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ABSTRACT: A method for quantitative evaluation of kinetic constants in Ziegler–Natta
and metallocene olefin polymerizations is presented. The method comprises some
fundamental steps, which include the initial design of a statistical experimental plan,
the execution of the designed experiments, the development of simple mathematical
models to describe the polymerization, and the estimation of kinetic parameters from
available rate, gel permeation chromatography, and NMR data. The method is applied
to the slurry propylene polymerization, using a conventional first generation Ziegler–
Natta catalyst, in a lab-scale polymerization reactor. It is shown that the proposed
method allows the successful interpretation of experimental olefin polymerization data
and the quantitative evaluation of kinetic constants, which can be inserted into a
process simulator to provide an accurate picture of actual industrial plant behavior.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 79: 2076–2108, 2001
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INTRODUCTION

Production of polyolefins is a multibillion busi-
ness, responsible for the production of more than
80 million metric tons of polymer resins and mov-
ing approximately 50 billions of U.S. dollars
worldwide1 per year. New polyolefin plants are
being built in many places of the world and new
projects are under development. Due to all this
engineering activity and the relatively high com-
plexity of the kinetic behavior and operation of

polyolefin plants, decision making sometimes re-
lies on simulations performed with complex
mathematical models of the polymerization pro-
cess. For this reason, a significant number of pa-
pers has been published regarding modeling and
simulation of olefin polymerization reactors2–6 in
the last two decades. Some of these models have
been implemented and are available in commer-
cial process simulators, such as Polyred (Hypro-
tech), Polymers Plus (Aspen), Pro II (Simulation
Science), and Simulpol (Polibrasil).

Although the free-radical solution technology
is used to produce low-density polyethylene
(LDPE) in industrial scale,2 polyolefin production
is based mostly on the olefin coordination poly-
merization, using Ziegler–Natta3–5 and metallo-
cene catalysts.6 In these processes, catalyst and
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process are extremely interdependent and the
process cannot be understood without the proper
understanding of the catalyst behavior and vice-
versa. The number of different Ziegler–Natta and
metallocene catalysts used both commercially
and in research activities is enormous,7 and vir-
tually all sorts of chemical and kinetic behavior
have already been described for these catalysts.
In spite of that, the number of consistent sets of
kinetic constants for typical Ziegler–Natta and
metallocene catalysts is extremely small. This
means that, unless one has access to proprietary
information, simulations (thus, plant design and
optimization) carried out with mathematical
models and process simulators have to rely
greatly on guesses and on the feeling of the engi-
neer.

The kinetics of polymerization of olefins
through coordination polymerization is very com-
plex for many reasons. First, the catalyst may be
seen as a mixture of different active species, gen-
erated by a number of side reactions that may
occur during the catalyst preparation and by the
intimate interaction of the catalyst sites with the
reaction environment.8,9 Second, chain transfer
reactions, used to control the molecular weight
distribution (MWD), are promoted by different
chain transfer agents10 (monomers, hydrogen, co-
catalysts) and the importance of these reaction
steps are different for each catalyst species. Be-
sides, usually the catalyst is not stable and the
catalyst stability is influenced by the reaction en-
vironment and is different for each particular cat-
alyst system analyzed11. Finally, mass transfer
limitations may be present during the polymer-
ization, causing changes of product properties
and process performance.12,13

For all the reasons presented, different kinetic
aspects have to be analyzed simultaneously, if the
global catalyst performance is to be understood.
This may lead to very large and complex kinetic
models that depend on hundreds of kinetic con-
stants, which most of the times are not available
for the process engineer.14 Besides, even when
some kinetic parameters are available in pub-
lished material, most of the times they cannot be
used with confidence by the process engineer, be-
cause kinetic parameters depend on the catalyst
system, the operation conditions (including the
feedstock quality), and the particular kinetic
mechanism used to model the kinetics of polymer-
ization. Therefore, for process simulators to be
used successfully at plant site, some sort of exper-
imental support must be provided.

A recent review carried out by one of the au-
thors15 shows that the vast majority of the papers
related to the kinetic behavior of Ziegler–Natta
and metallocene catalysts is concerned with qual-
itative mechanistic aspects of the polymerization
kinetics and does not give much attention to the
quantitative evaluation of the kinetic constants.
When kinetic constants are provided, generally
research efforts are concentrated on a small sub-
set of the whole polymerization phenomena, such
as the evaluation of the kinetic constants that
describe the chain transfer kinetics for hydrogen
for a particular catalyst system. Therefore, most
of the times the global performance of the catalyst
system cannot be captured from the available
data.

The main objective of this manuscript is to
present a method for quantitative evaluation of
kinetic constants in Ziegler–Natta and metallo-
cene olefin polymerizations. The method com-
prises some fundamental steps, which include the
initial design of a statistical experimental plan,
the execution of the designed experiments, the
development of simple mathematical models to
describe the polymerization, and the estimation
of kinetic parameters from available rate, gel per-
meation chromatography (GPC), and nuclear
magnetic resonance (NMR) data. The method is
applied to the slurry propylene polymerization,
using a conventional first generation Ziegler–
Natta catalyst, in a lab-scale polymerization re-
actor. The kinetic mechanism used as a support
for parameter estimation is very simple, which
does not mean that more complex mechanisms
cannot be used. The kinetic mechanism used as
support comprises the well-known activation,
propagation, chain transfer, and decay steps,
which is able to describe the most important ki-
netic phenomena observed at plant site and used
to monitor and control the plant operation. If
more complex kinetic mechanisms are to be
used,14 then the set of kinetic parameters ob-
tained with the proposed method may be used as
a fair initial guess for more involving parameter
estimation procedures.

Although more advanced Ziegler–Natta and
metallocene catalysts are known and used for pro-
pylene polymerizations, conventional first and
second generation Ziegler–Natta catalysts are
still used to produce around 20% of the polypro-
pylene produced in the world. These old catalysts
and technologies are still expected to survive for
at least one more decade,16 given the current
trends of the business and the flexible design of
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the polymerization plants built for polypropylene
production with these catalysts. Therefore, the
proper quantitative understanding of the kinetics
of first and second generation Ziegler–Natta cat-
alysts may delay the disappearance of the older
technologies and help the improvement and ret-
rofitting of existing polymerization plants. Be-
sides, conventional Ziegler–Natta catalysts may
be regarded as benchmarks of the propylene po-
lymerization process. For all these reasons, first
generation Ziegler–Natta catalysts are used in
this study.

It is shown here that the proposed method al-
lows the successful interpretation of experimental
olefin polymerization data and the quantitative
evaluation of kinetic constants, which can be in-
serted into a process simulator to provide an ac-
curate picture of actual industrial plant behavior.

EXPERIMENTAL

Catalyst Preparation

The polymerization catalyst used in all experi-
ments is a conventional first generation cocrystal-
lized TiCl3–AlCl3 catalyst, suspended in an inert
organic diluent. The catalyst preparation follows
the well-known two-step procedure, where TiCl4
is reduced by alkyl-aluminum compounds and
then is precipitated at ambient temperatures.17,18

A solution of isododecane (Bayer) and TiCl4
(Titanium Chloride), containing two parts of
isododecane and one part of TiCl4 in volume, is
prepared in a 2-L jacketed glass reactor, under
nitrogen atmosphere, at 30°C and atmospheric
pressure. The solution temperature is then re-
duced to 0°C with a cold bath. A second solution
containing 25% in mass of an equimolar mixture
of diethyl-aluminum (DEAC, Akzo) and methyl-
ethyl-aluminum (MEAC, Akzo) in isododecane is
added slowly to the TiCl4 solution, under mild
agitation conditions, so that the final aluminum/
titanium molar ratio be equal to a specified value
(A/T ratio) after 8 h of continuous feed. After
keeping reactor preparation conditions constant
for 15 min, reactor temperature is slowly and
linearly increased until 110°C for a period of 1 h
and 30 min. The catalyst solution is kept at con-
stant preparation conditions for additional 8 h and
is finally cooled down to ambient temperature. The
precipitated solid material is then filtered and
washed with cold isododecane, for removal of solu-
ble species. The final catalyst is believed to present

the general chemical formula TiCl3.0.33AlCl3. The
catalyst is then stored in isododecane suspensions,
with a solid content of approximately 10%. The typ-
ical particle size distribution obtained is presented
in Figure 1(a). An optical micrograph of the final
catalyst particles is shown in Figure 1(b). It may
be observed that catalyst particles are fairly uni-
form and present regular shape and low porosity.

Polymerization Reaction

Polymerization reactions are carried out in a
standard 2-L stainless-steel Paar reactor,

Figure 1 Typical particle size distribution (a) and
morphology (b) obtained for catalyst powder.
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equipped with internal coils for refrigeration and
temperature control. The reaction mixture is
stirred continuously with a speed-controlled stir-
rer, equipped with a three-blade turbine impeller.
Heat is provided by an external heating-mantle.
Reactor temperature and pressure are monitored
and controlled in-line. The propylene feed line is
equipped with a mass flow meter (Aalborg), which
measures propylene feed rates continuously. All
reaction variables are stored in a standard PC
process computer, which is connected with the
reactor instruments through a data acquisition
board (Strawberry). Data acquisition and control
algorithms are implemented with the software
Workbench 3.0 (Strawberry), which manipulates
the data acquisition board.

Before reaction is started, the reactor is blown
with nitrogen (high purity polymerization grade
provided by COPENE) to remove oxygen and hu-
midity. The reactor is then charged with 1 L of
isododecane under nitrogen atmosphere, at ambi-
ent temperature and atmospheric pressure. The
diluent is then heated slowly until the polymer-
ization temperature, at constant pressure. The
propylene feed valve is open and propylene (high
purity polymerization grade provided by
COPENE) is fed continuously until equilibrium is
reached (the mass flow meter indicates no feed) at
the specified reaction pressure. A surge tank is
used in the feed line, to regulate the reactor pres-
sure at the desired value and allow the continu-
ous feed of monomer to the reactor. A small 100
mL stainless steel vessel is installed between the
surge tank and the reactor vessel to allow the
controlled feed of hydrogen (99.5% pure polymer-
ization grade, provided by White Martins). When
hydrogen is added to the reaction environment,
the small vessel is fed with hydrogen until the
specified hydrogen pressure is reached, before the
monomer feed is started. Then, as the hydrogen
feed lines are closed and the monomer feed lines
are open, hydrogen is pushed into the reactor
vessel by the flowing monomer feed. After reach-
ing equilibrium conditions, the specified amounts
of catalyst and cocatalysts are added to the reac-
tor vessel through a high precision pneumatic
metering pump (Polibrasil). About 50% of the co-
catalyst is fed before the catalyst, to remove pos-
sible catalyst poisons from the diluent. The re-
maining 50% of cocatalyst is added to the catalyst
suspension before feeding.

As soon as catalyst is added, the reaction be-
gins. Monomer feed flow rates are recorded con-
tinuously and are assumed to be equal to the

reaction rates, as mass transfer resistance is neg-
ligible at reaction conditions (independent exper-
imental studies not shown here indicate that
polymer yield does not depend on the agitation
speed and that catalyst activity does not depend
on the catalyst concentration in the whole range
analyzed in this manuscript). The polymerization
reaction is stopped after reaching the specified
batch time by adding 10 mL of isopropyl alcohol
into the reactor vessel. The reactor is then cooled
down to ambient temperature and the suspended
solids are removed through filtration. The solid
material and samples of 100 mL of the liquid
phase are dried under vacuum. The solid residual
of the liquid phase (solubles: polymer mass frac-
tion extracted by diluent—% weight) and the
polymer powder are then weighed and character-
ized.

Polymer Characterization

The polymer characterization procedures used in
this work are the XO (polymer mass fraction ex-
tracted by boiling xylene—% weight), the GPC,
and the NMR analysis.

