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Gas phase hydrogenation of 1,3-butadiene, propene, and mix-
tures of 1,3-butadiene and propene has been investigated over
0.05 wt% Pd/Al,O3 catalyst. The catalyst was deliberately poisoned
by methane (513 K) or diene (473 K) and the effect of the hydro-
carbonaceous materials was tested on the product selectivity and
the rate of hydrogenation of diene—propene mixtures. It has been
concluded that a large quantity of hydrocarbonaceous deposit de-
creases the surface fugacity of diene due to transport hinderance and
in consequence enhances the over-hydrogenation of diene and per-
mits the hydrogenation of propene in the presence of diene.  © 1998

Academic Press

1. INTRODUCTION

Selective partial hydrogenation of 1,3-butadiene in C4
alkene cuts over Pd catalysts is an industrial process for pro-
duction of high purity alkene streams (1). Systematic inves-
tigations have shown that n-butane, an unwanted product
of hydrogenation, is produced (i) directly from diene, pre-
sumably via participation of intermediate carbenes (2, 3),
and (ii) from saturation of n-butenes (1-5) in the pres-
ence of diene. In the latter process the difference in the
strength of complexation of diene and alkene to Pd is a cru-
cial factor in governing the partial hydrogenation selectivity
(1-5). In recent studies testing the effect of deposits in hy-
drogenation of 1,3-butadiene we have observed increasing
over-hydrogenation selectivity upon covering Pd and Pd-
Ag catalysts by large amount of hydrocarbonaceous ma-
terials (6, 7). Increasing ethane formation selectivity was
also reported in hydrogenation of acetylene—ethene mix-
tures over Pd-based catalysts (8-13). The tracer and kinetic
studies indicated simultaneous participation of two or three
different types of reaction site on the surface (9, 11, 13).
Formation of various multiple-bonded so-called spectator
speciesisalmostinevitable in these hydrogenations (14, 15).
Deposits are considered to participate in stabilization of re-
action sites (14-16) and in altering hydrogen-transfer prop-
erties (17).

In the present paper we have investigated the competi-
tive hydrogenation of 1,3-butadiene—propene mixtures on

freshly reduced and deliberately poisoned Pd surfaces. The
kinetic principle that determines the ratio of adsorption co-
efficients iswell demonstrated (14, 15) and has already been
applied to characterize butadiene—propene and 1-butene-
propene pairs over Pt and Pd catalysts (16). The method
seems to be sensitive enough to reveal small changes in
the surface state of the catalysts (15, 16). Our objective is
to check the effect of hydrocarbonaceous materials on the
product selectivity and to clarify how the poisoning affects
the competition between 1,3-butadiene and propene over
0.05 wt% Pd/Al,Oj3 catalyst of egg-shell type.

2. EXPERIMENTAL

The catalyst used in this study is of egg-shell type:
0.05 wt% Pd is supported on transient alumina (BET sur-
face area = 34 m?/g, pore volume = 0.38 cm®g, pore ra-
dius = 22nm, 3mmspheres). The depth of the impregnated
shell is 0.032 mm in average. Two different levels of carbon
poisoning were tested with the same pellets (52 mg cata-
lyst). The amount of carbon was measured by TPO (1% O,
in He, 50 K/min ramp). Catalyst A was prepared by treat-
ing reduced catalyst with methane at 513 K for 2 h. After
TPO, Cat. A was reduced and a few experiments were per-
formed on the regenerated sample (Cat. AR). Catalyst B is
the diene poisoned sample: Cat. AR was aged in the batch
reactor in the presence of 5.3 kPa 1,3-butadiene at 473 K
for 8 hr.

Hydrogenation of 1,3-butadiene (BD), propene (Pr), and
diene and propene mixtures has been tested in a batch re-
actor (V = 0.165 dm?, recirculation rate 2.3 dm®min) de-
scribed in previous papers (6, 7). The stability of the catalyst
was repeatedly controlled using a reaction mixture consist-
ing of 1.33 kPa BD, 4 kPa propene, and 2.66 kPa H; unless
otherwise stated. Between experiments a standard regen-
eration treatment was performed (6); hydrocarbons were
frozen out in liquid N3 in a U tube located in the pumping
system and 3.3 kPa H; (or D;) was circulated for 20 min
prior to the next experiment. The reactor was then sepa-
rated from the pumping part, hydrocarbon and hydrogen
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were removed from the pumping part, and finally the hy-
drogen was evacuated from the reactor tube before a new
experiment was begun.

