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Abstract

The kinetics of ethylene polymerization catalyzed by,Z€l ,—different aluminoxanes was studied. More than one type of active site was
presented in the polymerization reaction based on an analysis of the GPC curves. A multiple active sites kinetic model (MSmodel) was
proposed. Good agreements in polymerization rate and variation of polydispersity were achieved for fitting the kinetic profiles with the
MSmodel.© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction average propagation rate constants for the various site types
were estimated from productivity data and the experimen-
The discovery of homogeneous Ziegler—Natta catalytic tally determined number of active sites. Thbydride chain
systems comprising a metallocene and aluminoxane openedransfer rate constants were estimated using number-
a new era in the world of polyolefins. New homo- and average molecular weight data. The transfer to aluminum
co-polymers have been prepared by changing the structurerate constants was estimated from metal—-polymer bond
of the metallocene. The high activity of metallocene leads to concentration data, and the deactivation rate constants
its high value of commercial application. Compared with were estimated from polymerization rate data. In the
the wide study of the relationship between the structure of Chien and Wang model no comparison between experimen-
metallocene and the structure or properties of related pro-tal and predicted polymerization rate and average molecular
ducts, the kinetics of metallocene catalysts have not beenweights was made. Estrada and Hamielec [5] proposed
studied extensively. another model for ethylene polymerization. The model
Kaminsky and coworkers [1,2] reported that by varying includes the presence of two active site types with the
the concentration of GZrCl, and temperature the molecu- gradual transition of one site type to the other. The poly-
lar weight may be adjusted and also reported that the life- merization rate data and molecular weight were measured
time of the catalyst is remarkably long. Schmid [3] also for kinetic parameters estimation. The model-calculated
reported a large variation of the molecular weight with poly- average molecular weights and polydispersities agreed
merization temperature. He attributed the effect of catalyst with the experimental data very well. The acceleration in
concentration on molecular weight to the change of Al/Zr polymerization rate from a value reached within the first
ratio. Chien and Wang [4] proposed the first kinetic model 3 min of reaction time was also predicted by this model.
for the polymerization of ethylene using the £pCl, In the Estrada and Hamielec model the fractions of
catalyst system. The model assumes the presence ofolymers produced by two active site types which can be
multiple active center types, chain transfer to methylalumi- measured from GPC curves were not considered.
noxane (MAO), chain transfer to hydrogehhydride chain A simple approach was developed by Kissin [6] which
transfer, one first-order deactivation reaction‘&@ &nd two provides a means to extract detailed molecular weight
first-order deactivation reactions at higher temperature. Thedistribution (MWD) information from GPC data. Possible
applications of the technique were demonstrated using
* Corresponding author. several classes of linear polymers produced by radicals,
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Fig. 1. Polymerization rate of different Al/Zr ratio with GprCl,—MAO Fig. 2. Polymerization rate of different Al/Zr ratios with ZrCl,—BAO
catalyst:], Al/Zr = 2000;0, Al/Zr = 4000;A, Al/Zr = 6500;V, Al/Zr = catalyst], Al/Zr = 5000;0, Al/Zr = 7000;A, Al/Zr = 8000; [Zr]= 2.0 X
10000; [Zr]= 2.0 X 10°°M; T = 5C°C. 107°M; T = 5C°C.

heterogeneous Ziegler—Natta catalysts and homogeneougolymer was separated by filtration and dried under vacuum
metallocenes. Using this method, detailed information, until constant weight. The ethylene consumption was
such as number of active site types, fraction and molecular continuously recorded by magnetic valve. The stirring
weights of the polymers produced by each active site, can bespeed was 1500 rpm, at which the diffusion effect on
obtained from MWD analysis. polymerization was minimized.

In this article a multiple active sites kinetic model
(MSmodel) is proposed based on a combination of the 2.3. Measurement
kinetic models and the MWD analysis method described
above. Ethylene polymerization using £ZpCl,—MAO High temperature GPC was performed with a Waters
and BAO was simulated with the MSmodel and good agree- 150C instrument at 1368 using four styragel (10 104,
ments of polymerization rate, averaged molecular weights 10°, 10° A) pore size columns in series andlichloroben-

and variation of polydispersity were achieved. zene as the solvent. Polystyrene was used for calibration.
2. Experimental procedure 3. Experimental results
2.1. Materials 3.1. Polymerization rate