The XO analysis is generally used to allow a
rough evaluation of the total atactic polypro-
pylene content of the polymer resin. First, 2 g of
polymer are dissolved in 100 mL of boiling xylene,
under continuous agitation. The solution is then
left at boiling conditions for around 15 min. Af-
terward, the solution is cooled down to 25° C.
After 30 min of rest, the solution is filtered. The
solid and liquid phases are then dried under vac-
uum. The solid residual of the liquid phase (XO)
and the solid powder (insolubles) are then
weighed and characterized through GPC and
NMR.

The GPC analysis were carried out in a Wa-
ters-150CV chromatographer, equipped with 4
Ultra-styragel separation columns (103–104–105–
106) from Waters. Polymer samples were dis-
solved in 1,2,4-trichlorobenzene (TCB) and mea-
surements were performed at 140°C. Polystyrene
standards from Polymer were used to calibrate
the GPC.

The 13C NMR analysis were carried out in a
Varian Inova-300 equipment, at frequencies of
75.4 MHz. The time interval used for analysis
was equal to 10 s. Polymer samples were dis-
solved in TCB and measurements were performed
at 95°C. Deuterated benzene was added to the
polymer solution to allow the homogenization of
the magnetic field and to improve the resolution
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of the spectral analysis. Polymer characterization
was based on the methyl (CH3, 20–22 ppm) and
methylenic (CH2, 45–47 ppm) signals, as de-
scribed in the literature.19,20

Experimental Design

Seven independent variables were selected for
this study. The first variable is the reaction pres-
sure (6 , P , 8 Kgf/cm2 z g), which is an impor-
tant variable for monitoring of plant operation
and control of the monomer concentration. The
second variable is the hydrogen concentration,
evaluated as the hydrogen pressure (0 , PH , 1
Kgf/cm2 z g) inside the small vessel before the
monomer feed is started. Hydrogen is known for
exerting major influence upon Ziegler–Natta pro-
pylene polymerization reactions.14 The third vari-
able is reaction temperature, which is allowed to
vary within the interval 50 , T , 70°C. The forth
variable is the catalyst concentration, evaluated
as the total amount of titanium added to the
reactor vessel (200 , [Ti] , 400 mg/L). The fifth
variable is the amount of alkyl-aluminum added
to the reaction environment during catalyst prep-
aration, evaluated as the Al/Ti molar ratio (0.90
, A/T1 , 1.12). This variable is believed to influ-
ence the amount of solubles and the XO produced
during the polymerization.21,22 The sixth variable
is the batch time (1 , t , 3 h), included in the
experimental design to allow the evaluation of the
well-known catalyst decay.11 The seventh vari-
able is the amount of alkyl-aluminum added to
the reaction environment during polymerization,
evaluated as the Al/Ti ratio (1.4 , A/T2 , 2),
expected to influence both catalyst activity and
the average molecular weight of the final polymer
resin.23 The experimental ranges selected in all
cases are in accordance with actual industrial
operation conditions. The ranges are narrow on
purpose, in order to allow the investigation of
effects caused by variable fluctuations within
usual operation constraints and must not be re-
garded as an experimental drawback.

To analyze the main effects of the selected vari-
ables upon the polymerization results, a mini-
mum Taguchi experimental design24 was pro-
posed. The minimum Taguchi design allows the
evaluation of main variable effects independently
from each other, provided that variable interac-
tions are not important. This is certainly a false
assumption in this case, as the kinetics of poly-
merization introduces variable interactions be-
tween many of the variables analyzed. For in-

stance, polymerization rates are expected to fol-
low rate equations that are similar to

RPol < k0expS2DE
RTk

DPM@Cat# (1)

where Rpol is the polymerization rate, Tk is the
absolute reactor temperature, PM is the partial
monomer pressure, [Cat] is the catalyst concen-
tration, R is the universal gas constant, and k0
and DE (activation energy) are parameters. Equa-
tion (1) shows a strong third-order interaction
between temperature, partial monomer pressure,
and catalyst concentration. Additional rate ex-
pressions are expected to introduce interactions
between time, cocatalyst concentration, and hy-
drogen concentration with the other three vari-
ables described above. If these interactions are to
be evaluated independently, then a much larger
number of experiments would have to be carried
out, which is not possible due to time and cost
limitations. Therefore, the minimum Taguchi de-
sign is used here mostly for geometric reasons
(uniform distribution of experiments over the ex-
perimental grid), as the main effect analysis may
be of limited value.

All experiments were made in duplicates, to
allow the evaluation of experimental consistency.
Results were regarded as valid when duplicates
led to similar polymer productivities, as it is
known that Ziegler–Natta catalysts are very sen-
sitive to impurities.25 The most expensive analy-
sis, however, were carried out only for a smaller
subset of the whole experimental set. Additional
central experiments were added to the experi-
mental plan to allow the evaluation of possible
nonlinear effects. Finally, a set of standard poly-
merization conditions, which are usually per-
formed in the lab to test catalyst performance,
was added to the experimental plan to check for
changes of the feed stock properties during this
experimental study. Although the central experi-
mental conditions might be used with this objec-
tive, the standard polymerization conditions were
selected for practical commercial reasons that are
beyond the objectives of this article.

All experiments were ordered at random, to
minimize the influence of possible extraneous ef-
fects. Experimental conditions and results ob-
tained are shown in Tables I and II. Some of the
results obtained for solubles could not be pre-
sented because the total amount of dry polymer
obtained was too small. XO values were not eval-
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uated for all polymer samples, due to the high
costs of the XO analysis (XO analysis is too long),
but at least one value is available for each exper-
imental condition. Such experimental constraints
are very common in an industrial lab and the
experimental strategy must be flexible enough to
accommodate possible lack of data.

DATA ANALYSIS

The first important piece of information pre-
sented in Table II regards the experimental error.
According to Table II, the standard errors for
polymer yield, solubles and XO are respectively
equal to 20 g, 0.28%, and 0.12% (experiment 15 is
an outlier for XO), which means that polymer
yield, solubles and XO are accurate within 640 g,
60.60 %, and 60.25%, respectively, with confi-
dence of about 95%. These numbers are very im-
portant because they will be used for analysis of

model adequacy and statistical significance in the
following subsections. Typical output values for
catalyst activity, solubles and XO are respectively
520 6 100 g/gTi h, 1.01 6 0.33 %, and 4.8 6 0.6 %
with confidence of 95%.

Correlation and Main Effect Analysis

Table III shows the correlation coefficients, or
alternatively the main linear effects, among the
variables analyzed. It can be seen in the first six
lines and columns of Table III that correlation
coefficients between pairs of independent vari-
ables are always very small due to the experimen-
tal design implemented. This illustrates that the
minimum Taguchi design allows the independent
analysis of individual linear effects of indepen-
dent variables upon the final polymerization re-
sults.

Reaction temperature is the most important
variable analyzed, given the large and significant

Table I Experimental Design

Experimental
Tag

Order P
(Kgf/cm2 z g)

PH

(Kgf/cm2 z g)a
T

(°C)
[Ti]

(mg Ti/L)
A/T1 t

(h)
A/T2

H0 1 7 1 65 200 0.90 2 2
H0 15 7 1 65 200 0.90 2 2
H0 28 7 1 65 250 0.90 2 2
H0 37 7 1 65 250 0.90 2 2
H1 6 6 0 50 200 0.90 1 1.4
H1 9 6 0 50 200 0.90 1 1.4
H2 31 6 1 70 400 1.12 1 1.4
H2 59 6 1 70 400 1.12 1 1.4
H3 8 6 1 70 200 0.90 3 2
H3 10 6 1 70 200 0.90 3 2
H4 32 6 0 50 400 1.12 3 2
H4 56 6 0 50 400 1.12 3 2
H5 29 8 0 70 200 1.12 1 2
H5 58 8 0 70 200 1.12 1 2
H6b 13 8 0 70 400 0.90 2.5c 1.4
H7 57 8 1 50 200 1.12 3 1.4
H7 60 8 1 50 200 1.12 3 1.4
H8 11 8 1 50 400 0.90 1 2
H8 12 8 1 50 400 0.90 1 2
H9 34 7 0 60 300 1.01 2 1.7
H9 35 7 0 60 300 1.01 2 1.7
H9 55 7 0 60 300 1.01 2 1.7
H9 36 7 0 60 300 1.01 2 1.7
H10 38 7 1 60 300 1.01 2 1.7
H10 39 7 1 60 300 1.01 2 1.7

a 0 represents absence of hydrogen in the feed stream.
b Reaction was not repeated because it led to too much polymer.
c Reaction was interrupted for excess of polymer.
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correlation coefficients observed for polymer
yield, catalyst activity, and total amount of
solubles. As expected, temperature causes the in-
crease of yield variables and a selective increase
of soluble material, indicating the increase of the

polymerization activity of catalyst sites, specially
of the atactic catalyst sites.21,22 Surprisingly, XO
values apparently do not depend on reaction tem-
perature, which seems to indicate that variations
of the amounts of the XO and soluble fractions are

Table II Experimental Results

Experimental
Tag

Order [Ti]a

(mg Ti/L)
Polymer Yield

(g)
Average Activity

(g/g Ti h)
Solubles

(weight %)
XO

(weight %)

H0 1 212.7 299 703 0.800 4.23
H0 15 210.3 317 754 1.120 3.33
H0 28 248.6 353 730 1.100 4.21
H0 37 253.0 372 726 1.060 4.23
H1 6 200.7 54 269 0.800 4.32
H1 9 201.4 59 293 0.140 3.98
H2 31 400.1 307 767 1.610 4.58
H2 59 401.0 340 848 1.470
H3 8 200.7 457 759 2.340 4.59
H3 10 201.4 495 820 2.380 4.43
H4 32 400.1 318 265 0.260 3.43
H4 56 410.0 338 275
H5 29 201.5 214 1062 0.840 6.67
H5 58 201.7 211 1046 1.670
H6 13 401.1 860 858 6.48
H7 57 199.6 145 242 0.700 7.69
H7 60 200.6 156 259 0.840
H8 11 401.8 172 428 0.200 4.53
H8 12 400.7 195 487 0.290 4.65
H9 34 299.2 358 648 4.20
H9 35 303.7 355 585
H9 55 301.0 363 603 0.580
H9 36 308.6 371 601
H10 38 296.4 452 763
H10 39 297.5 426 716 6.67

a Actual catalyst concentration used in the experiments.

Table III Correlation Coefficients Among Polymerization Variables

P PH T A/T1 t A/T2 [Ti] Yield Activity Solubles XO

P 1.00 0.06 20.06 0.05 20.11 0.07 20.08 20.03 0.15 20.35 0.58a

PH 0.06 1.00 0.15 20.22 0.09 0.11 20.08 0.01 0.11 0.32 20.01
T 20.06 0.15 1.00 20.05 20.10 0.17 20.14 0.56a 0.93a 0.79a 0.08
A/T1 0.05 20.22 20.05 1.00 0.08 20.24 0.19 20.19 20.04 0.02 0.42
t 20.11 0.09 20.10 0.08 1.00 0.11 20.11 0.42a 20.27 0.26 0.12
A/T2 0.07 0.11 0.17 20.24 0.11 1.00 20.05 0.07 0.28 0.13 20.38
[Ti] 20.08 20.08 20.14 0.19 20.11 20.05 1.00 0.32 20.11 20.28 20.04
Yield 20.03 0.01 0.56a 20.19 0.42a 0.07 0.32 1.00 0.49a 0.66a 0.17
Activity 0.15 0.11 0.93a 20.04 20.27 0.28 20.11 0.49a 1.00 0.63a 0.16
Solubles 20.35 0.32 0.79a 0.02 0.26 0.13 20.28 0.66a 0.63a 1.00 20.02
XO 0.58a 20.01 0.08 0.42 0.12 20.38 20.04 0.17 0.16 20.02 1.00

a Indicates that value is significant with confidence of 95%
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governed by different physicochemical phenom-
ena.

