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The exchange reaction between methane and deuterium and the cracking of 
propane in the temperature range 100” to 200” have been used to study variations 
in catalytic activity in the Pt-Pd and Pd-Rh alloy series. Stepwise exchange was 
exhibited by both Pt and Pd, CH,D being the most abundant initial product and 
the other deuteromethanes appearing in order. Rh showed predominantly multiple 
exchange at the higher temperatures with the initial appearance of CD,. Strpwise 
exchange was the most important mechanism with all alloy samples although the 
contribution of multiple exchange increased with increasing trmperature. The order 
of activity of t,he pure metals followed the sequence Pt > Rh > Pd at 150” for both 
exchange and cracking reactions and the binary alloys showed intermediate activi- 
ties. h rough correlation between atomic radius and exchange mechanism was 
observed and the mechanism of the exchange reaction is discussed. 

INTRODCCTION 

The application of current theories of 
catalysis to alloy systems has frequently 
been hampered by the lack of reproducible 
data on well-defined systems. In particular, 
the complexity of the reaction chosen for 
the study of alloy catalysts has often 
added to the difficulties of interpretation. 
Thus, in spite of the considerable use of 
the decomposition of formic acid and the 
dehydrogenation of ethanol as test reac- 
tions for alloys, there is no general agree- 
ment on the detailed mechanisms of these 
reactions (I). It has recently been shown 
(2) that the exchange reaction between 
methane and deuterium possesses several 
advantages for this type of study. Thus 
the reaction proceeds rapidly on most 
metals in the temperature range 100” to 
2OO”C, the products can be analyzed con- 
tinuously and easily in the mass spec- 
trometer, and the mechanism, though not 
completely understood, appears to be less 

complex than the reactions mentioned 
above. 

Active metals appear to fall into one of 
two categories depending on the dominant 
mechanism for the exchange reaction. The 
most common type involves stepwise ex- 
change or the replacement of one hydrogen 
of methane by deuterium at each residence 
on the metal surface. In this case, CH,D 
is the most abundant initial product with 
the higher deuterated species appearing in 
order. On some metals, multiple exchange 
is predominant, more than one hydrogen 
atom being exchanged at a time, with the 
initial appearance of CD4 and CHD,. In 
other cases, both mechanisms appear to 
operate simultaneously. In a previous re- 
port in this series, it was shown that mul- 
tiple exchange is generally favored by 
increasing temperature and in binary alloy 
series involving metals with different be- 
havior, stepwise exchange tends to suppress 
the multiple exchange process. In the 
Pt-Ru alloy series, a maximum activity 
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was found for alloys in the composition 
range 10-25s Ru. This paper summarizes 
the application of this technique to binary 
alloys in the series Rh-Pd and Pd-Pt, a 
comparison being made of the rate of ex- 
change and the rate of cracking (demeth- 
anation) of propane at the same tem- 
perature. 

hlETHODS 

Catalyst Preparation 

The alloys and elemental metal catalysts 
were prepared by reduction of chloride 
solutions of the appropriate metals with 
5% sodium borohydride solution. The al- 
loys generally coagulated readily and the 
products were washed thoroughly to re- 
move traces of chlorides and borates. The 
catalysts were then dried in air at 120°, 
ground, and then reduced in flowing hydro- 
gen at 300” for 3 hr. The catalysts were 
gray-black powders with surface areas in 
the range 3-10 m’/g, as determined by the 
BET method. 

Both the Rh-Pd and Pd-Pt systems 
form complete series of solid solutions over 
the whole composition range. Debye- 
Scherrer X-ray diffraction pat.terns con- 
firmed that the products were homogeneous 
solid solutions, the lattice constants being 
intermediate between values for the pure 
metals given in the literature (3). How- 
ever, owing to the small particle size of the 
samples (10&300 A), the X-ray lines were 
somewhat diffuse. The compositions of the 
alloys were determined by X-ray emission 
spectroscopy using pressed wafers of the 
samples (4). Calibration curves for the 
two series were constructed using standard 
mixtures of the metallic blacks homogenc- 
ously mixed in a tetrahedral blender. Alloy 
compositions were determined to within 
~2% by this method and the rcsuhs agreed 
well with the values obtained from the 
measured lattice constants of the alloys. 

