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Deuteration of trace amounts of acetylene in the presence and absence of ethylene has been 
studied on Pd black catalyst in a continuous flow reactor. At nonsteady state the Pd black catalysts 
showed very low selectivities, whereas higher selectivities were obtained at steady state. Pretreat- 
ment with air and H, yielded a catalyst with higher selectivity than the same catalyst treated only 
with H,. The order in acetylene pressure passed from positive to negative with increasingp,.,,, both 
in the presence and absence of ethylene. The deuterium distribution of the ethylene formed showed 
that hydrogen originating from acetylene also took part in the hydrogenation reaction; thus, part of 
the acetylene dissociatively adsorbed on the surface. Using [tT]CrHr it was demonstrated that at 
low acetylene partial pressure the main route of acetylene hydrogenation was the formation of 
ethane, ethylene, and C, hydrocarbons. Using [“C]C,H, it was also shown that at certain level 
of acetylene partial pressure the formation of ethane from ethylene was completely terminated. The 
observed kinetic data are discussed and it is suggested that different surface species such as 
dissociatively and associatively adsorbed acetylene as well as ethylidyne species are present on the 
palladium surface. Experimental conditions, such as catalyst pretreatment and partial pressure of 
the reactants, can influence the relative concentrations of these surface species and can also change 
the routes of surface reactions, leading to different reaction products from acetylene. The reaction 
mechanism proposed is discussed based on different organometallic and spectroscopic evidence 
published recently. 

1. INTRODUCTION 

Acetylene hydrogenation on metal cata- 
lysts has been the subject of extended 
studies (I, 2). Palladium was found to be 
the most active and selective catalyst 
among the transition metals (3,4). One of 
the characteristic features of acetylene hy- 
drogenation is a sudden decrease of selec- 
tivity when the hydrogen-to-acetylene ratio 
exceeds a certain value (5). Bond and Wells 
(6) have also reported that the rate of acety- 
lene hydrogenation was altered on ethylene 
addition. 

The selectivity phenomenon is a crucial 
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point in this reaction, especially when a 
mixture of acetylene and ethylene is hydro- 
genated . Using %-labeled acetylene and 
deuterium, McGown et al. showed (7) that 
similarly to the finding of Bond and Wells 
(6), ethylene is not an inert diluent in the 
initial stage of the reaction and they also 
demonstrated (8) that, with higher amounts 
of added ethylene, the rate of acetylene 
hydrogenation became lower. At higher 
ethylene partial pressures the fraction of 
acetylene dimerized was also reduced ex- 
cept at low levels of acetylene. 

On the other hand, Al-Ammar er al. 
showed (9-11) with a ‘T-tracer study that 
ethylene adsorption and hydrogenation oc- 
curred in the presence of acetylene. NO 
displacement of Y-labeled ethylene by 
acetylene was observed. 
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By studying the hydrogenation of acety- 
lene-[“Clethylene mixture in the pres- 
ence of deuterium it was clearly demon- 
strated (12) that at the initial stage of the 
reaction ethane was directly formed from 
acetylene. That is, under a given condition, 
formation of ethane cannot be influenced 
by lowering the ethylene hydrogenation ac- 
tivity of the palladium black catalyst. It was 
proposed that initially the surface was mo- 
nopolized by acetylene and subsequently, 
after the acetylene partial pressure had de- 
creased, ethylene could be competitively 
adsorbed in significant quantities. 

The observed selectivity is always sub- 
ject to the influence of experimental condi- 
tions. Thus, on aging, Weiss et al. (13) 
found that the selectivity of acetylene deu- 
teration to ethylene in the ethylene-acety- 
lene mixture decreased as a function of 
time as the catalyst aged. Activity for acet- 
ylene conversion remained constant, but 
that for deuterium conversion increased to 
accommodate the additional ethane 
formed. The decrease in selectivity with 
aging observed (13) might have been corre- 
lated with the slow buildup of the P-Pd hy- 
dride phase, which has been suggested to 
be responsible for a decrease in selectivity 
of acetylene hydrogenation (14, IS). The 
hydrogen in the hydride phase is provided 
by the dissociative adsorption of acetylene. 
It has been suggested that dissociatively 
adsorbed species are involved in the forma- 
tion of permanently retained acetylenic 
species which are responsible for activity 
decrease (I I ) . 

On the basis of data from hydrogenation 
of unsaturated hydrocarbons on metals 
(16), it was proposed (II) that hydrogena- 
tion takes place by a hydrogen transfer 
mechanism between a dissociatively ad- 
sorbed C2H, species and associatively ad- 
sorbed acetylene. The latter forms an over- 
layer on the dissociatively adsorbed 
acetylene. 

However, we should not neglect the im- 
portance of the different surface species 
formed by interaction of acetylene with the 

metal surface and their role in the final se- 
lectivity of a palladium catalyst. Indeed, a 
clean metal surface is capable of activating 
both acetylene and ethylene to form multi- 
ple-bonded carbyne and carbene-type sur- 
face complexes as shown by different 
methods, viz., LEED (17), UPS (18, lo), 
and ELS (20). 