It is interesting to observe that reactor pres-
sure and partial hydrogen pressure do not seem to
exert a significant impact upon the polymeriza-
tion, which is difficult to explain, as reaction rates
are expected to be of first order in respect to
monomer and hydrogen is known to cause in-
crease of reaction rates.14 However, given the
large influence of temperature on the final poly-
merization results, final conclusions must not be
sought at the moment. The XO content, however,
seems to depend on reactor pressure to some ex-
tent. If Figure 2 is analyzed, though, it can be
seen that significant XO fluctuation, which can-
not be explained by the known experimental er-
ror, is observed within each individual pressure
group. Therefore, the effect of P upon the final XO
value is doubtful.

Table III shows that t causes a significant in-
crease of polymer yield and does not influence the
other variables significantly. This may be ex-
plained in terms of the catalyst activity. As first
and second generation Ziegler–Natta catalysts
present high stability, the concentrations of ac-
tive catalyst sites remain almost constant
throughout the polymerization batch, which
causes t to be of minor importance to explain
variations of polymer quality and catalyst produc-
tivity.

It is intriguing to observe that remaining cat-
alyst variables do not seem to exert any influence
upon the final quality of the polymer resin and
catalyst productivity. Polymer yield is assumed to
be of first order in respect to catalyst concentra-
tion and solubles and XO are assumed to be func-
tions of the A/T ratio used during both the cata-
lyst preparation and the polymerization reac-
tion.21–23 These effects may be due do the large

influence of temperature upon the polymerization
results and due to the narrow ranges of variation
of the catalyst variables, as imposed by plant
operation constraints.

In order to evaluate the quality of the previous
assumptions, a simple empirical model is devel-
oped for polymer yield in the form

Yield 5 expSA0 1
B0

TK
DPM@Ti#t~1 1 cPH! (2)

A0 5 12.65; B0 5 25080; c 5 0.163

where Tk is the absolute temperature in K and all
other variables are used as defined before. The
correlation between experimental and simulation
results obtained in this case is equal to 96% and
may be regarded as excellent. Experimental and
simulation results are shown in Figure 3.

Equation (2) indicates that the polymerization
activity can increase 15% in the presence of hy-
drogen in the range analyzed, which is very sig-
nificant in an industrial environment. However,
when c is made equal to zero and the other pa-
rameters are estimated, the correlation coefficient
obtained is equal to 94%, which means that there
is a huge uncertainty regarding the hydrogen ef-
fect upon the catalyst activity. This uncertainty
led us to design an additional set of experiments,
shown in Table IV. When eq. (2) is applied to the
experimental data presented in Table IV, c is
shown to be equal to 0.12 (Kgf/cm2)21, which
agrees extremely well with the results presented
previously and confirms that hydrogen enhances
catalyst activity considerably. Experimental and
simulation results are shown in Figure 4.

Figure 2 Box-Whisker plot of XO values.

Figure 3 Comparison between predicted and ob-
served polymer yields. (Vertical bars indicate the ex-
perimental error.)
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It is not necessary to analyze the average cat-
alyst activity as a function of the independent
variables because it is obtained both theoretically
and experimentally as the ratio between the total
polymer yield and the product of catalyst feed and
polymerization time. It is important to observe
that it is not needed to take the A/T ratio into
consideration to reproduce the experimental cat-
alyst activity results, which probably indicates
that the experimental ranges analyzed for both
A/T1 and A/T2 are too narrow for any significant
effect to be observed, given the large influence of
temperature upon the final results. (This is con-
firmed by independent observation of plant be-
havior at Polibrasil Resinas SA, Camaçari— BA,
Brasil.)

Assuming that solubles are produced in atactic
catalyst sites that behave very similarly to the
other ones, as Table III indicates that the corre-
lation coefficient between the total polymer yield
and the total amount of solubles is positive and
significant, it is possible to write

Solubles 5 expSA0 1
B0

Tk
D ~1 1 cA/T1! (3)

A0 5 34.51; B0 5 211313; c 5 20.618

where the first exponential term takes into ac-
count differences of the propagation constants for
production of the soluble and insoluble fractions,
and the second linear term is a function that
separates two blocks of experimental conditions,
depending on the values of the A/T ratio used
during catalyst preparation. Results obtained are
shown in Figure 5 and lead to a correlation coef-
ficient of 86% between experimental and calcu-
lated results, which may be regarded as very
good, given the occurrence of relatively large ex-
perimental errors. The blocking procedure was
also performed for the other independent vari-
ables, but results obtained were always worse
than the ones presented.

Equation (3) shows that the catalyst prepara-
tion procedure may be very important for the
correct interpretation of the production of the sol-
uble fraction, even when narrow ranges of opera-

Table IV Experimental Conditions and Results for the Hydrogen Effect Study

Experimental
Tag

Order P
(Kgf/cm2 z g)

PH

(Kgf/cm2 z g)a
[Ti]

(mg Ti/L)
t

(h)
Polymer
Yield (g)

Average
Activity

(g/g Ti h)

HY0 3 6.0 0.0 213.7 2 304 711.0
HY0 7 6.0 0.0 195.1 2 262 671.5
HY1 1 6.5 0.5 196.5 2 351 893.0
HY1 14 6.5 0.5 199.8 2 365 913.0
HY2 10 7.0 1.0 205.8 2 433 1052.0
HY2 8 7.0 1.0 199.8 2 378 946.0
HY2 5 7.0 1.0 200.1 2 381 952.0
HY3 11 8.0 2.0 204.7 2 475 1160.0
HY3 6 8.0 2.0 200.6 2 460 1146.5
HY4 9 7.0 1.0 202.5 3 471 775.3
HY4 2 7.0 1.0 195.6 3 475 809.3
HY5 4 7.0 1.0 192.4 4 603 783.5
HY6 13 7.0 1.0 125.1 4 389 777.5
HY6 12 7.0 1.0 121.4 4 370 762.0

a 0 represents absence of hydrogen in the feed stream.

Figure 4 Comparison between predicted and ob-
served polymer yields for the hydrogen study. (Vertical
bars indicate the experimental error.)
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tion conditions are analyzed. According to eq. (3),
the increase of the A/T ratio used for preparation
leads to reduction of the total amounts of solubles
produced. At higher temperatures, the reduction
of solubles is close to 1% when A/T1 is allowed to
vary within the experimental range analyzed,
which may be very significant for actual plant
operation. The activation energy obtained for
solubles production, however, seems to be too
high. As simulation results are worsened signifi-
cantly when the activation energy is diminished,
eq. (3) is left as it is. It is quite probable that
thermodynamic equilibrium and mass transfer
constraints affect the total amount of solubles
obtained, as this polymer fraction is actually ex-
tracted from the polymer mass during polymer-
ization, leading to the high activation energy of
eq. (3). Available experimental results26 show
that the total amount of solubles depend on the
catalyst morphology and porosity, which gives
some support to this hypothesis. As internal mo-
lecular structure and morphology, such as stereo-
block and molecular weight distributions, are ex-
pected to exert great influence on mass transfer
and thermodynamic equilibrium constraints, it is
not intended here to present a deeper discussion
about this subject. However, it must be pointed
out that eq. (3) allows excellent description of
soluble contents at Polibrasil Resinas SA, Cama-
çari—BA, Brasil, during actual process operation
conditions.

When the same approach used for solubles is
used to develop an empirical model for XO, re-
sults obtained are not good, due to the moderate
correlation between XO and reaction pressure.
Besides, Table III indicates that the sources of
variation for XO are different from the cases an-

alyzed before, as the correlation coefficients be-
tween XO and polymer yield and XO and solubles
are small and not significant. When the monomer
pressure is used to describe the XO fluctuations,
Equation (4) can be obtained:

XO 5 ~a 1 bA/T1 1 cA/T2!expSB0

Tk
DPM

d (4)

B0 5 2590; a 5 1.88; b 5 1.78;

c 5 20.76; d 5 1.32

where a variable blocking strategy was used as
before and the order in respect to the monomer
partial pressure was allowed to vary. Experimen-
tal and calculated results are shown in Figure 6,
where it can be seen that experimental errors
cannot be blamed for the model deviations ob-
served.

As eq. (4) shows, the monomer effect is very
important to describe XO variations, although
temperature does not seem to be of much impor-
tance. If one thinks that XO is the ratio between
two polymer fractions, then it seems plausible to
admit that the catalyst activities for both frac-
tions have approximately the same activation en-
ergy and that the kinetics for the XO fraction is
approximately of order 2 in respect to monomer.
[Actually, results are almost the same when d is
made equal to 1 in eq. (4). In this case, the other
parameters become: B0 5 2578; a 5 3.25; b
5 3.29 and c 5 -1.32.] This result can be ex-
plained in terms of trigger mechanisms,27,28 if it
is assumed that the metal–monomer complex can
be triggered by another monomer molecule to give

Figure 5 Comparison between predicted and ob-
served soluble polymer fractions. (Vertical bar indi-
cates the experimental error.)

Figure 6 Comparison between predicted and ob-
served XO polymer fractions. (Vertical bars indicate
the experimental error.)
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birth to a polymer chain defect, as the XO fraction
is composed of polymer chains with low degree of
isotacticity, as shown in the following sections.
This text does not intend to provide conclusions
about this subject, though. It is also important to
emphasize that if d is made equal to zero in eq.
(4), then the correlation coefficient between model
predictions and experimental results is always
below 0.40, which seems to indicate that mono-
mer concentration is indeed important to describe
XO fluctuations.

Equation (4) also shows that the XO fraction is
influenced significantly by the catalyst prepara-
tion procedure and by the amount of alkyl-alumi-
num added to the reaction environment. As XO is
expected to increase with A/T1 and to decrease
with A/T2, variations of catalyst preparation con-
ditions can be corrected at plant site through ma-
nipulation of the alkyl-aluminum concentration
inside the reactor. This is confirmed by indepen-
dent observation of plant behavior at Polibrasil
Resinas SA, Camaçari—BA, Brasil, and shows
that the alkyl-aluminum species play very differ-
ent roles during catalyst preparation and poly-
merization. It is also interesting to observe that
the A/T ratio causes opposite effects upon the XO
and soluble fractions, which seems to confirm that
different physicochemical phenomena govern the
production of these polymer fractions.

GPC Deconvolution

More detailed information regarding the catalyst
behavior can be obtained from the MWD of the
final polymer, obtained through GPC analysis. If
MWDs are available, then information about the
number of catalyst site types and the kinetic pa-
rameters of the kinetic steps that control the
MWD can be recovered, as described below.

Mathematical Modeling

If the polymerization conditions are kept constant
throughout the polymerization batch and if it is
assumed that the catalyst is a mixture of a finite
number of different types of catalyst sites, then
the MWD of the final polymer obtained may be
described as the sum of a finite number of Schulz–
Flory distributions29 in the form

Li 5 O
j51

N

Ajqj
i21 (5)

where Li is the molar concentration of polymer
chains of size i in a polymer sample, Aj depends on
the concentration of the catalyst site type j, and qj
(propagation probability of the particular catalyst
site analyzed) depends on the polymerization
mechanism. For numerical reasons, it is conve-
nient to present eq. (5) in a normalized form.
Based on eq. (5), the total mass of polymer pro-
duced by the catalyst site type j in the polymer
sample can be computed as

Mj
T 5 PMAj O

i51

`

iqj
i21 5 PM

Aj

~1 2 qj!
2 (6)

where Mj
T is the total mass of polymer produced

at the particular catalyst site analyzed and PM is
the molecular weight of the monomer species.
Therefore, eq. (5) becomes

Li 5 O
j51

N Mj
T~1 2 qj!

2

PM qj
i21 (7)

which can be written in terms of the mass con-
centration of polymer chains of size i, Mi, as

Mi 5 PMi O
j51

N Mj
T~1 2 qj!

2

PM qj
i21

5 O
j51

N

Mj
T~1 2 qj!

2iqj
i21 (8)

Equation (8) can be written in terms of the mass
fraction of polymer chains of size i as

Mi 5

O
j51

N

Mj
T~1 2 qj!

