
INTRODUCTION

Slurry phase polymerization of ethylene catalyzed by

supported metallocene catalyst was studied in recent years1-17.

Various models at the mesoscale level for slurry phase poly-

merization of olefins catalyzed by metallocene catalyst have

been established.

Begley2 proposed the first and simplest model in 1966,

which was generally known as 'solid core model'. The model

was based on a spherical catalyst particle with a spherical shell

of polymer growing around it. The polymeric core model was

derived by Schmeal and Street3, in the model, expansion of

the catalytic pellets was considered but the diameter of the

catalytic pellet remained stable and only the thickness of the

polymer shell grew. The increasing particle size was taken

into consideration in the polymeric flow model4 during the

polymerization as well as the drift of the active sites.

The experimental evidence showed that the catalytic parti-

cles were broken into many small fragments. The multigrain

model5 was developed to simulate the complex and realistic

polymerizing particles. This model assumed that macroparticle

consisted of many small microparticles (the fragments) and

each microparticle act like a 'solid core' pellet. This last model

was derived for conventional Ziegler-Natta catalysts and only

a complete fragmented particle was considered.

As realizing that the multigrain model could not explain

experimental data, Bonini et al.6 developed a partially particle
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growth model, based on a shell by shell fragmentation

hypothesis (gradual break-up from the outside to the inside of

the particle) and a final multigrain structure of the particle. In

this way the pellet is divided into two parts: a fragmented (that

behaves exactly like in the multigrain model) and an unfrag-

mented one.

The above model could explain the acceleration of reaction

rate, but fail to predict the initial peak, which can be shown in

the reaction rate curve. Alexiadis et al.7,8 proposed a model by

using Bonini's example, but with the addition of a further part

regarding the unfragmentation core region and assumed that

the monomer move fast in fragmentation region than in the

solid core. It should be pointed out that Alexiadis et al.7,8

assumed that the particle kept constant void fraction under

reaction, but porosity of the particle varied with reaction.

Estenoz and Chiovetta9 put forward a model on the basis of

the multigrain model, by taking account the variable void

fraction. However, Estenoz's model neglected the difference

of mass transfer between fragmentation region and unfrag-

mentation region. It is clear that this idea is in contradiction

with the experimental data. The simulation results of the poly-

merization rate were compared with the experiment data by

Alexiadis and Andes8.

In this paper, a single particle model, which combines

some of the properties of Alexiadis's model and Estenoz's

model, is proposed. The model, which analyzes the catalyst

fragmentation and the polyethylene intraparticle mass transfer
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by coupling with the intrinsic reaction, can be used to calculate

the monomer concentration and the evolution of the macro-

particle size.

Polymer particle model: Based on the previous refere-

nces, the polyethylene intraparticle heat transfer is very little

and can be neglected in slurry phase polymerization. An

activated porous catalyst particle, which size is 5-100 µm, is

composed of microparticle crystallites of size in the range of

0.001-0.5 µm. At the beginning of polymerization, the monomer

diffuses through the interstices between crystallites and the

polymerization occurs on the surface of the catalyst microparticle

crystallites. The polymer accumulates around the catalyst

primary crystallites and this accumulation forces the crystallites

further broken up. Thus the polymer particle grows larger and

larger during polymerization. As polymerization goes by, the

original catalyst particle breaks up into a much larger number

of microparticle shell-by-shells from the surface to the center,

as shown in the Fig. 1.

Fig. 1. Schematic representation of model for polyethylene particle growth

In the modified multigrain model, it is assumed that (i)

the catalyst particle is spherical and microparticles are the

same. (ii) The catalyst particle is divided into several concentric

spherical layers, which is also divided into fragmentation zone

and unfragmentation zone. (iii) Every layer in the catalyst

particle is the uniform body and the monomer, active sites,

polymers are dispersed in it. (iv) The catalyst is activated

instantly and catalyst is not dead activated.

Single particle model: To simulate particle growth and

morphology, the radial profile of monomer concentration in a

polymer particle should be developed. According to the mass

and energy balance, the equations of the monomer for

macroparticle are given as follow.

