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Cyclopropane was hydrogenated to propane over an 3-ALQ; supported Pt catalyst
between 50 and 75°C, in a single-pellet diffusion reactor. The catalyst was slowly
poisoned by a self-poisoning process, involving both cyclopropane and propane as

poison precursors.

Experiments showed a time delay in the poisoning if the catalyst was pretreated
with H. for an extended time period, while the initial activity remained unchanged.
Furthermore, part of the initial activity remained protected from poisoning, when
a sintered catalyst was used, involving larger metal islands on the support.

NOMENCLATURE
ca concentration of species A (mole/
cm?)
¥a(l) dimensionless concentration of
species A at the center of the
catalyst  pellet, = ca(ourface)/
CA (center)
R rate of the reaction (moles/sec)
R, rate of the reaction at zero time
(moles/see)
Yalr,1) dimensionless center-plane con-
centration of species A at time 7
YA (0,1) dimensionless initial center-plane

concentration of species A
« kinetic exponent of the active
surface area = order of the poi-
soning process in terms of the
surface area remaining unpoi-
soned
b order of the poisoning process in
terms of the poison precursor
concentration in the pores
ks heterogeneous rate constant of
the series contributor to the
triangular self-poisoning mecha-
nism
ks heterogeneous rate constant of
* Present address: Research Laboratories, Gen-
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the parallel contributor to the
triangular self-poisoning mecha-
nism

hy initial Thiele parameter of the
catalyst pellet,

L (klaO/DA)1I27

where k; is the heterogeneous
rate constant of the main reac-
tion (ecm/sec), ay is the initially
available surface area (em?/cm3
catalyst), L is the thickness of
the catalyst slab (em), and Dy is
the effective diffusivity of species

A under reaction conditions
(em?/sec)
w = ‘PA + ‘pB
INTRODUCTION

The hydrogenation of c¢yclopropane over
Pt catalysts has been extensively studied
(1-18). The reaction rate is especially con-
venient for experimental investigations in
the temperature range of about 0 to 80°C.
In the presence of a large excess of H,, it
is of first order in cyclopropane and of
some negative order in hydrogen (5, 11).
The reaction is irreversible and nearly iso-
thermal over supported catalysts (8, 11},
with an energy of activation of about 8 to
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10 keal/mole. In addition, the large excess
of H. allows a so-called “simple” reaction
rate expression, whereby the constant H,
concentration merges into the first-order
quasihomogeneous rate constant (11).

All these properties make this model
reaction a convenient tool to study Pt
hydrogenation catalysts.

Many of the above-mentioned studies
were complicated by the time-dependent
decay of the catalyst activity. This poison-
ing was attributed to O, or H.O traces
(9, 18), to other trace impurities in the
feed (11, 15), or to self-poisoning (6, 10,
18, 19). Tt was also shown that in diffu-
sion-influenced single pellets the distribu-
tion of the poisoned surface is nonuniform
along the distance parameter, hetween the
extremes of pore-mouth and uniform poi-
soning (11, 15, 18).

After poisoning, the original activity
could be regained by high temperature
hydrogenation by part of the investigators
(18, 20}, while others (8, 9, 11} reported
the irreversible loss of activity after the
poisoning has taken place.

The aim of this study was to further
investigate the nature of the poisoning of
n-Al,Q, supported Pt catalysts during the
hydrogenation of cyclopropane and to dem-
onstrate the utility of the single-pellet
diffusion reactor for this purpose. Experi-
ments in the single-pellet diffusion reactor
revealed some interesting aspects of the
poisoning process. After discussing these,
chemical arguments are considered to ex-
plain the observed phenomena.