Transformation of substrates was followed up to about
30% conversion of diene, measuring at least four distribu-
tions, including the initial one, as a function of time. Rate is
shown as percentage of butadiene consumed/min (further
on %/min) measured over 52 mg catalyst. The reaction mix-
ture was analyzed at 294 K on a 8-m-long column packed
with bis(methoxyethyl)adipate (BMEA). From the primary
data, initial and subsequent rates of hydrocarbon consump-
tion were calculated. The C, distribution was characterized
by integral product selectivities: moles of product formed
were divided by moles of diene consumed (6, 7).

3. RESULTS AND DISCUSSION

In Fig. 1, TPO spectra of the regenerated and reduced
catalyst (Cat. AR, (curve 1), Cat. A (curve 2), and Cat. B
(curve 3)) are presented (full line, O, consumption; dot-
ted line, CO, evolution). The reduced sample (Cat. AR)
shows only one broad peak (O, consumption) centered at
765 K which corresponds to the bulk oxidation of Pd par-
ticles. Over Cat. A the maximum rate of CO, formation
appeared at 576 K, whereas over Cat. B one broad peak
was detected with maximum at 800 K and a smaller peak at
610 K (please note that the sensitivity was decreased by a
factor of 32). TPO spectra confirm that the carbon coverage
on Cat. A and Cat. B is significantly different: the carbon
loading is 0.017 and 3.4 mgC/gcat over Cat. A and Cat. B, re-
spectively. The CO, formation at 576 K (curve 2) and 610 K
(curve 3) can tentatively be attributed to oxidation of CyHy
present on or at the vicinity of metal particles whereas the
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FIG. 1. TPO curves observed after methane (Cat. A) and butadiene
(Cat. B) treatments (full lines, O, consumption; broken lines, CO, forma-
tion): 1-TPO of regenerated catalyst (Cat. AR); 2-TPO of Cat. A, and
3-TPO of Cat. B.
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FIG. 2. Rate of 1,3-butadiene (open symbols) and propene (full sym-

bols) consumption on Cat. A (T =288 K, <> and 4, initial rate; (] and H,
subsequent rate). Arrow, experiment in Dy.

large broad peak at 800 K (see curve 3) probably repre-
sents oxidation of the deposits formed on the support sites
or migrated from the metal sites onto the support sites.
Typical rate data on the hydrogenation of propene (4 kPa
Pr, 2.66 kPa H;) on Cat. A at 288 K in the absence and pres-
ence of 1,3-butadiene are shown in Fig. 2. After CH,4 treat-
ment at 513 K for 2 h the activity, as indicated by successive
experiments, is stable enough and the diene hydrogenation
rate, R(BD), on average is 2.4%/min (exps. 1 and 2, 1.33 kPa
BD, 2.6 kPa H;) and the propene hydrogenation rate R(Pr)
is 0.24%/min (exps. 3, 4, and 7, 3.99 kPa Pr, 2.6 kPa H)),
decreasing slightly in successive experiments (exps. 13, 14,
15,and 21). In deuterium (exps. 5, 6, and 20) the hydrogena-
tion rate is slower; RM/RP for propene is 1.9. In the presence
of 1.33 kPa 1,3-butadiene the propene hydrogenation rate
(exps. 8 and 9) is less by more than two orders of magnitude
(0.00089%/min). In2.66 kPaBD (exps. 10, 11, 12) this rate is
0.00035-0.00031%/min. The R(Pr)/R(Pr,BD) ratio is about
280 and 730 in 1.33 and 2.66 kPa BD, respectively. Replace-
ment of hydrogen with deuterium decreases the hydrogena-
tion rate of both propene and butadiene (exps. 17 and 18).
The RH/RP values for propene and diene hydrogenation
(1.33 kPa BD) are 1.8 and 1.7, respectively (exps. 16-19).
A similar series of hydrogenation experiments over
Cat. B at 301 K is presented in Fig. 3. The rate of propene
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FIG. 3. Rate of 1,3-butadiene (open symbols) and propene (full sym-

bols) consumption on Cat. B (T =301 K, < and #, initial rate; [ and M,
subsequent rate). Arrow, experiment in Dy.