Fragmentation region8:
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The initial and boundary conditions of eqns. 3 and 4 are

given by:

)TT(
k

h

k

T
)MM(k

r

M
B

MM
Bs

1

−=
∂

−=
∂

∂
(3)

ttRr M1 == (4)

Unfragmentation region7:
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The initial and boundary conditions of eqn. 7 and 8 are

given by:
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This parameter7 XD is defined as the ratio between the

monomer diffusion constant in the macroparticle before and

after fragmentation.

Volume balance over microparticle: The volume balance

over the microparticle can be given by18,19:
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The parameter C is defined as growth factor of single

particle. If the time interval ∆t (t2 – t1) is small enough19, the

time-dependent growth factor, C(t), can be calculated approxi-

mately by:
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The quasi steady-state approximation (QSSA) is used for

the microparticle mass balance and the temperature gradient

can be neglected based on the previous research. By using the

QSSA presented in Hutchinson el al.18, the mass balance on

the catalyst surface can be obtained as follow:
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where β denotes a Thiele modulus, ,
D

k
R

s
c=β  C denotes

the microparticle growth factor and a denotes the amorphous-

phase volume fraction within the polymer layer, the simulation

results show that a very small time step is necessary to track

the rapid change in the particle.

Particle growth and grid updating: As the time interval

∆t (t2 – t1) increases, the void fraction and position of each layer

must be updated, which is ignored by previous workers1,6,8-10.

For considering this change, the following equation can be

derived by the workof Fink et al.10 and our work is different

with Ref.7.
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where CL(t) denotes time-dependent dimensionless growth

factor for a microparticle in layer L; R(rM, t) is defined as a

function of the layer number and macroparticle radius and

can be given by Estenoz and Chiovetta9:
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k(T) can be calculated as follow9:
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Eqns. 1-17 is the single particle model established for the

slurry ethylene polymerization catalyzed with a silica-

supported metallocene catalyst in this paper.

Parameter values: In the simulation process, the practical

conclusions will depend on the range of parameter values. For

the slurry phase polymerization of ethylene catalyzed by

supposed metallocene catalyst, these values are tabulated in

Table-16,8-10,20.

TABLE-1 

THERMAL, PHYSICAL, MASS TRANSFER PROPERTIES AND 
RELEVANT PARAMETER VALUES FOR THE SLURRY 

ETHYLENE POLYMERIZATION 

Parameters Value Parameters Value 

h (cal/m2 s) 404 MB (mol/m3) 155 

Dl (m
2/s) 5.0 × 10-9 ρp (g/m3) 9 × 105 

RC (m) 6 × 10-9 k (m/s) 1.2 × 10-6 

Rm (m) 4.5 × 10-5 E (cal/mol) 13500 

T (K) 323 XD
20 0.04 

DS (m
2/s) 3.33 × 10-10 ε0 0.825 

m 1250 C0
 1.5 

ε* 0.4 KM (cal/m s) 0.47 

P (atm) 1.7 – – 

 
Simulations and discussion: By the previous research

results6-17, the heat-transfer can be neglected. So the tempe-

rature in the macroparticle is almost the same as that in the

reaction. The kinetics constant can be used in all the

macroparticle from fitting to the whole particle.

Ethylene monomer concentration distribution: The

monomer concentration of profiles at different time is shown

in Fig. 2. It can be seen clearly that the curves are typical of a

diffusion and reaction system in term of shape. The reaction

is controlled by kinetic and diffusion from time to time as

shown in the Fig. 2. A surprising phenomenon which can be

observed is that the concentration at 100 s is lower than that at

10 s. It could be explained by catalyst fragmentation. The

polymerization is controlled by reaction and diffusion at the

beginning of reaction and the monomer concentration increases

at this moment. As polymerization reaction goes on, the

polymer deposits on pores of macroparticles as a barrier, the

outer monomer cannot cross through the pore of catalyst and

therefore cannot react on active sites of catalyst; the polymer-

ization is controlled by diffusion. After 200 s, catalyst breaks

up shell by shell into a large number of smaller microparticles

which are encapsulated by polymer chain, mass transfer
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Fig. 2. Ethylene monomer concentration of marcopaticle versus time

resistance would decrease and new active catalyst sites would

release; thus, reaction changes from diffusion control to

combination of diffusion and kinetics (Fig. 2).

