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Deuterium tracing experiments of ethylene hydrogenation over platinum were conducted at 
temperatures from 248 to 333 K and D2/C2H 4 pressure ratios between 50:75 and 150:25 Torr. 
Information about the rates of adsorption/desorption and hydrogenation processes on the surface 
was extracted by kinetic analysis of the deuterium tracing data combined with results from steady- 
state kinetic studies and temperature programmed desorption experiments. This analysis suggests 
that the essential surface chemistry can be described by a Horiuti-Polanyi mechanism that includes 
competitive and noncompetitive hydrogen adsorption pathways, each modified by a hydrogen 
activation step. The importance in these analyses of utilizing data from diverse experimental 
measurements is illustrated. © 1992 Academic Press, Inc. 

INTRODUCTION 

The quantification of heterogeneous cata- 
lytic reaction kinetics is an important aspect 
of research to probe the essential surface 
chemistry of catalytic processes. Impor- 
tantly, a quantitative description of the reac- 
tion kinetics in terms of fundamental surface 
chemical processes can be used to consoli- 
date diverse experimental data for the pur- 
pose of predicting catalyst performance 
over a wide range of reaction conditions. A 
well-known difficulty in this approach is that 
kinetic data of a given type alone are not 
generally sufficient to establish a thorough 
description of the surface chemistry. In this 
respect, we have reported elsewhere that 
microkinetic analysis of diverse experimen- 
tal data from such techniques as steady- 
state kinetic studies, isotopic tracing, and 
temperature programmed desorption pro- 
vides a detailed description of the essential 
surface chemistry involved in ethylene hy- 
drogenation over platinum (1). In the pres- 
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ent paper, we focus attention on that portion 
of the microkinetic analysis dealing with 
data from isotopic tracing. 

The use of isotopic tracing to elucidate 
reaction pathways over heterogeneous cata- 
lysts is well established, e.g., Ref. (2). Previ- 
ous investigations have interpreted the re- 
sults of deuterium tracing experiments of 
ethylene hydrogenation in terms of relative 
rates of elementary steps. For example, 
Kemball (3) showed that the deuterium dis- 
tributions in ethylene and ethane may be 
used to derive the relative rates of elemen- 
tary steps for the Horiuti-Polanyi associa- 
tive mechanism (4), without specifying the 
slow steps. Sato and Miyahara (5) evaluated 
the rates of elementary steps for the 
Horiuti-Polanyi associative mechanism 
from the results of ethylene deuteration over 
a Pt film. They concluded that the desorp- 
tion of ethane was irreversible and that the 
first hydrogenation of adsorbed ethylene 
was faster than the other steps. 

In the present paper we amplify the use 
of isotopic tracing by showing the utility of 
analyzing in a unified fashion the results of 
isotopic tracing with data from steady-state 
kinetic studies collected over a wide range 
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of reaction conditions, as well as with re- 
sults from temperature programmed desorp- 
tion studies at ultra-high vacuum condi- 
tions. The approach of this paper for 
ethylene hydrogenation is an extension of 
that described by Happel for the water-gas 
shift and methanation reactions (6). In 
short, the deuterium tracing studies provide 
information about the relative rates of ele- 
mentary steps, steady-state kinetic studies 
provide information on the rate-limiting or 
slow steps, and temperature programmed 
desorption studies provide information 
about adsorption/desorption processes. 
The kinetic information extracted from 
combined analyses of these diverse data is, 
in general, more detailed and reliable than 
conclusions reached from analysis of any 
particular set of data alone. 

In a previous study, we reported the re- 
sults of steady-state kinetic studies of ethyl- 
ene hydrogenation on platinum over a wide 
range of reaction conditions (7). This 
steady-state study showed that the hydro- 
gen kinetic order decreases continuously 
from unity at 336 K to half-order as the tem- 
perature is decreased below 248 K. An eth- 
ylene kinetic order of zero was observed at 
ethylene pressures above 75 Tort, whereas 
the ethylene kinetic order was negative be- 
low this pressure. Analyses of the steady- 
state kinetic results suggested that at the 
lower temperatures, the reaction takes place 
on sites where hydrogen and ethylene ad- 
sorption do not compete, whereas competi- 
tive adsorption of these species takes place 
at higher temperatures and lower ethylene 
pressures. The combined analyses of results 
from these steady-state kinetic studies with 
selected data from isotopic tracing sug- 
gested that a hydrogen activation step is re- 
quired for both the competitively and non- 
competitively adsorbed hydrogen (1). In the 
present study, we explore these conclusions 
further by analysis of data from isotopic 
tracing of ethylene hydrogenation over plat- 
inum, collected over the same wide range of 
reaction conditions employed in our steady- 
state kinetic studies. 

EXPERIMENTAL 

Deuterium tracing experiments were con- 
ducted in a glass system operated as a flow- 
through, differential reactor. A schematic 
diagram of the experimental apparatus is 
shown in Fig. 1. Reactant gases were treated 
to remove possible impurities such as water 
and oxygen. Helium (Liquid Carbonic) was 
purified by passage through copper turnings 
at 473 K, followed by molecular sieves (13X) 
at 77 K. Ethylene (Matheson, 99.5%) was 
treated by passage through a molecular 
sieve trap at 195 K. Hydrogen (Liquid Car- 
bonic) and deuterium (Matheson, 99.5%) 
were treated by passage through a Deoxo 
unit (Engelhard) and a bed of molecular 
sieves (13X) at 77 K. 

The reactor was made of glass (16-mm 
OD), upstream of which was a glass coil that 
facilitated temperature equilibration of the 
reactant gases. Different reaction tempera- 
tures were obtained by immersing the reac- 
tor into a well-mixed water bath. The lowest 
reaction temperature of 248 K was obtained 
by using a well-stirred 65% ethylene glycol/ 
water bath that was cooled by the combina- 
tion of a Flexi-Cool 2-stage cooling system 
and an immersion heater controlled by a 
rheostat. 

