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The effects of prepolymerization, temperature, and hydrogen concentration on propylene bulk polymerization with a commercial
Ziegler-Natta catalyst were investigated, and the apparent polymerization rate constants were estimated by varying reaction
temperatures, hydrogen partial pressures, and polymerization methods. It was shown that prepolymerization has different
effects on the polymerization rate and isotacticity of the polymer; without prepolymerization, the polymerization rate and
isotacticity reach their maximum at 70°C and 80°C, respectively, whereas the polymerization rate and isotacticity with
prepolymerization increase with the polymerization temperature in the range of 50-80°C. Moderate prepolymerization time
reduced the fine fraction while increasing polymerization rate and isotacticity. Appropriate prepolymerization technique can
increase mass transfer performance and fragmentation, which is a promising way to improve polymerization rate, isotacticity
index, and fine fraction. Otherwise, insufficient prepolymerization or excessive prepolymerization causes prepolymer particle

fragmentation.

1. Introduction

During the initial stage of propylene polymerization, the
polymer morphology was very difficult to control due to
high polymerization rate; as a result, some problems like
polymer powders breakage or polymer agglomeration hap-
pened, which were disadvantageous for the plant produc-
tion. For these problems, catalyst prepolymerization, as a
common and effective solution, was used to control the poly-
merization rates and get better control of polymer particle
morphology before the catalyst was added into the reactors
[1, 2]. The prepolymerized catalyst exhibited relatively mild
polymerization rates in the reactors; thus, fragmentation of
the polymer particles was controlled and less fine formed.
Many researchers have studied the effects of prepolymeri-
zation on propylene polymerization kinetics and powder parti-
cle morphology. Pater et al. [3, 4] found that the polymerization
rate increased as they raised the prepolymerization tempera-
ture for propylene bulk polymerization. In another work, Pater

etal. [5] studied the cross-sectional surface of the polymer par-
ticle using scanning electron microscope; the support frag-
ments decreased in size with increasing prepolymerization
yield, and fragmentation of the catalyst was continually pro-
gressing during polymerization. Samson et al. [6] found that
the highest yields were obtained in lowest prepolymerization
temperatures for liquid propylene polymerization; though
polymerization rate was mainly determined by the polymeriza-
tion temperature, besides, heat removal of growing polymer
particles became more effective during this stage due to increas-
ing surface area. Tan et al. [7] studied the effect of prepolymer-
ization on the kinetics of propylene bulk polymerization and
demonstrated longer isothermal prepolymerization time
increased the polymerization rate, especially at the polymeriza-
tion temperature of 95°C, and the increase in polymerization
rate was ascribed to lower intraparticle mass transfer resistances
of the internal structure of polymer particles. Tan et al. found
that particle size distribution obtained from the nonisothermal
prepolymerization was broadest.
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FiGURE 1: Catalyst, cocatalyst, and external donor feeding system.
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FIGURE 2: Propylene bulk polymerization reactor system: (1)
reactor lid, (2) reactor jacket, (3) stainless steel reactor, (4)
temperature control system, (5) syringe pump, and (6) catalyst
feeding pot.

Monji et al. [8] found that, if the catalyst was prepolymer-
ized at low temperature, both activity and stereoselectivity
were improved; besides, the morphology of polymer particles
became better. Chen et al. [9] studied the polymerization
kinetics of ethylene polymerization and ethylene/1-hexene
copolymerization in slurry reactors, and they found that the
highest apparent propagation rate constants were achieved
using intermediate prepolymerization temperatures, and the
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FIGURE 3: Three types of catalyst injection methods: (a)
nonisothermal prepolymerization with a catalyst injection at
room temperature, (b) isothermal prepolymerization with a
catalyst injection at low temperature and keep in this temperature
for time ¢, and (c) isothermal prepolymerization with a catalyst
injection at set temperature.

TaBLE 1: Conditions for polymerization parallel experiments.