The ethylene monomer concentration at various layers of

macropaticle versus time is shown in Fig. 3. It can be seen

clearly that the monomer concentration in the outer layer of

the macroparticle is almost constant, but the inner layer is

almost zero. The probable reason is great mass transfer resis-

tance of the polymerization; it is caused by the polymer deposit

on pores of particles, therefore the monomer cannot pass

through pores where the polymerization takes place.
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Fig. 3. Ethylene monomer concentration at various layers of macroparticle

versus time

Evolution of growth factor and porosity: The microparticle

growth factor versus particle radius at various layers is shown

in Fig. 4 and porosity versus the macroparticle radius under

reaction time is shown in Fig. 5. From Fig. 2, it can be seen

that the growth factor increase with time and the growth factor

of microparticle in outer layer become slower than in inner

layer. The probable reason is the great mass transfer resistance

during the early polymerization. Porosity in the particle

decrease till it is constant as shown in Fig. 3.
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Fig. 4. Microparticle growth factor versus particle radius at various layers
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Fig. 5. Porosity versus macroparticle radius under reaction time

Polymerization rate of ethylene: Effect of reaction time

on polymerization rate of ethylene is shown in Fig. 6. It can

be seen clearly that the polymerization rate of ethylene reaches

maximum point in very short time and it decreases rapidly.

As it reaches a minimum point, it increases again. The main

probable reason is that the catalyst is activated at the moment

and the polymerization rate increases. As polymerization goes

on, the pore in the particle is blocked by polyethylene, thus

the monomer cannot pass the pore and reach the surface of

microparticle where the reaction takes place, the reaction rate

decreases. When catalysts break up into a large number of

smaller microparticles, which are encapsulated by polymer

chain at 200 s of the polymerization time, the mass transfer

resistance decreases; thus the polymerization rate increases.

As catalyst collapses from surface to center shell by shell, the

reaction rate increases constantly as shown in Fig. 6.

Conclusion

(1) A modified multigrain model, which is investigated

the slurry ethylene polymerization catalyzed with a silica-

supported metallocene catalyst, is developed. The results show

mass transfer resistance has great effect on the polymerization

during the early period of the polymerization.

(2) The catalyst fragmentation in the polymerization

process is studied. The catalyst fragmentation takes place shell
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Fig. 6. Effect of reaction time on polymerization rate of ethylene

by shell from the surface to the center after 200 s in polymer-

ization time.

(3) The slurry ethylene polymerization process is ana-

lyzed based on longitudinal (reaction time) and transverse

(macroparticle's radius).

(4) The evolution of porosity and variant growth factor

are investigated. The results show that the mass transfer

resistances have great effect on the reaction.

Nomenclatures

C : Growth factor

CL : Dimensionless growth growth factor for a microparticle

in layer L

cp : Specific heat, kJ g-1 K-1

D1 : Monomer diffusion coefficient in the macroparticle,

m2 s-1

Ds : Monomer diffusion coefficient in the microparticle, m2 s-1

E : Activation energy, kJ mol-1

h : Thermal transfer coefficient in the external film, kJ m-2

s-1 K-1

k : Superficial kinetic constant, m s-1

ke : Macroparticle thermal conductivity, kJ m-1 s-1

ks : Gas transfer coefficient in the external film, m2 s-1

L : Macroparticle-layer number

MB : Ethylene concentration in bulk, mol m-3

Mc : Monomer concentration on the surface of catalyst, mol m-3

Mn : Ethylene molecular weight, g mol-1

M : Monomer concentration, mol m-3

m : Total layer of macroparticle

N2 : Number of microspheres in layer L

P : Pressure, bar

r1 : Variable along macroparticle radius, m

rc : Variable along microparticle radius, m

RL : External radius of layer L, m

RM : Radius of macroparticle, m

Rp : Polymerization rate of ethylene, mol m-3 s-1

Rc : Radius of microparticle, m

T : Temperature, K

TB : Temperature of the bulk fluid phase, K

t : time, s

XD : Ratio between the monomer diffusion constant in the

macroparticle before and after fragmentation
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Greek letters

α : Amorphous-phase volume fraction of the polymer layer

β : Thiele modulus

ε : Macroparticle porosity

ε0 : Initial porosity of the macroparticle

ε* : Final porosity of the macroparticle

ρp : Polymer density (g cm-3)

ρM : Macroparticle density (g cm-3)

ξ : Radius of unfragmentation macroparticle (m)

∆H : Heat of polymerization (kJ mol-1)
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