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Abstract

Propene polymerization kinetic profiles with a diether-based Ziegler—Natta MgCl,-supported catalyst were investigated in
a stainless-steel batch reactor. The initial 10 min period characterizes various temperature levels with a constant volume of
liquid propene. The lowest temperature level corresponds to the usual prepolymerization temperature (10 °C), and the high-
est level corresponds to the usual main polymerization temperature (70 °C). The effects of the starting temperature levels
were evaluated through polymerization kinetic patterns computed namely from the second polymerization period carried
out at 70 °C for the next 90 min. Based on the heat transfer data, the kinetic profiles were fitted to suitable semi-empirical
equations derived from fundamental kinetic approaches using the first and second orders of the catalyst active sites decay.
Both approaches adequately describe the dependence of the initial activities and deceleration constants on the temperature

during the initial period.

Keywords Propene polymerization - Ziegler-Natta catalyst - Polymerization kinetics - Effect of temperature - Batch

reactor - Second order of deceleration

Introduction

Karl Ziegler and Giulio Natta developed the most sig-
nificant method for synthesizing polyolefins in the mid-
1950s (Barany and Karger-Kocsis 2019). Even 70 years
later, the development of the ZN catalyst remains an impor-
tant topic for both academic and industrial researches, as it
is still the most widespread method of isotactic polypropene
production (Busico 2009).

There are many ways to influence catalyst behaviour
during polymerization, such as modifying its structure by
using an internal or external donor, preactivation or pre-
polymerization of the catalyst (Brambilla et al. 2007). The
aim of our work was to describe the dependencies and the
influence of prepolymerization on the resulting kinetic pro-
file of polymerization (Liu et al. 2022). This study simply
selected multiple initial polymerization temperature levels
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to demonstrate the significant modification of the catalyst
kinetic patterns. These catalysts are widely used for the
commercial production of isotactic polypropene (iPP) and
stand out through their many unique properties, such as good
hydrogen response and high isotacticity without an external
donor (Bukatov et al. 2019; Paghadar et al. 2021; Nikolaeva
et al. 2018; Milanesi et al. 2023; Yaluma et al. 2006).

Numerous industrial processes used in polypropylene
production are based on polymerization in liquid propene
employing loop reactors for both the prepolymerization and
polymerization steps in the synthesis. In this research, the
prepolymerization loop reactor is modelled by a 10 min
period during which the polymerization is carried out at
various temperature levels in a wide range from 10 °C to
70 °C, while the subsequent main polymerization process
is represented namely by 90 min of bulk polymerization in
liquid propene at 70 °C.

To broaden the scope of the produced polypropylene
grades, the majority of the processes also utilize a gas phase
reactor at the end of the production lines, emphasizing the
necessity of maintaining catalyst activity also during this
period of production by minimizing the catalyst activity
deceleration patterns. Therefore, the kinetic profile of the
polymerization is one of the crucial features characterizing
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the behaviour of the catalytic system. Many authors have
been involved in the development of various descriptions for
the polymerization kinetics in batch reactors, with the aim
of describing the polymerization system using mathemati-
cal relationships and fundamental dependencies (Tian et al.
2013; Soares and McKenna 2012).

The resulting kinetic profiles can be further utilized in
mathematical models of production processes to control
the industrial facilities and predict the benefits and disad-
vantages of any new catalyst system being introduced into
the continuous production. Naturally, the kinetic features
assessed in the laboratory bench-scale batch reactors have
to be processed using complex computations to develop a
respective mathematical model applicable to different indus-
trial processes (Touloupides et al. 2010; Reginato et al.
2003; Zacca et al. 1996). These computations, based on
statistical evaluation of the catalyst residence time distribu-
tions, prioritize the simple approaches of the batch kinetic
descriptions minimizing the necessary number of decelera-
tion parameters yet maintain accuracy in the fitting of heat
transfer curves obtained during polymerization in the batch
reactor.

