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Abstract . A comparative study has been made for propylene polymerization in gas phase and slurry
phase reactors using a new MgCl,-supported TiCly catalyst prepared by the reaction of Mg(OEt). with
Ti(OBu)s, phthalic anhydride, and TiCl,. The experimental results obtained from polymerizations co-
mbined with AlEts/phenyltriethoxy silane (PTES) showed that the rate of polymerization was lower
for gas phase than for slurry phase within an experimental temperature range (25-60C), even if rate-
time profiles obeyed first-order deactivation for both cases except the gas phase polymerization at
60C. The change of polymerization rate according to the variation of polymerization medium could
be confirmed by a specially designed polymerization. The apparent activation energy of slurry phase
polymerization (10.3 kcal/mol over a temperature of 25-60C) was much larger than that of gas phase
(4.3 kcal/mol over a temperature range of 25-507C), and the differences could be explained by refer-
ring the formation process of polymerization centers. The change of isotacticity(l) of polymer was ne-
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gligible without regard to the process and temperature of polymerization compared with the large

differences of activity.

INTRODUCTION

Recent progress in propylene polymerization
reactor technology has made it possible to produce
polypropylene(PP) with desired properties by li-
quid slurry, bulk, and gas phase processes using
various types of Ziegler-Natta catalysts.! Among
current industrial propylene polymerization proce-
sses, the liquid slurry process is still the most wi-
dely used. In the latter process propylene is poly-
merized to maintain the propylene in the liquid
phase. While this process has some advantages
such as good temperature control, flexibility of
reactor operation, and high content of solids in the
slurry, redundant step to recover inert solvent is
needed. Gas phase polymerization of monomer in
which gaseous monomer is polymerized over solid
catalyst in the presence of aluminum alkyl cocatal-
yst is a rather recently-developed economic pro-
cess. In this process, polymer separation, diluent
recovery, and polymer drying steps may be elimi-
nated. This process has been extensively commer-
cialized for polyethylene. For PP, it is far less
available in industry than either liquid slurry pro-
cess or liquid propylene bulk process.2 However,
commercial importance of gas phase polymeriza-
tion of propylene is increasing due to the various
advantages over slurry and bulk processes.3

In laboratory studies semi-batch slurry reactors
are most commonly used since they are much ea-
sier to operate than semi-batch gas phase polyme-
rization reactors. There are two reasons which de-
layed the use of propylene gas phase polymeriza-
tion reactor. Firstly, the dead spots in gas phase
reactor causing agglomeration cannot be comple-
tely avoided. Secondly, a significant temperature
gradient inside catalyst particles can be present
due to the poor heat transfer between gas phase
and catalyst particles.

In the present study, polymerization of propy-
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lene was carried out in a slurry reactor and a gas
phase reactor with a highly active and isospecific
catalyst. The objective of the study was to directly
compare the polymerization rate profiles and isos-
pecificity obtained in slurry phase polymerization
of propylene with those obtained in gas phase.

EXPERIMENTAL

Materials

Polymerization grade of propylene(Korea Petro-
chem. Co.) was used after passing it through colu-
mns of Fisher RIDOX catalyst and molecular sieve
5A/13X. Extra pure heptane (Tedia Co., USA) was
dried over sodium drops and fractionally distilled
before use. Triethyl aluminum (TEA, Aldrich Che-
micals, USA) was used without further purification.
Reagent grade of sodium chloride with a diameter
of about 0.5 mm was dried at 500 T for 10 hr, then
for 3hr at 200°C under vacuum (103 torr) before
use.

Catalyst

A highly active and isospecific catalyt with a
diester as an internal donor [MgCl,/dibutyl ph-
thalate(DBP)/TiCl,] was prepared from the reac-
tions of Mg(OEt), with Ti(OBu),, phthalic anhyd-
ride, and TiCl,. The procedure for the preparation
of the catalyst has been given previously.4

Polymerization

Slurry phase polymerization of propylene in n-
heptane was carried out in a 250ml reaction
bottle. The procedures are the same as those re-
ported previously.4 Gas phase polymerization of
propylene was performed using a 250 m¢ reactor.
In order to improve the control of polymerization
temperature and prevent the coalescence of dry
catalyst particles 10 ml of sodium chloride particle
was added to the reactor. The reaction mixture
was agitated by a magnetic stirrer having two bla-
des at both ends. A given amount of catalyst slurry
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and cocatalyst (15wt % n-hexane solution) was int-
roduced into the reactor with a PTES, which was
then evacuated .at 50 C for 15 min in order to re-
move the solvent completely. Propylene was admi-
tted into the reactor quickly at a polymerization
temperature and then the polymerization was star-
ted with a vigorous stirring (500 rpm). The intan-
taneous rates of polymerization were measured
according to the previous method.*

Isotactic index(l) was determined from the frac-
tion which is insoluble in boiling heptane using &
Soxhlet extractor. The morphology of polypropy-
lene was observed with a SEM (JEOL JSM-T20),
using a gold sputtering techniques.

