5526 4 556 W)
2012 4E 12 A

noT
JOURNAL OF MOLECULAR CATALYSIS(CHINA) Dec. 2012

ik Vol. 26, No. 6

Article ID; 1001-3555(2012)06-0537-09

Study on Kinetics of Ethylene Polymerization Catalyzed by

Supported Binuclear Metallocene

MI Pu-ke ', XU Sheng’* , LIU Min’, CHENG Lin"*
(1. School of Materials Science & Engineering, Huagiao University, Xiamen 361021, China;

2. School of Materials Science & Engineering, East China University of Science and Technology ,
130 Meilong Road, Shanghai 200237, China)

Abstract: The kinetics of ethylene polymerization catalyzed by supported binuclear metallocene catalyst
[ (n’-CsHy) ZrCL ], [, u-(SiMe, ), (n’-allyl CsH,),]1/MAO/SiO, in slurry phase was investigated.

The effects of polymerization factors, such as diffusion index, polymerization pressure and temperature on

the kinetics were studied. The kinetics parameters such as reaction order (n), the apparent activation

energy (E,) and the chain propagation rate constant (K, ) were determined and the concentration of

active site (C" ) was obtained by kinetic extrapolation method. The result indicates that the supported

binuclear metallocene/MAO catalyst system exhibits a higher catalytic activity than that of mononuclear

system , attributed to the higher C” concentration and higher K of the former. The slurry phase polymeri-

zation reaction rates show 1. 11 order dependency on monomer concentration, and E, = 72. 47 kJ/mol,
C" = 0.33 mol/mol and K =1. 06x10° L+ (mol - h) ™" are found.
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In the past decades, numerous metallocene com-
plexes have been synthesized and used as efficient cat-
alysts for the polymerization of olefin because of their
high activity and excellent copolymerization capability.
However, the molecular weight distribution( MWD) of
the resulting mPE is very narrow (M /M, = 2 ~3),
which causes some trouble on the processibility due to
the high shear viscosity and low melt extensional vis-
cosity. To overcome this disadvantage, binuclear cata-
lysts were developed, in which two reactive metal cen-
ters are locked in close proximity to offer the opportuni-
ty to produce cooperative chemical behavior, and
broaden MWD and even bimodal polymers could be ob-
tained with the binuclear catalyst systems'' ™',

The kinetic study is very important for the optimi-

Received date; 2012-08-24; Revised date: 2012-10-27.

Foundation ; National Natural Science Foundation of China( U1162111).

Document code: A

zation of the reactor parameters, control of polymer
properties ( molecular weight, MWD, polymer density
and component ) and have attracted tremendous re-

search interests”>”’.

In the kinetic study, Kp is a
function of the C* and offers many necessary informa-
tion about catalyst structure and catalytic mechanism.
Meanwhile, K  and C* are important indicators to
evaluate new catalysts.

In general, supported catalysts are prepared by
immobilization of metallocene on a porous material such
as Si0,, MgCl,, zeolite, clay, Al,O, and polystyrene
by physical or chemical techniques. Compared with
homogeneous catalyst, a supported catalyst shows some
advantages like increasing molecular weight, enhancing

the stability of catalyst, reducing the dosage of cocata-
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lyst MAO , decreasing the probability of 8-H elimina-
tion and the inactivation of bimolecular metallocene.
More importantantly, supported catalysts exhibit tem-
plate function, improving the morphology and bulk
density of polymer product . On the other hand, when
the polymerization was carried out with supported cata-
lyst, the polymerization process was stable and easy to
control. At the same time, supported catalysts can be
easily applied to gas-phase and slurry polymerization
process with the existing industrial equipments.
Numerous research work on polymerization kine-
tics of mononuclear supported-metallocene catalyst
have been published *®'. In 2003, Wanke group' ™’
prepared supported ( n-BuCp),ZrCl, catalysts on por-
ous material with different pore sizes, and studied their
application in ethylene polymerization. They found that
these supported catalyst system contains many types of
active centers. The type of catalyst active center is
strongly dependent on the aperture size of the load ma-
terial. In 2005, McAuley' ! developed the first dy-
namic mathematical model and gave a parameter esti-
mation for gas-phase ethylene polymerization catalyzed
with supported metallocene, which fit well with the re-
lationship between the polymerization rate and the con-
centration of hydrogen, but it failed to accurately pre-
dict the molecular weight and molecular weight distri-

") investigated a gas-phase eth-

bution. Yao’s group
ylene/hexene copolymerization with metallocene cata-
lyst in a laboratory-scale reactor and found that the de-
activation rate increased when the polymerization rate is
increased.