The main goal of the present study is to 
elucidate the participation of the various 
surface intermediates in the selective hy- 
drogenation of acetylene on palladium cata- 
lyst. The intrinsic selectivity of this metal is 
highly influenced by the experimental con- 
dition, the reactant ratio, the pretreatment, 
and reaction in the nonsteady and steady 
states. We shall use the Double-Labeling 
Method (DLM) developed earlier (12), 
modified for flow system studies. 

2. EXPERIMENTAL 

Acetylene deuteration was carried out in 
a conventional continuous flow reactor at 
atmospheric pressure at 273 K. All parts of 
the reactor manifold were of stainless steel. 
The reactor, 8 mm o.d., 6 mm i.d., made of 
Pyrex glass, was equipped with two Teflon 
valves attached to the manifold by two ball 
joints. The catalyst (18 mg Pd black sup- 
plied by Strem Chemicals) was inserted be- 
tween two glass-wool plugs. Under our re- 
action conditions the reactor could be 
considered as a back-mixed flow reactor. 
All reaction rates, except when it is stated 
otherwise, were measured under steady- 
state conditions. 

Helium carrier gas (Air Products) and 
deuterium (Matheson) were deoxygenated 
by a Deoxo catalytic unit and dried over 
columns of molecular sieve 5A and Drierite 
before introduction into the reactor. Hy- 
drocarbons (CP-grade ethylene and purified 
acetylene, both supplied by Matheson) 
were dried before entering the reactor. A 
constant flow rate of 1 ml/s was kept 
through the catalyst bed in all hydrogena- 
tion reactions. The flow rates of helium and 
ethylene were regulated with precision nee- 
dle valves and measured with a bubble 
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flowmeter. Acetylene and deuterium flow 
rates were fixed by stainless-steel capillaries 
Hamilton syringes. Six-way sampling 
valves before and after the reactor were 
used for samples. Analysis of the reaction 
products, including all C, hydrocarbons 
formed, was made by gas chromatography, 
using a 3.2 x 10m3-m x 1.2-m (l/8 in. X 4.0 
ft) SS phenyl isocyanate on Porasil C 
column. 

In the ‘v-labeled experiments a 2.4-m- 
long column was used for better ethane- 
ethylene separation. The carrier gas, he- 
lium, had a flow rate of 0.25 ml/s. The 
effluent from the GC column was split in the 
ratio 5 : 1 to the mass spectrometer (MS) and 
flame ionisation detector (FID). Deuterium 
distribution of ethane, ethylene, and acety- 
lene was measured by a Dupont 29-491 dou- 
ble-focusing mass spectrometer. A Nuclear 
Chicago, Tracerlab Versamatic V Scaler, 
model O-47 proportional counter was used 
for ‘4c radioactivity measurements. In 
these experiments the effluent from the GC 
column was split in the ratio 10: 2: 1 going 
to the proportional counter (PC), mass 
spectrometer (MS), and flame isonisation 
detector (FID). Radioactive acetylene ([ 1, 
2-‘4C]acetylene, 58.0 mCi/mmol) and ethyl- 
ene ([ 1,2-Wlethylene, 109 mCi/mmol) pur- 
chased from New England Nuclear, were 
used in the double-labeling experiments. 
The radioactive gases were introduced to 
the reaction mixture using a syringe pump 
equipped with a back-flush gas-tight Hamil- 
ton syringe. The latter was connected with 
Teflon tubing to the gas manifold into the 
reactor. Before use, the radioactive gases 
were diluted with nonradioactive ethylene 
or acetylene, respectively. 

Before each series of experiments the fol- 
lowing standard procedure was carried out 
to regenerate the catalyst. First, deposits 
on the catalyst were burnt off by heating the 
catalyst in air at 573 K for 1.8 x lo4 s. Then 
the catalyst was treated with flowing 2: 1 
He : D2 mixture, 1.5- 1.7 x lo-* ml/s for 
5.4 x lo4 s at 533 K. After deuterium treat- 
ment the catalyst was cooled in the 59: 1 

He: D2 mixture (flow rate: 1 ml/s). The 
deuterium content of the gas mixture in the 
cooling period had no influence on the 
steady-state reaction rates in the hydroge- 
nation experiment. Any other changes at 
higher temperatures had a significant 
influence on the steady-state reproducibil- 
ity. Two types of catalyst were distin- 
guished: catalyst without air pretreatment, 
type I, and catalyst with air pretreatment, 
type II. 

In special cases, during the catalyst re- 
generation procedure at 533 K, small 
amounts (0.8-1.6 x 10e5 ml/s) of ethylene 
or acetylene were introduced into the mix- 
ture of helium and deuterium by the previ- 
ously mentioned syringe pump equipped 
with a back-flush gas-tight syringe (cata- 
lyst, type III). 