Exp. Catalyst Temperature Al (mol)/Ti Al (mol)/Si H,

no. (mg) (°C) (mol) (mol) (MPa)
1~2 13.8 70 500 15 0
3~4 10.8 70 500 15 0.030

4.5
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FIGURE 4: Propylene bulk polymerization curves.

apparent deactivation rate constants decreased with increas-
ing prepolymerization temperatures. Chen et al. argued that
prepolymer particles with better fragmentation would poly-
merize at higher rates in the main polymerization reactor.
Usually, prepolymerization was carried out in a slurry
reactor, and the prepolymerization yield could be accurately
controlled at low temperature. However, little research about
propylene bulk polymerization using magnesium alkoxy-
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TasLE 2: Conditions and results of propylene bulk polymerization.

Run prepolymerization treaction H, T Y (kgPP/ MEFR (g/ I R, (kgPP/ k; (min®
no. (min) (min) (MPa) (°C) gcat) 10 min) (%) (min-gcat)) D)

1 0%, 182 61 0.120 70 62.3 48.48 93.19 1.691 0.0217
2 0%, 212 69 0.075 70 65.1 23.13 94.01 1.435 0.0176
3 0%, 152 61 0.030 80 64.3 7.04 97.46 2.327 0.0287
4 0%, 142 59 0.030 70 59.0 5.94 95.89 1.883 0.0251
5 0%, 142 61 0.030 50 16.5 7.56 92.96 0.452 0.0187
6 0%, 184 61 0.030 60 27.9 7.73 93.95 0.800 0.0207
7 0%, 384 251 0 70 33.1 0.013 95.29 0.140 0.0047
8 0%, 0* 79 0.030 80 17.2 14.98 94.85 0.516 0.0177
9 0%, 0* 62 0.030 60 18.5 8.74 93.03 0.522 0.0148
10 0%, 0* 77 0.030 50 12.2 14.51 91.52 0.200 0.0078
11 0%, 04 75 0.120 70 243 52.5 89.94 0.541 0.0124
12 0%, 0* 86 0.075 70 38.6 27.53 92.14 0.615 0.0087
13 0%, 0* 60 0.030 70 30.5 8.19 93.98 0.682 0.0108
14 15%, 234 47 0.030 70 45.1 6.23 95.63 1.436 0.0177
15 308, 224 60 0.030 70 56.2 6.96 94.82 1337 0.0178
16 0%, 04 60 0.030 90 96 26.91 93.33 NA NA

A: nonisothermal prepolymerization, during this phase, the reactor temperature increases nearly linearly; B: nonisothermal prepolymerization before raising

the reactor temperature; Eorepolymerization®

residence time under different prepolymerization conditions; f,.,.;0,: reaction time at polymerization temperature T}

Y: reaction yield of polypropylene per gram of catalyst; R,,,: initial polymerization rate obtained by extrapolating the reaction rate curve to time zero; other

polymerization conditions: 3 mmol TEA, 0.2 mmol CHMCMS donor.

supported TiCl, catalyst was carried out. In this paper, we
studied the polymerization kinetics behaviors under differ-
ent polymerization conditions and the particle size distribu-
tion of different prepolymerization time using propylene
compensation method and their effects to this simplified
prepolymerization process.

2. Experimental Section

2.1. Materials. The polymer-grade propylene (JingHui Gas
Company) and nitrogen (99.9%, Sinopec catalyst Co., Ltd.
Beijing AODA branch) used in the experiments were added
into column packed with molecular sieves to remove H,O.
Hydrogen (>99.999%, JingHui Gas Company) could be used
without any purification operation. n-Hexane (99%, Sinopec
Beijing Yanshan Petrochemical Company) was purified to
remove O, and H,O. Triethylaluminum (TEA, Nouryon
Chemicals Co., Ltd.) with a concentration of 10 wt% in hex-
ane was used. Cyclohexyl methyl dimethoxysilane (CHMMS,
AR, Shandong Lujing Chemical Technology Co., Ltd.) was
used without further purification. The commercial TiCl,/
Mg(OEt),/Phthalate ester Ziegler-Natta catalyst [10, 11]
(Sinopec catalyst Co., Ltd.) was used in all experiments.