However, there has been no generally accepted
kinetics equation because different supported processes
were studied by different groups. Herein, we report the
polymerization dynamics of supported binuclear metal-
locene catalyst. SiO, supported binuclear catalyst sys-
tem-[ (n°-CsHy) ZrCl, 1, [ o, p-( SiMe, ), ( n’-allyl
CsH,), ]/MAO/SiO, was prepared and used for ethyl-
ene polymerization in slurry phase. The relationships
between polymerization rate with ethylene pressure and
temperature were investigated and the kinetic equation

was given. The kinetics parameters such as reaction or-

der(n), E, and K were also determined.

1 Experimental

1.1 Materials

Ethylene was purified by passing through 0.4 nm
molecular sieves. n-Hexane was freshly distilled from
sodium-benzophenone ketyl. AlEt; (0.95 mol/L, in n-
hexane) was purchased from Ethyl Co.. SiO, (average
diameter = 55 pm, specific surface = 322 m’/g,
bulk density = 0. 28 g/cm’) was kindly donated by
Lanzhou Petrochemical Research Center, Petro China.
1.2 Supported catalyst

All manipulations were carried out under an argon
atmosphere using standard Schlenk technique. Binucle-
ar catalyst [ ( 175 -CsHy) ZxCl, ], [ W, p-( SiMe, ), ( 175'
allylCsH, ), ] was synthesized according to literature

precedure [3].
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Supported catalyst [ (n’-CsHy) ZrCL ], [, p-
(SiMe, ), (- allylCsH, ), ] /MAO/ SiO, was pre-
pared according to the literature precedure[ 10] ( alu-
minous mass content = 16.50% ~ 18. 65% , zirconi-
um mass content = 0.55% ~0.80% ). Supported cat-
alyst: Specific surface = 307 m’/g, pore volume =
1.40 m’/g, average pore diameter =18.84 nm.

1.3 Ethylene polymerization

1.3. 1 Ethylene polymerization under 0. 1 MPa
Polymerization was carried out in a 250 mL autoclave
equipped with a magnetic stirrer. The reactor was
heated at 100 °C under vacuum for 30 min and then
cooled to the desired temperature by immersed into a
thermostatically heating bath. Proper amount of AlEt,
solution ,

supported binuclear catalyst and n-hexane

were successively added to the autoclave with a final
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volume to 150 mL and the reactor was filled with pre-
dried ethylene. The ethylene pressure was kept at 0. 1
MPa during the polymerization by replenishing the
flow. The reaction mixture was stirred vigorously for
1.0 ~2.0 h. 10% HCI in ethanol was then added to
quench the polymerization. The mixture in the reactor
were transferred to a beaker and then separated from
the solution by filtration. The collected polymer was
washed to neutral with ethanol and then dried overnight
in a vacuum oven at 60 “C to a constant weight.

1. 3.2 Pressurized polymerization Pressurized poly-
merization was performed in 500 mL stainless steel au-
toclave. Before use, the autoclave was treated as de-
scribed in 2.3.1. Proper amount of AlEt; solution, n-
hexane and supported binuclear catalyst were added in
that sequence. The autoclave was heated to certain
temperature and stirred, and the reactor was pressu-
rized with pre-dried ethylene. The temperature fluctua-
tion was control into +1°C range, and the ethylene
pressure was kept constant during the polymerization by
replenishing controlled with electronic valve. The mo-
ment consume of ethylene was recorded automatically.
The reaction mixture was stirred vigorously for 2. 0 h
and then vented. The workup of product was the same
as described in 1.3.1.

1.4 Characterization

The relative molecular weight(M,) of PE was de-

termined at 135 °C with decalin as the solvent. Intrin-

sic viscosity [ m] comes from Equation (1) and M, is
obtained with Equation (2).

[n] =(n,+ 5Lnm,)/6p (1)

(] =2.3x107* M, "*® (2)

M., : specific viscosity, m,: relative viscosity, p:

PE g/100 mL decalin.

2 Results and Discussion

2.1 The effect of diffusion index on kinetics

Under our applied condition, both the supported
binuclear catalyst and resultant polymer are insoluble
in n-haxane, so our polymerization system was a heter-
ogeneous one. It is well known that diffusion index
plays important role by possible internal diffusion and/

[11]

or external diffusion” ", and so, the polymerization

should be carried out in kinetics field without diffusion

2] The effect of external diffusion on kinetics

effect!
was tested and the results of agitation speed and cata-

lyst mass concentration on the activities are shown in

Fig. 1 and Fig. 2.