2iqj
i21

O
j51

N

Mj
T

5 O
j51

N

aj~1 2 qj!
2iqj

i21 (9)

where aj is the relative activity of the catalyst site
type j or the polymer mass fraction produced by
the catalyst site type j. The mass fractions of the
polymer chains of size between 1 and a certain
arbitrary value L can then be summed to produce
the cumulative molecular weight distribution as
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FL 5

O
i51

N

aj$1 2 qj
L@1 1 L~1 2 qj!#%

O
j51

N

aj

(10)

where FL is the mass fraction of polymer chains
with size smaller than or equal to L.

Equation (10) is the model used in this work to
represent experimental MWD obtained by GPC.
The use of eq. (10) is rather convenient, as it is
much easier to analyze model deviations and
trends with the cumulative distribution because
FL is always a monotonic increasing function of i
constrained in the interval [0,1], which provides a
natural normalization interval for all polymer
samples. Besides, eq. (10) allows the manipula-
tion of numbers of similar orders of magnitude,
which enhances the performance of numerical
procedures. Alternative deconvolution procedures
are presented in the literature for both homopoly-
mers30 and copolymers,31 based on the differen-
tial form of the GPC chromatogram. Although it
is not intended here to compare the numerical
algorithms devised for GPC deconvolution, it is
important to say that the initialization of the
numerical algorithm and computation of param-
eter estimates were always performed much bet-
ter when eq. (10) was used as the model. It seems
that some numerical problems may arise when
the differential form of the GPC is used as a
model because the numerical iterative procedure
may place parameter estimates at regions where
the model is not much sensitive to parameter
variations and the chromatogram signal is very
close to zero. This happens at both sides of the
GPC chromatogram when the differential form is
used. However, if one feels more comfortable with
the differential form of the GPC chromatogram,
then eq. (10) may be used to generate the initial
guesses for a second round of GPC deconvolu-
tions.

Observe that the model used here contains (2N
2 1) parameters to be determined: q1 , . . . , qN ,
. . . , a1 , . . . , aN21, as

O
j51

N

aj 5 1 (11)

As polymer average molecular weights are large,
parameters qj are always very close to 1, which
means that parameter estimation is very difficult

if the model is written as in eq. (10), because any
small perturbation of qj leads to large modifica-
tions of the MWD. Besides, qj is not allowed to
grow above 1 or decrease below 0. For these rea-
sons, the parameters qj are written as

qj 5 exp~2uj! (12)

In this work, the deconvolution problem consists
of estimating the parameters u1 , . . . , uN , . . . ,
a1 , . . . , aN21, in eqs. (10)–(12) in order to repro-
duce experimental cumulative MWDs obtained
through GPC. Standard maximum likelihood pa-
rameter estimation procedures32 are used to al-
low the estimation of the model parameters. The
estimation routine is repeated iteratively for in-
creasing values of N, until one (or both) of the
following tolerance criteria is satisfied:

1. The model obtained leads to a computed
polydispersity index that is larger than the
one obtained experimentally. This heuris-
tic procedure assumes that increasing the
number of catalyst site types will not cause
narrowing of the computed MWD;

2. The partial activities of some of the cata-
lyst site types are not statistically signifi-
cant, as evaluated with the standard Stu-
dent t-test.32 If the additional parameters
lead to a model that is not statistically
significant, it is assumed that the addi-
tional site type is not relevant for the de-
convolution of the experimental MWD.

This mathematical procedure was imple-
mented in FORTRAN for automatic deconvolu-
tion of the experimental MWD, using a standard
library of maximum likelihood parameter estima-
tion routines.33

Analysis of the Final Polymer Powder

The data obtained after deconvolution of some of
the experimental MWD of the final polymer resin
(which excludes the soluble polymer fraction, but
not the XO fraction, as the XO fraction is obtained
after fractionation of the final polymer resin) are
shown in Table V. In all cases analyzed, no more
than two site types were needed to allow the
adequate description of the experimental MWD of
the final polymer powder. The use of a single site
type usually led to computed MWDs that were
much narrower than the ones obtained experi-
mentally, as illustrated in Figure 7, while the use
of three site types always led to model parameters
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which lacked statistical significance within the
significance range of 95%. As shown in Figure 8,
the use of two type sites makes computed and

experimental MWDs almost identical in all cases
analyzed, so that the third site type becomes un-
necessary.

According to Table V, the MWDs of the polymer
chains produced in each individual site type do
not change very significantly within the range of
experimental conditions analyzed, as one of the
site types produces polymer chains with weight
average molecular weights around 3 3 105 g/gmol
while the other one produces polymer chains with
weight average molecular weights around 6 3 104

g/gmol. However, the partial activities of the in-
dividual site types change considerably within
the range of experimental conditions, so that the
MWD of the final polymer powder may vary a lot
along the experimental grid studied.

When the correlation coefficients of u1, u2, and
a1 with the other independent and dependent
variables presented previously are computed, it is
found that the only significant correlation are the
ones that relate the hydrogen partial pressure
with the partial activities of the catalyst sites. In
this case, the correlation coefficient between PH
and a1 is equal to 20.88, which means that the
higher the hydrogen pressure is, the higher the

Table V Deconvolution of the MWDs of Final Polymer Samples

Experimental
Tag Order u1 u2 a1

PMn
(g/gmol)

PMw
(g/gmol) PD

H0 1
H0 15
H0 28
H0 37
H1 6
H1 9 1.29 3 1024 6.08 3 1024 .868 218223 582261 2.668
H2 31 1.55 3 1024 5.61 3 1024 .237 90399 242779 2.686
H2 59
H3 8 1.58 3 1024 6.57 3 1024 .549 109664 349674 3.189
H3 10 1.66 3 1024 6.48 3 1024 .555 110399 338649 3.067
H4 32 1.63 3 1024 1.000 257460 514920 2.000
H4 56
H5 29 1.37 3 1024 5.21 3 1024 .839 211315 540133 2.556
H5 58
H6 13 1.39 3 1024 7.40 3 1024 .655 121240 435169 3.589
H7 57
H7 60
H8 11 1.85 3 1024 6.31 3 1024 .353 88713 246094 2.774
H8 12 1.84 3 1024 7.77 3 1024 .432 80650 258602 3.206
H9 34 1.34 3 1024 7.38 3 1024 .924 233807 588710 2.518
H9 35 2.00 3 1024 5.76 3 1024 .745 142112 350753 2.468
H9 55
H9 36 1.05 3 1024 7.15 3 1024 .942 300391 763444 2.541
H10 38 1.46 3 1024 6.96 3 1024 .533 104342 362449 3.474
H10 39 1.78 3 1024 7.63 3 1024 .324 73315 227811 3.107

Figure 7 Deconvolution of the experimental MWD
for polymerization H3–8, with the use of one site type.
(F: experimental; : model.)
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polymer weight fraction of polymer chains of low
average molecular weight also is. Therefore, ac-
cording to the deconvolution results, the effect of
hydrogen upon the relative distribution of cata-
lyst site types is much more pronounced than the
effect of hydrogen upon individual chain transfer
rates. This cannot be explained by classical ki-
netic mechanisms, unless it is assumed that hy-
drogen plays an important role for activation of
catalyst sites, which is in accordance with the
current interpretation of the hydrogen effect on
the propylene polymerization9,14 as being mostly
caused by the reduction of the number of mono-
mer hindered growing chains due to transfer to
hydrogen. As the apparent lack of correlation be-
tween the parameters obtained through deconvo-
lution and the other variables may be also due to
the existence of strong nonlinear relationships
among the variables analyzed and due to the mul-
tidimensional character of these relationships, a
more fundamental analysis of deconvolution data
depends heavily on the formulation of a kinetic
mechanism.

In order to illustrate the approach, let us as-
sume that chain growth is controlled by chain
transfer reactions, that catalyst sites keep their
intrinsic kinetic behavior along the polymeriza-
tion run, that reaction orders are equal to one in
respect to all reactants, and that polymerization
conditions remain constant. (It must be clear that
neither of these assumptions are needed, al-
though they are useful for most practical applica-

tions and may provide excellent initial guesses for
more detailed modeling of the kinetic mecha-
nism.14,34) In this case, qj can be described as

qj 5
Kpj@M#

Kpj@M# 1 O
i51

NX

Ktrij@Xi#

(13)

where Kpj and Ktrij are respectively the kinetic
constants for propagation and the kinetic con-
stants for chain transfer with the chain transfer
agent Xi, and [M] is the monomer concentration.
Therefore,

1
qj

2 1 5 exp~uj! 2 1 5 O
i51

NX Ktrij

Kpj

@Xi#

@M#
(14)

In the system analyzed, chain transfer is expected
to occur to monomer, to hydrogen, to cocatalyst,
and also to occur spontaneously. This means that
at least four different kinetic constants (eight pa-
rameters) can be estimated simultaneously to de-
scribe the variations of q1 and q2 along the exper-
imental grid. The strategy used here is similar to
the strategy used previously to estimate qj, al-
though implemented in the reverse order. Param-
eters are estimated simultaneously using the
complete model and the least significant set of
parameters is discarded. The model is then sim-
plified and the estimation procedure is repeated.
The iteration loop is halted when either all pa-
rameters are statistically significant or when a
significant decrease of the correlation coefficient
is observed (for instance, the correlation coeffi-
cient drops more than 10%). Results obtained are
illustrated in eqs. (15)–(16) and in Figure 9.

S 1
q1

2 1D 3 104 5 expS20.64 1
312.4

TK
D

1 expS212.60 1
4476

TK
D PH

PM
(15)

S 1
q2

2 1D 3 104 5 expS21.74 1
1087

TK
D

1 expS7.66 2
2434

TK
D @Cocat#

PM
(16)

where pressures are given in Kgf/cm2 z a and
concentrations are given in mmol/L. As partial

Figure 8 Deconvolution of the experimental MWD
for polymerization H3–8, with the use of two site types.
(F: experimental; : model.)
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pressures are used to replace concentrations, it is
implicitly assumed that the Henry9s law is valid
and that the Henry coefficient is essentially con-
stant in the experimental range analyzed. Both
assumptions can be relaxed if more rigorous com-
putation of monomer and hydrogen solubilities
are required. However, these assumptions are be-
lieved to be very good in the cases analyzed, given
the low pressures and narrow temperature
ranges used experimentally.15

Equation (15) indicates that chain growth is
controlled by chain transfer to monomer and
chain transfer to hydrogen in site 1, while eq. (16)
shows that chain growth is controlled by chain
transfer to monomer and chain transfer to cocata-

lyst in site 2. These effects are the usual chain
transfer effects reported in the literature for the
catalyst studied.10,35 Table VI shows the impor-
tance of the chain transfer effects at the center of
the experimental grid for each site. It may be
observed that chain transfer to monomer seems to
be the most important chain transfer mechanism
in the system. Given the relatively low activation
energies in eqs. (15)–(16), this behavior is ex-
pected to be approximately the same in the whole
experimental range of interest. Therefore, the key
factor for control of the Mw of the final polymer
powder seems to be the control of the relative
amounts of sites 1 and 2 present in the reaction
environment (a). However, interpretation of a is
only possible if a model is available for monomer
propagation, as described in the following section.

Analysis of the Soluble Polymer Fraction

The GPC analysis of the soluble polymer fractions
obtained in the lab is very difficult, due to the
very small quantities of solubles produced in each
run, especially when the catalyst activity ob-
tained is small. As from a practical point of view,
the amount of the soluble fraction produced is
much more important than its quality, as this
fraction may be regarded as an undesired process
by-product, no attempts were made to increase
the production of soluble material. Results ob-
tained are shown in Table VII. It is interesting to
observe that average molecular weights are much
smaller than observed previously, so that solubles
are formed mostly by atactic oligomers. (The atac-

Figure 9 Observed and predicted dimensionless
chain transfer rates for catalyst sites (3104).