2.2. Catalyst Injection System. The catalyst feeding system is
shown in Figure 1. First, the screw cap on the top of the
system was twisted under the protection of nitrogen, and
the predefined amounts of cocatalyst and external donor
were injected into the catalyst feeding pot. Then, the
desired amount of catalyst was added into the pot by
repeating sucking and discharging the solution in the pot
for 5 times to minimize the catalyst loss. When the cap

was screwed and nitrogen feeding was cut off, propylene
was added by a syringe pump working at constant-flow
mode. When the outlet pressure of the pump was slightly
higher than the pressure in the reactor, the valve below
the pot was turned on to let the mixture flow into the reac-
tor, and the propylene was kept feeding to make sure that
the catalyst, cocatalyst, and external donor were flushed
into the reactor totally.

2.3. Reactor System. Polymerizations were carried out in a
3.35L stainless steel semibatch stirred autoclave reactor, as
shown in Figure 2. A precise temperature controlling system
was used to adjust the temperature in the reactor at a set
value within a deviation of +0.1°C. The reactor was equipped
with a syringe pump, which was capable of pumping a quan-
titative volume of liquid propylene into the reactor and kept
the reactor pressure constant through continuous compen-
sation of the monomer. The polymerization temperature
and pressure were controlled by a DCS system [12].

2.4. Experimental Procedure. Usually, before starting an
experiment, the reactor was heated to 110°C, evacuated for
5min, and refilled with nitrogen. This operation was
repeated at least five times to remove trace of oxygen and
water in the reactor. When this procedure was completed,
the reactor was cooled down to room temperature.

In the experimental stage, a predefined amount of H,
and liquid propylene was fed into the reactor at room tem-
perature. Next, the reactor is heated to the set temperature
about 1~2°C lower than the reaction temperature under
the stirring speed of 500 rpm, and the desired amounts of
catalyst, TEA solution, and external donor (CHMCMS,
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FIGURE 5: Polymerization kinetic curves at different temperatures and the same hydrogen concentration. Black lines: type A catalyst
injection; red lines: type C catalyst injection; main polymerization temperature: (a) 50°C, (b) 60°C, (c) 70°C, and (d) 80°C.

0.1 mol/L in hexane) were transferred into the catalyst feed
pot under nitrogen pressure. Finally, propylene feed pump
at constant-flowrate mode is turned on to flush the catalyst
slurry into the reactor. As shown in Figure 3, three different
kinds of catalyst injection methods were used in the experi-
ment. When the reactor pressure increases up to the reaction
pressure, the pump is switched to constant pressure mode.
And then, the reactor is heated to the reaction temperature;
meanwhile, three parameters, reactor pressure, reactor tem-
perature, and propylene feed rate, are collected every 6 sec-
onds. To terminate the experiment, the unreacted
monomer was flashed off by opening the vent valve.

The reaction rate was calculated from the monomer vol-
ume flow fed into the reactor at constant pressure phase. Let
Prnreactors PppD€ the density of propylene and polypropylene
(PP) in the reactor, respectively, and V ..cor> Vpp reactor D€
the volume of the monomer and polymer, respectively.
Due to volume conservation,

ov

m,reactor __ a VPP,reactor ( 1 )

pm,reactor at - (PPP - pm,reactor) at

Let m_, be the mass of catalyst injected into the reactor,
Q be the monomer volume flow compensated to the reactor
and p,, ,.mp De the density of monomer in the pump, one

m,reactor/at =

rate, R, (kgPP/gcat-h), can be estimated:

can obtain 0V Q. The polymerization

P m,pump

pPPPm,pump Q

R,= |
(pPP - Pm,reactor) Mear

P

(2)

2.5. Polymer Characterization. The melt flow rate (MFR) was
measured according to ISO 1133 (230°C/2.16 kg).

The isotactic index (II) was determined by conventional
chemical extraction using n-heptane according to ISO 9113:
2019.

The particle size and particle size distribution (PSD)
were determined by a vibration screener. The polymer parti-
cles are cascaded down from the sieve under vibration. The
particle size of remaining particles on a particular sieve is
defined as the size range between that sieve and the
upper sieve.
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3. Results and Discussion

3.1. Reproducibility. In order to examine the reliability of the
experiment method, two parallel experiments are conducted
at 70°C. The same catalyst and external donor (CHMCMS)
were used in the experiments, and the ratios of Al (mol)/Ti
(mol) and Al (mol)/Si (mol) are also the same. The experi-
mental conditions are listed in Table 1.