3. RESULTS 

The activity of the catalysts was evalu- 
ated on the basis of either the rate of con- 
version of acetylene or the rate of forma- 
tion of reaction products per gram of 
catalyst. The reaction of acetylene with 
deuterium over palladium at 273 K gave 
ethane, ethylene, butane, 1-butene, cis-Z 
butene, and truns-Zbutene. No butadiene 
was found. No analyses were made for 
higher hydrocarbons such as Cs and C,. 
The higher-molecular-weight products 
amount to 5-20% of the acetylene reacted. 
For this reason, two selectivities are 
defined, the commonly used ratio and the 
one which takes into account the formation 
of C, hydrocarbons. These are 

s, = rC2b 
rGt4 + rc*b 

and 

where 

s* = rGH, 
rC2H( + rC2b + rC4Hz’ 

rW, = net rate of ethylene production, 
mok, s, 

rC~b = net rate of ethane production, 
molk,, s, 
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rC& = net rate of total C, production 
mol/fih s. 

3.1 Reaction in Nonsteady State 

Steady state was reached within l-3 h 
after reactant flow was started, depending 
on the type of catalyst and on the deuterium 
and acetylene partial pressures. 

Immediately following the introduction 
of acetylene into the reactor, an extremely 
fast acetylene consumption was observed. 
Figure 1 shows such results for catalyst 
type I. At the same time the rates of forma- 
tion of ethylene and ethane were also ini- 
tially high and S1 selectivity was extremely 
low (Fig. 1). The acetylene consumption 
and the ethylene and ethane formation de- 
creased and the selectivity increased as the 
reaction system approached the steady 
state. Stopping the acetylene flow after 
steady state had been reached resulted in 
an unexpected large increase in the rates of 
formation of ethane and ethylene and the 
S1 selectivity drastically decreased. 

The deuterium distribution of ethylene 
formed in this experiment is also presented 
in Fig. 1. There is a significant difference in 
the deuterium distribution at the very be- 
ginning of the reaction where CzHpDz pre- 
dominates and at steady state where CzHBD 
and CzHeDz are about equal. This suggests 
that hydrogen dissociated from acetylene is 
also reactive. The ethylene-d0 content 
slightly increased as the reaction pro- 
ceeded. Only the ethylene-d, showed con- 
siderable increase, but the percentage of 
ethylene-d,, -da, and -d, decreased while 
approaching steady state. After disconnect- 
ing the acetylene flow a significant increase 
in ethylene-d, and a parallel decrease in 
ethylene-d, were obtained (Fig. 1). The 
mean deuterium number for ethylene was 
about 1.90-1.95 and 1.75-1.80 initially and 
at steady state, respectively. After discon- 
necting acetylene it increased again to 
1.85-1.90. 

The same experiment was repeated but 
with introducing acetylene without deute- 
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FIG. 1. Lower set of curves: Rates of acetylene 
deuteration (x) and formation of ethylene (0) and 
ethane (A), and selectivity (S,) dam (0) under non- 
steady-state- and steady-state conditions, as well as 
after disconnecting acetylene flow (A). Experimental 
conditions: Pd black without air treatment (type I), 
pctr.,, = 0.29 kPa, pr,, = 1.91 kPa. Upper set of curves: 
Deuterium distribution of the ethylene formed in acet- 
ylene deuteration under. non-steady-state and steady- 
state conditions, as well as after disconnecting acety- 
lene flow. Symbols: q -C,H,; a-G&D; 
q -C,HSD,; W-C%HDs; A-&D,. 

rium in the reaction mixture. Fast reaction 
was detected after acetylene introduction 
with 90% selectivity in ethylene. However, 
after a few minutes the overall acetylene 
consumption became very low. The source 
of hydrogen in this case was partly the deu- 
terium adsorbed during the catalyst regen- 
eration procedure, and partly the hydrogen 
which originated from acetylene via its dis- 
sociative adsorption. 

3.2. Kinetics of Acetylene Hydrogenation 

The results obtained on catalyst type I 
(catalyst regenerated in He : Dz mixture at 
530 K) are shown in Fig. 2. The reaction 
was tirst order with respect to Dz only at 
relatively low deuterium pressures. Above 
3 kPa there was a considerable deviation 
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FIG. 2. Rate dependence of acetylene hydrogenation 
(x) and ethylene formation (0) and selectivity data 
(&-Cl; &--0) on deuterium partial pressure. Experi- 
mental conditions: Pd black without air treatment 
(type I), pCtH1 = 0.25 kPa. 

from the first-order dependence. Both S1 
and S2 selectivities were low (initially 90 
and 80%, respectively) and they decreased 
slightly with increasing deuterium partial 
pressure. 

