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The nature of the sites on silica-alumina for propylene polymerization has been in- 
vestigated using adsorption, deuterium tracer, and ammonia blocking techniques. Ad- 
tiorption studies indicate that propylene, like 1-butene, rapidly undergoes polymeric 
complex formation which cesses after a few minutes. The polymeric complex remains 
adsorbed on catalyst sites. 1-Butene readily isomerizes over the propylene complex. 
Deuterium tracer studies indicate that little propylene isomerization occurs over silica- 
alumina at 25°C. The ammonia blocking studies show that polymeric complex formation 
for propylene and 1-butene over silica-alumina is very similar. In both cases the average 
degree of polymerization is four. Catalyst sites of intermediate energy appear to be the 
most active in polymeric formation. 

The results of several deuterium tracer 
studies, including those conducted in this 
laboratory, demonstrate conclusively that 
a strongly adsorbed phase is involved in the 
isomerization of 1-butene over silica-alumina 
(l-4). In addition we have used ammonia 
blocking techniques to show that the strongly 
adsorbed phase is polymeric and that it is 
the seat of activity for the isomerization 
reaction. These results suggest that reaction 
over an adsorbed polymeric phase may be 
a general catalytic phenomenon. The pur- 
pose of the present report is to give evidence 
showing that (1) propylene forms an ad- 
sorbed polymeric complex, (2) 1-butene will 
isomerize over the propylene complex, and 
(3) the polymeric complex reactions for 
propylene and for 1-butene over ammonia- 
poisoned silica-alumina are very similar. 

EXPERIMENTAL 

The silica-alumina, designated M-46 by 
the Houdry Process Corporation, contained 
87% SiOz and 130j0 A1203. It had a surface 
area of 300 m2/g, a bulk density of 0.55 g/cc, 
and a void volume of 0.9 cc/g. About 2.5 g 

of catalyst, ground 30 to 60 mesh, was 
activated in situ for each experiment. The 
catalyst was activated at 500°C for 4 hr, 
2 hr in a stream of dry air and 2 hr in a 
stream of nitrogen. 

The catalyst was pretreated with am- 
monia under static conditions. The activated 
catalyst was first heated under vacuum to 
the desired temperature and then a known 
amount of ammonia was admitted to the 
system. The adsorption process was allowed 
to continue at the elevated temperature for 
1 hr. The quantity of ammonia required to 
produce a pressure of less than 50 p Hg after 
equilibration over the catalyst at a given 
temperature was taken as the saturation 
concentration. For all concentrations less 
than saturation the ammonia pressure over 
the catalyst was essentially zero at the end 
of the equilibration period. The catalyst 
was isolated from the vacuum system and 
allowed to cool to room temperature before 
the flow studies were commenced. 

The propylene and 1-butene, both Phillips 
Research Grade products, were used as 
received. The cis and trans mixture of 
perdeutero-2-butene used in the deuterium 
tracer studies was obtained from Merck, 
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Sharp, and Dohme. The helium carrier gas, 
Matheson Ultra High Purity, was dried by 
passage through a Dry Ice ‘trap. 

The continuous flow apparatus used in 
the investigation was essentially the same 
as that described previously (5). It consisted 
of a gas injection system and flow-measuring 
devices coupled to a gas chromatograph 
(Perkin-Elmer 154D) in which the column 
normally used for analysis was replaced by 
a column of catalyst. The column or reactor 
was attached to a gas-handling system. Thus 
it was possible to evacuate the catalyst and 
t’reat it statically with gases at a variety of 
temperatures and pressures. A second chro- 
matograph arranged to sample the effluent 
from the tlow apparatus was used to deter- 
mine the concentration of butene isomers in 
the product. Figure 1 is a schematic drawing 
of a typical flowgram showing the quantities 
measured with the continuous flow appa- 
ratus. Argon was used to determine the 
“dead space” of the reactor. The following 
quantities are defined: A = B-C, the 
amount of residue remaining on the catalyst 
after helium stripping; B, the amount of 
olefin adsorbed and reacted on the catalyst 
under steady state conditions; C, the amount 
of olefin desorbed aft#er termination of 
injection. 