The reactor effluent passed through a six- 
port valve that allowed chemical analysis by 
either a gas chromatograph (Carle 8700) or 
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FIG. 1. Experimental apparatus for deuterium tracing 
experiments. 
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a mass spectrometer (EAI Quad 250B). The 
reactor effluent could be directed from the 
gas chromatograph to a six-port valve that 
allowed the separated gases to be analyzed 
by the mass spectrometer. The gas chroma- 
tograph was equipped with a 6-ft Poropak Q 
column operated at 350 K which allowed 
sampling at 3-rain intervals. 

The 0.04 wt% Pt/silica catalyst used in 
our previous steady state studies (7) was 
employed in these deuterium tracing stud- 
ies. The platinum dispersion of this sample 
was equal to 1.0; however, ethylene hydro- 
genation is not a structure-sensitive reaction 
(e.g., Ref. (7)), and the choice of catalyst 
is, therefore, not critical. The amount of 
catalyst was adjusted to maintain ethylene 
conversions with deuterium typically be- 
tween 1 and 5%. Prior to each experiment, 
the catalyst was treated in hydrogen at 573 
K for 1 h. The apparatus was then evacu- 
ated, and the catalyst was cooled under 
flowing helium to the desired reaction tem- 
perature. Hydrogen and ethylene were in- 
troduced into the system and the catalyst 
was allowed to reach steady-state activity 
(ca. 20 min). Hydrogen was then replaced 
with deuterium at the same flow rate. Cata- 
lytic activity was observed to decrease as a 
result of the isotope effect. After steady 
state activity was again reached under these 
new conditions (ca. 15 min), isotopic analy- 
sis of the reactor effluent was commenced 
using the mass spectrometer. We have not 
attempted in our analyses to discriminate 
between positional isomers of the various 
paritally deuterated hydrocarbons. 

Prior to mass spectroscopic analysis, 
mass spectra (25-32 ainu) were obtained of 
the background gases associated with the 
vacuum chamber and the carrier gas from 
the gas chromatograph. Mass spectra 
(25-32 amu) were then collected of the eth- 
ylene pulse from three consecutive gas chro- 
matographic separations of the reactor ef- 
fluent. The ethane pulse could not be 
analyzed in a similar manner because the 
amount of ethane produced was not suffi- 
cient to be analyzed accurately. 

Following analysis of the deuterium dis- 
tribution in ethylene, mass spectroscopic 
analysis was conducted directly on the reac- 
tor effluent. This analysis included ethylene 
and ethane (25-36 amu) and the hydrogen 
isotopes (2-4 amu). The hydrocarbon analy- 
sis was conducted using an electron energy 
of 30 eV, whereas the hydrogen analysis 
was conducted using an electron energy of 
15 eV, because the signal from helium inter- 
fered with the signal from deuterium. The 
electron energy of 15 eV is well below the 
24 eV ionization potential of helium. 

Effects on the mass spectroscopic data of 
molecular fragmentation and the presence 
of 13C were corrected using an algorithm 
to deconvolute the different peaks in the 
spectra, based on a model developed by 
Lenz and Conner (8, 9). Analysis of the hy- 
drogen isotopes was not complicated by 
fragmentation patterns. The sensitivity of 
the mass spectrometer to H2 was 1.5 times 
the sensitivity to D2. Zaera and Somorjai 
(10) found that the mass spectrometer sensi- 
tivity for H 2 was 1.7 times the sensitivity 
for D 2 at an electron energy of 70 eV. The 
sensitivity of HD with respect to H 2 was 
assumed to be 1.2 in the present study. 

RESULTS 

The experimental isotopic distributions 
for the deuteration of ethylene at sixteen 
different reaction conditions (temperatures 
from 248 to 333 K and D2/C2H 4 pressure 
ratios between 50 : 75 and 150 : 25 Torr) are 
shown in Table 1. The experimental errors 
in the ethane distributions were -+4 tool% 
for ethane-d 0 to ethane-d R and - 1 mol% for 
ethane-d 3 to ethane-d 6 . The higher error as- 
sociated with ethane-d 0 to ethane-d 2 was due 
to the overlap of ethylene in the mass spec- 
tra for these masses. Most of the chemistry 
extracted from these ethane deuterium dis- 
tributions comes from ethane-d~ and ethane- 
d2, and to a lesser extent from ethane-d0 and 
ethane-d 3 . The relative amounts of ethane- 
(d4-d6) remain virtually unchanged despite 
changes in temperature or reactant pres- 
sures. 
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TABLE 1 

Experimental Ethane Deuterium Distributions and M4 for 0.04 wt% Pt/Cab-O-Sill 
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C2H 4 Pressure: 75 25 10 25 
(Tort) 

D 2 Pressure: 50 50 50 150 
(Torr) 

Temperature (K): 248 273 293 333 248 273 293 333 248 273 293 333 248 273 293 333 

d o mol% 9 15 15 
d 1 mol% 24 26 33 
d2 mol% 46 36 30 
d 3 mol% 11 12 18 
d 4 mol% 3 5 5 
d5 mol% 4 4 5 
d 6 tool% 3 4 2 

M 4 .006 .007 .004 

19 7 8 10 16 12 12 7 8 4 9 10 3 
34 26 22 31 34 28 27 26 24 16 20 22 23 
23 47 45 37 21 43 43 44 38 61 54 44 42 
11 10 12 12 16 10 9 12 15 9 9 12 16 
6 4 7 5 6 2 4 5 7 3 4 5 7 
4 4 4 3 4 3 3 4 5 3 3 5 6 
3 2 2 2 3 2 2 2 3 2 1 2 3 