SELF-PoisoNINg DUE To SKELETAL
DEHYDROGENATION OF HYDROCARBONS

In a previous paper by the authors (21)
a single-pellet diffusion reactor technique
(22) was applied to the problem of poison-
ing of a Pt/4-ALO, system during the
hydrogenation of cyclopropane. The tech-
nique allows one to diseriminate among
impurity poisoning, parallel self-poisoning,
series self-poisoning, and triangular self-
poisoning, with poison precursors being, re-
spectively, an impurity in the feed, the
reactant itself, the product itself, or both
the reactant and the product. A compari-
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son of experimental data with these models
(20, 23) indicated that the catalyst was
poisoned by both the reactant cyclopro-
pane (A) and product propane (B) (tri-
angular self-polsoning), at temperatures
between 50 and 75°C according to the

A—-B
N/
w

mechanism where W is the poison structure
on the catalyst surface.

There are several reasons to believe that
the poisoning is due to strongly sorbed,
partially dehydrogenated surface residues
of eyclopropane and propane. Studying the
adsorption, chemisorption and hydrogena-
tion of eyclopropane over various Pt sur-
faces, such surface residues have been fre-
quently observed (12, 24, 25). It is very
likely that propane also loses hydrogen
upon sorption, as do other alkanes (24,
25). The energy of activation of the series
contributor to the triangular self-poisoning
is about 12.4 kcal/mole larger than that of
the parallel contributor, as it was caleu-
lated from the comparison of experimental
data with theory (20, 21). This indicates
that propanc is a less severe poison pre-
cursor than cyclopropane, apparently due
to the partially unsaturated character of
the latter, causing a stronger sorption of
cyclopropane on the Pt surface. Taylor,
Thompson and Webb (25) compared the
sorption strength of alkanes, cyclopropane,
alkenes and acctylene over supported Pt
and found that the above sequence corre-
sponded to increasing sorption strength.

In some additional experiments by the
present authors (20) it was observed that
the poisoned catalyst can be readily reacti-
vated to the initial activity by high tem-
perature (400°C, 12 hr) hydrogenation, if
the catalyst was previously exposed only
a limited time to hydrocarbons, between
about 50 and 75°C. The catalyst could
also be reactivated by 2 hr calcining in
3 vol % O, in N, at 410°C and subsequent
trecatment for 10 hr in flowing H, at 300°C.
Either method will regenerate the catalyst
to approximately the same activity pro-
vided the catalyst was not severely deacti-
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vated. prior to the activation procedure.
Ten days exposure of the same Pt/9-Al,0;
catalyst to a cyclopropane (100 Torr)-
hydrogen (800 Torr) mixture at 35°C re-
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sulted In the irreversible poisoning of the
pellet: the initial activity could not be
regained after 12 hr hydrogenation at
400°C. The explanation of these observa-
tions may be that if the dehydrogenation
of surface residues proceeds beyond a cer-
tain point, the conditions of the reactiva-
tion are not any more sufficient to rehy-
drogenate the carbonaceous residues.

ErrECTS OF THE SUPPORT ON THE
PoisoNING PROCESS
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port on the time scale, mechanism and
kinetics of the poisoning process, experi-
ments were carried out in a single-pellet
diffusion reactor. The reactor is deseribed
by the authors elsewhere (20, 22). The
essence of the technigue is that it allows
the experimental measurement of concen-
trations at the center of a catalyst pellet
under reaction conditions, as well as the
bulk concentrations outside the pellet. The
additional information of the center-plane
coneentration allows one to determine the
order of the reaction, the effective diffusiv-
ity of the reactive species, the Thiele
parameter and the effectiveness factor of
the catalyst pellet, and the quasihomoge-
neous rate constant. In the case of decay-
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concentration approaches the bulk eoncen-
tration as the poisoning progresses with
time, and thus it serves as an indication of
the momentary activity of the catalyst
pellet.