All flow experiments were conducted at 
atmospheric pressure and at 25°C. The 
helium carrier flow was approximately 50 
cc/min STP. At 35 mm partial pressure of 
I-butene the space velocity was about 700 
volumes of feed per volume of catalyst per 
hour. Injection of the olefin into the carrier 

I ‘+He/He 

gas was usually terminated after 87 minutes. 
In studies involving the butenes, the isomer 
distribution used in the rate calculations was 
determined at the time of termination of 
olefin injection. 

RESULTS AND DISCUSSION 

Reactivity of Propylene and I-Butene 
Resiches for Isomerization 

Our studies on silica-alumina indicate 
that propylene, like I-butene, rapidly under- 
goes polymeric complex formation which 
ceases after a few minut.es. Further contact 
with propylene produces no more polymeric 
complex, and adsorption is completely 
reversible. Since the polymeric complex is 
estimated to cover less than 10% of the 
surface of the catalyst, it cannot be argued 
that the surface is blocked by product. 
Therefore, we conclude that the propylene 
polymeric complex is adsorbed on catalyst 
sites. We reached the same conclusion in 
other studies with 1-butene on silica-alumina 
(4). 

To determine whether propylene poly- 
meric complex is active for 1-butene iso- 
merization, we first formed the complex on 
the surface, stripped off the reversibly 
adsorbed propylene, and then passed l-bu- 
tene over the residue. Experimentally this 
amounted to running a propylene flowgram 
followed by a 1-butene flowgram on the 
same sample of catalyst. The zero-order rate 
constant for I-butene isomerization, 25°C 
and 35 mm, over propylene polymeric 
complex is 8.16 mm/set. This compares 
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FIG. 1. Adsorption of CaHe on silica-alumina, 
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favorably with 9.24 and 10.9 mm/set found 
in two different experiments for 1-butene 
isomerization over its own residue. From 
these data we conclude that propylene 
polymeric complex is almost as effective for 
I-butene isomerization as the butene residue. 

The resulbs of the two flowgrams re- 
corded in the foregoing experiment. are 
shown in Fig. 2. The difference between B 
and C for propylene indicates the formation 
of the expected complex. The difference 
between B and C for 1-butene indicates 
t,hat some additional polymeric complex, 
equivalent to 0.74 X 1O-4 moles I-butene/g, 
was formed. When the order of the experi- 
ment is reversed, i.e., propylene is passed 
over butene polymeric complex, then no 
additional polymer is formed. Figure 3 shows 
t,he data for such an experiment. These data 
suggest that 1-butene reacts with a broader 
distribution of site energies than does 
propylene. 

To determine whether propylene is iso- 
merized to any appreciable extent’ over the 
butene residue at 25°C we have used deu- 
terium tracer techniques similar to t,hose 
employed in our I-butene isomerization 

0 B-ADSORPTION 
C-DESDRPTION 

CATALYST WT. 2 l/2(. 

PROPYLENE 1-BUTENE 
-I 

(FLOWGRAM NO. 4) (FLOWGRAM NO. 2) 

FIQ. 2. Consecutive flowgrams: (1) propylene and 
(2) 1-Butene on silica-alumina. 

I-BUTENE 
(FLOWGRAM NO. 0 

PROPYLENE 
(FLOWGRAM No. 2) 

FIG. 3. Consecutive flowgrams: (1) I-Butene and 
(2) propylene ou silica-alumina. 

studies (4). We injected pulses of propylene 
(1.14 X 10h4 moles/min for 1.8 min) into 
helium flowing at 22.1 X 10e4 moles/min 
over 1.5 g of silica-alumina having perdeu- 
terobutene polymeric complex on its surface. 
A similar experiment was conducted using 
exhaustively deuterated silica-alumina. The 
perdeuterobutene polymeric complex, 
2.03 X 1O-4 moles C4Ds/g catalyst, was 
formed by treating the catalyst with a mix- 
ture of cis- and tram-2 -butene at 25°C in our 
static apparatus. The exhaustively deu- 
terated catalyst was prepared according to 
Ozaki and Kimura (1). The products of each 
propylene pulse were trapped and analyzed 
by mass spectrometry for deuterium content. 
The results of both experiments are pre- 
sented in Table 1. 