.003 .025 .008 .008 .020 .069 .039 .035 .056 .013 .009 .018 .032 

In contrast to ethane, the shape of the 
ethylene deuterium distributions did not 
change significantly at the different condi- 
tions. Measurable amounts of ethylene-d4 
were not detected, and ethylene-d 3 was 
present in only three experiments at concen- 
trations less than 0.3% of the ethylene isoto- 
pic mixture. Ethylene containing two deu- 
terium atoms was detected in most 
experiments at concentrations less than 1% 
and usually less than 0.5%. The average 
number of deuterium atoms incorporated 
into the ethylene is reported in Table 1 as 
M 4. These values depend on the amount 
of ethylene which had been converted to 
ethane, with higher values of M 4 observed 
at higher ethylene conversions. 

Table 1 shows that increasing the reaction 
temperature leads to a decrease in the 
amount of ethane-d 2 and a broadening of 
the ethane deuterium distributions. Figure 2 
shows this broadening with temperature at 
the reaction conditions of 25 Torr ethylene 
and 150 Torr deuterium. Furthermore, the 
ethane distribution shifts with changes in 
the D2/C2H4 ratio. At a high D 2 / C 2 H  4 ratio 
(50 Torr D 2 and 10 Torr ethylene), the 
amounts of ethane-d 3 to ethane-d 6 increase 
at the expense of ethane-d 0 to ethane-d 2 with 
increasing temperature. At a lower D 2 / C 2 H  4 

ratio (50 Torr D2 and 75 Torr ethylene), the 

ethane deuterium distributions broaden as 
the temperature increases, with ethane-d0 
and ethane-d1 increasing while ethane-d2 de- 
creases. In addition, the distribution maxi- 
mum shifts from ethane-d2 at lower tempera- 
tures to ethane-d~ at temperatures above 
293 K. 

Table 1 also shows the effect of varying 
the ethylene pressure at a constant deute- 
rium pressure of 50 Torr. At 248 K, the 
ethane distributions remain relatively un- 
changed as the ethylene pressure is in- 
creased from 10 to 75 Torr. At 293 K, the 
amounts of ethane-d0 and ethane-d1 increase 
at the expense of ethane-d 2 as the ethylene 
pressure increases. In addition, the distribu- 
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FIG. 2. Experimental ethane isotopic distributions 
resulting from reaction of 150 Torr deuterium with 25 
Torr ethylene at 248 and 293 K. 
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tion maximum shifts from ethane-d2 to 
ethane-d I as the ethylene pressure increases 
from 25 to 75 Torr. 

At all temperatures, the ethane distribu- 
tions narrow around ethane-d 2 as the deute- 
rium pressure increases. Table 1 shows that 
at 25 Torr ethylene the amount of ethane- 
d I decreases and ethane-d2 increases as the 
deuterium pressure increases from 50 to 150 
Torr. This change is more pronounced at 333 
K, where the distribution maximum changes 
from ethane-d 1 to ethane-d2 as the deuterium 
pressure increases. 

RESULTS OF KINETIC ANALYSES 

The results of previous deuterium tracing 
studies have been adequately explained in 
terms of the relative rates of the elementary 
steps of the competitive Horiuti-Polanyi 
mechanism (3, 5, 11-13). These earlier anal- 
yses, however, did not incorporate the re- 
sults of steady-state kinetic studies. As de- 
scribed below, we now attempt to describe 
consistently the results of our deuterium 
tracing studies and our steady-state kinetic 
studies (7). In addition, we have reconciled 
elsewhere (1) the steady-state kinetic results 
with the temperature programmed desorp- 
tion and reaction studies of co-adsorbed eth- 
ylene and hydrogen on Pt single crystals 
observed by Berlowitz et al. (14). 

The steady-state kinetic results (7) 
showed that the ethylene order was zero at 
ethylene pressures above 75 Torr and it was 
slightly negative at lower ethylene pressure 
and higher reaction temperatures. These re- 
sults suggest that hydrocarbon species are 
the most abundant reactive intermediates 
on the catalyst surface and that hydrogen 
competes with ethylene for adsorption on 
active sites at higher temperatures and 
lower ethylene pressure. The observed half- 
order kinetics with respect to hydrogen 
pressure at lower temperatures suggest that 
hydrogen adsorption is equilibrated at these 
conditions. The change in the hydrogen ki- 
netic order with temperature suggests a 
change in the nature of the slow steps in 
the reaction mechanism. The breadth of the 

deuterium distribution in ethane suggests 
that at least one of the surface hydrogena- 
tion steps is reversible, while the relatively 
high amounts of ethane-d 0 and ethane-d1 in- 
dicate that the hydrogen adsorptive/desorp- 
tive step is not very fast. The modified 
Horiuti-Polanyi mechanism shown below 
was found to describe the observed experi- 
mental results (1). 

1. H 2 + 2 S ~ 2 H S  
Noncompetitive hydrogen adsorption 

2. HS + S' ~--~ HS' + S 
Noncompetitive hydrogen activation 

3. C2H 4 + 2* ~ *C2U ~ 
Ethylene adsorption 

4. *CzH ~ + HS' ~ *CzH ] ÷ S'  
Initial hydrogenation 

5. *CzH ] + HS' ~ CzH 6 + 2* + S' 
Second hydrogenation 

6. H 2 + 2* ~ 2H* 
Competitive hydrogen adsorption 

7. H* + S ' ~ H S '  +* 
Competitive hydrogen activation. 

In this mechanism, ethylene adsorbs asso- 
ciatively and occupies two surface sites. 
Hydrogen can adsorb dissociatively either 
on surface sites (*) in competition with eth- 
ylene or on noncompetitive adsorption sites 
(S). Hydrogen adsorbed competitively (H*) 
and noncompetitively (HS) can be con- 
verted to surface hydrogen (HS') that can 
subsequently react with adsorbed hydrocar- 
bon species. The associatively adsorbed 
ethylene reacts with HS' to produce an ad- 
sorbed surface ethyl species, which from 
geometric considerations is expected to oc- 
cupy two sites. 