RESULTS AND DISCUSSION

The effect of temperature on the rate of slurry
phase polymerization of propylene is shown in Fig.
1. At 60T the maximum rate of polymerization
(R,, o) was occurred within a couple of minutes
followed by a first-order deactivation. At lower
temperature (25 C) it took 15 min to reach R, m At
25 the value of R, is less than half of that at
60 C. The difference of R, n values is actually
more conspicuous when considering the monomer
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Fig. 1. Kinetic curves of slurry phase polymerization
of propylene obtained at [Ti]=4.24X10*g, n-hep-
tane=100 ml, [propylene]=0.43 mol/l, [AlEt;]=8.9
mol/l, [PTES]/[AIEt;]1=0.1 and various temperatures
of: (A) 25T, (B) 407, (C) 50T, and (D) 60 C.
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concentration in solvent at 25 C is about twice as
large as that at 60 C, since the polymerization rate
is generally proportional to monomer concentra-
tion. The maximum yield over a 90 min of poly-
merization is recorded at 60 C.

The situation was somewhat different in the
case of gas phase polymerization. Figure 2 repre-
sents the rate-time profiles for the gas phase poly-
merization. The concave dot profiles at the begin-
ning of polymerization appear since the polymeri-
zation startes by the introduction of propylene.
The type of kinetic profiles, a few minute of acce-
leration followed by a first-order deactivation, is
corresponding to that found during slurry phase
polymerization, though the maximum is less pro-
nounced. Similar result was reported for the
propylene polymerization with a first generation
catalyst.” The maximum productivity was appeared
at 50 C. At 60 C the Rp , is significantly lowered
compared with that obtained in slurry phase, from
35 to 23kg pp/g-Ti hr. Comparing the average
rates of 90 min of polymerization the difference
becomes more conspicuous since the rate at 60 C
in the gas phase polymerization deactivates by a
second-order.

The depression of the rate observed in the gas
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Fig. 2. Kinetic curves of gas phase polymerization of
propylene obtained at [Ti]=4.24X10*g, P=1atm,
[AlEt;]=89 mmol/l, [PTES)/[AIEt;]=0.1 and va-
rious temperatures of © (A) 25C, (B) 40T, (C) 50 C,
and (D) 60 C.
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phase polymerization is caused by the decrease in
the monomer concentration at the surface of catal-
yst. Even if it is difficult to measure the actual
monomer concentration at the catalyst surface, the
monomer concentration of slurry phase polymeri-
zation is thought to be much higher than that of
gas phase polymerization, since the monomer con-
centration in solvent (slurry phase) is about 30-
fold higher than that of gas phase at the same mo-
nomer pressure. As mostly admitted, Rp is propor-
tional to the monomer concentration. The decrease
of R, may also be partly due to the blocking of ac-
tive sites caused by the agglomeration due to the
poor heat transfer. In slurry phase polymerization,
a build-up by agglomeration of subparticles (about
0.3 um in diameter), is disintegrated easily. Thus
the mass and heat transfer from the catalytically
active sites in the core of the growing polymer
particles is dependent on how effectively the
surrounding gas phase, which is a very poor heat
transfer agent, can remove the heat of polymeriza-
tion outside of the reactor.® As a result, the tem-
perature of the growing polymer particles can be
much higher than that measured by temperature
probles in the reactor of gas phase polymerization.
Especially the initial temperature rise for highly
active catalyst may be above the melting point of
polypropylene. This is likely to be the cause of sti-
cking and agglomeration problems so that only
part the catalytically active sites is effectively used.
Heat transfer limitations are not an only factor to
reduce the productivity of the catalyst and induce
the abnormal second order deactivation [see Fig,
2(D)]. The poor thermal stability of catalytically
active species in the gas phase polymerization is
one of the reasons why the polymerization rate is
small in the gas phase reaction.