Two replicates for propylene bulk polymerization with a
nonisothermal prepolymerization phase are shown in
Figure 4. The plots of parallel experiments show good agree-
ment, and the deviations observed during polymerization
phase are acceptable.

3.2. Estimation of Apparent Kinetic Parameters R,,, and k.
Ziegler-Natta catalyst is known as a multisite catalyst, and
many works showed that multisite model has good agree-
ment for propylene polymerization [13-16]. Despite the
complicated nature of Ziegler-Natta catalyst, it can be stud-
ied by reducing the types of active sites [17]. Assuming the
propagation rate constant and deactivation rate constant
are constant during polymerization phase and assuming a
first-order deactivation and first-order dependence of the
reaction rate on monomer and active site concentration,
the simplified model for constant monomer and hydrogen
concentrations [1, 3, 18] is

R,=R,,-exp (=ky-t). (3)

This equation can be used to fit the isothermal polymeriza-
tion curve using only initial reaction rate R, , and deactiva-
tion rate constant k;. It can be assumed that the
concentration of catalyst active site reaches the maximum
at the very beginning of polymerization due to the reduction
rate of catalyst precursor is highly fast.

The experimental conditions and results of propylene
bulk polymerization are listed on Table 2. In the experimen-
tal group without prepolymerization, the polymerization
activity reached the maximum of 30.5kgPP/gcat-h, and II
reached the maximum of 94.85% at 80°C. After nonisother-
mal prepolymerization, the polymerization activity and iso-
tacticity at 80°C reached the maximum, which were
64.3 kgPP/gcat-h and 97.46%, respectively. For all runs, it
can be seen that polypropylene produced with prepolymeri-
zation shows higher isotacticity in the main polymerization
temperature range of 50-80°C with same hydrogen concen-
tration and Al/Si molar ratio.

3.3. Effort of Polymerization Temperature. Due to the
quasisteady-state assumption applied during the initial
phase [19-21], the increase in polymerization rate is not real
until maximum pressure is reached [22]. During the initial
few minutes, in order to keep the reactor pressure constant,
overcompensation causes increased pressure of the reactor,
leading to the little liquid propylene compensated into the
reactor. The polymerization kinetic curves between poly-
merization with nonisothermal prepolymerization phase
and direct isothermal polymerization at different tempera-
tures are compared in Figure 5. At the initial stage of main
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FIGURE 6: Arrhenius plot for the initial reaction rate and
deactivation rate constant at different temperatures. Blue square:
type A catalyst injection; red dot: type C catalyst injection; the
partial pressure of hydrogen was 0.030 MPa.

polymerization, severe flow fluctuation was observed as a
consequence of poorly controlled fragmentation and mono-
mer over compensation. The flow fluctuation and tempera-
ture fluctuation were levelled off after the reaction rate
reached the peak, and only the decay part of polymerization
curve known as quasisteady-state zone was applied to fit the
profile rate. Nonisothermal prepolymerization improves the
morphology of polymer particles and reduces their agglom-
eration at high temperature; as a consequence, the prepoly-
merized catalyst particles exhibited better fragmentation
and significantly smoothed propylene compensation flow
curve. For the polymerization with a catalyst injection at
the set temperature, the initial polymerization rate reached
the maximum at 70°C and then decreased when polymeriza-
tion temperature was raised to 80°C, and the polypropylene
particles cracked like popcorns at 90°C.

The Arrhenius plot of the initial polymerization rates
R,y (bottom) and the first-order deactivation rate constant

k, (top) at different temperatures are shown in Figure 6.
For the polymerization with nonisothermal prepolymeriza-
tion, the initial polymerization rate increases with increasing
temperature. The calculated activation energy is 63.6 k]/mol
for 0.030 MPa hydrogen in the temperature range of 50-
80°C. According to activity-dependent probability theory
[21], the more monomer converted by active sites, the higher
the probability of deactivation. But the deactivation rate con-
stants of runs without prepolymerization did not decrease at
80°C. The polymer accumulates on the surface of the catalyst
particles during prepolymerization, which prevented the
thermal decomposition of the catalyst caused by overheat-
ing. The fragmentation of catalyst is one of the reasons for
reaction rate decay, which leads to the increase of catalyst
apparent deactivation rate with the increase of temperature.
The prepolymerized Mg(OEt), supported catalyst showed
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FIGURE 7: Polymerization kinetic curves at different hydrogen pressure at 70°C: (a) type C catalyst injection and (b) type A catalyst injection.
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great difference, and it can maintain high initial polymeriza-
tion rate and high polymerization activity at high tempera-
ture at same time.