Examination of the data for the exhaus- 
tively deuterated catalyst in Table 1 reveals 
that nearly all of the first pulse and portions 
of each succeeding pulse were consumed to 
form the expected polymeric complex. If one 
disregards the results for the first pulse 
because of the small amount of propylene 
recovered, the isotopic compositions of the 
succeeding pulses compare well with those 
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reported by Larsen, Gerberich, and Hall 
for a similar experiment (6). What is sur- 
prising here is the amount of deuterium 
transferred to the propylene by the ex- 
haustively deuterated catalyst. About 0.8% 
of the 14.8 X lop4 g atoms D/g catalyst 
assumed available is transferred with each 
pulse. In contrast, similar experiments with 
1-butene show that less than 0.2% of the 
available deuterium is carried away with 
each pulse (4). The data for the perdeutero- 
butene-treated catalyst also indicate that 
after passage of the first pulse each suc- 
ceeding pulse carried away about 0.8y0 of 
the 17.6 X 10” g atoms D/g catalyst 
available on the surface. In fact, t’he number 
of g atoms of deuterium exchanged per gram 
of catalyst for the two experiments (except 
for the first pulses) is essentially t,he same. 
These data indicate that (1) only a small 
fraction of the deuterium available on either 
catalyst, less than l%, is transferred to the 
propylene, and (2) the perdeuterobutene- 
treated catalyst is no more effective in 
transferring deuterium to propylene than is 
the exhaustively-deuterated catalyst. If the 
seat of isomerization activity is the adsorbed 
polymeric complex, as has been shown for 
the normal butenes (I-4) and the alkyl- 
substituted cyclopropanes (?‘), then these 
results imply that little propylene isomeri- 
zation is occurring and that the principal 
reaction is H-D exchange. 

In other experiments catalysts were 
saturated with either cyclohexene, 1-octene, 
or tetramethylethylene (2,3-dimethyl- 
butene-2) and then stripped with helium. 
When these catalysts were contacted with 
1-butene no additional polymeric complex 
was formed; i.e., B and CI, illustrated in 
Fig. 1, were equal; and the butenes were 
recovered extensively isomerized. From this 
we conclude that these other olefins form 
residues that are active for l-butene 
isomerization. 

IDEKTIFICATIOA- OF THE CATALYTICALLY 
IMPORTANT SITES USING AMMONIA 

BLOCKING TECHNIQUES 

The effect of preadsorbed ammonia on 
the propylene polymeric complex reaction 
was investigated as a function of pread- 

sorption temperature for two ammonia 
coverages, 0.243 X 10e4 moles/g and the 
saturation concentration for each tem- 
perature. The saturation concentrations for 
the preadsorption tempertures 25”, lOO”, 
200”, 300”, and 4OO“C were 3.35 X 10-4, 
1.72 X 10-4, 0.945 X 10-4, 0.464 X UY4, 
and 0.241 X 1O-4 moles NH,/g, respectively. 
The polymeric complex reaction was carried 
out at 25°C and 35 mm partial pressure of 
propylene. 

Figure 4 shows the curve for propylene 
polymeric complex formation as a function 
of preadsorption temperature for 0.243 X 
10V4 moles NHa/g catalyst. A minimum 
clearly exists in the curve between 200” and 
300°C. Since the number of sites available to 
propylene is constant, the differences in the 
amount of polymeric complex formed must 
indicate differences in the effectiveness of 
ammonia blocking. To determine the effec- 
tiveness of the ammonia as a blocking agent, 
the number of moles of propylene denied 
per mole of ammonia at each preadsorption 
temperature was calculated from the relation 
(A untreated - ANHJ.trcatid)/NH~ cont. For 
A untrentedJ 4.1 x 1o-4 moles propykne/g, 

the calculation indicates that the ammonia 
preadsorbed at 25’, loo”, 200“, 300”, and 
400°C denied 5.8, 7.1, 8.7, 8.7, and 6.2 moles 
propylene/site, repectively. This assumes 
that one ammonia molecule occupies one 
active site. These results show that the 
maximum ammonia blocking occurs on sites 
capable of holding ammonia between 200” 
and 300°C. 