Table VI Dimensionless Chain Transfer Rates
at the Center of the Experimental Grid

Chain Transfer (3104) Site 1 Site 2

Monomer 1.277 3.81
Hydrogen 0.154 —
Cocatalyst — 2.89

Table VII Deconvolution of the MWD of Soluble Polymer Fractions

Experimental
Tag Order u1 u2 a1

PMn
(g/gmol)

PMw
(g/gmol) PD

H2 31 195.5 3 1024 1100 3 1024 0.586 771 2835 3.676
H3 8 32.03 3 1024 0.000 13132 22324 1.700
H4 32 74.93 3 1024 585.5 3 1024 0.676 1788 8040 4.496
H5 29 5.63 3 1024 0.000 74604 130631 1.751
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tic nature of the soluble fraction will be shown
later.) Besides, Figure 10 shows that the Flory
deconvolution does not lead to appropriate fitting
of the experimental MWD obtained, which may
also be observed through the small polydispersion
indices evaluated experimentally for some sam-
ples. It is very probable that the proper under-
standing of the quality of the soluble fraction has
to involve both the kinetics of polymerization and
the equilibrium/kinetics of polymer chain extrac-
tion by solvent during the polymerization, as al-
ready discussed. Therefore, a detailed investiga-
tion of the extraction phenomena seems to be
necessary if one is interested in understanding
the nature of the soluble polymer fraction, which
is certainly beyond the scope of this article. How-

ever, this may be regarded as a very important
conclusion for process operation studies.

Analysis of the XO Fraction

As in the previous case, the GPC analysis of the
XO fraction is very difficult in the lab, due to the
very small quantities of XO produced in each run.
As discussed previously, no attempts were made
to increase the production of XO. Results obtained
are shown in Table VIII. It is interesting to ob-
serve that average molecular weights of the XO
fraction are smaller than the average molecular
weights of the total polymer powder, although
much larger than the average molecular weights
of the soluble polymer fraction, so that XO should
not be regarded as an oligomer fraction. As shown
later, the XO fraction is an atactic-rich polymer
fraction, although it also contains certain
amounts of isotactic chains of lower molecular
weights. For this reason, Figure 11 shows that
the Flory deconvolution does not lead to appropri-
ate fitting of the experimental MWD obtained,
which may also be observed through the small
polydispersion indices evaluated experimentally
for some samples. It is very probable that the
proper understanding of the quality of the XO
fraction has to involve both the kinetics of poly-
merization and the equilibrium/kinetics of poly-
mer chain extraction by boiling xylene. Therefore,
a detailed investigation of the extraction phenom-
ena seems to be necessary if one is interested in
understanding the nature of the XO fraction,
which is certainly beyond the scope of this manu-
script. In spite of that, Figure 12 shows that after
the removal of the XO fraction, the MWD of the
remaining insoluble polymer fraction cannot be
fitted by the Flory deconvolution anymore, as the

Figure 10 Deconvolution of the MWD of the soluble
polymer fraction for polymerization H3–8, with the use
of one site type. (F: experimental; : model.)

Table VIII Deconvolution of the MWD of the XO Fractions

Experimental
Tag Order u1 u2 a1

PMn
(g/gmol)

PMw
(g/gmol) PD

H0 2 1.83 3 1024 4.013 3 1024 0.355 139637 387097 2.772
H0 3 1.407 3 1024 8.924 3 1024 0.112 51989 150425 2.893
H1 9 6.348 3 1024 0.000 66185 128751 1.9453
H2 31 19.44 3 1024 0.000 21627 38965 1.802
H3 8 1.163 3 1024 13.07 3 1024 0.053 33793 99376 2.941
H4 32 1.266 3 1024 10.52 3 1024 0.145 45768 164390 3.592
H5 29 12.38 3 1024 0.000 33960 66032 1.944
H6 13 1.406 3 1024 16.21 3 1024 0.083 28056 97084 3.460
H8 11 24.07 3 1024 0.000 17469 30113 1.724
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model consistently fails to describe the content of
polymer chains at the lower chain size side of the
graphic. This seems to support the fact that the
XO fraction contains considerable amounts of iso-
tactic chains of low molecular weight. Besides, a
strong linear and statistically significant correla-
tion (above 0.80) may be observed between the
average molecular weights of the XO fraction and
of the polymer powder, which also seems to sup-
port the assumption regarding the importance of
extraction phenomena to describe the XO fraction
and provides an empirical relationship to predict
the quality of the XO material. For all these rea-
sons, no additional attempts are made to describe
the nature of the XO fraction based solely on the
kinetics of polymerization.

Interpretation of Reaction Rate Curves

If reaction rates and/or polymer yields are mea-
sured, then it is possible to estimate the kinetic
constants for chain growth and the relative
amounts of catalyst sites as functions of reaction
conditions. In order to do that, a kinetic mecha-
nism is needed. The same mechanism described
before, containing the usual activation, propaga-
tion, transfer, and catalyst decay steps, are used
to interpret the experimental data. However, as
pointed out before, more complex mechanisms
may be used for this purpose. The numerical
problem may then increase considerably, without
any guarantee that improved performance of the

process simulator will be obtained. However, if
more complex mechanisms are to be used, the
kinetic constants evaluated here may be used as
initial guesses for additional parameter estima-
tion.

Mathematical Modeling

The partial site activities aj, j 5 1. . .N, describe
the mass fraction of polymer produced at site j.
Therefore, aj may be described as

aj 5
Kpjwj@M#@Cat#

O
i51

N

Kpiwi@M#@Cat#

5
Kpjwj

O
i51

N

Kpiwi

(17)

where wj are the fractions of site j in the overall
catalyst (or active species) mixture. Equation (17)
shows very clearly that Kpj and wj cannot be es-
timated simultaneously from GPC deconvolution,
as these parameters are always multiplying each
other. Therefore, ad hoc solutions must be pro-
posed for estimation of catalyst site activities. A
first approach may be assuming that catalyst site
fractions or catalyst activities are the same for all
sites. For Ziegler–Natta polymerizations it is ge-
nerically believed that catalyst sites differ mostly
because of the MWD of the polymer produced and
not because of the amount of polymer produced in
individual sites.36 In this case,

Figure 12 Comparison among the MWD of different
polymer fractions for polymerization H3–8, with the
use of two site types. (F: polymer powder; Œ - XO
fraction; E: insoluble fraction; : model.)

Figure 11 Deconvolution of the MWD of the XO frac-
tion for polymerization H3–8, with the use of two site
types. (F: experimental; : model.)
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aj 5
Kpj

O
i51

N

Kpi

or aj 5
wj

O
i51

N

wi

(18)

A second approach might be assuming that the
catalyst site fractions are known, in accordance to
independent experimental investigations based
on radio tagging, performed to unveil the intrinsic
nature of the catalyst structure.37 From a practi-
cal point of view, the best approach is the second
one, as the first approach obliges the experi-
menter to model the catalyst synthesis, because
variations of catalyst site fractions cannot be ex-
plained based solely on kinetic data. From a pa-
rameter estimation point of view, both approaches
are equally adequate, if interpretation regarding
the physical meaning of final parameter estimates
is not required. In this work, the second approach is
the one used. Catalyst site fractions are assumed to
be of order wj 5 1.0 3 1023, as suggested in the
literature for similar catalysts.10,35

Assuming that the original catalyst is a mix-
ture of different catalyst sites, which must be
activated before polymerization and that are sub-
ject to catalyst decay, then it is possible to write

dCatj
0

dt 5 2KrjCatj
0 (19)

Catj
0 5 Catj

0~0!exp~2Krjt! (20)

dCatj

dt 5 KrjCatj
0 2 KdjCatj (21)

Catj 5
Krj

Kdj 2 Krj

@exp~2Krjt! 2 exp~2Kdjt!#Catj
0~0! (22)

RPol 5 O
j51

N

Kpj@M#@Catj#

5 O
j51

N

Aj@exp~2Krjt! 2 exp~2Kdjt!# (23)

where Catj is the total mass of active catalyst site
j, Catj

0 is the total mass of potential catalyst site j, t
is time, Krj, and Kdj are the kinetic constants for
activation and decay of catalyst site j, RPol is the

rate of polymerization, and Aj is a parameter lump,
defined as

Aj 5 Kpjwj
0

Krj

~Kdj 2 Krj!
@M#@Cat# (24)

It must be pointed out that 3N different parameters
must be evaluated for each rate curve analyzed,
unless additional simplifying assumptions may be
introduced. For instance, if kinetic constants for
activation and decay are similar for all catalyst site
types, then eqs. (23) and (24) become much simpler:

RPol 5 O
j51

N

Kpj@M#@Catj#

5 A@exp~2Krt! 2 exp~2Kdt!# (25)

A 5 SO
j51

N

Kpjwj
0D Kr

~Kd 2 Kr!
@M#@Cat# (26)

where only three parameters must be estimated
for each individual rate curve. One must observe
that the parameters Krj, Kdj, and Aj depend on
the polymerization conditions and must be mod-
eled afterward. For instance, hydrogen is believed
to increase the rates of both catalyst activation
and catalyst decay.14 Besides, kinetic parameters
certainly depend on reaction temperature. There-
fore, standard correlation analysis must be per-
formed for the estimated kinetic parameters to
investigate whether polymerization conditions in-
fluence parameter estimates, to select the opera-
tion conditions for kinetic modeling and to allow
the evaluation of activation energies for individ-
ual kinetic constants. But as kinetic constants
must be provided for each catalyst site type, then
it is interesting to combine eqs. (17) and (23) as

aj~t! 5

Kpjwj
0

Krj

~Kdj 2 Krj!
@M#@Cat#

3 @exp~2Krjt! 2 exp~2Kdjt!#

O
j51

N

Aj@exp~2Krjt! 2 exp~2Kdjt!#

(27)

which must be averaged along the polymerization
time to provide the experimental aj values of the
GPC deconvolution as
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aj 5

Kpjwj
0

Krj

~Kdj 2 Krj!
@M#@Cat#

F1 2 exp~2Krjt!
Krj

2
1 2 exp~2Kdjt!

Kdj
G

O
j51

N

AjF1 2 exp~2Krjt!
Krj

2
1 2 exp~2Kdjt!

Kdj
G

(28)

However, if activation and decay properties of
catalyst site types are similar, then it is possible
to write

aj 5

Kpjwj
0

Kr
~Kd 2 Kr!

@M#@Cat#

A (29)

Kpjwj
0 5

ajA~Kd 2 Kr!

@M#@Cat#Kr (30)

Equations (27)–(30) show that GPC and rate data
may be combined to provide the kinetic propaga-
tion constants for individual catalyst site types.

In this work, the interpretation of the rate
curves comprises the following steps:

1. Estimation of parameters Krj, Kdj, and Aj
for catalyst sites, for increasing values of
N. The iterative procedure is halted when
the kinetic parameters obtained are not
statistically significant or when the corre-
lation coefficient between experimental
and simulated results does not increase
more than a few percents.

2. Combination of rate parameters with GPC
deconvolution results to provide the kinetic
constants for propagation of the individual
catalyst site types.

3. Performance of standard correlation anal-
ysis between model parameters and reac-
tor operation conditions to allow the selec-
tion of reaction conditions that cause vari-
ation of model parameters.

4. Modeling of kinetic parameters and com-
putation of activation energies.

This mathematical procedure was imple-
mented in FORTRAN for automatic interpreta-
tion of the experimental rate data, using a stan-
dard library of maximum likelihood parameter
estimation routines.33

Data Analysis

Figure 13 shows a typical polymerization rate
profile obtained for the catalyst under investiga-
tion. Results indicate the existence of a very short
activation period (5–10 min) and very small rates
of catalyst decay, as polymerization rate de-
creases very slowly along the batch. This means
that Krj are expected to be large and that Kdj are
expected to be very small. Besides, as Figure 13
shows results obtained in the absence of hydro-
gen, it is clear that fast activation and some de-
gree of deactivation must be expected in all ex-
perimental conditions and do not depend exclu-
sively on the addition of hydrogen to the reaction
environment. As shown in Figure 13, no more
than a single site is needed to reproduce rate data
within the experimental accuracy in all experi-
ments analyzed. This is an indication that eq. (25)
is able to fit experimental results very well, and
that it is reasonable to assume that activation
and deactivation constants are similar for all cat-
alyst sites. The whole set of parameter estimates
obtained is shown in Table IX.