Materials 

The palladium chloride, rhodium chlo- 
ride, and chloroplatinic acid used in the 

alloy preparation were Fisher purified re- 
agents. Phillips “Research Grade” methane 
and propane were used in this work; these 
materials had purities of 99.57 and 99.99 
mole %, respectively. The propane was 
condensed and fractionally distilled from 
a liquid nitrogen trap before being ad- 
mitted to the apparatus. Deuterium was 
obtained from General Dynamics Corp., 
and was 96% pure (3% HD, 1% H,). 
Hydrogen for reduction purposes was puri- 
fied by passage through a palladium leak. 
Samples of CH,D, CH,D,, CHD,, and 
CD,, used for calibration purposes in the 
exchange experiments, were obtained from 
Merck, Sharp and Dohme (Canada), Ltd., 
and had minimum purities of 98%. 

Procedure 

(a) Exchange experiments. The tech- 
nique for measuring methane-deuterium 
exchange has been described previously 
(2). The experiments were carried out in 
a conventional vacuum system attached to 
a General Electric mass spectrometer of 
the Nier se&or type, with go-degree single 
focusing and 6-inch radius of curvature. 
An ionizing voltage of 70 ev was generally 
used and the composition of t.he gas phase 
in contact with the catalysts was deter- 
mined from calibration curves of the indi- 
vidual dcutcromethanes obtained over a 
range of pressure. Alloy samples weighing 
1 g lvere evacuated to 2 X 10-l; mm in a 
vacuum system attached through a molcc- 
ular leak to the ionization chamber of the 
mass spectrometer, the tot’:11 volume of the 
gas phase over the samples being 16.0 ml. 
The catalysts were then treated with suc- 
cessive doses of deuterium until no hydro- 
gen or water could be detected in the gas 
phase. The metal surfaces were at this 
stage saturated with deuterium, the volume 
chrmisorbcd being bctwcen 0.8 and 1.9 ml 
STP, depending on the surface area of the 
sample. After further evacuation, deute- 
rium was allowed to stand over the catalysts 
and the pressure was then adjusted to 40 
mm D, ; 80 mm of methane were then 
added and samples of the gas phase were 
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analyzed at frequent intervals. The initial nitrogen molecule. Surface areas were re- 
rates of formation of the deuteromethanes producible to within 10%. 
and the rate of disappearance of light CH, 
were used to calculate the rates of the ex- RESULTS AND DISCUSSION 
change reaction. Measurements were nor- 
mally continued for several hours until the Activity in Pd-Rh Alloys 
gas phase had attained approximately con- 
stant composition. At the end of each 

In order to calculate t,he rate constants 

exchange run it was always found that the 
for the exchange reaction, the first order 

catalysts could be completely reactivated 
equations developed by Kemball (6’) were 
used in the form: 

by treatment with deuterium generally at 
150°C. No change in the surface areas of -log,, ($J= - c$) = k,t/2.303&, 
the alloys was detected during the exchange - log10 (~~ - 40) (1) 
experiments. 

(b) Propane cracking. Measurements of 
where +,, and & are the initial and equi- 

the rate of cracking of propane on the 
librium values of the parameter (p defined 
by 

alloy catalysts were made in the volumetric 
apparatus described previously (5). Alloy 4 = x1 + 2x2 + 3x3 + 4x4 
samples were sealed into the adsorption where xi is the percentage of the species 
cell and reduced at 150” in a stream of CH,-iDi present at time t. 
pure hydrogen from a palladium thimble. The initial rate of disappearance of light 
Gold foil traps protect,ed the cat’alysts from CH, could be represented by a similar first 
mercury vapor during the course of the order equation 
measurements. A measured volume of pro- 
pane, at an initial pressure of 20 mm, was -logo (x - x,) = [kt/2.303(100 - x,)] 