Activity/(10° g » mol Zr™)
T

0 1 | L | |
200 300 400 500 600
®/(r * min™)
Fig. 1 Effect of agitation speed on polymerization activity
Polymerization conditions; m( catalyst concentration) =
70 mg/L; hexane 0. 1L; T = 50 °C; p = 0. 1 MPa;
t=2h; n(Al)/n(Zr) = 92; n(TEA)/n(Zr)=1 000

It is clearly seen that the polymerization activity
increases as the agitation speed increases when the stir-
ring speed is lower than 400 r/min, which means that
the monomer diffusion affects the polymerization signifi-
cantly However, when the agitation speed is higher
than 400 r/min, the activity keeps constant, indicating
the polymerization was performed in kinetics field and

the external diffusion has no effect on it.

Activity/(10° g » mol Zr™)

1 | | | | |
40 60 80 100 120 140 160

m/(mg *+ L)

Fig. 2 Effect of catalyst concentration on polymerization activity
Polymerization conditions:  ( stirring speed) = 500 r/
min; hexane 0. 1L; T = 50 °C; p= 0.1 MPa; t=2 h;
n(Al)/n(Zr) = 92; n(TEA)/n(Zr) =1 000
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Fig. 2 shows that the activity slowly drop down
when the supported binuclear catalyst mass content is
more than 125 mg/L and the activity keep constant
when the catalyst mass content are between 40 to 125
mg/ L.

Thiele modulus ¢@-the ratio of specific diffusion
time to specific reaction time, is often used as indicator
to estimate the intra-diffusion effect, and the modulus
@ is one of criterion to evaluate the effect of polymer on
monomer diffusion as shown in equation 3"/,

o=(R, ../ D,[M])"s, (3)

(R is maximum polymerization rate, D is in-

dex of monomer diffusion, [ M] is content of mono-

P, max

mer, and S, is initialized diameter of catalyst grain)
Zhang et al'"™ found that the polymerization reac-
tion was controlled by diffusion when ¢>10. On the
contrary, when << 1, the reaction was controlled by
kinetics. Under our applied condition, we found that

¢ =0.025 (S, = 55x10*cm, R, = 7.36x10

pmax

mol/(L.s), D, = 35x10°%m’/s, [M] = 0. 096
mol/L) , which means the key step in polymerization
reaction was controlled by kinetics. Our result is simi-
lar to that of Michiel et al |*™'¢)

In this regard, the following polymerization reac-
tions were carried out with stirring speed = 400 ~ 600
r/min and catalyst content = 40 ~100 mg/L, and the
kinetics parameter under such condition reflect charac-
teristic of the catalytic system.

2.2 The effect of ethylene pressure on kinetics

Ethylene polymerization kinetics test under diffe-
rent pressure are conducted and the curve of polymeri-
zation kinetics is shown in Fig. 3.

From Fig. 3 it is found that the curves of polymeri-
zation kinetics fit with standard slurry polymerization
kinetics curves. It is also found that the R increased
rapidly and reached a maximum at 30 ~ 40 min and
then kept constant. It is obvious that the activity in-
creased as the monomer ethylene pressure increased,
attributed to the monomer content in slurry polymeriza-
tion system increasing as the pressure increased.

Equation(4) shows the relationship between the
R, and [M].

the polymerization rate is:

o526 %
6
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Fig. 3 Kinetic curves of different ethylene partial pressure
Polymerization conditions: m ( catalyst concentration) = 70
mg/L;w(stirring speed) = 500 r/min; hexane 0.2 L; T =
50 C; t =2 h; n(Al)/n(Zr) = 98; n(TEA)/n(Zr) =
1050

R,= K [C"] [M]" (4)
R, is first order dependent on the monomer con-

U781 that is, n = 1 in equation (4).

centration[ M ]
However, Dornik et al'"’ found a two order ethylene
polymerization reaction when using metallocene cata-
lyst, which implied the R, was two order dependent on
the monomer concentration [ M]. Chakravarti S8 and
Kissin'*°’ found similar phenomena and the order is
1.24 and 1. 8, respectively. Chien'?'! ascribed it to
the coordination between the monomer and the activa-
ted center. Although there are many differences in lit-
erature, the basic rule of ethylene polymerization kinet-
ics 1s same.
Equation (5) was obtained by logarithm equation
(4):
LnR = In KP[C*]+nLn[M} (5)
Equation(5) is linear equation and the slope is