Catalyst type II gave higher selectivities 
(Fig. 3, S, = 98%, S2 = 90%, initially). 
The kinetic behavior of the reaction was 
first order with respect to deuterium. No 

deviation was observed up to 5 kPa Dz par- 
tial pressure (Fig. 3). 

The rate of acetylene consumption on 
both catalysts I and II passed through max- 
ima (Fig. 4) with increased acetylene partial 
pressure. On catalyst II the maximum in 
the rate of acetylene consumption vs acety- 
lene partial pressure was shifted to the 
lower acetylene pressures and rates over 
this catalyst were inhibited by acetylene 
itself to a greater extent. Both selectivities 
were extremely low at small (-0.05 kPa) 
acetylene partial pressures for both cata- 
lysts, namely, about 50%. With further de- 
crease in acetylene partial pressure below 
0.05 kPa we were unable to achieve any 
steady-state reaction rate as a very fast cat- 
alyst deactivation took place. 

Deuterium distribution of ethylene, the 
main product formed, is shown in Figs. 5 
and 6 vs acetylene and deuterium partial 
pressures, respectively. All of the ethylene 
species were formed. Increased deuterium 
pressure gave rise to the formation of ethyl- 
ene-d2 species, while ethylene-d, and d, 
decreased. The opposite phenomenon was 
observed when acetylene partial pressures 
increased, i.e., ethylene-d, decreased and 

t2H2’ rC2H; lo7 
-, A , 

I 2 3 4 5 6 123456 
P 
02 

I kf’a pD2, kPa 

FIG. 3. Selectivity dependence (S,--0, S rO) rate dependence of acetylene hydrogenation (x) and 
of formation of ethylene (0), ethane @I), and C, (A) on deuterium partial pressure. Experimental 
conditions: Pd black, with air pretreatment (type II), pc,n, = 0.27 kPa. 
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FIG. 4. Rate and selectivity dependence of acetylene hydrogenation on acetylene partial pressure 
over different Pd black catalysts. Experimental conditions: I. Pd black, without air pretreatment (type 
I), II, Pd black, with air pretreatment (type II), pa, = 1.95 kPa; for symbols of S, and S,, see Fig. 3. 

ethylene-d, and -d, increased, again 
confirming the direct utilization of hydro- 
gen from acetylene. In both series ethylene- 
d3 and -da were also formed in small 
amounts. 

Figure 4 compares selectivity data ob- 
tained on the two catalysts. There is about 
15% lower selectivity on type I catalyst. 
This may be attributed to the carbonaceous 

deuterium 
distribution % 

* 
‘,.A? tf 9 
0.2 0.4 0.6 0.8 I.0 

PC2HZI kPa 

FIG. 5. Deuterium distribution dependence of ethyl- 
ene formed as a function of acetylene partial pressure. 
Experimental conditions as in Fig. 4, catalyst type II. 
Symbols: C,H,-0; CxHJLx ; CsH,D,O; 
C,HD,-A; C,D,-A . 

content of the catalyst. The deuterium 
treatment alone is probably insufficient to 
clean the surface from polymeric residues. 

The effect of carbonaceous deposits on 
the selectivity can be further supported by 
acetylene and ethylene pretreatment by 
adding a small amount of acetylene and eth- 
ylene continuously during the regenera- 
tion. In both cases the catalysts became 
less active, both selectivities were low 

deuterfum 
dlsiributlon % 

FIG. 6. Deuterium distribution dependence of ethyl- 
ene formed as a function of deuterium partial pressure. 
Experimental conditions as in Fig. 3, catalyst type II. 
Symbols: see Fig. 5. 
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(S, < 70%; S, C 52%), and the C4 forma- 
tion was significant. These experiments 
support our previous observations that high 
C1 formation correlates with poor repro- 
ducibility and instability of our catalyst. 
Similar results were obtained aging the cat- 
alyst. Here the initial low S1 selectivity 
somewhat increased but the Sz selectivity 
decreased slightly. 

3.3 Kinetics of Acetylene Hydrogenation 
in the Presence of Ethylene 

The influence of deuterium partial pres- 

rc H xIO’, mol s’ g& 
22 

25 

20 

15 

IO 

5 

sure on acetylene hydrogenation in the 
presence of ethylene at 4 : 1 ethylene-acety- 
lene ratio and at fixed inlet acetylene partial 
pressure of 0.29 kPa are shown in Figs. 7a- 
d. The rate of acetylene consumption at 273 
K was found to be higher in the presence of 
ethylene below 4 kPa Dz. In the presence of 
ethylene, the first-order kinetics with re- 
spect to deuterium are not maintained 
above 4 kPa Dz, and the reaction rate be- 
comes almost independent of the deuterium 
partial pressure at higher deuterium partial 
pressures. Above 4 kPa deuterium partial 