allowed to stand over t.he catalyst samples - kl0 (100 - 4 (2) 

for a period of 1 hr, the catalyst being kept x and x, being the percentages of CH, 
at a temperature of 152 -c- 1” and the in- present at time t and at infinity. 
crease in pressure over the alloy being The ratio of the two first order rate con- 
measured with a wide-bore mercury ma- stants k+/lc = M is a measure of the num- 
nometer. The rate of increase in pressure ber of H atoms being replaced by D in 
was usually quite linear during this period. each molecule of CH, at the beginning of 
At the end of 1 hr a sample of the gaseous the reaction. 
products was condensed in a demountable The rates of the individual stepwise and 
trap cooled in liquid nitrogen. The contents multiple exchange mechanisms, R, and Rz, 
of the trap were then analyzed in an F and could be estimated from the initial rates 
M Temperature Programmed Gas Chro- of formation of the deuteromethanes by 
matograph (Model 300), using a 4-ft means of the relations, 
Molecular Sieve 5A column. The partial 
pressure of methane in the gas phase was RI = d[CH,D]/dt 

estimated from calibration curves and good 
and 

agreement was found between this value 
Rz = dz[CHzDz + CHDS + CDd]/dt 

and the total increase in gas pressure over By means of these equations the activa- 
the catalyst. Small amounts of ethane were tion energies for st,epwise exchange, AEl, 
also generally found in the products. multiple exchange, AEP, and for the disap- 

(c) Surface areas. The surface areas of pearance of light CH,, AE~, were deter- 
the alloy samples were determined in the mined from exchange measurements carried 
volumetric apparatus above, using the ad- out at different temperatures and the con- 
sorption of nitrogen at -195”. Good agree- tribution of each mechanism to the over-all 
ment with the BET adsorption equation reaction was estimated. 
was usually obtained and a value of 16.2 A” Data for the Pd-Rh alloy series are col- 
was used for the cross-sectional area of the lected in Table 1, all t’hese results being 
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obtained with a 1 g sample of alloy and ~Col. 6 and the ratios of the initial rates 
an initial mixture of 80 mm CH, and 40 for the two processes RI and R, in Col. 7. 
mm D,. Columns 8-10 record the values of the 

In Table 1, Cols. 1 and 2 give the com- three activation energies discussed above 
position and lattice spacings, a,, of the and Col. 11 shows the values for the fre- 
alloys. The surface area as determined by quency factor log,,& associated with AE,, 
nitrogen adsorption is shown in Col. 3, and in this case A, being expressed in the spe- 
the temperature of the exchange runs in cific units molecules/set cm2 of catalyst 
Col. 4. The initial rate of disappearance surface. The final column in Table 1 shows 
of light CH, is shown in Cal. 5 in terms values of the specific rate for the disap- 
of the first order rate constant, k, as calcu- pearance of CH,, log&, calculated at 150” 
latecl from Eq. (2). The values of k in all using the experimental values of A, and 
cases lie between 1Ol4 and lOl8 molecules AE,. This column gives a measure of the 
CH,/sec g catalyst for exchange in the change in exchange activity of the alloys 
temperature range 100-200”. The ratios of with composition. 
t,he rate constants kg/k = M are given in Typical product distributions vs. time 

go- 

60 - 

70 - 

60- 

CHJI 

I F$ 
IO 20 30 40 50 60 

TIME (MN) 

FIG. 1. Exchange of CH, + Dz on palladium, 163”. 
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TIME (MINI 

Fro. 2. Exchange of CH, + D, on palladium, 180” 

curves on a pure palladium sample are 
shown in Figs. 1 and 2. Stepwise exchange 
was the most important mechanism with 
this metal, as shown by the order of ap- 
pearance of the deuteromcthanes and the 
values of M and RJR, in Table 1. The 
value of the latter ratio decreased on in- 
creasing temperature, indicating increasing 
contributions from the multiple exchange 
mechanism. This is a general effect found 
for all the metals and alloys studied and 
is reflected in the greater value of AE, than 
AE, in all cases. For palladium, the differ- 
ence between these two activation energies 
amounts to about 20 kcal/mole and al- 

though values for the frequency factors 
for the two mechanism were not computed, 
compensation was apparently not complete 
and a marked temperature effect was 
observed. 