In order to get a better understanding on the
productivity a specially designed polymerization
was performed and the result is shown in Fig. 3.
After 30 min of usual gas phase polymerization at
50 C (stage A), 30 ml of n-heptane was introduced
into the reactor, then recorded the instantaneous
rate for 30 min (stage B). The increase of the rate
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can be observed by the addition of solvent. The
increase of monomer concentration by the addition
of solvent must be a main reason for the sharp in-
crease in R, This may also be partly due to remo-
val of agglomerated polymers which cause heat
transfer limitations and block active sites. The ag-
glomeration of polymer at initial stage of gas phase
polymerization can be observed from a SEM pho-
tograph of nascent polymer taken at t=10 min in
Fig. 3 [see Fig. 4(A)]. Shapeless and bulky poly-
mer particles, on which numerous sticky fibrills
are grown, are formed due to the meting of the
polymer. However, polymer morphology is consi-
derably changed by the addition of solvent. It leads
to an increase in the monomer concentration on
the surface of catalyst and in the rate of formation
of polymerization centers from the active centers
which are ineffective in gas phase polymerization
due to the blocking caused by a poor heat transfer.
Figure 4(B) shows SEM photograph of polymer ta-
ken at t=45min in Fig. 3. It can be seen that
many globular particles which are generally obser-
ved from the polypropylene polymerized with a
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Fig. 3. Effect of solvent on gas phase polymerization
of propylene. Gas phase polymerization is performed
at [Ti]=4.24X10*g, P=1atm, [AlEt;]=8.9 mmol/l,
[PTES]/[AIEt;]=0.1 (stage A), 30 ml of n-heptane is
injected (stage B), all gases and liquid are pumped out
under vacuum (102 torr) (stage C), and gas phase
polymerization is again carried out (stage D).
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{A)
Fig. 4. SEM photographs(X 3,000) of as-polymerization polypropylenes (A) after 10 min polymerization time
(stage A in Fig. 3), (B) after 45 min(stage B in Fig. 3), and (C) after 110 min(stage D in Fig. 3).

highly active supported catalyst appear, and that
the sticky fibrills as shown in Fig. 4(A) disappear.

After pumping out the solvent including propy-
lene (stage C in Fig. 3), gas phase polymerization
was performed over again (stage D). The rate is
decreased to coincide with original rate profile,
due to the decrease in monomer concentration at
catalyst surface. It is interesting to follow up the
variation in the polymer morphology at this stage.
SEM photograph of polymer taken at t=110 min
(Fig. 4(C)) shows that the blocking of active sites
is recurred. The subparticle size of polymer taken
at t=110 min is much larger than that taken at t=
45 min due to the agglomeration of neighboring
particles.

It has been generally accepted that the overall
polymerization rate (R) is first order with respect
to monomer concentraion in the olefin polymeriza-
tion with Ziegler-Natta catalysts. Therefore,

Rp: kp[M]b
k,=kgexp(—E,,/RT)
In(R/[M]y)=—E,,/RT+ constant

where [M], is the bulk monomer concentration
and Eapp is the apparent activation energy. Figure
5 shows the Arrhenius plots based on average
polymerization rate in the range of temperature
between 25T and 60C. Linear relations are
obtained from overall experimental temperature
range for slurry phase, while from 25 C to 50 C for
gas phase polymerization. These results demonst-
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Fig. 5. Arrhenius plots of (A) gas phase and (B) slurry
phase polymerization over 90 min.

rate that the thermal stability of catalyst active si-
tes is better in slurry phase polymerization than in
gas phase one. The apparent activation energies
calculated from the slopes of plots are listed in
Table 1 with reference data. It appears that the
activation energy in the gas phase polymerization
is alwalys smaller than that in the slurry phase
polymerization. The intrinsic solvent effects on the
catalyst matrix during the formation process of
polymerization centers might be a factor for this
result.!?

Chemical aspects of the interaction between
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Table 1. The Apparent Activation Energy in Propylene Polymerization

Temperature E.p Polymerization

Catalyst System Range (C) (keal/mol) Process Reference
This work 25-60 10.3 Slurry

25-50 4.3 Gas
TiCl;-AIEt;CL 40-60 11.3 Slurry 12

5.5 Gas

MgCL/TiCL/EB- 1-41 11.9 Slurry 13
AlEt; 1-41 5.3 Gas 14
Mg(OEt),/BzCOCl/ 25-42 8.5 Slurry 15
TiCl,-AlEt;