MAO (Shering Co.), iso-BusAl (Aldrich Co.) and Figs 1 and 2 show the polymerization rate data of

Cp»ZrCl, (Fluka Co.) were used as received. Toluene was ethylene catalyzed by GgrCl,—MAO and BAO. The

purified by refluxing over Na—K alloy under nitrogen maximum rate of polymerization is reached within a few
atmosphere and distilled prior to use. BAO was prepared minutes after introduction of metallocene and followed by
by hydrolysis ofiso-BusAl with water in toluene at low  the decay for both MAO and BAO systems. The polymer-
temperature. Polymerization-grade ethylene was furtherization rates of the BAO system decay more rapidly than

purified by passing over 4 Activated molecular sieves. those of MAO. It is noteworthy that there is a comparative
long build-up period for BAO which can be attributed to its
2.2. Polymerization procedure relative weak cocatalytic ability.

The polymerization was carried out in a 100 ml glass 3.2. MWD
autoclave equipped with ethylene inlet, magnetic stirrer
and vacuum line. The autoclave was filled with 50 ml dry  Figs 3 and 4 show the typical GPC curves of polyethylene
toluene and certain quantities of aluminoxane. The mixture produced by Cg/rCl,—MAO and BAO. For the MAO
was stirred at 3 and then saturated with ethylene (1 atm). system the MWD is near 2.0, but for the case of BAO the
The reaction was initiated by adding the solution of MWD becomes wider and a shoulder peak (see the arrows in
Cp»ZrCl, in toluene. After 30 min the polymerization was Fig. 4) is observed, which suggests that more than one active
terminated by addition of acidified ethanol. The resulting site is present. Using the approach proposed by Kissin [6],
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Fig. 3. GPC curves of polyethylene produced by,Zn&l,—MAO catalyst Fig. 5. Resolution for GPC curves of polyethylene prepared byZ@pl ,—

using different Al/Zr ratios. MAO (Al/Zr = 4000; dots: experimental data; lines: two Flory MWD
functions and their sum).

that is resolution of GPC curves using the Flory

distribution equation, good results are achieved; these3.3. Model development

are illustrated in Figs 5 and 6. The GPC curves of

po'ymer produced by MAO can be described by two The Underlying aSSUmptionS made in the deVeIOpment of
Flory-distribution components with different molecular the model are: (1) instantaneous formation of sites of each
weights, whereas the GPC curves of BAO can be type that produce different molecular weight polymers;
resolved into three components. Tables 1 and 2 give the(2) first-order propagation with monomer and active sites
detailed data. From the MWD analysis it can be concluded as generally believed; (3) first-order chain transfer to
that there is more than one active site in both the MAO monomer; (4) first-order deactivation of each active site.
and BAO systems for various Al/Zr ratios. The Al/Zr Bimolecular deactivation is difficult to deal with and is
ratio greatly affects the molecular weight and fraction therefore not considered.

of each component. With increasing Al/Zr ratio the With these assumptions, the polymerization reactions of a
molecular weight of each component improves and the single site system can by described as follows according to
fraction of high molecular weight component also law of mass action:

increases. (a) instantaneous formation of active species

CpZrCl, + MAO + M — Ry Q)
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: Fig. 6. Resolution for GPC curves of polyethylene produced by@pl ,—
Fig. 4. GPC curves of polyethylene produced by,Zi€l,—BAO catalyst BAO.(AI/Zr = 7900; dots: experimental data; lines: three Flory MWD
using different Al/Zr ratios. functions and their sum)



1866 Q. Wang et al./Polymer 40 (1999) 1863-1870

Table 1
Flory components in polyethylene prepared usingZe@l,—MAO with
different Al/Zr ratio$

Table 2
Flory components in polyethylene prepared usingZ@l|,—BAO with
different Al/Zr ratios’