At the other end of the composition 
range in this series, rhodium showed 
mainly multiple exchange at the higher 
temperatures, the value of M increasing 
from unity at 99” to 3.6 at 156”. The in- 
creasing importance of multiple exchange 
is also illustrated in the results of Figs. 
3-5, which represent the results of ex- 
change experiments at progressively higher 
temperatures. In some cases, as shown in 
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Rh 99°C 
BOmm WI + 4Dmm D2 

Fig. 5, the cancentration of CD, reached ever, stepwise exchange was predominant, 
a maximum value and then decreased due in spite of the fact that Rh showed cansid- 
to depletion of the deuterium content of erabIy greater total activity than Pd. 
the system. Arrhenius plots for the three Typical results for a Rh-25% Pd alloy 
processes on Rh are shown in Fig. 6. With are iiluatrated in Fig. 7. This suppression 
this metal all three activation energies of the multiple exchange process was ob- 
were substantially lower than’ the corre- served also in the Pt-Ru system, in which 
spending values for palladium. case it was the Ieast active metal which 

Referring to the Iast column of Table 1, demonstrated the dominance of multiple 
the specific activity of the alloys increased exchange. 
progressively on passing from Pd to Rh A plot of ~3, vs. log,&, shown in Fig. 
and no maximum similar to that found for 8, indicates that a well-defined compensa- 
the Pt-Ru system (~3) was observed. With tion elect existed for this process. This 
all alloy compositions except pure Rh, how- implies that a temperature T’ exists at 
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Rh 137°C 
8Omm CHet40mm II2 

0 4 8 12 16 20 24 

259 

TIME ( MINI 

FIG. 4. Eschangr of CR, + I)? on rhodium, 137”. 

which the rates of exchange on all samples 
in this series are equal (7). At this tem- 
perature, the rate log Ic’ is the value of log 
A when the activation energy is zero. 
Hence, 

(log A - log k’) = mAE = AE/2.303RT’ 

where m is the slope of the line in Fig. 10. 
For the Pd-Rh series, the value of T’ = 

l/2.303 mR was 203” (approx). Above this 
temperature, the order of activity of the 
alloys might be expected to be reversed. 
However, in view of the change in the 

nature of the exchange mechanism with 
increasing temperature, such an extrapola- 
tion might be unjustified. In spite of this 
compensation effect, there is no systematic 
variation in activation energy with alloy 
composition, the mean values for all sam- 
ples except Rh being AE, = 26.1; AE, = 
44; AE, = 31 kcal/mole. The values ob- 
tained for Rh were considerably lower than 
those for all the other alloys. The specific 
rate for the exchange log,& at 150” is 
plotted in Fig. 9 as a function of alloy 
composition. 
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I I I I I I 

Rh 156°C 
80mm CH4+40mm O2 

CH4 
/ 

I CD4 

I I I I I I I 
0 IO 20 30 40 50 60 

TIME (MINI 

FIG. 5. Exchange of CH, + D? on rhodium, 156”. 

Activity of Pd-Pt Alloys 
In this case, both metals exhibit pre- 

dominantly stepwise exchange over the 
temperature range studied, although Pd 
was considerably less active than Pt at all 
temperatures. Addition of Pd to Pt resulted 
in a progressive decrease in the activity 
of the alloys and no maximum was ob- 
served. Collected results for this alloy series 
are shown in Table 2 (p. 265)) in which the 
symbols have the same significance as be- 
fore. Again, incrcnsc in temperature re- 
sultcd in a decrease in the ratio of the 
rates of the two processes R, and R,. 