At the same hydrogen concentration, the isotactic index
of polypropylene tends to increase with the increase of poly-
merization temperature. Since the more isoselective-active
sites produce higher molecular weights polypropylenes
[23], the MFR of produced polypropylene would decrease,
and polymerization activity would increase with increasing
I1. The polymerization activity of the group with nonisother-
mal prepolymerization increased with increasing II, but the
MFR increased after the temperature was raised from 70°C
to 80°C. The living chain tends to terminate more at 80°C
by transfer to hydrogen, and the polymerization activity
increases slightly. The results from the group without prepo-
lymerization follow this law in 50°C to 70°C, compare to the
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TaBLE 3: PSD for polymer produced at varied prepolymerization time.

Fraction (w%) Particle size (um)

0 Bulk density (g/cm®) 2000 1000 500 355 250 180 71 <71
Run 13 0.36 41.05 54.6 3.46 0.18 0.06 0 0.63 0.02
Run 4 0.45 44.95 51.36 3.69 0 0 0 0 0
Run 14 0.45 39.33 54.14 5.25 0.54 0.22 0.04 0.38 0.1
Run 15 0.45 62.52 34.81 2.28 0.14 0.04 0.04 0.17 0

group with nonisothermal prepolymerization, when the
temperature raise from 70°C to 90°C, the activity and MFR
decreased sharply, and the II decreased mildly. This is
caused by mass transfer hindrance and catalyst thermal run-
away, and it stands to reason that the influence of mass
transfer restriction is more dominating than thermal
runaway.

In the group without prepolymerization, the II reaches
the maximum at 80°C and decreases slightly at 90°C, while
the polymerization activity reaches the maximum value at
70°C and drops sharply at 80°C and 90°C. While the activity
of the nonisothermal prepolymerized group kept nearly con-
stant when the temperature increased from 70°C to 80°C, but
the II increased significantly. This indicates that the poly-
merization rate of high-stereoselective active centers
increases most with the increase of temperature, and the
thermal runaway of high-stereoselective active sites is lower
than that of low-stereoselective active centers.

3.4. Effort of Hydrogen. Hydrogen improved the catalytic
activity and initial polymerization rate of propylene poly-
merization, seen in Figure 7, which is usually called activa-
tion [24, 25]. It can be explained by hydrogen reactivation
of dormant active centers caused by irregular 2,1 insertion
[26, 27]. With higher hydrogen concentration, the slope of
the rising curve of polymerization rate increases slightly. In
the process of olefin polymerization catalyzed by Z-N cata-
lyst, mainly chain transfer reaction and catalyst deactivation
several reactions compete with chain propagation. The main
chain termination reaction in Z-N catalyst is 8-H elimina-
tion from the living polymer chain to the metal or -H
transfer of H to monomer, by hydrogenolysis of molecular
hydrogen (hydrogen sensitivity) or alkyl transfer to alkyl
aluminum [28]. The catalyst used in the experiment is highly
hydrogen sensitive, and the polymerization rate does not
simply increase with the increase of hydrogen concentration.

The effect of hydrogen partial pressure on polymeriza-
tion kinetic parameters was shown in Figure 8. The initial
polymerization rate and deactivation constant considerably
increased as the hydrogen partial pressure was raised from
0 to 0.03MPa. Both variables declined a little bit when
hydrogen was raised from 0.03 MPa to 0.12 MPa. Compared
to runs without prepolymerization, both parameters are sig-
nificantly higher.

The linear relationship between R, , and k; for runs with
prepolymerization and without prepolymerization were
shown in Figure 9. Though the catalyst particles without
prepolymerization suffer from thermal runaway, it still sat-
isfies the activity-dependent probability to some extent, indi-

cating that prepolymerization changes the deactivation
constant with the same deactivation mechanism.