rc H i IO’, mol se’ g& 
2L 

b 

rc; lff, mol S’ iJ,, 

60 d 

FIG. 7. Rate dependence of acetylene consumption (a) and ethylene (b), ethane (c), and C,formation 
(d) on deuterium partial pressure in the presence (X) or absence (0) of ethylene. Experimental 
conditions: Pd black with air treatment (type II), pCtHt = 0.29 kPa, pcIa, = 1.25 kPa. 
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pressure the rate of acetylene hydrogena- 
tion is lower in the presence of ethylene 
than in its absence. Lowered reaction rates 
were also reported in the presence of ethyl- 
ene by McGown ef al. (8). Their study uti- 
lized higher deuterium partial pressures 
than ours. We have found that a character- 
istic influence of the added ethylene is the 
higher S, selectivities; rcZi.,, increased, while 
rcl was almost constant in the presence of 
ethylene. Figure 7 shows that, at deuterium 
pressure below 4 kPa, the presence of eth- 
ylene increased the rates of consumption of 
acetylene and of production of ethylene, 
ethane, and Cq. 

Note that the rate behaviors of ethylene, 
ethane, and oligomer production are all 
similar to that of acetylene conversion in 
the presence of ethylene, suggesting that 
under these conditons, at least, acetylene is 
the sole source of all of these products. 

A set of experiments was then made at a 
fixed D, pressure of 3.2 kPa and a &Hz 
pressure of 0.27 kPa, by varying C,H, pres- 
sure (Fig. 8). On increasing the ethylene 
partial pressure both the rates of consump- 
tion of acetylene and of formation of ethane 
increased with parallel decrease in the rate 
of C1 hydrocarbon formation. 

The influence of acetylene partial pres- 
sure on the hydrogenation of the ethylene- 
acetylene mixture was studied at 1.93 kPa 
of deuterium, where the effect of ethylene 

25 k 
8 
6 

20 x x- L 

I5 2 

0.5 I.0 I.5 2.0 2.5 

Pc2n4 kPo 

FIG. 8. Rate dependence of acetylene consumption 
(0) and ethane (W) and C, formation (x) on ethylene 
partial pressure. Experimental conditions: Pd black 
with air treatment (type II), pqti= 0.27 kPd, pq = 3.2 
kPa. 

addition was so pronounced (see Fig. 9). In 
these series of experiments the ratios of 
C2H, : &Hz were varied from 100 : 1 to 1: 1 at 
fixed ethylene partial pressure of 1.01 kPa. 

As shown in Fig. 9, the rate of acetylene 
consumption passes through a maximum. 
The maximum rate is higher in the presence 
than in the absence of ethylene. 

Under our standard hydrogenation con- 
ditions (P4 = 1.93 kPa, pcZH( = 1.01 kPa) 
ethylene could be hydrogenated with ex- 
tremely high rate with a conversion above 
90% unless the acetylene pressure was 
high. On increasing the amount of added 
acetylene a very fast inhibition of the ethyl- 
ene hydrogenation took place (Fig. 10) and 
above a certain level of acetylene partial 
pressure hydrogenation of ethylene was 
completely terminated. With increasing 
acetylene partial pressure in the presence 
of ethylene both S1 and SZ selectivities were 
higher than in the absence of ethylene. 

3.4. 14C-Labeled Experiments 

In the experiments where both acetylene 
and ethylene were hydrogenated, it was im- 
possible to distinguish the origin of ethane 
formed and to calculate the rates of forma- 
tion of ethane from ethylene and from acet- 
ylene. Using Y-labeled acetylene we 
contirmed that at very low acetylene con- 
centration the main reaction route for acet- 
ylene is the direct formation of ethane, i.e., 
the presence of ethylene did not change the 
reaction paths of acetylene hydrogenation. 
Radioactivity data of all reaction products 
and unreacted acetylene are shown in Table 
1. At low acetylene partial pressure the to- 
tal radioactivity of the ethane is much 
higher than that of the ethylene, which 
shows that at low acetylene partial pressure 
the main route is the acetylene hydrogena- 
tion to ethane and C, formation. Increasing 
acetylene partial pressure changed the dis- 
tribution of the species produced from acet- 
ylene. This series of experiments gave us 
information about the direct route of acety- 
lene to ethane but it did not tell us anything 
about the ethylene hydrogenation. 
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FIG. 9. Rate dependence of acetylene hydrogenation and selectivity data on acetylene partial 
pressure in the presence (x) an absence (0) of ethylene. Experimental conditions: Pd black with air 
treatment (type II),pr,, = 1.95 kPa,p,,,, = 1.01 kPa. 