The reactor scheme corresponds to a re-
circulated, bateh, differential reactor with
10,977 cem?® total volume. The pellet was
pressed into a stainless steel cylinder under
carefully controlled conditions, to insure
uniform density distribution and to pre-

vent, bypassing near the wall of the cylinder
(22). The catalvst contained 0.25 wt 0/n Pt
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(dry basis) over 5-Al.O;. The support, was
manufactured by Davison (research sam-
ple, 230 m?/g specific surface area). After
hydrogen treatment under reactivation con-
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ditions, the Pt-frec support was found to
be inactive for the hydrogenation of cyclo-
propane between 35 and 75°C. The metal
with T
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deposited impregnation
[PtCL,l. The catalyst powder was dried
but not calcined before pressing it into the
reactor cylinder, in order to enhance the
mechanical stability of the pellet. Once in
the reactor, the pellet was caleined at 400~
410°C in a mixture of 6% O. and 94% N,
at a total pressure of 800 Torr for 2 hr.
After this treatment, hydrogen was flowed
past both pellet faces for 10 hr at 300°C.
After the poisoning experiment, the pellet
was reactivated by the same procedure as
above except that only 3% 0. was used.

\/_y cloprc‘pane was obtained from Mathe-
son, containing less than 0.5% impurities.
It was passed through an activated MgClO,
U-tube, frozen out by liquid N., evacuated,
melted, degassed and distilled. The middle
fraction of the boiling range was admitted
to the reactor.

The hydrogen was also from Matheson
(ultrapure quality, containing 99.99970%
H., <5 ppm N,, <2 ppm H.O and <1
ppm O.,). The gas was passed through an
activated MgClO, U-tube to remove traces
of water. Further purification of the hydro-
gen was carried out by other authors (8, 9),
apparently without eliminating the poison-
ing problem. Previous experiments in the
single-pellet diffusion reactor (21) did not
indicate that any remaining impurities in
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the poisoning process.

In the first two experiments to be con-
sidered here, cyclopropane was reacted
with hydrogen over the Pt/n-AlLO, cata-
lyst pellet (21). The eylindrical pellet had
a diameter of 0.93 cm and a length of 0.38
cm. Only the flat faces of the cylinder were
exposed to the hydrogen-hydrocarbon mix-
ture. The pellet was essentially isothermal.

The weight of the pellet was 0.2949 g,
and it contained 0.04% Pt. This Pt con-
centration was achieved by diluting the
0.259% Pt catalyst with the inert »-ALO,
support. Due to the small Thiele param-
eter of the individual grains, the procedure
is permissible in this case (26).

Runs 2-43-a and 6-47 were carried out
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Fic. 1. Time delay in the poisoning process, caused by additional prehydrogenation of the catalyst.

at 75°C. The only difference between the
two runs is that in the second case the
hvdrogenation lasted 13 hr at 300°C in-
stead of 10 hr at the same temperature for
the first run. Figure 1 shows the mea-
sured center-plane concentration versus the
elapsed time for both runs. The initial
Thiele parameter, effectiveness factor and
the caleulated quasihomogeneous rate con-
stants are displayed in Table 1.

The comparison of these two cxperi-
ments resulted in the discovery of a time
delay the
supported catalyst was hydrogenated for
a longer time (Fig. 1). It 1s important to
point out that the initial activity and the
initial Thiele parameter of both runs were
the indicating that the extended
hydrogenatlon did not inecrease the pellet
initial activity, it merely delayed its
poisoning.

It was shown earlier (21, 23) that elimi-
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nating time as a reaction variable and re-
placing it by the center-plane concentra-
tion enabled the mechanism and kineties
of the poisoning process to be studied inde-
pendently of its time scale. Plotting the
relative overall reaction rate versus the
normalized centor-plane concentration (Fig.
2) resulted in the superimposition of the
data from Runs 2-43-a and 6-47, indicating
that in both cases the mechanism (tri-
angular self- poisoning) and kineties (a =
1, 8§ = 2) of the poisoning process remained
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1, and that only the time scale was
altered by the extended prehydrogenation.