! simulated the rela-

the reaction order n. ]?»ergstlra[15
tionships between the ethylene solubility in n-hexane

and ethylene pressure. the ethylene solubility can be
described by .
/. ethylene — kp (6)
(futhylene 18 ethylene mole fraction in n-hexane, p is
ethylene pressure)
They found a linear relationship between k and T"'
(shown in Fig.4) and gave Equation (7) :
k = 165.68 T™'-0.3839 (7)
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With this equation, the curve of ethylene solubili-

~ MBr ty in n-hexane at different temperature was obtained.

g Ethylene solubility in n-hexane at 50 °C (see Equation

T;E i 8) was gained from Equation (7)

E Jergtene = 0-129 p (8)

= oo | | The result of ethylene solubility in n-hexane at 50

00029 0.0031 0.0033 0.0035 “C is shown in Table 1.

T-/K™!

Fig. 4 The relationship between k and T

Table 1 [M] and R

Fig. 5 shows the liner relationship between Ln

[M] and LnR under different ethylene pressure.

p max

at different ethylene partial pressure

p max
P/MPa Frangtene” (107 mol + mol™") [(M]/(g-L1L") R, o/ (10°g + molZr™ « h™")
0.1 1.29 2.69 1.04
0.2 2.58 5.45 2.26
0.3 3.87 8.28 3.55
0.4 5.16 11.19 5.12

Polymerization conditions the same as Figure 3.

[M], ethylene bulk concentration, g - L™ calculated from f,

and hexane density at different pressures and 50 °C, hexane

thylene

density was 0. 6313 ~ 0.6316 kg - L™ under 0. 1 ~ 0.4 MPa at 50 °C
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Fig. 5 The relationship between LoR and [ M]

From Fig. 5, kenetic parameters are obtained; Ln
K,[C"] =12.76, n = 1. 11, to give Equation (9) :
R,= K,[C°][M]"" (9)

2.3 The effect of temperature on kinetics
It is well known that reaction temperature plays
important role in polymerization reaction such as the
rate of chain initiation , chain propagation and chain ter-
mination' >’ | and the temperature affect catalytic be-
havior and polymer properties at the same time. The
result of reaction temperature on polymerization rate is

shown in Table 2.

Table 2 [M] and R, at different polymerization temperature

T/K Fattene” (107 mol = mol ™) [M]/(g- L") R,/(10°g - molZr™ - h™")
293 1.83 4.01 1.14
303 1.63 3.51 2.53
313 1.42 3.01 5.71
323 1.29 2.69 9.47
333 1.14 2.34 24.40

Polymerization conditions; m( catalyst concentration) = 70 mg/L;w(stirring speed) = 500 r/min; hexane 0. 1L; p = 0. 1 MPa;

t =0.5h; n(Al)/n(Zr) = 92; n(TEA)/n(Zr) = 1000
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From the result, it is found that the polymerization
rate increases as the reaction temperature increases.
The propagation rate constant is assumed to be tempe-

rature dependent according to the Arrhenius equation

K, = K e F (10)
Equation (11) was obtained from Equation (9) .
R/[M]"' =K [C"] (11)

Then Equation (12 and 13) was obtained by combi-
ning Equation (10) and (11) .
R/[M]"!=K,[C"] e " (12)
Ln(R ,/[M""") = Ln K ,[C"] - E/RT (13)
Fig. 6 is the relationship between Ln ( R/
[M]""") and T™".

In/(Rp[M]""")

| | |

10
0.003 0.0031 0.0032 0.0033 0.0034  0.0035

T-Y/K!

Fig. 6 The relationship between Ln(R,/[ M[ "1y and T

From Fig. 6, some parameters were obtained ;: Ln
K,[C"] =39.83, E/R = 8716, E, = 72.47 kJ/
mol. It is similar to that of Bergstra'"'(ethylene pres-
sure = 15 bar, T = 50 ~90 °C, E, = 74. 90 kJ/mol)

231 (ethylene pressure = 8 bar, E =

and Kaminsky
75 kJ/mol) , but higher than Roos'**' ( supported rac-
Me,Si[ Ind ],ZrCl,/MAO, ethylene pressure = 5 bar,
T= 40 ~80 °C, gas phase polymerization, E, = 39.2
kJ/mol).
2.4 Determination of [C" ] and Kp

It is well known [ C* ] reveals the structure and
property of active site, and plays an important roles to
understand the reaction mechanism and evaluate the
catalytic system. There are many methods for determi-
nation [ C* ] using kinetics and polymer molecular
weight. The dynamic extrapolation method was chosen
to measure [ C* ] of supported binuclear system in this
(14 ) was used to calculate

study. Equation

[cr s,
Y/M =[C" ]+ K, [X][C" ]t (14)
Whent = 0, Y/M,= [C" ].