The addition of hydrogen led to slightly lower stereose-
lectivity [29] and significantly increased the rate of propyl-
ene polymerization and broadened the MWD [30].
Compared to run without hydrogen, the isotactic index of
the polymer changed a little when the hydrogen was added.
The isotacticity of polymer declined slightly with the
increase of hydrogen since higher fraction of low isotactic
chains was produced.

3.5. Effort of Isothermal Prepolymerization Time. The poly-
merization kinetic curves without prepolymerization and
with 0, 15, and 30min isothermal prepolymerization at
20°C were shown in Figure 10. As we expected, runs with
prepolymerization exhibit better polymerization rate, and
the higher polymerization rate was achieved with less iso-
thermal prepolymerization time. There is 9 min nonisother-
mal prepolymerization time difference between run 4 and
run 14; it turns out this effect is negligible when extrapolat-
ing for the initial polymerization rate. The prepolymerized
catalyst particles with longer prepolymerization time per-
form better mechanical strength, but the polymer on the sur-
face will hinder monomer diffuse into the internal catalyst
active sites and decrease the polymerization rate.

The polymer particle size distribution (PSD) of the poly-
mer obtained in the experiments was shown in Table 3.
Assume the fragmentation rate of catalyst particle is negligi-
ble, the size of polymer particles increases with time. Fines
generated by the catalyst fragments have few or no active
sites with high stereoselectivity, so the fine particles do not
grow larger over time. The weight fraction of polymer parti-
cles less than 180 ym decreased significantly due to prepoly-
merization, and the biggest drop occur in run 4. By
comparing the fine powder content and polymerization rate,
one can reason that the higher polymerization rate was
achieved due to less catalyst particle fragmentation, hence
less fine generated. Appropriate prepolymerization strategy
can effectively reduce the fraction of fine. The fraction of fine
increases when the isothermal prepolymerization time
increases to 15 minutes; it would decrease again when the
isothermal prepolymerization time increase to 30 minutes.
Tan et al. reported that a small particle peak appeared in
PSD profile at 10 minutes of isothermal prepolymerization,
but there is no such phenomenon at 0, 5, and 20 minutes
of isothermal prepolymerization [7]. In run 14 and 15, par-
ticles less than 180um emerged, and the experimental
results show certain consistency. The initial polymerization
rate and II decrease after extending the isothermal



prepolymerization time; it can be inferred that the polymer
accumulated on the catalyst surface grows faster than it is
inside at low temperature, resulting in thermal runaway of
some fragments with catalyst active sites when the polymer
particles were growing.

4. Conclusions

A monomer compensation setup was applied to investigate
propene bulk polymerization using a commercial Ziegler-
Natta catalyst. We found that the polymerization rate with-
out prepolymerization is small, its polymerization rate
reaches the maximum at 70°C, and the isotacticity index
reaches the maximum at 80°C. A nonisothermal prepoly-
merization phase was applied to increase the catalyst stabil-
ity and polymerization rate, and the initial polymerization
rate increased with the increase of temperature. After prepo-
lymerization, the polymerization rate and isotacticity
reached the maximum at 80°C, and the polymerization
activity reached 1.07kgPP/(gcat-min). At high polymeriza-
tion temperature, the mass transfer of monomer inside cata-
lyst was hindered, so the MFR increased with increasing
isotacticity index. Prepolymerization improved the stereose-
lectivity and activity of the catalyst; it showed greater influ-
ence on improving mass transfer than preventing catalyst
thermal runaway. The content of polymer fine powder
obtained with 0 min isothermal prepolymerization was the
least.

A simplified model was used to quantify the effect of
polymerization conditions on apparent kinetics constants
of propylene bulk polymerization. We correlated these
changes to the isotactic index and PSD of polypropylene
produced. Adequate prepolymerization was capable of
increasing initial polymerization rate and reducing the flow
fluctuation and the fraction of fine, but increasing the prepo-
lymerization time might reduce the polymerization rate and
produce more fine. The initial polymerization rate and deac-
tivation constant increased with the increase of temperature,
and it showed good Arrhenius behavior after prepolymeriza-
tion. The initial polymerization rate and II decreased after
extending the isothermal prepolymerization time, which
can be explained by worse fragmentation after long prepoly-
merization time.
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