indicating that the small contribution of 
multiple exchange became more significant 
at higher temperatures. No progressive 
change in the activation energies was evi- 
dent on passing up the alloy series, although 
pure Pt gave significantly lower values for 
AE,, AE,, and AE, than alloys containing 
Pd. This difference was not, however, as 
marked as with Rh and Pd. Average values 
of the activation energies mere LIE, = 28.5; 
AE, = 40.1; LIE, = 31.2 kcal/mole. A well- 
defined compensation effect was again ob- 
served between log,,,A, and 4E,, as shown 
in Fig. 10 and the v-nluc of tbc temperature 
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FIG. 6. Arrhenius plots for CHI + D? exchange on rhodium. 
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T’ at which the rates on all samples became 
equal was about 307”. The variation of 
specific rate log& at 150” (Ic in molecules 
CH,/sec cm?) with alloy composition is 
shown in Fig. IO. 

Propane Cracking 

As the exchange reaction between meth- 
ane and deuterium involves the dissocia- 
tion of a C-H bond, .it seemed of interest 
to compare the actrvrty of the alloy cat- 
alysts for a reaction involving a C-C bond 
dissociation. The cracking (demethanation) 
of propane was chosen for this purpo.~ as 

the reaction occurs readily in the same 
temperature range as that used for the 
exchange experiments and some informa- 
tion on the mechanism is available (8). 
As found previously (9) the products of 
cracking of propane on metals of the plat- 
inum group were methane, small amounts 
of ethane, and a carbonaceous residue of 
variable composition (CH,) f which re- 
mained on the metal surface and tended 
to poison the cat.alyst. Hydrogen is occa- 
sionally formed in reactions of this type 
(IO), but in the present work no hydrogen, 
olcfins, or higher gaseous products were 
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Rh- 25% Pd 145OC 

8Omm CH.I+ 40mm D2 

60- 

Y 
2 
L 
I 50- 

z: 
c 

CH,D 

1, L 

I CHzDz 7 

0 IO 20 40 50 60 
TIME (MN) 

FIQ. 7. Exchange of CHa + D2 on Rh - 25% Pd, 145”. 

detected. As it was found that the surface 
residues could not be completely removed 
by treatment with hydrogen at tempera- 
tures low enough to prevent further sinter- 
ing of the alloys, fresh samples of catalyst 
were used for each determination. As the 
amount of ethane produced was small in 
every case, the activities of the alloys in 
this reaction were estimated from the vol- 
ume of methane produced in 1 hr at 1520, 
using the same initial pressure of propane 
in each case. No attempt was made to 
determine the kinetics parameters and ,the 
results serve only as a rough comparison 

with the more detailed information ob- 
tained for the exchange reaction. 

The variation of the specific rate log,&’ 
(Ic’ expressed in molecules/set cm*) with 
alloy composition is plotted in Figs. 9 and 
10 for the two alloy series. The rate of 
exchange was generally 5-10 times faster 
than the rate of cracking at the same tem- 
perature, although both rates are certainly 
dependent on the conditions of measure- 
ment and on the partial pressures of the 
reactants. Although the rates of both reac- 
tions vary in a similar manner with alloy 
composition, the rate of cracking seems to 
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h 
I 26- 

x 
“7 

a 
0 

H 

Pd-Pt(% Pd) 

16- 

61 I 
IO I5 

I I I I I 
20 25 30 35 40 

AE, K cal /mole 

263 

46‘ 

41 

36 z 

x 

31 a; 
B 

26 

21 

16 

FIG. 8. Compensation effect for CH, + D2 exchange on Pd-Rh, Pd-Pt alloys. 

be less sensitive to small changes in alloy 
composition. In general, however, those 
metals which are most active for methane- 
deuterium exchange tend to show the high- 
est activity for propane cracking also. 

The specific activities of the pure metals 
for both the exchange reaction and for 
propane cracking followed the sequence 
Pt > Rh > Ir > Ru > Pd at 150”, but 
differences in the kinetic parameters might 
cause changes in this order over a different 
temperature range. 