Experimental part
Chemicals

Polymerization-grade propylene was obtained from the
Orlen Unipetrol RPA, s.r.o., Litvinov, Czech Republic. The
propylene underwent further purification via six-column
filtration. The content of critical impurities (CO, COS) in
the propylene after purification was below 10 vol. ppb,
while the water and oxygen levels were below 0.1 vol. ppm.
Lanxess AG Germany provided the triethylaluminium
(TEA) cocatalyst featuring ultra-low aluminium hydride
content (< 0.05 wt%, TEA-ULH grade). The TEA was used
diluted with n-heptane. The dry catalyst was then trans-
ferred into Shell Ondina 933, a white mineral oil. The final
catalyst concentration in the mineral oil suspension was
approximately 25 wt%.

Polymerization procedures

A 4-L stainless-steel reactor designed for batch liquid pro-
pene polymerization was used (Fig. 1). After closing the
reactor and purging by nitrogen flow at 95 °C, a defined
amount of TEA diluted with n-heptane was charged by
micropipette (Microman®, Gilson), TEA/Ti= 120 mol/
mol. Then, the reactor was filled with a defined amount
of propene leading to a constant liquid phase volume at
various prepolymerization temperatures. Concurrently,
32 mmol of hydrogen was added. After stabilization of
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Fig.1 The scheme of 4-L reactor for propene polymerization in the
liquid phase

the starting polymerization temperature, the catalyst sus-
pension was charged by Microman® micropipette into the
catalyst injection device. Subsequently, the catalyst was
injected into the reactor through a flush of 40 g of liquid
propene. In all the experiments, the final volume of the
liquid phase during the prepolymerization period remained
constant at 350 cm®.

2.2.1. A short isothermal experiment.

After the injection of the catalyst, the polymerization pro-
ceeded at constant temperature and a stirring speed of 630
RPM for 10 min. Afterward, the reactor was vented, and the
polymer weight measured.

2.2.2. A sequential two-period experiment.

After charging the catalyst, the 1st polymerization period
at the defined temperature level was carried out for 10 min.
Next, the reactor was filled with a next propene dose to a
total of 1100 g simultaneously with a temperature rise to
70 °C. The 2nd polymerization period began after 98% of
the main polymerization temperature (i.e. 68.6 °C of 70 °C)
was reached. The 2nd polymerization period proceeded at
70 °C in liquid propene for 90 min. During the whole 2nd
polymerization period, additional propene flow of 250 g/h
into the reactor was applied to approximately compensate
for the consumed propene.
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Polymerization data processing
2.3.1. Data collection.

Figure 1 shows that during the experiment, the liquid
propylene temperature was monitored using the thermo-
couple Tr located at the bottom of the reactor, and the
temperature of the gas phase using the thermocouple
Tr2 placed close to the reactor cover. The temperature of
the incoming water reactor jacket was monitored by the
thermocouple Tw. During the polymerization, the special
double-ribbon stirrer with bottom blades was rotated at
630 RPM to ensure temperature homogeneity throughout
the reactor, and all internal walls were in contact with the
liquid propene. This statement was supported by the same
readings from both internal thermocouples, Tr and Tr2.
With such conditions, the technical arrangement of the 4-L
reactor allowed the heat flow released by the polymeriza-
tion reaction to be monitored. The heat caused a slight
overheating (up to 2 °C) of the reactor content above the
temperature of the water jacket, measured by the thermo-
couples inside the reactor (Tr and Tr2) and compared with
the temperature of the circulating thermostatic bath (Tw).
The reactor water jacket encompassed the whole reactor
surface, including the reactor cover (Fig. 1).

For better resolution of the temperature difference sig-
nals DT =Tr—Tw and dT =T, _T;,, direct micro-voltage
measurement of the thermocouples voltage difference was
performed employing suitable high-resolution transmitters
(Fig. 1). The signals were recorded every second during
the polymerization process and saved in the polymeriza-
tion data records approximately every 5 s. Simultaneously,

any as a basis for signal correction, derivation of tempera-
ture Tr was also collected.