The minimum in the polymeric complex- 
preadsorption temperature curve between 
200” and 300°C is consistent with the con- 
cept that there is a distribution of site 
energies on the catalyst, in which those of 
intermediate energy are most important in 
reaction (8). At 25°C concentrations of 
ammonia less than saturation will cover 
some, but not all, sites complet,ely down the 
energy scale as shown in Fig. 5. The am- 
monia is so “smeared out” over all site 
energies t.hat few sites important in reaction 
are affected. The results are that the amount 
of polymeric complex formed is not reduced 
appreciably. At 1OO’C the same quantity of 
ammonia must distribute itself over a much 
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T- 25 l C 
CATALYST WT. 2 l/E g. 
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NH3 PREADSORPTION TEMPERATURE,% 

FIG. 4. Polymeric complex on silica-alumina as a function of preadsorption temperature for constant 
NH* coverage, 0.240 X 1O-4 moles/g. 

narrower range of site energies. More sites 
important in reaction are now poisoned, 
and there is a concomitant decrease in the 
amount of polymeric complex formed. This 
trend continues at 200°C. At 3OO”C, how- 
ever, there are sites of intermediate energy 
that can no longer retain ammonia and are 
available for reaction. This reverses the 
downward trend in polymeric complex 
formation and produces the minimum in t’he 
polymeric complex-temperature curve. Am- 
monia preadsorbed at 400°C resides largely 
on sites at the high-energy end of the scale, 
which are less active for complex formation, 
leaving the &es of intermediate energy most 
important in reaction less affected. Hence, 
for quantities of ammonia less than satu- 
rat.ion there is a point between 200’ and 300°C 

where a small change in preadsorpt’ion 
temperature just redistributes the ammonia 
over the active sites leaving the number of 
active centers unchanged. 

The data for propylene polymeric com- 
plex formation as a function of ammonia 
saturation temperature are plotted in Fig. 6. 
The polymeric complex-preadsorption tem- 
perature curve for the saturation concen- 
trations is almost identical with that for 
1-butene (4). In both cases polymeric com- 
plex formation does not commence until the 
preadsorption temperature exceeds 200°C. 
Calculation of the number of propylene 
molecules denied per mole of ammonia pre- 
adsorbed at 200°C indicates that the propyl- 
ene is adsorbed on the average as tetramer- 
t,he same as that calculated for I-butene. In 

SITE ENERGY 

HIGH INTERMEDIATE LO’ 

FOR REACTION 

AT 200°C I i 
* -I I 

I 
- AT 100% 

* AT 25°C 
-I 

FIG. 5. Site energy scale. 
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I T-25’C I 

TEMPERATURE OF NH3 SATURATION,% 

FIG. 6. Propylene polymeric complex formation on 
NHa-saturated silica-alumina. 

view of these similarities it is not surprising 
that the propylene polymeric complex is 
just as effective for 1-butene isomerization 
as is the butene polymeric complex. 

The site energy model shown in Fig. 5 can 
be used to explain the data presented in 
Fig. 6. Here the ammonia saturates all sites 
down the energy scale to the point where 
the sites have insufficient energies with 
respect to kT to hold the molecules. Ac- 
cording to Fig. 6 it is necessary for the 
saturation temperature to exceed 200°C 
before any sites of intermediate energy are 
available for reaction. This is just the point 

where the onset of polymeric complex for- 
mation is observed. Saturations at 300” and 
400°C leave more sites of intermediate 
energy and high energies available for re- 
action, as evidenced by the increase in 
polymeric complex formation. 
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