AllzZr Flory distribution parameters M, %¢ Mu/M, € Al/Zr Flory distribution parameters M, %€ Mu/M, ¢
a b a b c
2000 9.0/27° 29.6/73 32.0 2.64 5000 2.0/23° 8.6/28 32.8/49  6.64 5.77
4000 9.2/21 32.6/79 18.5 2.60 7000 2.119 9.1/31 28.0/50  8.43 4.40
6500 12.0/37 42.4/63 20.2 2.94 8000 2.5/15 9.8/28 28.0/57  8.88 3.85
10000 12.2/36 44.8/64 20.5 3.06 — — :
@ Polymerization conditions same as Fig. 2.
2 polymerization conditions same as Fig. 1. ® M, of components (1bg mol™).
® M, of components (1bg mol™). ¢ Fraction of the component (wt%).
® Fraction of the component (wt%). 4 M, of whole polymer (16 g mol™).
M, of whole polymer (16 g mol™). © Measured by GPC.
¢ Measured by GPC. ) ]
(J) are respectively defined as
(b) propagation of active species )
. Lo=D Ry Li=D nRy Ly nR, (11)
Ri+M—=Ryi1 (2) n n n
_ . _ . _ 2
(c) transfer to monomer Jo= ; Pri 1= ; NPo 2= Z n"Pn (12)
Ker
R\+M—=P,+R; 3) andfS=Lo+Jp;S =L+ ;S =L+ (13)
(d) deactivation of active species Thus the moments equations can be described as follows
with long chain approximation.
Ky
R,—=P 4) dL
" 5= ko (14)
where thek, M, R,, andP,, are the rate constants, the mono-
mer, living polymer and dead polymer respectively. is dL,
- : . X i + ki )MLg — (kgM + k)L 15
living polymer with chain lengthn and P, is the dead (kp + ke )MLo = (i Kalby (15)
polymer produced from deactivation and chain transfer dL
with chain lengtn. d_2 = (Ko + ky)MLg + 2kyMLy — (keM + kg)L; (16)
The model equations may be written accordingly I
R _ & _ (M + Lo an
= o+ k)M + KRy +keM > R, ®
n
dJ;
an ot = kM + kgl (18)
—r= — kMR, 1 — [(ky + k)M + ke]R, (6) ‘
sz
dP, —— = (keM + kg)L2 (19)
= keM+ kR, Y] *
The initial t = 0) conditions can be summarized as
The above equations can also be rewritten as follows:
d Rn R1=L0=L1=L2=CO (20)
Z —ka D Ry ®) ,
R=0 (i>1) (21)
d Z P
= (keM +Kq) Z R, (9) P=J,=0 (i>1 (22)

The polymerization rate may be given by Eq. (10) if the
monomer consumption of the initiation and transfer reaction

is neglected.

~kM D> R, (10)

The moments of propagation polymép) @nd dead polymer

whereC, is the initial mole mass of active species.
Egs. (8) and (9) can be solved to give

D> Ry=Coe K 23)

n

R, =k,MCy e~ (24)

Integration of Eq. (24) leads to the expression of cumulative
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productivity P R, =k,MCi e~ kg t (39)
_ _ koMCo kit
P(t)_Jdet_ K 1-e ) (25) szzkpiMCi,Oe_kdit (40)
Egs. (14)—(19) can be solved separately to give
LOZCO e*kdt (26) Pi :J k'piMCi dt:kpiMCi,O/kdi(l_ e kd't) (41)
L= B_Cokd (e Mt —eBY @7)  P=D.Pi=D kMG oky(l—e ) (42)
o S
M, = =M. 43
o= o @I +B ke e = S0 “
_ 2';(3'%'2'\% o Bt 28 M= % :'1 Me (44)
,0
Jo= % (1— ekt 29) = % M, (45)
ABG, (e B ekt 1 1
J1:B—kd< B ky _E+E> (30) MW=§:'2Me (46)
1

B Ky E_ B 3.4. Parameter estimation

2ACok,M (e~ Bt e 1 The types of active site, the molecular weight,( and

"B—kg ( B +te 7 — ) 3D M,,) and fraction of components; produced by each site
can be estimated by fitting the GPC curves with the multiple

B — kq Flory-distribution equation [6]:

Ka

ABCH(2k,M +B—ky) (7B ek 1 1
BN CEraL *

S$=Co { (1—e M)+ 1} (32)

H(W) = Z Kig; exp{4.6 log(n) — a exd2.3 log(n)]} (47)

_ A ekt
5= Ky (1-e"™) (33) whereH(W) is weight distribution functionn is the poly-
merization degree; is the probability of the chain termina-
S = AG < 2ZM n 1) (1—e Y+ 2ACok,M (e B 1) tion reaction and the average polymerization degretthe
kg \ B—Kky B(B — ky) polymers is equal to &/, K; is a coefficient related to the
(34) areas for differeng; values. The fitting results are shown in
Tables 1 and 2.
Since the consumption of ethylene was measured during
A= (ky + k)M, B=1kM + kg (35) the polymerization, the consumption rate given in Eq. (42)
instead of the polymerization rate from Eq. (40) was chosen
So the number-average and weight-average molecularfgr estimation of the parametetg and (k, Ci o) which

where

weights of polymer can be calculated from may prevent introducing errors from the differentiation

— S, —— S calculation.