The noncompetitive S-sites adsorb hydro- 
gen but are inaccessible to hydrocarbon 
molecules. At low temperatures, the ad- 
sorption of hydrogen on S-sites is equili- 
brated and half-order hydrogen kinetics are 
observed. At higher temperatures and lower 
ethylene pressures, more surface sites (*) 
become available for hydrogen adsorption, 
and the reaction shifts to a more conven- 
tional competitive pathway where first- 
order hydrogen kinetics are observed. This 
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C204 
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C2H2D 4 

mechanism involves an activation step for 
the adsorption of hydrogen, since analyses 
of the competitive and noncompetitive 
mechanisms without hydrogen activation 
predict ethane deuterium distributions that 
have less ethane-d 0 and ethane-d~ than ob- 
served experimentally. This difference is 
due to H atoms placed on the surface by 
dehydrogenation of the ethyl species, which 
leave the surface as HD instead of reacting 
with adsorbed hydrocarbon species to form 
ethane-d0 and ethane-d 1 . Sato and Miyahara 
(12) suggested a similar hydrogen activation 
step on the surface to explain the results of 
the reaction of H2, D2, C2H4, and C2D 4 over 
nickel. 

Kinetic analysis of the steady state kinetic 
results using the above Horiuti-Polanyi 
mechanism requires the simultaneous solu- 
tion of five surface steady-state equations 
for reactive adsorbed species and the three 
site balances for catalyst surface sites. Ki- 
netic analysis of the deuterium distributions 
requires the solution of the material bal- 
ances equations for 15 isotopic gas-phase 
and 17 isotopic surface species. The follow- 
ing 15 isotopic gas phase species can be ob- 
served from the reaction of D 2 with C2H 4 : 

HD D 2 

C2H3D C2H2D 2 C2HD 3 

C2HsD C 2 H 4 D 2  C2H3D 3 
C2HD5 C2D6. 

We define gii as the fraction of a particular 
gaseous species that consists of i H-atoms 
a n d j  D-atoms. The above 15 isotopic spe- 
cies can be used to define the following 15 
measurable gij variables: 

g20 gll g02 

g40 g31 g22 g13 
g04 

g60 g51 g42 g33 
g24 g15 g06. 

These quantities must satisfy the appro- 
priate normalization conditions that "Zgij = 

1 for each chemical species (H2, C2H4, and 
C2H6). 

In addition to the gas-phase species, the 
concentrations of the following 17 surface 
isotopic species must be considered: 

HS DS 

HS' DS' 

H* D* 

*C2H ~ *C2H3D* 
*C2HD ~ *C2D ~ 

*C2H ~ *C2H4D* 
*C2H2D~ *C2H1D ~ 

*C2H2D* 

As above, we define f~j as the fraction of a 
particular surface species that consists of 
/H-atoms andjD-atoms. The above 17 isoto- 
pic surface species can be used to define the 
following 17 f/i variables, 

fsl0 fs01 

A, 0 A,0  

fml0 fm0  

f40 f31 A2 
f04 

f50 % f32 
A3 f14 f05' 

which satisfy the appropriate normalization 
conditions that £f,.j = 1 for each surface spe- 
cies (HS, HS',  H*, *C2H~, and *C2H]). 

Material balance equations are written to 
relate the different gaseous species to rates, 
Ri, of the various steps in the modified 
Horiuti-Polanyi mechanism. The forms of 
these equations for C2H3D, HD, and C2H4D 2 
are shown below, 

d(Fc2H4g31) 
- 0  

dt 

= F~2H4g°I - FC2H4g31 -- R3 g31 -}- R_3f31 

d(FH2gN) 
o o 

dt - 0 = FH2gll -- FH2g11 

- (R1 + R6)gll + 2R-1 (fslofsol) 

+ 2R_6(fmlofmol) 

*C2H3D ~ 
*C2D ~ 
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d(Fc2H6g42) 
- 0 = F ° ~ o  _ C2H6~42 FC2H6942 dt 

+ Rs(f32f~,lo + f41f~'01), 

where F, .° and Fi are the molecular flow rates 
per active site for species i at the inlet and 
outlet of the catalyst bed, respectively. The 
fraction of reactor inlet consisting of a gas 
phase isotopic species is given by gO The O" 
forward and reverse reaction rate of the ele- 
mentary steps are designated by Ri and R_i, 
respectively, and these rates have units of 
molecules reacted per site per second. 

Material balances are also written for all 
surface species, as shown below for ad- 
sorbed *C2H2D~, *C2H3D ~, HS, H*, and 
HS',  

d(Olf22) - 0 = R3g22  - R_3f22  
dt (3 3) 

- n f22 + R_4  f32 +  f23 

d(02f32)  - 0 = R4(f22fs,10 + f31fs 'ol)  
dt 

--  R - 4 f 3 2  - R5f32 

d(O3fsl°) - 0 = Rl(2g, 0 + g11) 
dt 

- 2R 1(f]10 +fsl0fs01) - R2fslo + R-2 fsqo 

d(O4fm~°) - 0 = R6(2g20 + g11) 
dt 

- 2 R  6 ( f210  + fmlofmol)  - RTfmlo  + R-7 f s ' lO  

d(Osfs'l°) - 0 = R 2 f s l  0 + R j f m l  0 
dt 

--  ( e _ 2  + R 4 + R 5 + R_7)fs, lO 

+ R 4 fso + ?AI +  f3_ +  f23 +  f,4 , 

where 01 is the total surface coverage by 
all ethylene species, 02 is the total surface 
coverage by ethyl species, 03 is the total 
surface coverage by hydrogen species on 
the S sites, 04 is the total surface coverage 
by hydrogen species on the * sites, and 05 is 
the total surface coverage by the activated 
hydrogen. 