In Fig. 2, R/R, represents the ratio of
the overall reaction rate at any time to its
initial value. The nondimensional center-
plane concentration of ecyclopropane i,
(7,1} = cx(7,1) /cA(7,0) is normalized in
sueh a way that its value changes from
zero (full aectivity at zero time) to one
{completely poisoned catalyst). The Greek

TABLE 1

PoOISONING IKXPERIMENTS IN THE

SiNGLE-PrrLeT DIFrFusioN ReacTor

Calenlated from data at zero time

ey, X 108 com, X 108 7 kyay Dy Pellet
lun (mole/em®) (mole/em?)  (°C) (sec™) hy € (em?/sec) no.
2-43-1¢ 41.45 3.454 75 2.61 4 .47 0.22 0 019 11
6-474 41 .45 3.454 75 2 .48 4 .36 0.23 0.019 11
1-44-a 41 .45 3.4H4 50 (. 850 2.28 0.43 0.023 11
53 41 .45 3.509 50 0. 95 3.56 0.28 0.017 14

« Refs. (20, 21).
" Pt (0.259) on 7-ALOs, diluted to 0.049;
< Pt (0.259) on 5-Al,0;, sintered.

Pt by n-Alng.
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Fia. 2. Effect of the additional prehydrogenation
on the mechanism and kinetics of the poisoning.

symbols « and § indicate the kinetic order
of the poisoning reaction in terms of the
fraction of surface remaining active and
the concentration of the poison precursor,
respectively (21, 23).

Another pair of experiments will now be
considered in order to further investigate
the role of the support in the poisoning
process. Cyclopropane was hydrogenated
at 50°C in the single-pellet diffusion reac-
tor, using a Pt/9-AlL,O; catalyst containing
0.04% Pt. This catalyst pellet is identical
to the one used for the previous experi-
ments. According to the literature (9, 27,
28), the Pt is finely dispersed in the pores
of pellets prepared in a way similar to our
pellet. The initial results of this eyclo-
propane hydrogenation experiment are
shown in Table 1.

A second catalyst pellet was prepared
by sintering the catalyst (0.25% Pt over
7-Al,04) at about 600°C for 6 hr in flowing
H., before the activation procedure was
applied. This sintering procedure increases
the size of the Pt islands on the support,
with simultaneous reduction of the active
surface area (9). For this reason, this cata-
lyst was not diluted by the inert support.
The surface area was not experimentally
determined, since it was the aim of the
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Fia. 3. Deactivation of a nonsintered (finely
dispersed) and a sintered (less finely dispersed)
catalyst.

experiment to cause only a relative change
in 1t.

Figure 3 displays the measured center-
plane concentration versus the reaction
time, for both of the last two experiments.
The initial center-plane concentrations
differ, since the initial Thiele parameters
are not identical. Most interesting is that
Run 53, employing the sintered catalyst,
did not deactivate to the extent of Run
1-44-a, where a more finely dispersed cata-
lyst was used; the distances indicated by
A 1 Fig. 3 differ accordingly. In Fig. 3,
A;; corresponds to about 15% of the initial
reaction rate conserved.

To check if the mechanism and kinetics
of the poisoning process changed upon sin-
tering, the data of Run 1-44-a were fitted
to the same triangular self-poisoning model
(21) which described the earlier experi-
mental data. The numerical solution of
that model, employing the Thiele param-
eter of Run 53, coincides with the data of
Run 53 (Fig. 4). This indicates that in
comparing the two runs, the mechanism
and Kkinetics of the poisoning process re-
mained the same in both cases, and only
the asymptotic limit of the extent of poi-
soning changed, apparently due to the sin-
tering of Pt islands on the 5-Al.0; support.

DiscussIoN

The hydrogen pretreatment and sintering
experiments permit some speculations on
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Fia. 4. Effect of sintering on the mechanism and
kineties of the poisoning.

the detailed nature of the polsoning process
occurring in this system. These measure-
ments provide clues to the formation of
surface residues from adsorbed reactant
and product molecules, to the role of hy-
drogen in the deactivation process, and to
the effect of the support on it.