COMPETITIVE HYDROGENATION

TABLE 1

Initial Product Selectivity in Hydrogenation of 1,3-Butadiene
(1.33 kPa BD and 2.66 kPa Hy)

Catalyst S8 Sig St ScoB 1B/2B t2B/c2B
Cat. AP(1) 0.17 66.7 28.8 43 2.01 6.7
Cat. B (3) 861 473 356 8.5 1.07 42
Cat. AR (1) 0.04 682 275 43 2.14 6.4

2 Sng, SiB, Sz, and Sgyp is the selectivity of n-butane, 1-butene, trans-
2-butene, and cis-2-butene formation, respectively.
® Number of experiment.

(exps. 1, 2 and 8, 9) and diene hydrogenation (exps. 3 and
4, 1.33 kPa BD) due to the large amount of deposits is only
0.0015 and 0.075%/min, respectively, over this sample. The
significant change in the working of the catalyst is indicated
by the fact that in the presence of 1.33 kPa diene (exps. 5-7)
the rate of propene hydrogenation is suppressed only from
0.0015 to 0.00044%/min at 303 K; i.e., R(Pr)/R(Pr,BD) is
3.4.1n 2.66 kPa BD (exps. 11, 12, 16, and 17) the ratio is 8.8.
A few experiments were also performed replacing H; with
D, (exps. 13-15 and 18): the isotope effect of hydrogenation
is 1.5 for diene consumption but only 1.2 for propene in the
simultaneous hydrogenations.

The product selectivity of diene hydrogenation is pre-
sented in Table 1. Over Cat. B the selectivity of n-butane
formation (Spg) is 8.6% whereas on a fresh sample Spg is
0.04% at 298 K. Over Cat. A S,5is0.17%. There isalso some
change in the distribution of n-butenes: Over Cat. B low 1-
butene/2-butenes ratios (Ris/Rzs =1.1) and low trans/cis-
2-butene ratios (Rys/Rc2s = 4.2) were observed.

Comparison of Figs. 2 and 3 confirms that a large amount
of hydrocarbonaceous deposits significantly alters the cata-
Iytic behaviour of Pd sites. The R(Pr)/R(BD) values are
significantly less over Cat. B than over Cat. A, suggesting
that a large amount of deposit alters the competition of the
two reactants. This behaviour is in agreement with obser-
vations on hydrogenation of acetylene-ethene “tail-end”
mixtures: a gradual decline in ethene selectivity, reaching
many times negative values, was observed during the time
on stream experiments. *3C and *C tagging experiments
(9, 11) have confirmed that ethane produced comes pre-
dominantly from ethene and ageing facilitates formation of
ethane from ethene even in the presence of acetylene.

The question that immediately arises is how to inter-
pret the significant decrease of R(Pr)/R(Pr,BD) ratios over
Cat. B. Upon poisoning the catalyst the rate of propene
hydrogenation is affected to a greater extent than that of
butadiene. Over regenerated catalyst R(Pr)/R(BD) is 0.5-
0.7. As shown in Figs. 2 and 3, over Cat. A and Cat. B the
R(Pr)/R(BD) ratio is 0.1 and 0.02, respectively. Therefore,
any assumption that upon poisoning special sites would be
generated over which the propene complexation is stronger
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than the diene complexation is highly improbable. More-
over, the decreasing R(Pr)/R(BD) does not support sugges-
tions that additional alkene hydrogenation sites would be
generated on the catalyst upon the formation of hydrocar-
bonaceous material.