It should be noted that for a rigorous anal- 
ysis of the data, the experimentally mea- 
sured isotope effect should be used to cor- 
rect the various rates, Ri. In particular, each 
Ri in the above equations is an average rate 
for the various isotopic species. The distri- 
butions predicted with corrections for iso- 
tope effects, however, were different by at 
most 1-3% from those values predicted 
without consideration of isotope effects. 
These changes are mostly in ethane-d 0 to 
ethane-d2, with ethane-d0 and ethane-d1 de- 
creasing and ethane-d2 increasing when the 
isotope effect is neglected. 

A general regression analysis was per- 
formed to determine a consistent set of ki- 
netic parameters, i.e., preexponential fac- 
tors and activation energies for each step, 
that describes the results of steady state and 
deuterium tracing experiments. This analy- 
sis used a nonlinear equation solving routine 
for the 8 steady-state equations describing 
the total surface coverages and the 32 isoto- 
pic material balances discussed above. The 
general regression analysis then adjusted 
the kinetic parameters to minimize devia- 
tions in predicting the amounts of ethane- 
d o through ethane-d 3 and the steady state 
catalytic activity for each of the experimen- 
tal reaction conditions studied. Table 2 
shows values of the kinetic parameters that 
correctly describe the essential aspects of 
the deuterium tracing and steady state ki- 
netic data. 

It is important to note that the adjustment 
of kinetic parameters in this study was con- 
strained to be consistent with surface sci- 
ence measurements for the adsorption/ 
desorption of ethylene and hydrogen on 
platinum. In particular, the ethylene adsorp- 
tion kinetic parameters were estimated us- 
ing a sticking coefficient of 1.0 with no acti- 
vation energy, as reported in the literature 
(15, 16). The kinetic parameters for the eth- 
ylene desorption steps were determined 
from temperature programmed desorption 
studies (14, 17-19). The kinetic parameters 
for hydrogen adsorption on platinum (step 
6) were estimated using a sticking coefficient 
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TABLE 2 

Kinetic Parameters of the Modified Horiuti-Polanyi Mechanism for the Hydrogenation 

of Ethylene on Platinum 
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Step Afo r Efo ~ Are v Erev 
(kcal/mol) (kcal/mol) 

1 0.20 0.0 9.9 × 109 6.0 
2 2.0 x 10 I1 10.6 3.2 × 109 11.0 
3 4.0 × 105 0.0 1.2 × 107 9.0 
4 7.5 × 109 9.4 5.5 × 10 I2 12.0 
5 4.3 × 1011 9.0 6.0 × 104 23.2 
6 1.5 × 105 0.0 1.4 × 109 6.0 
7 1,3 x 10 H 10.8 1.1 × 1013 11.0 

Note, Preexponential factors are in units of Tort  -1 s -I for adsorption steps and s -1 for surface 
reactions and desorption steps. 

of 0.1 with no activation energy, as reported 
in the literature (20). It is expected that ki- 
netic parameters obtained at ultra high vac- 
uum conditions are useful only in cases for 
which the surface regimes of the surface 
science measurements and the kinetic stud- 
ies are similar. In addition, differences in 
crystallographic planes exposed on highly 
dispersed platinum particles compared to 
platinum single crystal surfaces are not ex- 
pected to be important, since ethylene hy- 
drogenation is not a structure-sensitive re- 
action. One important aspect of the analysis 
was the need to allow the rate constants for 
hydrogen desorption to be higher than those 
reported on clean surfaces (20-23). Since 
the steady-state surface is known to be 
highly covered by carbonaceous species, 
the increase in the rate constant may be 
attributed to the existence of interactions 
between adsorbed species. In fact, Salm- 
erdn and Somorjai (24) found that D2 co- 
adsorbed with ethylene on Pt(111) desorbs 
at substantially lower temperatures than on 
a clean Pt(l 11) surface at the same hydrogen 
coverage. The effects of the adsorbed hy- 
drocarbon species are also evident in the 
present study from the low sticking coeffi- 
cient required for the noncompetitive ad- 
sorption of hydrogen. 

The number of S-sites used in the analysis 
was set at 0.3 times the number of competi- 

tive adsorption sites. This is an approximate 
number based on Monte Carlo simulations 
of the number of pair sites available for ad- 
sorption of dihydrogen on a Pt(111) surface 
saturated with hydrocarbon species. This 
number was found to have no effect on the 
steady-state kinetic analysis, provided that 
the preexponential factor for hydrogen ad- 
sorption was changed in such a manner as 
to compensate for the change in the number 
of S-sites. The number of S'-sites was arbi- 
trarily set at 0.5 the number of competitive 
adsorption sites. 