2.3.2. Polymerization data evaluation.

In order to maintain a homogeneous temperature in the
system, fast cooling water circulation was applied. How-
ever, this homogeneity also caused a decrease in the dif-
ference between the inlet and outlet temperatures, so it
was more precise to assess the kinetic profile using the DT
value (Tr—Tw, AT=2.0 °C), rather than dt (Tw;, _Tw,,,
AT=0.1 °C). Example collected data are depicted in Fig. 2.

The heat signal was automatically corrected for tempera-
ture scatter using a calibrated linear function of instant tem-
perature and its derivation. All the collected DT points are
depicted in light blue “DT(all)”, while the dark blue points
“DT(incl)” correspond to those used for kinetic curve fitting.

2.3.3. Kinetic function.

The polymerization process starts immediately after the acti-
vated catalyst comes into contact with propene. This sub-
second starting phenomenon is not detectable by the reactor
as setup, even if the catalyst is charged at the final 70 °C
temperature level, because the charging procedure disturbs
the temperature reading for about 1-2 min. On the other
hand, if the catalyst is charged at a lower temperature than
the final polymerization level, significant activity increase
is observed even several minutes after the final polymeri-
zation temperature is reached. Thus, the acceleration pat-
terns of the polymerization kinetics are governed not only
by the increasing temperature between the periods, but also
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by the time itself. To include this observation in the polym-
erization kinetic computation for the whole polymerization
period, suitable compensation for the activity increase has
to be included in the kinetic functions. To facilitate the sub-
sequent kinetic profile computation deceleration, a simple
mathematic approach was chosen to describe the catalyst
activity increase between the polymerization periods, based
on the linear combination of two non-dimensional transi-
tion functions separately describing the temperature increase
and also the final polymerization rate increase after the final
temperature is reached:

= {1 HTTY

where t is the time since catalyst injection into the reactor
(i.e. activation), Kal, Ka2, P1 and P2 are the process activa-
tion parameters.

The function (1) applied in combination with deceleration
functions facilitates the transition of the polymerization rate
level from zero at zero time to an increased level after which
Acc(t)=1. However, this research is focused namely on the
2nd polymerization period, and zero time is defined as the
end of the 1st polymerization period, when catalyst activity
is already significant. Thus, additional modification of the
acceleration function (1) is necessary:

Acc(ty ... ty) = Ali + % : {1 - e[_%)m] 1 e[‘(é)m] }

where t is the time since the end of the first polymerization
period, and Ali is a constant dimensionless parameter that
allows us to compute the polymerization rate profile of the
2nd polymerization period from the final polymerization rate
reached at the end of the 1st polymerization period.

The infinity time limit of the acceleration function (2) is
defined as follows:

Acc(oo) = Ali+ 1 3)

During the process of polymerization kinetic param-
eters optimization, the parameter Ali is constant. Its value
is derived from the experimentally assessed yield of short
10 min runs performed in the same way as the 1st polymeri-
zation period of the sequential runs.

At the beginning of the temperature increase between the
1st and 2nd periods, the experimental DT points are not
applicable as input data for optimization of the process acti-
vation parameters of the acceleration function due to their
large scatter caused by the high power of the thermostat
heaters enabling the fast temperature increase. Thus, at
the beginning of the temperature increase, the parameters
are optimized according to the instant temperature reading
and in the context of the experimentally verified depend-
ence of catalyst activity on the instant temperature (Fig. 3).
Before 70 °C is reached, the thermostat heaters are auto-
matically switched to a mode in which they maintain the
polymerization temperature level. Then, the kinetic profile
can be evaluated directly using experimental DT points auto-
matically corrected for the instant reactor temperature and

2) its derivation.
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With all these experiments, the highest polymerization
activity was typically observed several minutes after the
end of the temperature increase to the final polymerization
level. Then, a decrease in catalyst activity was observed.
Two approaches were studied to describe the polymerization
rate decrease:

1: two types of polymerization active site deactivation
according to the first order:

Declst(r) = Al - e(-Kd11) +A2, - e(-Kdz1) 4)

2: one type of polymerization active site deactivation
according to the second order:

Al,

Dec2nd(r) = m (5)

where ¢ is time since the end of the 1st polymerization
period, A1f, A2f, Als and A2s are parameters corresponding
to the polymerization rate at zero time of the deceleration
functions, from which the active sites deactivate according
to their deceleration nature described by the parameters
Kd1f, Kd2f and Kdls.