In our opinion, in the interpretation of the results one
has to consider the transport effect of the hydrocarbona-
ceous deposits over Cat. B. Over this sample the amount of
deposit is 3.4 mg dep/gcat but the carbon concentration is
higher in the 0.3-mm outer shell. Under the reported con-
ditions some of the carbon dissolves in the bulk forming
PdC, (x <0.15) (6, 13). A larger fraction, however, forms
oligomers/polymers sitting on metal sites and on the sup-
port. Formation of oligomers/polymers requires either for-
mation of a C-C bond between neighbouring adsorbed
species (4, 8) or insertion of a C4 unit into an existing Pd—
C bond. The oligomers are likely to form a hydrocarbon
film over the surface and cause restriction in entering the
pores. As shown in Table 1, over Cat. B the selectivity of
n-butane is higher by a factor of 215 than over regener-
ated catalyst (Cat. AR). The complete hydrogenation of
1,3-butadiene seems to indicate that on the working sites
the surface fugacity of 1,3-butadiene is low, which can be
attributed to transport hindrance (decrease of the effec-
tive diffusivity) caused by the presence of deposits. In the
absence of sufficient diene concentration over the work-
ing sites, intermediate n-butenes are not displaced imme-
diately by diene molecules; consequently there is a chance
for complete hydrogenation. The longer residence time of
n-butenes on the surface also explains the observed low
values of 1-butene/2-butene and trans/cis-2-butene ratios
on the highly poisoned Cat. B. The crucial point in this
behaviour is that the hydrogen availability is affected to
a lesser extent than the diene concentration over the sites.
Apparently the hydrocarbonaceous material on the surface
is more “permeable” for hydrogen than for hydrocarbons
probably due to fast hydrogen diffusion. As a consequence
of the low diene surface coverage the hydrogen concentra-
tion on the working surface increases which in turn influ-
ences the kinetics of hydrogen addition as observed in hy-
drogenation of acetylene (21) and ethene (22). The reaction
order for BD is slightly negative (—0.12) over Cat. A (from
experiments 8-12 in Fig. 2) whereas it is positive (0.2) over
Cat. B (from experiments 5-7 and 10-12 in Fig. 3) indicating
that under the given conditions the surface of Cat. B is not
saturated with diene. The drastic decrease of diene fugacity
over Cat. B also explains why propene molecules are able
to find sites on the heavily poisoned surface and, therefore,
the R(Pr)/R(Pr,BD) ratio is significantly less over Cat. B
than over Cat. A or freshly reduced catalyst. The effect of
transport limitation is also supported by the significant de-
crease of the apparent activation energy of hydrogenation
over Cat. B. There is no large difference between the ap-
parent activation energies over Cat. A and freshly reduced
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FIG. 4. Arrhenius plot of diene consumption (1.33 kPa BD, 2.66 kPa
H,): 1-regenerated catalyst (Cat. AR), 2-Cat. A, and 3-Cat. B.

sample as indicated in Fig. 4. The observed values of E
are 48.1 and 51.1 kJmol~! over fresh sample and Cat. A,
respectively but 25.3 kJmol~! over Cat. B. The observed
isotope effect of hydrogen addition does not differ from
values published for ethene (23) or acetylene (24) hydro-
genations and it may allow one to suggest that addition of
hydrogen to C,X7and C3X; (X =H or D) is the rate limiting
step over Cat. A. Over Cat. B the R"/RP values are smaller
and for propene it is only 1.2. In the absence of further evi-
dence this result may point to some compensation between
kinetic and equilibrium hydrogen isotope effects (23).

To summarize this study, it has been shown that large
amounts of hydrocarbonaceous materials increase the se-
lectivity of complete hydrogenation and exerts a detrimen-
tal effect on the diene-alkene competition for the active
sites. The results can be interpreted by the appearance of
transport hinderance caused by the accumulation of de-
posits which decreases significantly the surface fugacity of
the diene, rather than by formation of some special sites
(9) and/or reverse spillover of hydrogen from the support to
metal sites. The presented results permit us to conclude that
the hydrocarbonaceous material affects the hydrocarbon
transport to a larger extent than hydrogen. The enhance-
ment of hydrogen availability on a fraction of working sites
compensates for the activity loss caused by the decreasing
diene coverage and results in over-hydrogenation. The de-
creasing effective diffusivity of acetylene in hydrogenation
of acetylene—ethene mixtures over Pd catalysts provides a
reasonable ground to explain the slow decrease of acetylene
conversion and the increasing rate of ethane production in
the time on stream experiments (10-13). Direct gravimetric
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measurements have already confirmed the very fast accu-
mulation of oligomers in this reaction (12). Further work is
needed to clarify the mechanism of deposit formation and
to find a model consistent with the amount of deposit and
its effect on the hydrogenation behaviour.
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