The kinetic parameters reported in Table 
2 predict the proper steady state kinetic ac- 
tivities, shown in Fig. 3, and the proper 
trends for the ethane deuterium distribu- 
tions, shown by comparison of Tables 1 and 
3. Figure 3 shows the experimental (7) and 
predicted activities for ethylene hydrogena- 
tion over a range of hydrogen pressures 
from 50 to 650 Torr and a temperature range 
from 223 to 336 K at 25 Torr ethylene pres- 
sure. It can be seen that the kinetic analysis 
captures the proper variation in catalytic ac- 
tivity with hydrogen pressure and tempera- 
ture. Table 3 demonstrates that the kinetic 
analysis shows the proper decrease in the 
amount of ethane-d 2 and the broadening of 
the ethane deuterium distributions with in- 
creasing temperature at all four sets of con- 
ditions. Table 3 also shows that at a large 
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FIG. 3. Compar i son  of  exper imenta l  (filled symbols)  
and predicted (open symbols)  e thylene hydrogenat ion  
turnover  f requencies  versus  hydrogen  partial pressure ,  
Exper imenta l  hydrogen  kinetic orders  are 0.47 at 223 
K, 0.53 at 248 K, 0.66 at 273 K,  0.76 at 298 K, and 1.10 
at 336 K. 

D 2 / C 2 H  4 ratio (50 Torr D 2 and 10 Torr ethyl- 
ene), the amounts of ethane-d3 to ethane- 
d 6 increase at the expense of ethane-d 0 to 
ethane-d2 with increasing temperature. At a 
lower Dz/C2H4 ratio (50 Torr D 2 and 75 Torr 
ethylene), the ethane deuterium distribu- 
tions broaden as the temperature increases, 
with ethane-d 0 and ethane-d1 increasing 
while ethane-d2 decreases. In addition, Ta- 
ble 3 shows that the distribution maximum 
shifts from ethane-d2 at lower temperatures 
to ethane-d~ at temperatures above 293 K at 
50 Torr D 2 and 75 Torr ethylene. 

The kinetic analysis also predicts prop- 
erly that the ethane distributions remain rel- 
atively unchanged as the ethylene pressure 
is changed from 10 to 75 Torr, at a deuterium 
pressure of 50 Torr and 248 K, as shown in 
Table 3. At 293 K, the distribution maximum 
shifts from ethane-d 2 to ethane-d 1 as the eth- 
ylene pressure increases from 25 Tort to 
75 Torr. The proper trend with increasing 
deuterium pressure is also predicted. At all 
temperatures, the ethane distributions nar- 
row around ethane-d2 as the deuterium pres- 
sure increases. Table 3 shows that the 
amount of ethane-d1 decreases and ethane- 
d2 increases as the deuterium pressure in- 
creases from 50 to 150 Torr at 25 Torr eth- 
ylene. 

D I S C U S S I O N  

Numerous deuterium tracing studies of 
ethylene hydrogenation, each conducted 
over a limited range of reaction conditions, 
have been reported in the literature (5, 
10-13, 25-29). The trends shown in Table 1 
are in general agreement with those ob- 
served by Bond (26) and Sato and Miyahara 
(5). Both of these previous investigations 
observed a broadening of the ethane deute- 
rium distribution with increasing tempera- 
ture. In addition, Bond observed on a Pt/ 
silica catalyst that the yield of ethane-d2 in- 

T A B L E  3 

Predicted Ethane  Deuter ium Distr ibutions and Values of  M 4 f rom the Kinetic Parameters  of  Table 2 

C2H 4 Pressure:  75 25 10 25 
(Torr) 

D2 Pressure:  50 50 50 150 
(Tort) 

Tempera tu re  (K): 248 273 293 333 248 273 293 333 248 273 293 333 248 273 293 333 

do mol% 6 lO 15 29 5 8 11 15 4 6 7 7 3 4 5 6 
d~ mol% 30 35 38 41 29 32 34 35 27 29 29 27 23 27 28 26 
d 2 m o l %  46 37 31 22 48 40 35 31 50 43 40 35 56 48 43 38 
d 3 mol% 14 13 12 7 14 15 14 14 15 16 17 19 15 16 17 19 
d 4 mol% 3 4 3 1 3 4 5 5 4 5 6 9 3 4 6 8 
d 5 tool% 1 1 1 0 1 1 1 1 1 1 1 3 0 1 1 3 
d 6 m o l %  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

M4 .002 .003 .004 .003 .007 .011 .011 .013 .017 .026 .028 .039 .003 .006 .018 .008 
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C 2 H  4 Pressure: 75 25 10 25 
(Torr) 

H2 Pressure: 50 50 50 150 
(Torr) 

Temperature  (K): 248 273 293 333 248 273 293 333 248 273 293 333 248 273 293 333 

R 1 1.06 1.08 1.08 1.09 1.06 1.07 1.08 1.08 1.06 1.08 1.08 1.09 3.12 3.19 3.22 
R_~ 0.96 0.71 0.39 0.06 0.95 0.71 0.40 0.08 0.95 0.72 0.42 0.11 2.94 2.52 1.81 
R e 0.22 0.76 1.45 2.72 0.22 0.75 1.46 3.08 0.21 0.75 1.47 3.49 0.37 1.39 3.01 
R_ 2 0.00 0.02 0.08 0.67 0.00 0.03 0.11 1.07 0.00 0.03 0.14 1.53 0.01 0.04 0.19 
R 3 0.20 0.88 2.29 11.01 0.21 1.04 2.92 15.51 0.24 1.29 3.98 22.50 0.34 1.80 5.64 
R 3 0.07 0.39 1.20 7.71 0.07 0.39 1.20 7.67 0.07 0.38 1.19 7.60 0.07 0.38 1.19 
R 4 0.25 1.40 4.28 24.93 0.28 1.66 5.55 39.59 0.31 2.04 7.37 56.30 0.43 2.72 9.85 
R_4 0.13 0.91 3.19 21.63 0.13 1.01 3.83 31.75 0.14 1.13 4.59 41.40 0.16 1.31 5.39 
R~ 0.12 0.49 1.09 3.30 0.14 0.65 1.72 7.84 0.17 0.90 2.79 14.90 0.27 1.41 4.46 
R_ 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
R 6 0,05 0.22 0.57 2.75 0.16 0.78 2.19 11.63 0.45 2.41 7.46 42.18 0.77 4.04 12.70 
R_ 6 0.03 0.09 0.17 0.48 0.12 0.49 1.15 4.80 0.39 1.87 5.33 28.26 0.68 3.30 9.65 
R7 0.04 0.29 1.05 8.81 0.08 0.66 2.70 27.62 0.14 1.28 5.76 66.02 0.18 1.68 7.63 
R _  7 0.00 0.04 0.24 4.26 0.05 0.09 0.61 13.97 0.01 0.20 1.52 38.19 0.01 0.20 1.53 