The zero time in our kinetic description is the end of
the Ist polymerization period, when the polymerization
process proceeds at various temperature levels rendering to
the process various polymerization rates. Thus, to fit the
experimental DT points on the kinetic equation FDT over
the entire 2nd polymerization period, the simple product
of the combination of deceleration functions (3) or (4) and
Eq. (2) was used:

FDTIst(1 ... 12) = Acc(t, ... 1,) - Declst(t1 ... £2) 6)

and

FDT20d(71 ... 12) = Acc(t; ... 1,) - Dec2nd(r1 ... 12)  (7)

The experimental DT points profile (exemplified in Fig. 2
for a run with the 1st period at 50 °C) is assumed to be a
linear measure of the instant polymerization rate, linearly
transferable from their dimension (°C) to the dimension of
the polymerization rate—kgpp/(g.,°h):

Rp(f) = DTc - FDT() (8)

where Rp(?) is the polymerization rate profile; DTc is the
semi-empirical constant for the polymerization run and
FDT(t) is the profile fitted to the experimental DT data
according to Eq. (6) or (7).

The product of the acceleration and deceleration func-
tions defined using Eq. (6) or (7) can easily describe
polymerization start-up upon constant or increasing tem-
perature. Another advantage of this practical approach
is in the easy definition of the kinetic maximum of the
polymerization rate (Rp(0)) at zero time of deceleration,

defined as the extrapolation of the acceleration function
parameters Kal and Ka?2 to zero (theoretical instant accel-
eration), which results in the same equation as the extrapo-
lation of the acceleration time to infinity—see Eqs. (2) and
(3). Thus, the extrapolated kinetic maximum of the polym-
erization rate according to the two kinetic approaches is
defined as follows:

Rplst(0) = (Ali+ 1) - (ALf + A2f) - DTc )
second order of deceleration:
Rp2nd(0) = (Ali+ 1) - Als - DTc (10)

Fitting the selected experimental points (dark blue)
since the end of prepolymerization to the function (4) is
depicted in Fig. 2. The fitting procedure is based on a
simplex optimization procedure (Nelder and Mead 1965;
O’Neill 1971), which computes in several steps all the
parameters of the functions (6) and (7), performing the
best fit to the experimental DT points also in congruence
with the experimentally verified dependence of the yields
of short polymerization runs corresponding to 1st periods
at different temperatures.

The computation of DTc is the next step after fitting
the DT points. According to Eq. (8), each data point DT
can be transferred into instant heat flow produced by the
polymerization rate. Thus, the time integral of the fitted
function FDT(t) (6), including the temperature start-up
period, represents the total heat produced by the polym-
erization process, which corresponds to the total yield of
polymer produced during the 2nd period, including the
temperature increase part of the 2nd period. Then, the
multiplication factor DTc in Eq. (8) valid for the second
polymerization period can be computed as a simple ratio
of the total yield (corrected for the amount of polymer
developed during the 1st period) and the total heat com-
puted as the integral FDT(¢) from the end of the Ist period
to the end of the 2nd polymerization period:

YT_Ylst

DT¢c = ——M8MM—
¢ integralFDT(¢) an

where Y is the total polymer yield (1st 4+ 2nd periods), as
determined by the polymer weighting, Y 1st is the polymer
yield produced in the first 10 min period calculated from
Eq. (12) and the cumulative integral value of the FDT(r)
function (6).
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Results and discussion

Catalyst activity upon increasing the polymerization
temperature (1st period)

Within the scope of this two-polymerization-period
research, we separately investigated the effect of different
temperatures in the range (10-70 °C) on catalyst activity
during the 1st period in the Short Isothermal Experiment
mode (Chapter 2.2.1).