Strongly adsorbed surface species have
been observed and studied in previous work
(12, 24, 25, 35) and are believed to be
dehydrogenated and sometimes polymer-
ized hydrocarbon molecules. Local dehy-
drogenation and polymerization rates de-
pend in part upon the hydrogen atom
coneentration, suggesting that poisoning
should take place most rapidly in regions
of lowest hydrogen atom econcentration.

The spillover phenomenon has been re-
ported in the literature (29-31) and is the
name given to the process whereby hydro-
gen atoms are conducted from a metal to
a support. Spillover is greatly enhanced by
carbonaceous deposits (32) or by water
(80) sorbed near the meal-support inter-
face. Hydrogen atoms in the surface—
(-OH) groups of %-Al,0; readily exchange
with hydrogen atoms activated by the
metal (33. 34). If a concentration gradient
iz created by depleting the hydrogen atoms
of the support surface-(-OH) groups by
some process, the spillover phenomenon
will be greatly enhanced, thus creating a
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region of lower hydrogen atom concentra-
tion near the Pt-support interface. The
deposition of strongly sorbed carbonaceous
residues in that region will in turn acceler-
ate the spillover phenomenon, until finally
the catalyst pellet loses its activity, due
to the coverage of the active surface by
strongly sorbed carbonaceous residues.

The formation of carbonaceous residues
around the periphery of the Pt islands
leads to a possible interpretation of the
results from the sintering experiments. If
we postulate that poisoning occurs in a
ring of some specified width, then the
larger islands of the sintered catalyst will
retain upon poisoning a larger fraction of
their original activity than the small islands
of the unsintered catalyst, because the
inner, protected area is a larger fraction
of the original area in the case of the sin-
tered catalyst.

The hydrogen pretreatment experiments
suggest a capacitance effect and it is nat-
ural to suspect that the »-Al,O; support
serves as both a storage reservoir and a
sink for hydrogen atoms. Alumina surfaces
readily sorb hydrocarbons such as ecyclo-
propane and propane, and the exchange
between hydrogen atoms of the (-OH)
groups and the sorbed hydrocarbons (33,
34) makes it conceivable that these hydro-
carbons may lose or take up hydrogen
from the support. The spillover of hydro-
gen atoms from the metal islands begins
when the hydrogen is depleted to some ex-
tent on the alumina surface by the sorbed
hydrocarbons. Longer initial hydrogena-
tion of the catalyst at high temperatures
increases the initial hydrogen concentra-
tion on the alumina surface and thus it
delays the onset of the poisoning process.

The possibility is recognized that there
are alternate explanations of the phe-
nomena observed in the above experiments.
The experiments showed, however, that the
single-pellet diffusion reactor is sensitive to
certain phenomena that cannot be easily
studied in traditional reactors. In particu-
lar, the time delay phenomenon and the
partial deaetivation of the sintered Pt/
n-AlLO, system were revealed which sug-
gest the important role of the support in
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the poisoning of this catalytic system.
Further work is planned to study the exact
nature of the “capacitance” properties of
the support, and other details of the de-
activation proeess.

ACKNOWLEDGMENTS

This work was supported in part by a grant
from the National Science Foundation. Thanks
are due to Drs. Harnsberger, Csicsery and Hick-
son of the Chevron Research Company, Rich-
mond, CA, for supplying and characterizing the
catalysts used in this work. Part of the computer
time was donated by the Computer Center of the
University of California, Berkeley.

REFERENCES

1. Bownp, G. C., AND SHERDAN, J., Trans. Faraday
Soc. 48, 713 (1952).

2. Bonp, G. C., ANp TurkevicH, J., Trans. Fara-
day Soc. 50, 1335 (1954).

3. Bonp, G. C., anNDp Appy, J., in “Advances in
Catalysis” (W. G. Frankenburg, V. I. Ko-
marewsky, and E. K. Rideal, Eds.), Vol. 9,
p. 44. Academic Press, New York, 1957.