3.25 
0.52 
7.59 
2.13 

33.86 
7.56 

77.87 
51.57 
26.30 

0 
76. i9 
52.62 
88.34 
41.20 

creased with increasing DJC2H4 ratio at 273 
K. An important innovation of the present 
study is to extract information about the 
rates, Ri, of the various hydrogenation pro- 
cesses over a wide range of conditions, 
allowing the variations in these rates with 
temperature and pressures to be tested for 
consistency with the results of steady-state 
kinetic studies conducted over the same cat- 
alyst and range of reaction conditions. 

The elementary reaction rates presented 
in Table 4 were determined from the kinetic 
parameters of Table 2. The overall turnover 
frequency for ethylene hydrogenation is 
equal to the rate of step 5, which is irrevers- 
ible. The ratio of the rate of an individual 
step i, to the overall rate is equal to R i / R  5 . 

In addition, the net rates (i.e., the forward 
rate minus the reverse rate) of steps 3 and 4 
are equal to the turnover frequency. Fur- 
thermore, the overall turnover frequency is 
equal to the sum of the net rates of steps 1 
and 6, where these net rates represent the 
contributions to the overall reaction of the 
noncompetitive and competitive pathways, 
respectively. The net rates of steps 2 and 7 
are twice as large as the net rates of steps 1 
and 6, respectively. It should be noted that 
these rates are reported for hydrogen (in 

contrast to deuterium), even when describ- 
ing deuterium tracing results. Table 5 lists 
the reversibilities for each of the elementary 
steps as well as the percentage of the com- 
petitive pathway to the overall reaction rate. 

A key finding of our steady state kinetic 
studies (7), was the increase in the value of 
the hydrogen reaction order with tempera- 
ture. If the adsorption of hydrogen is equili- 
brated, then the observed rate should be 
half-order with respect to hydrogen; if this 
step is irreversible, then first order kinetics 
are expected. We observe in Table 5 that as 
the temperature increases from 248 to 333 
K the reversibility decreases for the non- 
competitive adsorption of hydrogen. For ex- 
ample, at 25 Torr ethylene and 150 Torr 
deuterium the reversibility of step 1 de- 
creases from 11.6 to 0.1. In addition, Table 
5 shows that as the temperature increases, 
the competitive nature of the production of 
ethane increases, and the kinetic orders thus 
reflect those of a competitive mechanism. 
For example, at 25 Torr ethylene and 50 
Torr hydrogen the contribution from the 
competitive pathway increases from 28.6 to 
87.1% as the temperature increases from 248 
to 333 K. At low temperature, the surface is 
nearly saturated with hydrocarbon species, 
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TABLE 5 

Reversibilities and Contribution of the Competitive Pathway for the Production of Ethane Predicted from the 
Rates Shown in Table 4 

C2H4 Pressure: 75 25 10 25 
(Tort) 

H: Pressure: 50 50 50 150 
(Torr) 

Temperature (K): 248 273 293 333 248 273 293 333 248 273 293 333 248 273 293 333 

Reversibilities 
R1/R 5 8.8 2.2 1.0 0.3 7.6 1.6 0.6 0.1 6.2 1.2 0.4 0.1 11.6 2.3 0.7 0.1 
R2/R 5 0.9 0.8 0.7 0.4 0.8 0.6 0.4 0.2 0.6 0.4 0.3 0.1 0.7 0.5 0.3 0.1 
R3/R 5 1.7 1.8 2.1 3.3 1.5 1.6 1.7 2.0 1.4 1.4 1.4 1.5 1.3 1.3 1.3 1.3 
R4/R 5 2.1 2.9 3.9 7.6 2.0 2.6 3.2 5.0 1.8 2.3 2.6 3.8 1.6 1.9 2.2 3.0 
R6/R 5 0.4 0.4 0.5 0.8 1.1 1.2 1.3 1.5 2.6 2.7 2.7 2.8 2.9 2.9 2.8 2.9 
RT/R 5 0.2 0.3 0.5 1.3 0.3 0.5 0.8 1.8 0.4 0.7 1.0 2.2 0.3 0.6 0.9 1.7 

% Competitive 16.7 26.5 36.7 68.8 28.6 44.6 60.5 87.1 35.3 60.0 76.3 93.4 33.3 52.5 68.4 89.6 

thus allowing hydrogen to adsorb only on 
the noncompet i t ive  adsorpt ion sites. As the 
t empera ture  increases,  the surface coverage 
decreases  and more  compet i t ive  adsorpt ion 
sites are available,  increasing the rate of the 
compet i t ive  pa thway.  

The  ethylene order  becomes  more  nega- 
tive as the react ion tempera ture  increases,  
and the rate is nearly independent  of  ethyl- 
ene pressure  above  75 Torr  (7). Table 5 
shows that the compet i t ive  nature of  the 
product ion of e thane increases with de- 
creasing ethylene pressure .  For  example,  
the contr ibution f rom the compet i t ive path- 
way increases f rom 26.5 to 60% as the ethyl- 
ene pressure  decreases  f rom 75 to 10 Torr  
at 273 K. As the pressure  of  ethylene de- 
creases ,  the surface coverage  by  carbona-  
ceous species decreases ,  and the competi-  
tive pa thway  thus becomes  more  important .  