TiCl; and organometallic compounds have been
studied by many authors.”~™! The following quali-
tative picture of the interaction between transition
metal halides (TMH) and organometallic compou-
nds can be envisaged in the presence or absence
of solvent. Transition metal halides when mixed
with solution of AlEt; or AlEt,Cl under conditions

typical for olefin polymerization (0-80 C) undergo

reaction that is restricted mostly to their surface.
This interation includes three main reactions : (a)
substitution of chlorine atoms on the TMH surface
by alkyl groups, i. e., the formation of organic deri-
vatives of the transition metals ; (b) partical dest-
ruction of these organometallic compounds resul-
ting in the liberation of gaseous products and tra-
nsition metal reduction : and (c) complexation bet-

ween the remaining surface alkyl derivatives of

the transition metals and the organoaluminum co-
mpounds present in sloution. These three reac-
tions are competitively occurred during the forma-
tion process of polymerization centers with are ca-
pbale of polymerizing propylene. It is safe to say
that uniform dispersion of TMH (typical of the
current catalyst systems including the catalyst sys-
tem of the present study) influences the catalytic
activity in two ways. The presence of numerous
defects in the high-surface-area solids induces

easy cleavage of the crystals with the formation of

fresh surfaces and an increase in the catalytic acti-
vity. One the other hand, the increase in the rate
of the reduction results in instability of the cen-
ters. Apparently this phenomenon is the principal

#*2| A153A M55 19913 109

reason for the decay-type polymerization kinetics
that are characteristic of the current highly active
catlyst systems. However, it is pertinent to say
here that abundant complexation and substantial
transition metal reduction (at high temperature)
can dramatically reduce the catalytic activity rega-
rdless of the type of catalyst.

The extent of the three main reactions between
TMH and AlEt; that lead to form polymerization
centers might be dependent on the conditions of
polymerization as well as the type of catalyst. Bur-
field® studied the formation of organic derivatives
of the transition metals from the TiCl;-AlEt; inte-
raction and showed that only 33% of all surface Cl
is removed from the TiCl; in gas phase systems
(dry interaction between TiCl; and AlEt;) and that
the efficiency of conversion does not change so
much according to the reaction temperature. Ho-
wever, the extent of the reaction was reported to
be significantly dependent on the temperature of
contact in the slurry phase polymerization. Even if
all the surface chlorine atoms are released in solu-
tion even at 10-30 T, the conversion of the reac-
tion to form AIEt,Cl by the interaction of AlEt;
with TiCl; is highly dependent on the temperature,
i. e, low at lower temperature and vice versa?~ 1
This inherent discrepacies in the activation of tra-
nsition metals to form polymerization centers lead
to the difference in the activation energy of slurry
phase polymerization from gas phase, even if a
more complicated situation is expected in the case
of the current highly active catalysts based on
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Fig. 6. Variation of isotactic index with polymerization
temperature . (A) slurry phase, (B) gas phase.

MgCl,, internal and external donor in addition to
TMH and AlEt;. High temperature will be a nece-
ssary condition for the achievement of sufficient
concentration of polymerization ceters in slurry
phase, but the temperature effect on the formation
of polymerization centers will be alleviated in gas
phase.

The peculiar differences in the activation pro-
cess of polymerization centers are also expected to
lead to the variation of isotacticity of the polymer.
However, both polymers, either those from slurry
phase polymerization or those from gas phase,
show similar isotacticity except polymer obtained
at 60 T by gas phase polymerization (see Fig. 6).
Even if this result is difficult to explain without
considering the complicated interactions among
TMH, AlEt,, MgCl,, internal donor and external
donor,! it can be assumed that the process of cata-
lyst activation, disintegration into subparticles fol-
lowed by the formation of organic derivatives of
TMH, is not a vital part of isospecific center fro-
mation, and that effective utilization of catalyst su-
bparticles effects an increase in the number of ac-
tive centers but does not influence their structure.
Isospecificity of polymer obtained at 60 T from the
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gas phase is unexpectedly lower than others. High
temperature in the core of the catalyst caused by
heat transfer limitations caused the structure of
isospecific active sites to be changed, which leads
to a decline of isotacticity.

CONCLUSION

From a direct comparison of productivity for gas
and slurry phase polymerization of propylene with
a highly active and isospecific catalyst system, fol-
lowing conclusions are drawn :

1. The rates observed in gas phase polymeriza-
tion were lower than those in slurry phase one be-
cause the blocking of active sites caused by heat
transfer limitations is distinctive for the former
case.

2. A specially designed experiment showed that
polymers blocking the polymerization centers are
removed by the addition of small amount of sol-
vent.

3. The apparent activation energy for gas phase
was smaller than that for slurry phase polymeriza-
tion by about two-fold due to the differences in the
formation process of polymerization centers.

4. There was no considerable difference in iso-
tacticity between gas and slurry phase unless the
crystal structure is changed during polymerization.
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