4. Aopy, J., ano Bowp, G. C., Trans. Faraday
Soc. 53, 388 (1957).

5. Boxp, G. C., anp Newuawm, J., Trans. Faraday
Soc. 56, 1501 (1960).

6. McKee, D. W. J. Phys. Chem. 67, 1336
(1963) .

7. SinreLt, J. H. Yartes, D. J. C., ano Tavvror,
W. F., J. Phys. Chem. 69(6), 1877 (1965).

8. DoucHarTY, N. A., dissertation, University of
California, Berkeley, 1965.

9. Bounartr, M., Awpag, A., Bewnson, J. E,
Douguarry, N. A., anxp Harxins, C. G,
J. Catal. 6, 92 (1966).

10. AxpersoN, J. R., aNp Avery, N. R, J. Catal.
8, 48 (1967).

11. BawpEr, J. R., dissertation, University of Cali-
fornia, Berkeley, 1967.

12. MEertA, R., aND Pongc, V., Int. Congr. Catal.,
4th, Moscow, 1968; Prepr. Pap. No. 50.

13. Cray, R. D., dissertation, University of Cali-
fornia, Berkeley, 1967.

HEGEDUS AND PETERSEN

14. Bawper, J. R., anp PrrERSEN, E. E., J. Catal.
11, 202 (1968).

15. Bauper, J. R., axp Perersen, E. K., Chem.
Eng. Sci. 23, 1287 (1968).

16. Cray, R. D, anp Perersen, E. E., J. Catal.
16, 32 (1970).

17. Darra Berra, R. A, CusumanNo, J. A, axD
Sinrevt, J. H., J. Catal. 19, 343 (1970).

18. Hauwn, J. L, anp Perersen, E. E, Can. J.
Chem. Eng. 48, 147 (1970).

19. DougHarTY, N. A., Chem. Eng. Sci. 25, 489
(1970).

20. Heeepus, L. L., dissertation, University of
California, Berkeley, 1972.

21. Hreepus, L. L., anp Perersen, E. E., Chem.
Eng. Sci., in press.

22. Hecepus, L. L., aAnp Perersen, E. E., Ind.
Eng. Chem. Fundam., in press.

23. Hebrcus, I.. L., anp PerErseN, E. E., Chem.
Eng. Sci., in press.

24. McKeg, D. W., J. Amer. Chem. Soc. 87(8),
1681 (1965).

25. TavyrLor, G. F., THoMsoN, S. J., ano Wess, G.,
J. Catal. 12, 150 (1968).

26. Koros, R. M., anp Nowak, E. J., Chem. Eng.
Sci. 22, 470 (1967).

27. SPENADEL, L., AnNDp Bouparr,
Chem. 64, 204 (1960).

28. HereMmaN, R. A, Aouer, S. F., GoupstEIN,
M. 8., anp DeBraun, R. M., J. Phys. Chem.
65, 2189 (1961).

29. SinveLT, J. H., anp Luccngrsy, P. J., /. Amer.
Chem. Soc. 85, 3365 (1963).

30. Bensow, J. E,, Kounx, M. W., axp Boubarr,
M., J. Catal. 5, 307 (1966).

31. Boupart, M., VannNice, M. A., aANp Bensoxn,
J. E., Z. Phys. Chem., Neue Folge 64, 171
(1969).

32. Boubarr, M., Aipag, A. W. axNo VANNICE,
M. A, J. Catal. 18, 46 (1970).

33. Avraam, J. A, anp Wess, G, J. Catal. 18,
133 (1970).

34. FrockuArT, B. D, UrpPaL, S. S., Lerry, I. R,
anp Pink, R. C., 4th Int. Congr. Catal,
4th, Moscow, 1968; Prepr. Pap. No. 79.

35. K~or, Z., Ponec, V., HErMAN, Z., DOLEJSEK,
7., anp Cernvy, S., J. Catal. 2, 299 (1963).

M. J. Phys.