M= g Me; My = g Me (36) For Eq. (41) whert = t;, the productivity of each active
site is

whereMq is the molecular weight of ethylene.
For the case ofa multlple active sites .systenj all reactions P.(t)=D;(1—e~ ke ) = WF, (48)
and equations described above for a single site system are

still workable with the addition of the subscripindicating whereD; =k, MC; o/ky, W is the whole productivity ant

the types of active site. . is the total time of polymerization.
So, the following equations can be obtained. Eq. (48) can be solved to give
. — . - kdit | —
C|—C|’Oe |—1, 2, sy n (37) kdlz _ln[l_(WFI/DI)]/tf (49)

- Kyt . ivi i ini
C= Z Cioe (38) The cumulative productivity can be described by combining
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Fig. 7. Variation of cumulative productivity with time for GgrCl,—MAO
using different Al/Zr ratios (dots: measured; lines: fitted with MSmodel).

Egs. (42) and (49), which yields
WF,)
t

In(1— —
n( D;

P(t)=> Di{ 1—exp 0

(50)

It is convenient to use Eq. (50) for fitting because there is
only one type of parameter. A non-linear regression method
based on the Levenberg—Marquardt algorithm for non-
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Fig. 8. Polymerization rate of ethylene for &Cl,—MAO (Al/Zr = 2000;
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4. Results and discussion

With the help of a computer, the ethylene polymerization
was simulated with the MSmodel proposed in this paper for
MAO and BAO systems. The close agreements, not only
between the experimental and fitted profilés, and M,,
values, but also the fractions of each component, are
indications of the validity of the MSmodel.

One feature of the homogeneous metallocene catalyst is
that it has a definite structure and simple active species, so

linear least-squares analysis was employed to fit Eq. (5) tothe polymers produced by metallocenes are characterized by
the measured polymerization rate data. The results aretheir narrow MWD. However, some studies have shown that

illustrated in Figs 7 and 8. From fitting, the parameters
can be obtained directly and th&g can also be calculated
using Eq. (49).

The parameterk,,, k, andC;, were finally obtained by
fitting Eqgs. (43) and (45) to the molecular weight of
components resolved by the Flory equation.

Tables 3 and 4 show the total results of fitting with the
MSmodel.

the molecular distribution of the polymer produced by
metallocenes is either a wide or a bimodal distribution [5]
under certain polymerization conditions. The answer to this
fact is that the metallocene possessed simple sites instead of
a single active site. Based on this understanding some
experimental results can be explained.
In the CpZrCl,—MAO catalyst system there are two

types of active site, one site (site “a”) produces the

Table 3
Kinetic parameter estimates for ethylene polymerization withZppl,—MAO?
AliZr M, X 107* Co kp X 107 Kq Ky Wit%
(g mol™) (10" mol) M~tmin™% (min™Y (M~tmin7Y
2000 29.6 0.14 304 0.033 28.7 73
9.0 0.87 4.45 0.13 12.3 27
4000 32.6 0.21 33.6 0.031 28.5 79
9.99 0.80 7.76 0.14 25.9 21
6500 42.4 0.32 44.4 0.033 28.8 63
12.0 0.64 125 0.033 28.7 37
10000 44.9 0.35 45.7 0.035 27.9 64
12.2 0.71 125 0.035 27.9 36

2 Polymerization conditions same as Fig. 1.
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Table 4
Kinetic paramter estimates for ethylene polymerization withZ2@gl,—BAO?
Alizr M, X 107* Co (107" mol) k, x 107 kg (Min~?%) ke (M~ min~?) Wit%
(g mol™? M~min7Y
5000 33.2 0.23 5.15 0.05 3.53 49
8.7 0.48 1.35 0.05 3.58 28
1.9 2.28 0.29 0.06 3.19 23
7000 28.0 0.69 4.42 0.04 3.66 50
9.2 1.22 1.54 0.04 3.66 31
2.1 2.95 0.40 0.04 3.66 19
8000 28.0 0.99 4.41 0.04 3.65 57
9.8 1.49 1.44 0.04 3.65 28
2.5 3.62 0.33 0.04 3.65 15