The results of this set of runs are depicted in Fig. 3.
The experimental polymer yield points corresponding to
the temperature levels are fitted by a function constructed
according to the transition function (1) described above in
the context of kinetic acceleration:

)]
Y((I)=Pl-< 1-e

12

where T is the polymerization temperature, and P1, P2 and
P3 are optimized parameters.

The 10 min experiments revealed a steep increase in
polymer yield at temperatures above 40 °C. The shape
of the yield dependence on polymerization temperature
fits well to the function (12), which represents one of
the two transition functions used in the expression (1).

In principal, this fact rationalizes the use of such a func-
tional expression for the polymerization activity increase
between the polymerization periods.

The impact of temperature in the 1st period
on catalyst activity in the 2nd period

Research of the two catalyst performance periods using the
results of 10 min isothermal polymerizations described in
Chapter 3.1, and the subsequent widening of the scope by
searching the catalyst performance during the 90 min after
the reactor was heated to 70 °C. Naturally, the duration of
the temperature increase depends on the temperature differ-
ence between the 1st and 2nd periods. To facilitate the defi-
nition of the end of the temperature increase phase, the limit
of 98% of the targeted 70 °C level (68.6 °C) was defined as
the important milestone, after which the duration of the 2nd
period was counted until the next 90 min time was reached.

As the temperature levels in the 1st period were the only
variable in this research, all the resulting values in the rel-
evant comparisons for all 14 runs performed at seven tem-
perature levels (two runs at each level) were related to the
temperature levels. At first, polymer yields between the
milestones of the entire process are shown in Fig. 4.

The data related to polymer yield formed in the 1st period
were already discussed above in Chapter 3.1. The yields
were directly determined by weighting the polymer yield
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Fig.4 Polymer yields between the milestones of the sequential exper-
iments, m_ =4 mg, TEA/Ti=120 mol/mol, ny,=32 mmol (red
unfilled circlelst period yield...10 min at various temperatures; red
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obtained from the reference 10 min experiments. Similarly,
the total polymer yield obtained after the sequential experi-
ment (1st+2nd periods) was also determined by simple
weighting.

On the other hand, the most important value—the net
polymer yield formed during 90 min at a constant tempera-
ture of 70 °C—is inherently connected with polymer yield
formed during the intermediate temperature increase that
lasted over various periods (Yield 2nd T98). The most suit-
able solution to the intermediate yield evaluation is based
on computing the overall polymerization kinetics describing
the whole 2nd period, including the temperature increase.
Then, the intermediate yield during the temperature increase
phase is evaluated as the integral of the kinetic function until
the customary limit of 98% of the targeted 70 °C level (i.e.
68.6 °C) is reached. The functional construction for the
description of the polymerization rate acceleration during
the intermediate period defined by Eq. (2) was already found
to be in congruence with the experimentally constructed
polymerization yield dependence on the temperature in
Eq. (12). Also, further indirect support of the correctness
of this approach is the independence of DTc (11) on the
temperature differences and also on the duration of the inter-
mediate period. This independence is demonstrated in Fig. 4
by the very low correlation coefficient of presumptive linear
dependence.

Computation of the polymerization kinetics as described
in Chapter 2.3.3 was performed automatically for both
kinetic approaches in relation to the active site ageing pro-
cess, Egs. (4) and (5). Computing all 14 runs of this experi-
mental series revealed that the resulting optimized Kd2f val-
ues are close to zero, which indicate not realistic statement

about their everlasting performance. In other words, it was
revealed that the ageing of the more stable active sites
according to the first order of their decay is negligible. Thus,
Eq. (4) could be modified as follows:

Declst(r) = Al, - e(KI) 4 A2, (13)