When correlation between Kr and the remain-
ing variables are computed, very small correla-
tion coefficients are obtained, which reflects the
fact that Kr values are too big to be computed
with accuracy with the experimental apparatus
used in this study. From a practical point of view,
though, this is not of much importance because Kr
is so large that Kr uncertainties do not prejudice
model predictions. It may be said that catalyst
activation is almost instantaneous in the case
analyzed. Modeling efforts are improved when Kr
values that are larger than 60 h21 are discarded,
as activation would be finished in a couple of

Figure 13 Polymerization rate profile for polymeriza-
tion H6-13, assuming similar activation and deactiva-
tion constants for all catalyst sites. (E: - experiment;

- model.)
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minutes in these cases and there would not be
many data points available for fair estimation of
Kr. In this case, a significant statistical correla-
tion of 0.65 is shown to exist between Kr and the
cocatalyst/catalyst ratio used during catalyst
preparation, which seems to indicate that cata-
lyst activation depends mostly on the preparation
conditions and on intrinsic morphological proper-
ties of the catalyst powder. It is usually accepted
that catalyst activation depends basically on the
rate of catalyst fragmentation during the first
moments of the polymerization,38–40 which is a
function of particle size distribution and pore size
distribution of catalyst grains. (This fact can also
be used as an explanation for the similar values of
Kr found for all catalyst site types.) As shown in a
previous study,26 both particle size and pore size
distributions change a lot when catalyst prepara-
tion conditions are changed. Therefore, the result
obtained sounds very consistent. An empirical
model for Kr is then formulated as

Kr 5 expS10.45 2
2433

TK
D ~A/T1!

3.50 (31)

where Kr is given in h21 and A/T1 is given in
molar basis. Figure 14 shows that results ob-
tained may be regarded as good. Equation (31)
indicates that catalyst activation is faster at high
temperatures and when A/T1 is larger. The effect
of temperature upon activation is trivial, while
the effect of A/T1 upon the catalyst activation
rates is believed to be due to the increase of par-
ticle porosity.26 The A/T1 ratio cannot be in-
creased too much though; otherwise, the catalyst
grain becomes too fragile and excessive amounts
of fines are produced during polymerization.

Compared to Kr, modeling of Kd is much easier
because there is a significant degree of correlation
between Kd and PH for the data sets analyzed
(0.87), when the zeroes are removed from the data
set. (Values of Kd 5 0.0 h21 were obtained for
experiments with very low polymer yields and for
short batch times. For these experiments, consis-
tent evaluation of Kd was not possible because of
the low decay and large noise level of the rate
profiles.) The following equation can then be ob-
tained:

Kd 5 expS13.17 2
5300

TK
D

1 expS4.74 2
2223

TK
DPH (32)

where Kd is given in h21 and the remaining vari-
ables are defined in Table I. Simulation results
obtained may be regarded as very good, as illus-
trated in Figure 15. Equation (32) shows that
catalyst decay increases with temperature, as ex-
pected, and with the partial hydrogen pressure,
as well documented in the open literature.14 It is
interesting to observe that the decay constant

Table IX Parameter Estimates Obtained from
Reaction Rate Profiles

Experimental
Tag Order

A
(g/min)

Kr
(h21)

Kd
(h21)

H0 2 2.3788 14.7027 0.2132
H0 3 2.7486 9.6932 0.2184
H0 4 3.5102 11.2810 0.3680
H0 5 3.5254 16.4248 0.3068
H1 6 0.9863 312.7781 0
H1 9 1.0756 354.3915 0.0247
H2 31 5.3155 31.5919 0.2887
H2 59 5.4763 57.4518 0.2322
H3 8 3.3667 19.2631 0.2773
H3 10 3.4815 30.1592 0.2549
H4 32 1.6484 20.8018 0.0776
H4 56 1.7525 37.2524 0.0762
H5 29 3.1811 43.1751 0.1571
H5 58 3.4588 44.5284 0.1009
H6 13 7.3669 16.0569 0.0813
H7 57 1.6712 25.4207 0.6394
H7 60 1.8972 21.3532 0.6580
H8 11 2.1492 33.7598 0
H8 12 2.0304 14.7490 0
H9 34 3.5394 16.0090 0.0332
H9 35 2.9504 10.9468 0.0639
H9 55 2.6834 20.3690 0.0254
H10 36 2.9881 47.9844 0.0474
H11 38 4.3780 22.2033 0.2086
H12 39 4.0182 63.3507 0.1364

Figure 14 Observed and predicted activation rate
constants for catalyst sites.
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increases from 0.064 to 0.209 h21 as PH changes
from 0 to 1 Kgf/cm2 z g, which shows that hydro-
gen exerts an enormous influence upon catalyst
stability. Alternative model formulations do not
lead to any significant improvement of model pre-
dictions and were discarded.

As in the previous cases, standard correlation
analysis was carried out for the propagation con-
stants of both sites. It is interesting to observe
that different results were obtained for each ki-
netic constant. For the propagation constant of
the first site, important correlation was detected
only for temperature. The Arrhenius form ob-
tained for the kinetic constant is shown in eq.
(33). Figure 16 illustrates the adequacy of the fit.
There is some spread of data that cannot be re-
moved with alternative formulations of the em-
pirical model proposed. In spite of that, a correla-
tion of 0.85 is obtained between experimental and
simulation results of Kp1w1

0.

Kp1w1
0 5 expS12.04 2

6336
TK

D (33)

where Kp1w1
0 is given in (g/min)/(Kgf/cm2)/

(mgTi/L).
For the second site, important correlations are

detected for temperature and hydrogen partial
pressure, which indicates that catalyst activity
depends on the hydrogen concentration. Equation
(34) shows the empirical fit obtained, while Fig-
ure 17 shows the adequacy of the model fit. Re-
sults may be regarded as very good and correla-
tion between experimental and simulation results
of Kp2w2

0 are around 0.95.

Kp2w2
0 5 expS25.44 2

11244
TK

D
1 expS6.51 2

4627
TK

DPH (34)

where Kp2w2
0 is given in (g/min)/(Kgf/cm2)/

(mgTi/L).
It is well known that hydrogen exerts an im-

portant role for catalyst activation of propylene
polymerizations14 and this is explained nowadays
in terms of multiple insertion polymerization
mechanisms.9 The intriguing fact here is that the
catalyst sites responsible for production of the
lower molecular weight fractions are the ones af-
fected by hydrogen more strongly. As shown in
the Appendix, the opposite behavior is normally
expected with usual multiple insertion mecha-
nisms, as the increase of the hydrogen concentra-
tion tends to release the sterically hindered cata-
lyst sites for polymerization. Therefore, one might
wonder whether some sort of chemical site acti-
vation, as proposed in many published works,14

might also be responsible for the increase of cat-
alyst activity observed or whether catalyst site

Figure 15 Observed and predicted decay rate con-
stants for catalyst sites.

Figure 16 Observed and predicted propagation con-
stants (Kp1wi

0) for catalyst site 1 [in (g/min)/(Kgf/cm2)/
(mgTi/L)].

Figure 17 Observed and predicted propagation con-
stants (Kp2w2

0) for catalyst site 2 [in (g/min)/(Kgf/cm2)/
(mgTi/L)].
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type 1 might not be subject to stereochemical
effects, that would only be observable for the site
type 2. In this case, the catalyst would be well
described by three different catalyst sites: cata-
lyst site type 1 and the two stereo configurations
of catalyst site type 2.

It must be noticed that at temperatures of
60°C, the activities of sites 1 and 2 change from
9.238 and 2.422 3 1024 to 9.238 and 8.628
3 1024, respectively, as PH changes from 0 to 1
Kgf/cm2 z g. This represents an increase of cata-
lyst activity of more than 50% in the presence of
hydrogen, although leading to significant reduc-
tion of the weight average molecular weight,
given the significant increase of the production of
lower molecular weight polymer fractions. Unfor-
tunately, detailed modeling of the hydrogen effect
cannot be performed with two-level experimental
designs. Due to the importance of the hydrogen
effect observed, additional experiments were car-
ried out with varying values of PH, as described
previously. Results are presented in the following
section.

Additional Results Regarding the Hydrogen Effects

Experimental runs for increasing values of PH
were carried out for the standard experimental
conditions (Tag H0 in Table I) and are shown in
Table IV. The values of PH used were equal to 0,
1.5,2 and 3 Kgf/cm2 z a, due to experimental con-
straints. Experiments were replicated and results
obtained were very similar in all cases. Figure 18
shows how hydrogen partial pressure influences
the final catalyst activity at 65°C. It can be seen
graphically that both catalyst activity and cata-
lyst decay increase with the increase of the hy-
drogen concentration. The kinetic constants ob-
tained for each case are presented in Table 10.

Figures 19 and 20 show how the kinetic constants
change when PH increases. Significant nonlinear
effects are observed for Kp in the range analyzed,
which agrees with the multiple insertion propa-
gation mechanism (see Appendix), but can also be
explained in terms of equilibrium kinetics. Both
assumptions lead to very similar functional
forms. For instance, assuming that certain cata-
lyst sites are activated by hydrogen reversibly, as

Catj
Pot 1 H2

O¡
K1

¢O
K2

Catj (35)

then it is possible to write at equilibrium condi-
tions

Catj 5
PH

Keq 1 PH
wjCatCat (36)

where Keq is the ratio between K2 and K1. Figures
19 and 20 shows that eq. (36) provides excellent
fits of observed experimental values of Kp and Kd.
For Kp, eq. (36) becomes

Kp 5 1.644 3 1023 1 1.438 3 1023
PH

1.216 1 PH

(37)

which shows that hydrogen effects are important
for relatively low values of PH (below 3 Kgf/cm2 z
a) and that catalyst activation by hydrogen rep-
resents almost 50% of the maximum catalyst ac-
tivity. Results obtained agree very well with re-

Figure 18 Polymerization rate profiles for different
hydrogen concentrations.

Table X Parameter Estimates Obtained from
Reaction Rate Profiles for Varying Hydrogen
Concentrations

PH

(Kgf/cm2)
Kd

(h21)
Kr

(h21)
Kp (g/min)/

(Kg f/cm2)/(mg Ti/L)

0 0.0650 102.2720 0.0016
0 0.0475 65.4605 0.0017
1.5 0.2200 30.2013 0.0024
1.5 0.2413 32.0823 0.0024
2 0.2967 50.9347 0.0027
2 0.2657 43.8738 0.0025
2 0.2586 45.9801 0.0026
3 0.3109 31.2973 0.0026
3 0.3124 39.7477 0.0027
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sults presented in the previous section, for
broader temperature and narrower hydrogen con-
centration ranges. For Kd, eq. (36) becomes

Kd 5 0.056 1 0.456
PH

2.30 1 PH
(38)

which shows that hydrogen influence upon cata-
lyst decay may be even more important than in
the previous case, as catalyst deactivation in-
duced by hydrogen may represent as much as
90% of the maximum catalyst deactivation rate
possible. Besides, eq. (38) also shows that nonlin-
ear effects are much less important to describe
variations of the decay rate constant in the range
of interest than observed previously for Kp.