@ Polymerization conditions same as Fig. 2.

polymers with low molecular weight and the other site (site with organic ligands. So the number of centers having
“b") produces the high molecular weight polymers. When polymerization ability must lie between the minimum and
the Al/Zr ratio increases, the reaction constipfor both maximum number. There is an equilibrium among the
sites increases, thg andk;, of site “b” change very little different active centers which may be influenced by the
whereas theky of site “a” decreases and, increases amount of MAO.
rapidly. For a high Al/Zr ratio (Al/Zr= 10 000) the reaction The change of Al/zZr affects not only the kinetic
constants of both sites remain unchangeable with different parameters, polymerization rate and average molecular
ko. So it is concluded that an increase of MAO mainly weight, but also the variation of polydispersity during the
improves the stability an#t, of the low molecular weight  polymerization. Fig. 9 shows the variations of polydisper-
center (site “a”). sity for two Al/Zr ratios predicted using the two active sites
For the mechanism of formation of active centers, MSmodel. For the case of Al/Z&= 2000 the maximum
Chien and Wang [4] proposed that the metallocene can polydispersity is reached within a few minutes and followed
be coordinated to zero, one, or two MAOSs, resulting in by a gentle decrease. When the Al/Zr ratio is 6500 the
active centers of differenk,. We also consider that polydispersity increases rapidly within the first few minutes
the formation of multiple active sites can be attributed and still increases gradually with the polymerization time.
to interaction between metallocene and aluminoxane. Fig. 10 shows the variation of polydispersity for different
Furthermore, we think there must be a maximum number Al/Zr ratios for the CpZrCl,—MAO catalyst reported by
of coordinated aluminoxane owing to steric effects and a Chien and Wang [4], which confirms the prediction by the
minimum number owing to the stability of the center. This MSmodel proposed in this paper. This is further evidence of
assumption is derived from the coordination of metal ions the validity of the MSmodel. The exact answer to the
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Fig. 10. Variation ofM,/M, versus polymerization time of GgrCl,—
MAO reported by Chien and Wang [4B( Al/Zr = 1070;0, Al/Zr =
10800).

Fig. 9. Prediction of variation d1,,/M, versus polymerization time: (a) Al/
Zr = 2000; (b) Al/Zr= 6500.
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variation is there are two types of active site with different 5. Conclusions
kq values.

Fitting the polymerization profiles of the BAO system Based on the kinetics studies of ethylene polymerization
with the MSmodel also led to good agreement. The result with Cp,ZrCl, with different aluminoxanes and analysis of
has already been given in Table 4. Since there was a shortGPC curves of polymers using the Flory-distribution
build-up period for the BAO system, a less close agreementequations, it is concluded that there are multiple active
was achieved. The variation of estimated parameters with sites in the metallocene catalytic system. A multiple active
Al/Zr ratio is similar to the MAO systems. It is noteworthy sites kinetic model (MSmodel) was proposed for ethylene
that the fitted value of active sites was less than the polymerization. Good agreements of polymerization rate
metallocene amount. A reasonable explanation is thatand variation of polydispersity were achieved for fitting
the conversion of catalyst in the BAO system is low the kinetic profiles using the MSmodel. The difference
because of its low cocatalyst ability. The answer may also between the estimated parameters of the two aluminoxanes
explain the low catalytic activity for BAO compared with was discussed and explained in detail.

MAO.

The estimated parameters for polymerization based on
combining CpZrCl, with different aluminoxanes under Acknowledgements
approximate Al/Zr ratios (Al/Zr= 4000 for MAO and Al/

Zr = 5000 for BAO) were compared. The conversion of  Financial support by the National Natural Science
metallocene to active species for both types of aluminoxane Foundation of China (No 29474170) is gratefully

is quite different. For MAO the conversion is approximately acknowledged.

100%, whereas for BAO it is only 30%. The reason for the
diversity may be attributed to their various cocatalytic
abilities, including alkylation ability and stability of active
species. Because MAO posses the strongest alkylation
ability and can also stabilize the cation _aCtive _Site’ nea_rly [1] Kaminsky W, Bark A, Speihl R, Moller-Lindenhof N, Niedoba S. In:
all the metallocene can be transformed into active species. = kaminsky W, Sinn H, editors. Transition metals and organometallics
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