Then, the kinetic computation of all the results of the
14 runs was repeated for Egs. (7) and (13). A typical com-
parison of the best fit to the experimental points for both
kinetic approaches is exemplified in Fig. 2, while the result-
ing standard deviations for the experimental DT points for
both kinetic approaches are compared in Fig. 5:

The relationship between the standard deviations for both
kinetic approaches presented in Fig. 5 revealed their con-
gruity and also their correctness, because all of them are
well-inside the experimental limits of errors, and both are
similar for each run. This resulted in the slope of their lin-
ear correlation (=~ 1.02) with negligible intercept. Thus, it is
relevant to use both kinetic decay approaches to demonstrate
the kinetic profile curves. The resulting comparison of the
kinetic profiles of the seven temperature levels for the first-
order approach and single selected runs from the duplicates
is depicted in Fig. 6 and, for the second order, in Fig. 7.

The almost identical kinetics of the relevant profiles are
shown in Figs. 6 and 7, starting at catalyst introduction when
the profiles assessed during the 1st polymerization period
start. Although the shape of the curves was calculated in the
same manner as described above for the 2nd period, their
accuracy is limited due to the relatively small volume of
the liquid phase inside the reactor. This situation could be a
source of error in the interpretation of the heat transfer data
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because the smaller volume may not fully cover the entire
inner surface of the reactor. However, the instant activity
at the joint point for both periods (10 min) is assessed with
high accuracy because it corresponds to the average activity
calculated from the experimental yields of the short (10 min)
isothermal runs discussed in Chapter 3.1 and presented in
Fig. 3.

After 10 min, the kinetic curves in Figs. 6 and 7 enter
into the polymerization temperature increase stage, which
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corresponds to their sharp increase to maximum, typically
occurring several minutes after the temperature level of
70 °C is reached (Fig. 2). Assuming that these maxima
are the results of both simultaneously and independently
occurring acceleration and deceleration, then with the help
of our kinetic approach extrapolated to “immediate” accel-
eration according to Egs. (9) and (10), a comparison of
both extrapolated maxima is constructed in Fig. 8:
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The congruence of both kinetic approaches presented
above in Figs. 5, 6, 7 and 8 heralds the suggestion that both
mathematic tools—first- and second-order equations—are
equivalent for a description of the presented sets of kinetic
curves. If so, the optimized parameters for both kinetic
approaches might also be in good correlation with the only
variable in this research—the polymerization temperature in
the 1st period (Figs. 9 and 10):

While the three parameters optimized for the first order of
kinetic approach do not form any correlation, as presented
in Fig. 9, the two parameters of the second-order approach
indicate a good ability to be fitted to some subsequent func-
tional expressions, as they both follow smooth monotone
trends.

One explanation for these results might be as fol-
lows: During the optimization process of the first-order
approach, the parameters A1f and A2f both related to the
maximum polymerization rate at zero time partially com-
pensate each other. This effect, however, also disturbs the
single parameter Kd1f which describes the deceleration
features of the polymerization rate.

Moreover, the parameter A2f, here representing sta-
tionary active sites in the first-order approach, is naturally
regarded as unrealistic. Thus, the second-order kinetic
approach is the most appropriate for a mathematical
description of the observed kinetic curves. However, fur-
ther research will be necessary to elucidate an explanation
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for the chemistry behind this finding. A summary of all the
measured and computed results is presented in Table 1.

Hypothesis

A plausible explanation for the described increase in polym-
erization activity with a decrease in polymerization tempera-
ture during the catalyst activation period is related to the
monomer—dimer equilibrium of triethylaluminium (Smith
1967; Cerny et al. 1988).

Table1 Measured and computed results; T. 1st per.. Tempera-
ture in the Ist polymerization period; Ylst per.: Polymer yield in
the 1st period; Yield 2nd T98: Polymer yield between the end of

When the catalyst is injected into a reactor containing
TEA and monomer at a high temperature, active sites are
activated immediately and fast polymer chain growth occurs
on the active sites within tenths of a second (Mori et al.
2000). Polymer chain growth is an exothermic process,
during which the active site surrounding the space can be
significantly overheated, and some of the active sites dete-
riorated and deactivated.