yield at time t, and k, is chain transfer constant when

Y is the polymer

chain transfer agent is X.

with Y=R - t =K [C J[M]""" -t (15)
Equation (16) was obtained
Y/M,=[C7]+Y - K, [X])/( K [M]"") (16)

The plot of Y/M, as a function of Y was made

(see Fig.7) and the intercept was obtained when t was

25

p— p— [
> wm =]
T T T

Y * Mn'/(mol * mol Z")
wm
T

ok 1 | 1 1
0 2 4 6 8 10

Y/(10°g » molZr)

Fig. 7 The relationship between Y and Y/M,

extrapolated to zero, and the intercept is [ C" ].

The result of Y + M,”" and M, is shown in Table 3.
From Fig.7, it is found [C* ] = 0. 33 mol/mol, that
is the concentration of [ C™ ] is 33% , which is higher

[26-27]

than that of Z-N catalyst . Chien'**! have once

determinate the [ C* ] of homogeneous polymerization
system and found that [C*] = [Zr] and [C" ]=0.8
[Zr] when n(Al)/n(Zr) =10’ and 10*, respective-
ly, which means, most of the Zirconium cations exhibit
activity in homogeneous system. In this regard, we
suppose that the reduction of the activity of the suppor-
ted catalyst was caused by the decrease of [C" ].

From Fig. 5, we figured out LnK, [ C" ] =12.76
at 50 °C, and so, K, =1.06x10° L + (mol - h)™",
which is less than 1/10 of homogeneous polymerization
system at 70 °C (K, = 3. 64x10° L/(mol - h) "**',
We speculate that it is one of main reason for activity
drop of the supported catalyst.

From Fig. 6, we figured out LnK, [ C" ] =
39.83, and K, [C* ] = 1.99%x10""L + (mol - h) ™",
which is similar to literature [ 15] [ K ,C* ] = 6. 03 x
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Table 3 M, and Y - M, ™" at different polymerization time

t/min Y/(10%g « molZr™") M,/(10°g + mol™") Y - M,”/(mol - molZr™")
20 1.45 4.46 3.25

40 3.12 4.62 6.75

60 4.81 4.81 10.00

80 6.48 4.75 13. 64

100 8. 14 4.71 17.28

120 9.76 4.88 20.00

Polymerization conditions: m( catalyst concentration) = 70 mg/L;w(stirring speed) = 500 r/min; hexane 0.2 L; T= 50 C;
p =0.4MPa;t =2h; n(Al)/n(Zr) = 98; n(TEA)/n(Zr) = 1 000

10"L « (mol - h) .

From Fig. 7, we figured out (K, [ X ])/
(K,[M]""")= 2.04x10° mol + g™, and K, [X] =
31.56 h™'. Actually, when [X],= 6. 47x10"* mol -
L', T =50, P =0.4 MPa, our result K, =
4.88%10° L » (mol - h)™", which is higher than that
of Ziegle-Natta “CT” catalyst system **'[ K = 2. 96 x
10°L - (mol - h) ™' ], it is also response for the phe-
nomenon that the M, in Table 3 is lower than that of lit-
erature[ 28 ] (M, = 7.5 x10°g - mol').

The further investigation is carrying out in our
group to gain more information about the kinetics of

ethylene polymerization under slurry phase.

3 Conclusion

In conclusion, the ethylene polymerization kinet-
ics using supported binuclear metallocene catalyst was
studied and the dynamic equation was obtained. The
polymerization rate was 1. 11 order dependent on the
monomer concentration. The polymerization rate in-
creases as the temperature increases; the apparent acti-
vation energy of polymerization reaction Ea = 72. 47
kJ/mol, C* =0.33 mol/mol, and Kp=1.06x10° L -
(mol - h)™".

system,

Compared with homogeneous catalyst
supported binuclear metallocene catalyst
showed lower K, and [ C* ] which lead to the reducing

activity .
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KA, T,
(1. AR MORLCRR B, JEI) AR 3610215 2. AEARIE TR pPRHS TR BE, i 200237)

e, R

A

OE: LLSIO, hEkik, Hil# T RERIUZ R AR (n7-CsHy) Zr CL ], [, p-(SiMe, ), (- allyl C;H,), ] /MAO/
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mol , FEHE K HERHEHL K, Ky 1. 06x10° L+ (mol - h) ™.
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