Mechanism 

It seems reasonably certain that stepwise 
exchange proceeds via the initial dissocia- 
tion of a C-H bond and the formation of 
chemisorbed methyl radicals on the metal 
surface. As the metal is initially covered 
with strongly adsorbed deuterium atoms, 
it is likely that this dissociation arises from 
a Rideal-Eley type of interaction between 
gas phase methane and surface D atoms, 

C&(g) + Jf S CH, + HD 

M IA 

The details of the mechanism of multiple 
exchange are, however, less clear, but the 
initially formed methyl radicals probably 
dissociate further into methylene or more 
highly dissociated fragments. A possible 
scheme in which both mechanisms can take 
place simultaneously is shown on p. 264. 
Rates of the individual steps are repre- 
sented by Ri and rj. 

Metals, such as Pd and Pt, which favor 
stepwise exchange, have R, > R,, and 
higher deuterated species would be formed 
by readsorption and dissociation of CH,D 
via the steps r3, r4, and r5. The rapid re- 
moval of methyl radicals from the surface 
as CH,D >would tend to suppress the initial 
appearance of higher deuterated products 
by the R, mechanism. Ru and Rh, however, 
have R; > RI and the small amounts of 
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CH,. + y 
b rs 6 

M 

\ 

II 
% D D 

CH, + HD _ 
NC h 

CH t 2 HD _ C t 3HD 
r4 d&lM r5 4 \\ 

MMMM 

CQk) CD,(g) 

CH,D, formed in these cases suggest that 
the rates of steps r5 and r4 are substantially 
greater than RO. By this means initially 
formed methyl radicals are rapidly con- 
verted to CD, and CHD, with the forma- 
tion of only small amounts of CH,D. The 
latter could, however, be produced by the 
recombination of surface methylene with 
HD by step F3. The tendency to form 

highly dissociated fragments will be ex- 
pected to be favored by increase in tem- 
perature, leading to greater participation 
of the R, reaction. 

Although it is likely that no single 
physical property of the metal is respon- 
sible for determining the mechanism of 
the exchange reaction, there seems to be a 
rough correlation between the type of 

1 I I I 
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FIG. 9. CH, + D, exchange and C,H* cracking on Pd-Rh alloys, 159”. 
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FIQ. 10. CH 4 + Dz exchange and C,% cracking on Pd-Pt alloys, 150”. 

mechanism which predominates and the 
lattice parameters of the noble metals. As 
shown in Table 3, where values of the rate 
ratios, M, are compared with the lattice 
parameters, those metals which favor the 
multiple mechanism tend to have smaller 
atomic radii than those showing stepwise 
exchange. It is feasible that the formation 
of multiply-bonded surface radicals is fa- 
vored by a high density of adsorption sites. 
It should be noted, however, that a similar 
correlation also exists between the values 
of M in Table 3 and the average number 
of unpaired “d” electrons, 6, per metal 
atom and it is not possible to decide 
whether geometrical or electronic factors 
are of most importance in determining the 
exchange mechanism. 

TABLE 3 
LATTICE PARAMETERS AND 

EXCHANGE MECHANISM 

Metal 

No. unpaired 
“d” electrons 

I &) 

Pt 
Pd 

Ru 
Rh 
Ir 

RI metals 
1.381 0.6 1.7 
1.37 0.6 1.1 

R) metals 
1.32A 2.2 3.5 
1.34 1.4 3.4 
1.35 1.7 3.oa 

a Reference (11). 

On this basis it might be expected that 
the remaining metal in the platinoid series, 
OS (atomic radius 1.33 A, 8 = 2.2)) would 

exhibit multiple exchange, but no exchange 
results are yet available for this metal. 
Geometrical factors are likely to be more 
pronounced within a series of metals such 
as the platinum group where differences in 
heats of adsorption and electronic struc- 
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tures of the metals are minimal. In this 
connection a study of this exchange reac- 
tion on well-defined faces of single crystals 
of these metals would be most rewarding. 
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