Labeled ethylene was therefore used in the formation of ethane from ethylene was 
the hydrogenation of ethylene-acetylene completely terminated. No acetylene or 
mixture. At lower acetylene partial pres- oligomers come from ethylene. 
sures ethylene was converted to ethane as No essential differences can be found in 
can be seen from the. radioactivity data the deuterium distribution in comparison to 
(lower set of data in Table 1); however, by those where acetylene was used alone. The 
increasing the concentration of acetylene main features are: 

TABLE 1 

W-Labeled Experiments 

PCS4 fc,n, x 10’ rWb 
Wa) (mol/ihs) (mol/t3,,,s) 

CoHs 

Total radioactivity (mCi) 

CA CA 

0.0076 
0.0446 
0.1373 
0.1689 

0.0446 
0.0776 
0.1363 

1.707 
9.705 

17.350 
22.512 

9.51 
13.08 
16.38 

200.4 
116.6 

3.53 
2.72 

27.00 
17.49 
2.64 

Set lo 
4.110 
3.140 
0.602 
0.447 

Set 2b 
4.981 
2.015 
0.00 

0.762 0.210 0.708 
1.113 1.027 0.483 
1.628 3.100 0.460 
1.751 3.043 0.55 1 

5.820 0.00 0.00 
8.203 0.00 0.00 

10.780 0.00 0.00 

D Acetylene is labeled (5.8 mCi/mmol); pcrb = 1.08 kPa, pq = 1.94 kPa. 
* Ethylene is labeled (10.8 mCi/mmol); pGHI = 1.435 kPa, pq = 1.94 kPa. 
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‘C2H2’ kPa 

FIG. 10. Influence of acetylene partial pressure on 
the hydrogenation conversion of ethylene (0) and 
acetylene (0). Experimental conditions: Pd black with 
air treatment (type II), pq = 1.91 kPa, pczHI = 1.01 
kPa. 

(i) there was no deuterium in the non- 
reacted acetylene; 

(ii) the mean deuterium content of C, 
formed varied between 4.5 and 6.5. 

4. DISCUSSION 

In our previous paper (12) we have estab- 
lished that under special experimental con- 
ditions acetylene and ethylene are sepa- 
rately hydrogenated. Ethylene and ethane 
are formed via a different pathway from 
acetylene. However, these results refer to a 
single composition of ethylene and acety- 
lene and thus the general effect of the ex- 
perimental condition could not be eluci- 
dated. This is why the experimentation 
described in this paper was adopted. The 
behavior of the system in nonsteady state, 
as well as the kinetics of acetylene hydroge- 
nation in the absence and in the presence of 
added ethylene, helps us to understand the 
selectivity phenomena observed. 

The existence of C2H, (X < 2) species 
may be confirmed in the non-steady-state 
experiments. Bare palladium surface (Pd is 
considered a bare surface even if deuterium 
gas is adsorbed on it) is extremely active 
but nonselective, because after acetylene 
introduction the rates of formation of all 
reaction products were high, but acetylene 
consumption was faster than production of 
(ethane + ethylene), i.e., rc& > (rcpH( + 

rc,d as shown in Fig. 1. In this build-up 
period part of the acetylene is disso- 
ciatively adsorbed on the surface to pro- 
duce C,H, (X < 2) species as possible pre- 
cursors to the carbonaceous overlayer 
formation (10) and surface protium. The 
protium from the &Hz may form a surface 
hydride phase (such as /3-PdH) which is 
active in acetylene hydrogenation (15). Un- 
der the same condition Pd-deuteride does 
not exist (21). It can be seen from the deu- 
terium distribution data that after acetylene 
introduction the relative amounts of ethyl- 
ene-d,, ethylene-d,, and ethylene-d, de- 
crease at the expense of ethylene-d,, and 
ethylene-& (see Fig. 1) as protium atoms 
are furnished from acetylene dissociation. 

After disconnecting the acetylene flow 
the reverse process occurs, i.e., deuterium 
from the gas phase is taken up by the sur- 
face and used for hydrogenation. 

One may argue against the dissociation of 
hydrogen atoms from acetylene at chemi- 
sorption furnishing protium atoms to the 
surface. Instead, we may assume the for- 
mation of associative adsorption of acety- 
lene followed by additional surface ex- 
change involving an alkenyl type of 
intermediate with adsorbed deuterium 
atoms. If it were so, the amount of protium 
should have decreased because adsorbed 
deuterium atoms would have been dis- 
placed by acetylene during the course of its 
buildup. However, we obtained the oppo- 
site effect, i.e., the increase of protium con- 
centration resulted in an increase of ethyl- 
ene-& in the gas phase at higher acetylene 
pressures. 