The shape and extent  of  deuter ium incor- 
porat ion into ethane give information about  
the relative rates of  the e lementary  steps. 
Table  6 shows the effects on the ethane deu- 
ter ium numbers  and M4 of  increasing the 
forward and reverse  rates of  each of the 
e lementary  steps,  maintaining constant  the 
net rates of  each step. This table shows that 
an increase in the reversibil i ty of  step 4 de- 
creases the amount  of  ethane-d2 while in- 

creasing the amounts  of the other  e thane 
isotopic species. Accordingly,  conditions 
that increase the reversibili ty of  step 4 (e.g., 
increasing tempera ture  or decreasing deute- 
rium pressure) broaden the ethane deute- 
rium distribution. This broadening is evi- 
dent with increasing tempera ture  for each 
of the four different pressure conditions 
shown in Table 1. Table 5 shows for each of  
these cases that the reversibili ty of  step 4 
increases with temperature .  In addition, Ta- 
ble 1 shows a similar broadening as the deu- 
ter ium pressure  decreases  f rom 150 to 50 
Ton- at an ethylene pressure  of  25 Torr .  In 
this case, Table 5 shows that  the reversibil- 
ity of  step 4 increases f rom 3.0 to 5.0 with a 
decrease in deuter ium pressure  f rom 150 to 
50 Torr  at 333 K. 

Table 5 shows that the shift in the distribu- 
tion max imum from ethane-d2 to ethane-d1 
is due to conditions where  step 4 is highly 
reversible and the steps involving surface 
hydrogen are somewhat  irreversible,  e.g., 
increasing ethylene pressure and tempera-  
ture. For  example,  Table 1 shows a shift in 
the distribution max imum from ethane-d 2 to 
ethane-d 1 at 333 K when the deuter ium pres- 
sure decreases f rom 150 to 50 Torr;  and, in 
this case, the reversibili ty of  step 4 increases 
f rom 3.0 to 5.0 while the hydrogen act ivat ion 
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TABLE 6 

Response of Ethane Distributions and Value of M4 to an Increase in Reversibility 
of Specific Steps (Ri/Rs) 

197 

S t e p  d o d 1 d 2 d 3 d 4 d :  d 6 M 4 

1 - - + + + + + + 

2 - - + + + + + + 

3 + + + - - - + 

4 + + - + + + + + 

6 - - + + + + + + 

7 - - + + + + + + 

steps (steps 2 and 7) remain relatively irre- 
versible. A similar shift in the distribution 
maximum is noted at the lower D2/C2H 4 ra- 
tios with increasing temperature, e.g., 75 
Torr ethylene and 50 Tort hydrogen. Table 
5 shows at these conditions that the revers- 
ibility of step 4 increases from 2.1 to 7.6, 
while the hydrogen activation steps remain 
relatively irreversible as the temperature in- 
creases from 248 to 333 K. 

The combined results of the steady state 
and deuterium tracing studies suggest the 
importance of hydrogen activation steps. 
The half-order hydrogen kinetics observed 
at lower temperatures suggest an equili- 
brated hydrogen adsorption step. However, 
Table 6 shows that a highly reversible hy- 
drogen adsorption step produces small 
amounts of ethane-d0 and ethane-d 1. The 
relatively large amounts of ethane-d 0 and 
ethane-d 1 shown in Table 1, therefore, sug- 
est an irreversible hydrogen step. Accord- 
ingly, a rather irreversible hydrogen activa- 
tion step is necessary to transform adsorbed 
atomic hydrogen to reactive atomic hydro- 
gen. Similar reasoning suggests that the acti- 
vation of competitively adsorbed hydrogen 
is also important. These results illustrate the 
key aspect of combining the results of di- 
verse experiments to develop a unified de- 
scription of the essential surface chemistry 
involved in ethylene hydrogenation over 
platinum. 

S U M M A R Y  

The results of steady state and deuterium 
tracing studies suggest the importance of 

hydrogen activation steps. Specifically, the 
half-order hydrogen kinetics at lower tem- 
peratures require an equilibrated hydrogen 
adsorption step; however, the relatively 
large amounts of ethane-d0 and ethane-d~ 
suggest a slow hydrogen step. Accordingly, 
a rather irreversible hydrogen activation 
step is necessary to transform the adsorbed 
atomic hydrogen to a more reactive form. 

A key aspect of the present paper is that 
the kinetic information contained in the deu- 
terium tracing results has been extracted by 
an analysis that incorporates results from 
steady state kinetic studies and information 
from the surface science literature (e.g., 
Ref. (1). This kinetic analysis of diverse ex- 
perimental data from ethylene hydrogena- 
tion on platinum was based on a modified 
Horiuti-Polanyi mechanism that includes 
competitive and noncompetitive hydrogen 
adsorption pathways, each modified by a 
hydrogen activation step. The steady state 
kinetic results provide information regard- 
ing the relative rates of hydrogen adsorption 
and ethane formation steps. Deuterium trac- 
ing provides complementary information 
about these steps, as well as vital informa- 
tion about the rates of hydrogen exchange 
on the surface between adsorbed ethylene 
and ethyl species, and the activation of hy- 
drogen from competitive and noncompeti- 
tive adsorption sites to reactive sites. 

In closing, we note that analysis of kinetic 
data of a given type alone is not generally 
sufficient to establish a thorough description 
of the surface chemistry. In contrast, we 
suggest that microkinetic analysis of diverse 
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experimental data from such measurements 
as steady-state kinetics, isotopic tracing, 
and temperature programmed desorption 
provides a more detailed description of the 
essential surface chemistry involved in the 
catalytic process than does analysis of ex- 
perimental data from a single type of mea- 
surement. 
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