) that the stepwise/multiple exchange
mechanisms could be a function of the
metal atomic radius. A fair correlation he-
tween the rates of the two mechanisms and
the lattice parameters show that Pt, Pd,
and W (1.38, 1.37, 1.37 A, respectively) pro-
mote the stepwise mechanism whereas Nji,
Rh, Ru (1.24, 1.34, 132 &, respectively)
with smaller radii, promote multiple cx-
change. The smaller radii of the latter
metals arc thought to permit the methane
to adsorb more easilly as methylene,
methyne, or even as a carbon atom. Since
we have shown that nickel ecan promote
both stepwise and multiple exchange (de-
pendent upon crystallite size) we feel that
the role of lattice parameters is somewhat
less than previously thought.

Having considered geometrical factors,
one should next review the possible contri-
bution of the electronic properties of the

TABLE 1
ErrecTt oF CRYSTALLITE Sizi ON APPARENT ACTIVATION ENERGY
Av crys size M 225/250°C E, — E,
Wt ¢, Ni (f&) (£0.2) E, (kcal/mole)  E, (keal/mole)  (keal/mole)
2 19 1.66/1.79 12 + 2 20 + 2 8
10 30 1.83/2.65 15 + 2 I8 £ 2 3
23 44 2.06/2.97 16 + 2 20 + 2 4
50 140 2.30/3.10 27 + 3 33 + 3 6
100« — — 24 32 (8)
1008 — 2.88/3.05 — 342
(242/251°C)
100 — — 24 33 (9}

s Kemball, C., Proc. Roy Soc., Ser. A 207, 539 (1951) (10).
b Anderson, J. R., and MacDonald, R. J., J. Catal. 13, 345 (1969) (18).
¢ Markham, M. C., Wall, M. C,, and Laidler, K. J., J. Phys. Chem. 57, 321 (1953) (13).
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metal. The ferromagnetic properties of bulk
nickel are believed to be the result of par-
allel coupling of d-band electrons. Mag-
netization studies (23, 26) have shown that
these ferromagnetic properties disappear in
smaller nickel crystallites. The gradual dis-
appearance of ferromagnetism in the smaller
crystallites is the result of the larger frac-
tion of surface atoms present so that the
parallel coupling of d-band electrons is in-
complete. We have shown that the catalytic
properties of small nickel ecrystallites are
related to their size; and if the electronic
properties are also a function of size, there
could be a correlation with the overall cata-
lytic properties of the metal.

There also exists the possibility that the
metal ecrystallites contain surface defects
or active sites the concentration of which
may be a function of erystallite size. This
effect, alone, could account for the trends
we have observed.

Finally we should remember that there
exists a size distribution among the crystal-
lites of a supported metal catalyst. Cer-
tainly in this environment we would expect
to find a correlating distribution of the fac-
tors we have discussed, and not until we
can produce a supported catalyst with only
one size crystallite will we be able to iso-
late these factors.
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