The rapid decrease in the rates may be 
due to the blocking of active sites by C,H, 
and oligomer. C, formation gives evidence 
that this species is formed from acetylene 
as is indicated by radioactive measure- 
ments (see Table 1). The high deuterium 
content in C, hydrocarbons reported earlier 
(12) and observed also in this study sup 
ports our suggestion with respect to the role 
of C2H, species in the oligomerization reac- 
tions. 
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The high rate of ethane formation on bare 
surface and after disconnecting the acety- 
lene flow indicates that formation of its sur- 
face precursor was highly favoured. In the 
previous paper (12) we suggested a special 
form of surface intermediate originally pro- 
posed by Oliver and Wells (22) to operate 
in the direct formation of ethane. One can 
see from the non-steady-state experiments 
that at low acetylene coverage low selectiv- 
ity may be caused by the direct acetylene- 
to-ethane reaction using this species. How- 
ever, the route by which this species is 
formed includes a carbenyl-type intermedi- 
ate which can also be easily converted si- 
multaneously to ethylene, as reported in 
the previous paper (12). Here we suggest 
another ethane precursor which is pro- 
duced by a reactive adsorption of acetylene 
using surface d atoms and a one-step rear- 
rangement: 

C”3 

HC=CH + H-WC (1) 

* /I\ 
*** 

The triple-bonded form is called an ethyli- 
dyne species. Direct evidence was obtained 
by Kesmodel et al. ( 17) for this species on a 
Pt surface. This species requires three vic- 
inal surface atoms which are available only 
at low coverage. Moreover, organometallic 
evidence also exists for this reaction (22- 
26). As soon as this species is formed it can 
be desorbed only as an ethane molecule. 

Consequently, we suggest three types of 
adsorbed species which exist at the same 
time on the surface: 

(1) dissociative form, C2H, (x < 2); 
(2) associative form, which is the precur- 

sor of ethylene; 
(3) reactive form to produce ethylidyne 

species which is responsible for the direct 
ethane formation. 

The proportions of these species depend 
on the experimental conditions, nature of 
catalysts, pressure of reactants, and tem- 
perature . 

We will show that these three species will 

adequately explain all the experimental 
results obtained in the steady-state runs. 

In this stage instead of the usually ob- 
served negative- or zero-order dependence 
on acetylene, at low acetylene partial pres- 
sures a positive order with respect to acety- 
lene partial pressure was found. With in- 
creasing acetylene pressure more and more 
surface sites are occupied with dissocia- 
tive, associative, and reactive forms; the 
overall rate of reaction therefore increases. 
Since the number of free sites decreases, 
the proportion of surface processes requir- 
ing more vacant sites becomes relatively 
less important; thus selectivity increases. 
As mentioned earlier, the deuterium distri- 
bution of the products provided further evi- 
dence that besides ethane and ethylene for- 
mation, dissociation of acetylene also takes 
place. Indeed, on increasing the acetylene 
partial pressure the amounts of ethylene-d, 
and ethylene-d, increased continuously, 
and thus the role of protium originating 
from acetylene became more pronounced. 
There is a more important conclusion that 
even at higher acetylene partial pressure 
part of the acetylene is dissociatively ad- 
sorbed on the Pd surface supplying hydro- 
gen atoms for the overall hydrogen pool. 

Beyond the maximum the rates of forma- 
tion of all products decrease, and the selec- 
tivity further increases. One of the possible 
explanations is that the deuterium coverage 
decreases via the displacement of D atoms 
by acetylene and, due to the first-order de- 
pendence on deuterium pressure, the rate 
decreases. Since the number of vacant sites 
drastically diminished there is practically 
no ethane formation. 

When reaction is carried out in the pres- 
ence of ethylene for modeling the practical 
conditions, the observations are as follows: 

(i) the acetylene rate is more deuterium 
dependent at small pressures of deuterium 
and then becomes independent of it at 
higher deuterium pressure, 

(ii) the rate of acetylene consumption in 
the presence of ethylene also passes 
through a maximum with no effect of ethyl- 
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ene presence before the maximum and with 
a higher rate in the presence of ethylene 
after the maximum, 

(iii) both selectivities (S, and S,) are 
higher above 0.1 kPa acetylene partial pres- 
sure, 

(iv) before the maximum the main route 
for acetylene deuteration is the simulta- 
neous reaction to both ethylene and ethane 
(see Table 1). Ethylene hydrogenation to 
ethane also takes place. Beyond this maxi- 
mum the rate of ethane formation decreases 
by two orders of magnitude and ethylene 
hydrogenation is completely terminated. 

Even at low pressures of acetylene the 
ethylene conversion continuously de- 
creases (see Fig. 10). At -0.2 kPa C,H,, 
which corresponds to the maximum in Fig. 
9, no reaction of ethylene to ethane occurs. 
Below this pressure range the selectivity is 
very low since at low surface coverage 
acetylene is mostly in a highly dissociative 
and reactive form. In this sequence, no dif- 
ference can be seen with respect to ethyl- 
ene presence or absence. 

Although ethylene hydrogenation is com- 
pletely terminated, it is still adsorbed on 
palladium black according to “C-tracer ex- 
periments by the Glasgow group (10, II). 

Since ethylene is adsorbed on the sur- 
face, it must hinder somewhat the highly 
dissociative and reactive adsorption of 
acetylene. There is the consequence that 
first, in the presence of ethylene the surface 
is covered by C,H, residues to a lesser 
extent, this giving more free sites to the 
deuterium adsorption on the surface. The 
increased deuterium coverage results in an 
enhanced rate of acetylene deuteration. 
Second, because of the diminished amount 
of adsorbed species via dissociative adsorp 
tion, as a precursor of C,, enhanced selec- 
tivity 3, is obtained, that is, despite the 
increased deuterium coverage, C, forma- 
tion is prevented. In the absence of ethyl- 
ene, deuterium increases C, production. 