Remarks Regarding Cocatalyst Effects

According to eq. (16), the cocatalyst may play an
important role as a chain transfer agent during
polymerization, especially when the partial hy-
drogen pressure is high and the relative amount
of polymer produced at catalyst site 2 increases.
However, this is not supported by actual opera-
tion data obtained at the plant site, which shows
that the increase of the cocatalyst feed rates af-
fects neither the catalyst activity nor the polymer
average molecular weight at usual operation con-
ditions. According to plant data, the increase of
cocatalyst feed rates causes no significant effect
upon plant operation, except the reduction of the
XO polymer fractions when these values are too
high, as shown in eq. (4). Therefore, at the plant
site the cocatalyst is used mostly to control XO
(although it is certain that polymerization condi-
tions may change a lot if the cocatalyst concen-

tration is allowed to fluctuate beyond the experi-
mental range analyzed21–23). However, at plant
site the catalyst feed solution is prepared and
aged in feed tanks for approximately 1 h, due to
production constraints (it must be guaranteed
that feed tanks will never be empty!). Catalyst
aging is known to cause variations of catalyst
behavior, as catalyst site preparation depends
fundamentally on a very complex set of reaction
steps between the titanium and aluminum spe-
cies.11,41

In order to investigate the influence of catalyst
aging upon the final catalyst performance, poly-
merizations were carried out at the standard ex-
perimental conditions (Tag H0 in Table I), using
two different catalyst feeds. The first one was the
original catalyst feed described in Catalyst Prep-
aration in the Experimental section of this article.
The second one was prepared through aging of the
original catalyst feed for 1 h inside the reactor
vessel, with a solution containing 70% of the total
cocatalyst feed and 100% of the diluent used for
the polymerization batch. Results obtained are
displayed in Figures 21 and 22. Figure 21 shows
that reaction rates are slightly higher for the aged
catalyst and that significant improvement of cat-
alyst stability can be observed after catalyst ag-
ing. Figure 22 shows that molecular weight dis-
tribution is displaced to higher molecular weights
and becomes broader after aging.

The relative decrease of the low molecular
weight polymer fraction after aging probably ex-
plains why average molecular weights are not
sensitive to changes of the cocatalyst concentra-
tion at the plant site. Besides, as catalyst sites
that produce larger molecular weights also
present higher activity, it sounds natural that the
increase of average molecular weight and catalyst

Figure 19 Global propagation constant as a function
of hydrogen concentration. [Kp is given in (g/min)/(Kgf/
cm2)/(mgTi/L)].

Figure 20 Catalyst decay rate constant as a function
of hydrogen concentration.
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activity occur simultaneously. This can also ex-
plain why catalyst activity is less sensitive to
fluctuations of the hydrogen concentration at the
plant site. It may be wondered then that signifi-
cant catalyst stabilization may occur during the
aging step, with reduction of the relative concen-
tration of catalyst sites that lead to production of
polymer with lower molecular weights. However,
it must be pointed out that previous studies11,41

indicate that aging generally exerts a negative
effect upon catalyst activity, different from the
experimental results obtained in this study
(which were confirmed through replication).

It is not intended here to study the catalyst
aging step in detail, but it is important to say that
the experimental procedure implemented here
was able to detect that catalyst aging may be
important for a description of final catalyst per-
formance. It is also important to observe that if
chain transfer to cocatalyst is neglected, then the
remaining kinetic constants presented are able to
describe fairly well the polymer product obtained
at plant site in Polibrasil Resinas SA, Cama-
çari—BA, Brazil.

Interpretation of NMR Spectra

If NMR spectra of polymer samples are available,
then it is possible to observe the detailed internal
structure of polymer chains, allowing a much bet-
ter understanding of copolymer and stereochem-
ical block formation. As observed in the previous
cases, however, a kinetic model is needed to allow
the proper kinetic interpretation of the NMR
spectra. In a certain sense, NMR modeling is eas-
ier than traditional kinetic modeling, because
NMR spectra depend mostly on chain growth
steps, which occur much more frequently than the

other reaction steps. For the sake of coherence,
the same sort of kinetic model used before is used
again for NMR kinetic interpretation. As shown
in the literature,34 the model can be changed to
accommodate more complex kinetic mechanisms.

Mathematical Modeling

The most important characteristic of the internal
structure of polypropylene chains is the stereo-
regular distribution of the methyl groups along
the polymer backbone (tacticity). Methyl groups
may be inserted along the same side (isotactic
m-insertion) or along the opposite sides (syndio-
tactic r-insertion) of the backbone during poly-
merization. When a block sequence containing Nb
(number of blocks for NMR analysis) molecules is
analyzed, the number of possible arrangements of
the methyl groups is

NArr 5 2~Nb21! (39)

However, certain pairs of arrangements are mir-
rored copies of each other, which means that they
actually represent a single chemical structure.
For instance, the sequence mmmr is identical to
the sequence rmmm, depending only on the direc-
tion selected to count the branching sequence
along the polymer backbone. The total number of
different stereo-blocks formed when Nb molecules
are analyzed is therefore obtained by subtracting
the number of possible mirrored copies from the
total number of possible arrangements, as

Figure 22 MWD of polymer powders obtained with
catalysts submitted to different aging conditions.

Figure 21 Polymerization rate profiles for catalysts
submitted to different aging conditions.
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Nblocks 5
2~Nb22!

2@INT~Nb21!/2# @2@INT~Nb21!/2# 1 1#,

Nb $ 2 (40)

where INT(z) is the function that keeps the inte-
ger part of a real number. If mass balances are
now written for each individual stereo-regular
block, then it is possible to compute the concen-
trations of N-ads (the sequences of Nb molecules
that form the blocks) during polymerization.34 As-
suming that stereo-block formation is controlled
by propagation and that the ultimate model can
be used to describe the formation of stereo-blocks,
then the following insertion steps may be used to
describe the reaction mechanism:

5
S 1 MO¡

KSS

S

S 1 MO¡
KSR

R

R 1 MO¡
KRS

S

R 1 MO¡
KRR

R

(41)

where S and R represent two distinct stereo-con-
figurations of the active site (determined by the
position of the methyl group). It is not intended to
discuss here the detailed stereo-chemistry of
Ziegler–Natta catalysts, because the literature
about the subject is vast and because each cata-
lyst may present individual characteristics that
are not shared by other catalysts.34 It is assumed
here that isotactic insertions preserve the stereo-
chemistry of the active site, while syndiotactic
insertions change the stereo-chemistry of the ac-
tive site. (This assumption is not of fundamental
importance and other catalysts can be analyzed
as presented below with simple redefinition of
kinetic constants.34) Assuming that polymeriza-
tion conditions remain constant and that the
quasi steady state assumption is valid for active
species, it is possible to write

@Rj# 5
KSR

KSR 1 KRS
wj@Cat# (42)

@Sj# 5
KRS

KSR 1 KRS
wj@Cat# (43)

(Rj and Sj are the sterero-block R and S configura-
tions, respectively), which can be renormalized as

rj 5
PSR

PSR 1 PRS
(44)

sj 5
PRS

PSR 1 PRS
(45)

where rj and sj are the fractions of sites with the
R and S configurations respectively, and Pij are
the insertion probabilities, defined as

Pij 5
Kij

Kp , i, j 5 R, S (46)

It is implicitly assumed here that

KSS 1 KSR 5 KRS 1 KRR 5 Kp (47)

KSS 1 KSR 5 KRS 1 KRR 5 Kp (48)

If eq. (47) is not satisfied, then a multistep prop-
agation mechanisms must be used, as presented
in the Appendix. Equation (47) says that the par-
ticular stereo-configuration of the methyl group
does not affect propagation. (As far as iso/syndio
insertions are concerned, this may be a good as-
sumption for most Ziegler–Natta catalysts. How-
ever, the story is completely different when head/
tail insertions are analyzed.)

The NMR model can then be built as

Bk 5 O
j51

N

ajbkj (49)

where Bk is the molar fraction of stereo-block k at
the final polymer, aj is the mass fraction of poly-
mer produced at site j, and bkj is the molar frac-
tion of the stereo-block k produced at site j.The bkj
is a function of the block size, of the block config-
uration, and of the kinetic constants. As far as the
assumptions presented above are valid, the val-
ues of bkj may be computed using traditional sta-
tistical arguments, which say that

P~A, B! 5 PAPB/A (50)

Put into words, eq. (50) estates that the probabil-
ity of observing occurrences A and B in a row is
the probability for occurrence of event A times the
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probability of occurrence of B, given the fact that
A has already occurred.

Let us assume, for instance, that pentads are
being analyzed (Nb 5 5). In this case, eq. (40) says
that the number of different stereo-blocks is equal
to 10, as shown in Table XI. As individual blocks
may be initiated by either R or S and either from
left to right or right to left, then all conditions
must be taken into consideration as described by
eq. (50), leading to the values of bkj shown in
Table XI. The model, in this case, depends on 3N
21 parameters (PRRj, PSSj, aj). PRRj and PSSj are
the degrees of isotacticity of the R and S stereo
configurations of site j respectively.

If one observes that a maximum of 10 pentads
are observed through the NMR spectra, it is easy
to understand that the model has too many pa-

rameters. The problem, though, is that some pen-
tads cannot be observed or are confounded with
other NMR signals. Besides, even when pentads
can be seen in the NMR spectra, sometimes the
concentrations are so low that they are of the
order of magnitude of the experimental error (be-
lieved to be within the range of a few percents).
Therefore, it is very hard to estimate kinetic pa-
rameters from NMR spectra in practice. One pos-
sible solution is increasing the number of possible
N-ads, using NMR instruments of larger power
and resolution than the one used in this work (for
instance, 544 decads—Nb 5 10—may be shown to
exist). However, if the degree of isotacticity is
high (for instance, 0.98), as for most modern cat-
alysts, then the molar fraction of isotactic decads
is of order 0.82, while the remaining decad con-

Table XI NMR Deconvolution Models for Pentad Distributions

k Tacticity Kinetic Ultimate Model Terminal Chain Model

1 mmmm RRRRR rPRR
4 1 sPSS

4 PISO
4

SSSSS
2 mmmr RRRRS r~PRR

3 PRS 1 PRSPSS
3 !

1 s~PSS
3 PSR 1 PSRPRR

3 !

2PISO
3 (1 2 PISO)

SSSSR
RSSSS
SRRRR

3 mmrm RRRSS r~PRR
2 PRSPSS 1 PRRPRSPSS

2 !

1 s~PSS
2 PSRPRR 1 PSSPSRPRR

2 !

2PISO
3 (1 2 PISO)

SSSRR
RRSSS
SSRRR

4 mmrr RRRSR r~PRR
2 PRSPSR 1 PRSPSRPRR

2 !

1 s~PSS
2 PSRPRS 1 PSRPRSPSS

2 !

2PISO
2 (1 2 PISO)2

SSSRS
RSRRR
SRSSS

5 mrmr RRSSR
rS PRRPRSPSSPSR 1

PRSPSSPSRPRR
D

1 sS PSSPSRPRRPRS 1
PSRPRRPRSPSS

D

2PISO
2 (1 2 PISO)2

SSRRS
RSSRR
SRRSS

6 rmmr RSSSR rPRSPSS
2 PSR 1 sPSRPRR

2 PRS PISO
2 (1 2 PISO)2

SRRRS
7 mrrm RRSRR rPRR

2 PRSPSR 1 sPSS
2 PSRPRS PISO

2 (1 2 PISO)2

SSRSS
8 mrrr RRSRS r~PRRPRS

2 PSR 1 PRS
2 PSRPSS!

1 s~PSSPSR
2 PRS 1 PSR

2 PRSPRR!

2PISO(1 2 PISO)2

SSRSR
SRSRR
RSRSS

9 rmrr RSSRS r~PRS
2 PSSPSR 1 PRS

2 PSRPRR!

1 s~PSR
2 PRRPRS 1 PSR

2 PRSPSS!

2PISO(1 2 PISO)3

SRRSR
SRSSR
RSRRS

10 rrrr RSRSR rPRS
2 PSR

2 1 sPSR
2 PRS

2 (1 2 PISO)2

SRSRS
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centrations are lower than 0.017, which means
that the estimation problem remains.

In order to reduce the number of parameters, it
may be assumed that the degrees of isotacticity
are the same and do not depend on the particular
stereo configuration of the catalyst site. In this
case, the monomer insertion is supposed to de-
pend exclusively on the terminal chain configura-
tion, so that

PISO 5 PSS 5 PRR (51)

The model then becomes much simpler, as
shown in Table XI. The number of parameters is
reduced to 2N 2 1, which is still too high for most
practical reasons.