At a lower temperature, TEA occurs in dimer form, una-
ble to create an active site on the catalyst. Most likely, the
dimeric form is only adsorbed on the surface of the catalyst

the Ist period and the temperature rise to 68.6 °C; Y : Total yield;
ALlf, Kd1f, A2f, Als and Kdls: Kinetic constants; SD1* and SD2":
Standard deviations for both kinetic approaches

T.1stper Ylstper Yield2nd T98  Yield 2nd Net Y Alf Kdif  A2f Als Kdls SDIst SD2nd
[°C] [g] (gl [g] el  keig*h) [1/h]  [ke/(g*)]  [keg/(g*h)]  [I/h]  [°C] [°C]
10 0.3 19.2 419 439 8395 0.843  30.37 118.68 0.787 0.051  0.052
27.5 431 459  85.07 1.259 4481 128.04 0.827 0.029  0.030
20 0.7 14.7 399 414 85.06 0.638 17.84 108.36 0.736  0.035 0.038
14.7 401 416  74.58 0.903  32.61 109.56 0.741 0.031 0.032
30 2.5 22.0 384 409  49.15 1.204  44.39 89.92 0.506 0.036  0.039
18.5 372 393 48.12 1401 44.62 87.70 0.519 0.047  0.049
40 5.8 8.3 377 392 58.05 0.556  20.95 80.49 0486 0.027  0.028
7.9 385 399 4499 0.832  35.65 79.84 0441 0.021  0.022
50 13.1 5.8 341 360 58.02 0.375 5.01 64.87 0447 0.024 0.025
6.8 352 372 36.20 0.673 24.71 60.86 0408 0.025 0.025
60 26.8 15.2 340 382 14.83 1.397 2495 36.62 0.320 0.049  0.051
8.2 333 368  16.66 1.171  19.26 33.52 0415 0.032 0.034
70 37 0.0 307 351 0.84 0.390 0.32 1.70 0.320 0.030 0.030
0.0 317 361 3.17 1.148 4.02 4.58 0.368 0.016 0.019
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particle, including the inner surface of the catalyst particle
pores. Thus, after catalyst introduction into the reactor at
low temperature, active site formation upon dissociation,
the TEA dimer occurs slowly during the temperature ramp
between the polymerization periods, and the polymerization
heat is easily transferred into the surrounding space of the
catalyst particles.

The dissociation is dependent on temperature, thus a rela-
tively slow temperature ramp between the polymerization
periods facilitates transfer of the polymerization heat into
the space surrounding the catalyst particles and plausible
deactivation of part of the active sites on the catalyst due to
local overheating is suppressed. The sequential formation
of active sites without local overheating leads to increased
catalyst activity, as shown in Figs. 6 and 7.

Conclusions

This paper focuses on the influence of temperature in the
1st 10 min polymerization period on the kinetic profiles of
the 2nd period. Two-step polymerization based on a Zie-
gler—Natta catalyst with a diether-based internal donor was
carried out in a 4-L stainless-steel reactor. It was shown
that increasing the temperature level of the 1st period led to
a steep increase in polymer yield within this period but, on
the contrary, activity in the 2nd polymerization period and
total yield both decreased.

The presented set of two-step polymerization runs in lig-
uid propene revealed significant trend towards stabilization
of the polymerization rate deceleration features upon an
increase in the starting temperature.

Despite a sufficient description of the kinetic profile by
first-order deactivation, no dependence of the A1f, A2f or
Kd1f kinetic constants could be found. Based on a similar
deviation of fitting by first- or second-order equations, both
methods provide congruity and also correctness.

Namely due to the simplicity and conformity of the
optimized constants, the deceleration features were better
described by the application of the second-order deactivation
of active sites. This approach also appeared to be more logi-
cal and more suitable for further mathematical processing
towards the computation of the catalyst kinetic performance
in continuous processes.
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