Since not only S, but also S1 increases, 
the presence of ethylene on the surface 
influences the degree of reactive adsorption 

which leads to ethane formation. Because 
of the comparatively large space require- 
ments (17) for the formation of ethylidyne 
as precursor to an ethane molecule, ethyl- 
ene adsorption may block part of these 
sites; consequently the amount of ethane 
formed decreases, and S, thus increases. 

Since C4 hydrocarbons can be formed 
only from acetylene, their formation re- 
quires that the two adsorbed species be at 
an appropriate distance from each other. In 
the presence of chemisorbed ethylene the 
probability for these two species to be close 
to each other is lower, resulting in higher 8, 
selectivity. 

The presence of carbonaceous deposit 
and its influence can be shown by the dras- 
tic decrease in activity in the nonsteady 
state, by pretreatment with ethylene (type 
III) and by the absence of air treatment 
(type I). In this latter case the carbona- 
ceous species built up during the reaction 
cannot be completely removed. 

On the catalyst without air treatment 
(type I) and the catalyst prepared in the 
presnce of ethylene (type III) the carbona- 
ceous overlayer can alter the adsorption 
and surface concentration of both hydrogen 
and acetylene. On the basis of data ob- 
tained on platinum (27) we can postulate 
that on the Pd surface covered by a carbo- 
naceous overlayer the hydrogen coverage 
is higher than on a bare surface. Conse- 
quently, the acetylene coverage may be 
lowered and formation of ethane and C4 
hydrocarbons is favoured. The change in 
hydrogen order on catalyst type I (see Fig. 
2) also suggests an involvement of hydro- 
gen coverages in the different behavior of 
catalyst types I and II. 

Analogously to the rate dependence of 
acetylene consumption vs acetylene partial 
pressure the rate of C, formation on acety- 
lene partial pressure passes through a 
maximum. 

About 5-20% of acetylene reacted was 
converted to C, hydrocarbons, which is 
within the range reported by McGown et al. 
(8). We found that the production of C, 



species increased on increasing deuterium 
partial pressure, at all acetylene partial- 
pressure levels, and no butadiene was 
formed under our experimental conditions. 
In our experiments the amount of cis-2- 
butene formed was higher than that of 
trans-Zbutene. The C, hydrocarbons had 
higher deuterium numbers than that of 
rruns-Zbutene. The C, hydroformation 
from acetylene. We consider that, at least 
partly, the dissociatively adsorbed acety- 
lene is responsible for the C4 formation. 
The lower S2 selectivities on catalyst with 
carbonaceous overlayer, as well as lower S, 
selectivities obtained in aging experiments, 
indicated that both the surface hydrogen 
and the carbonaceous species may have 
been involved in the C4 formation. 

acting by the hydrogen transfer mechanism 
proposed by Thomson and Webb (16) and 
Al-Ammar and Webb (10, I1 ), may be re- 
sponsible for the deactivation phenomena 
and for the progressive formation of perma- 
nently retained oligomeric species on the 
catalyst surface. 

5. GENERAL CONCLUSION 

Our present data are in good agreement 
with earlier batch studies on acetylene deu- 
teration where a direct route for ethane for- 
mation via a concerted mechanism was sug- 
gested (12). In this study we propose that 
the strongly adsorbed surface species con- 
taining a methyl group is responsible for the 
direct ethane formation. Formation of this 
carbyne-like EC-CH3 ethylidyne species 
is favoured by accessible multiple sites, 
available only at low acetylene coverages, 
and at high hydrogen partial pressure, and 
its formation should be a fast one-step 
process and can be considered as reactive 
chemisorption. 

The most important statement is that, al- 
though ethylene can be hydrogenated at 
low acetylene pressure, acetylene is hydro- 
genated to ethane and ethylene in a parallel 
way regardless of the presence of added 
ethylene. At higher acetylene pressure hy- 
drogenation of ethylene completely ceases 
and at the same time acetylene is converted 
only to ethylene. Here it is possible to ex- 
plain the increase of selectivity on addition 
of CO (8). CO chemisorption decreases the 
number of sites responsible for the forma- 
tion of ethylidyne or sterically hinders the 
surface reaction leading to that surface spe- 
cies. Thus even at low acetylene content 
ethane formation is strongly reduced. 

The results suggest that in the develop- 
ment of a more selective catalyst, the re- 
search must aim at altering the catalyst it- 
self, independently of the experimental 
condition. Even at low acetylene pressure, 
both ethylene and acetylene hydrogena- 
tions simultaneously take place and this can 
be only marginally altered by experimental 
conditions. 
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