In this work, the NMR interpretation then
comprises the following steps:

1. Assignment of N-ads and theoretical molar
fraction distributions, based on the ulti-
mate or terminal chain models.

2. Estimation of parameters PRRj, PSSj, and
aj (or PISO and aj) for catalyst sites, for
increasing values of N. The iterative proce-
dure is halted when the kinetic parameters
obtained are not statistically significant or
when the correlation coefficient between
experimental and simulated results does
not increase more than a few percents.

3. Performance of standard correlation anal-
ysis between model parameters and reac-
tor operation conditions to allow the selec-
tion of reaction conditions that cause vari-
ation of model parameters.

4. Modeling of kinetic parameters and com-
putation of activation energies.

From a practical point of view, aj may be re-
garded to be known, as this parameter was esti-
mated in the previous steps. Execution of step 2 of
the algorithm shown above, however, is highly
recommended for proper estimation of model pa-
rameters. It is also interesting to observe that all
model parameters must be constrained between 0
and 1. To make estimation easier and avoid gen-
eration of unrealistic model parameters, it may be
convenient to write model parameters as

P 5
exp~l!

1 1 exp~l!
(52)

where l is a transformed model parameter and P
is the actual model parameter. This way, the in-

equality constraints are automatically satisfied
and no constraint must be placed onl.

Data Analysis

Figures 23, 24, and 25 show typical NMR spectra
obtained for solubles, XO, and final polymer pow-
der. As observed experimentally, the final pentad
distribution obtained for samples of different ex-
perimental runs are extremely similar and vary
within the range of experimental error (62%),
which seems to indicate that the internal micro-
structure of the polymer is not much sensitive to
changes of the experimental conditions. Similar
results have been obtained previously for other
catalysts.21–23 This makes modeling of stereo-
block distribution much easier for this particular
catalyst analyzed. Results obtained with the ter-
minal chain model are illustrated in Figure 26.
For solubles and XO, theoretical results were ob-
tained assuming that two sites were present with

H a1 5 0.08, PISO
1 5 0.96

a2 5 0.92, PISO
1 5 0.45

while theoretical results for the final polymer
powder were obtained assuming that a single site
was present, with PISO 5 0.95.

The results obtained show that the soluble and
XO fractions are constituted mostly of atactic
polypropylene, although a small portion of highly
isotactic material is also taking part of the mix-
ture. As the molecular structure of both solubles
and XO are very alike, it may be concluded that
the main difference between these two fractions is
the molecular weight distribution. Regarding the
final polymer powder, no more than one single
site could be detected, which means that material
is relatively homogeneous at the stereo-block
level and that both sites observed in the previous
section produce material of relatively high degree
of isotacticity. It may be concluded then that atac-
tic catalyst sites are present at relatively low
concentrations and that most of the atactic mate-
rial is removed by the diluent during polymeriza-
tion at normal conditions. Compared to more ad-
vanced catalysts, the degree of isotacticity of the
Ziegler–Natta catalyst analyzed is relatively low,
leading to average isotactic block sizes of 20
monomer units.

The terminal chain model fits NMR data very
well, except for pentad rmmr, where a systematic
negative deviation seems to occur. As results are
not improved when the number of sites is in-
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Figure 23 Typical NMR spectra of the soluble fraction. (Experimental run H4–32.)

Figure 24 Typical NMR spectra of the XO fraction. (Experimental run H4–32.)
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creased and given the lack of more precise data,
no attempt was made to improve model predic-
tions. Discussions about detailed fitting of NMR
spectra may be found elsewhere.42 For most prac-
tical reasons, results may be regarded as very
good.

Final Remarks

Kinetic constants and activation energies ob-
tained here are in good agreement with values

presented by surveys in the literature.10,35 There-
fore, results obtained may be regarded as consis-
tent. However, to the best of out knowledge, re-
sults presented here constitute the largest set of
kinetic constants obtained for a single catalyst
and specific polymerization conditions already
presented in the literature, including character-
ization of number of catalyst site types and spe-
cific kinetic constants for each site type. It is
common in the literature to present individual
kinetic constants for atactic catalyst sites, based
on polymer fractions obtained through solvent ex-
traction. This is not done here because, as dis-
cussed before, thermodynamic phenomena prob-
ably play a major role for proper explanation of
the amounts of solubles and XO fractions ob-
tained through solvent extraction. For this rea-
son, eqs.(3) and (4) are used for characterization
of these particular polymer fractions in the pro-
cess simulator.

In order to validate the set of kinetic constants
obtained here at actual process operation condi-
tions, the kinetic data set was inserted into the
simulator SIMULPOL 3.043 and used for simula-
tion of a typical slurry propylene polymerization

Figure 25 Typical NMR spectra of the polymer powder. (Experimental run H4–32.)

Figure 26 Pentad distribution for polymer samples,
using the terminal chain model. (Experimental run
H4–32.)

2104 MATOS ET AL.



process. Details regarding the process configura-
tion are presented elsewhere,44 but it is impor-
tant to say that the process comprises 5 stirred
tank reactors in series and that reactants are
added to the first 3 reactors of the train. Figure 27
shows the gas composition profiles for the major
gas constituents: propylene and nitrogen. Results
indicate that catalyst activity is predicted cor-
rectly. Figure 28 shows the melt flow index (MI) of
the grades produced by Polibrasil Resinas SA and
predictions obtained with the process simulator.
Results may be regarded as excellent and indicate
that chain transfer phenomena are predicted suc-
cessfully. Finally, Figure 29 shows the molecular
weight distribution for one polymer grade pro-
duced at plant site, as predicted by the simulator
and measured experimentally. Results are fairly
good and indicate the consistency of the multisite
approach. Besides, the amounts of solubles and
the XO of the polymer resin are predicted with
precision within the experimental error. For in-
stance, at typical operation conditions the exper-

imental values obtained were equal to 1.92 and
4.73 respectively, while model predictions were
equal to 1.97 and 4.77, respectively. Finally, the
degree of isotacticity obtained through NMR
analysis of the final polymer powder is equal to
the isotacticity of the polymer powder obtained in
the lab (0.95–82% of isotactic pentads), confirm-
ing that the degree of isotacticity is not sensitive
to fluctuations of the process operation conditions
within the ranges analyzed.

Regarding the time needed for carrying out the
whole kinetic data analysis, it may be said that it
would take about six weeks (on a basis of 40 h of
work per week) for an experienced engineer to go
through the different steps of the method pro-
posed. About 15 days would be needed for carry-
ing out experiments. An additional 15 days would
be needed to characterize the polymer samples
properly. Finally, 15 more days would be needed
for data analysis and model computations. It is
assumed here that the experimental setup is
ready and running, that polymer characterization
is carried out in available computerized lab ma-
chines, and that model equations are imple-
mented in a personal computer. Otherwise, addi-
tional time will be needed for proper data trans-
ferring between lab machines and the personal
computer (which must not be neglected!) and for
implementation of mathematical routines. There-
fore, the method proposed here may certainly be
incorporated as a daily routine for catalyst devel-
opment and characterizations in the polyolefins
business, especially because it allows the fast
analysis through simulation of the impact of cat-
alyst drop-in into actual polymerization pro-
cesses. It must be emphasized that additional
costs needed for catalyst kinetic characterization,
as proposed here, are certainly negligible when

Figure 27 Gas composition profiles as measured at
plant site and predicted through simulation.

Figure 28 Melt flow index of polymer grades ob-
tained at plant site and predicted through simulation.

Figure 29 Molecular weight distribution obtained at
plant site and predicted through simulation.
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compared to the costs of catalyst and process de-
velopment. As process scale-up may be carried out
more efficiently if kinetic data are available and
kinetic data may be regarded as part of the pro-
cess technology, additional costs for kinetic char-
acterization can certainly be recovered with huge
profits during process development.

CONCLUSIONS

A method was presented for kinetic characteriza-
tion of catalysts for olefin polymerizations, in or-
der to allow the estimation of kinetic parameters
for use in process simulators. The method allowed
the successful characterization of conventional
first-generation Ziegler–Natta catalysts for slurry
propylene polymerizations with relatively few ex-
periments. The total number of experiments per-
formed was equal to 40, corresponding to 17 dif-
ferent experimental conditions, as replicates were
carried out to assure the consistency of the exper-
imental results. Eleven experimental conditions
were used for main effect analysis, 5 additional
experimental conditions were used for specific hy-
drogen studies and 1 additional experimental
condition was used for analyzing the aging step.
The experiments allowed the evaluation of the
effects caused by 8 independent variables upon
the final polymerization results. The method pre-
sented here relies on the availability of polymer-
ization rate profiles, GPC chromatograms, and
NMR spectra of polymer samples. As the number
of proposed experiments is relatively small and
the techniques used for polymer characterization
are rather standard, the method can be imple-
mented at plant site very easily and encourage
the use of process simulators for actual process
studies.

Results obtained show that the amounts of sol-
uble and XO polymer fractions produced, often
used for quality control routines at plant site,
cannot be interpreted based solely on kinetic mod-
els, as thermodynamic effects seem to play an
important role for proper description of these
variables. Besides, it was shown that the main
difference between samples of these fractions re-
gards the molecular weight distribution, as both
fractions are constituted mostly by atactic mate-
rial. It was also shown that chain transfer to
monomer controls the molecular weight distribu-
tion of the final polymer obtained with the cata-
lyst analyzed, placing a bound upon the maxi-

mum weight average molecular weight that can
be obtained at plant site around 8x105 g/gmol.
The method allowed the detection of important
hydrogen and catalyst aging effects upon the cat-
alyst activity, catalyst stability and molecular
weight distribution of the polymer product. It was
observed for this catalyst that the increase of the
hydrogen concentration seems to exert a much
more pronounced effect upon the catalyst activity
of sites that produce material of low molecular
weight than upon the chain transfer rate to hy-
drogen. Additionally, it was shown that the inter-
nal stereo-block configuration of polymer chains
is not sensitive to changes of the polymerization
conditions in the range analyzed, so that the cat-
alyst performance at the stereo-block level is es-
sentially constant.

The kinetic parameters estimated with the
help of simple kinetic models were inserted into
a process simulator and allowed the proper de-
scription of plant operation. Therefore, the con-
sistent set of parameters presented here may be
used as a benchmark for simulation studies of
slurry propylene polymerizations and as initial
guesses for development of more complex ki-
netic models.

APPENDIX

A very simple multiple insertion mechanism may
be formulated as

5
C0 1 MO¡

KpP

P

C0 1 MO¡
KpQ

Q

P 1 MO¡
kpP

P

P 1 MO¡
kpQ

Q

P 1 H2O¡
ktP

C0 1 Pol

Q 1 H2O¡
ktQ

C0 1 Pol

(A1)

where it is assumed that two distinct stereochem-
ical forms are produced during polymerization.
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The form P is active for polymerization, while
form Q is inactive (or presents much lower poly-
merization activity). However, both forms can un-
dergo chain transfer to hydrogen, allowing the
production of new polymer chains. Assuming that
the quasi steady state assumption is valid, then it
is possible to write:

P 5
1

kpQM 1 ktPH2
kpPC0M (A2)

Q 5
1

ktQH2
FkpQM 1 ktPH2 1 kpPM

kpQM 1 ktPH2
GkpQC0M (A3)

As

P 1 Q 1 C0 5 Cat (A4)

Equations (A2)–(A4) can be solved for P, Q, and
C0, as functions of the total amount of catalyst
available in the system. Then, the rate of poly-
merization at catalyst sites of type P can be com-
puted as

Rpol > kpPMP 5
kpPMCat

ktQ

H2

H2 1
kpQM

ktQ

(A5)

which is similar to eq. (36) and shows that the
activity of the polymerization as a whole and of
the active sites in particular increase with the
increase of the hydrogen concentration. This pic-
ture does not change when the form Q is also
assumed to polymerize at rates different from
zero.
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