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SHORT C O M M U N I C A T I O N  

PARTICLE SIZE DISTRIBUTION AND ITS EFFECT ON 
THE OLEFIN POLYMER REACTOR DYNAMICS OVER OLEFIN 

POLYMERIZATION CATALYSTS WITH MULTIPLE ACTIVE SITES 
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Abstract-Mass and energy balances in a reactor have been derived to study the effect of particle size dis- 
tribution for multiple active site catalyst systems on the reactor dynamics. It was found that multiple active sites in 
a Ziegler-Natta catalyst affect neither the reactor dynamics nor the particle size distribution, as opposed to a system 
which uses single site catalysts. It was discovered that a simple reaction model with a single type of active site 
dominant adequately explains the reactor dynamics and the particle size distributions for a continuous stirred-bed 
reactor for polymerization of propylene over a Ziegler-Natta catalyst. 
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INTRODUCTION 

Gas phase olef'm polymerization processes have been de- 
veloped in the past two decades towards minimizing capital 
investment in the process, by eliminating separation process- 
es needed for hydrocarbons and polymer products in slurry 
or solution processes. Continuous stirred-bed reactors (CSBR) 
and fluidized bed reactors are widely used in gas phase po- 
lymerization. The mathematical modeling of gas phase olefin 
polymer reactors is complicated by the mechanics of grow- 
ing polymer particles and the characteristics of the catalysts 
used. Very little information has been published on the dy- 
namics of gas phase olefin polymerization reactor systems. 
Brockmeier and Rogan [1976] modeled a semibatch stirred- 
bed reactor for gas phase propylene polymerization and ob- 
tained the polymer yield and particle size from their model. 
Choi and Ray [1988] modeled a CSBR for the solid catalyz- 
ed gas phase polymerization of  propylene. They observed a 
single unstable steady state at normal operation conditions. 
However, they assumed the PSD in the reactor to be uniform 
and ignored the effect of  the PSD on the reactor dynamics. 

The structure of CSBRs is the following. Injected active cat- 
alyst is mixed uniformly with polymer particles by a U-shap- 
ed anchor agitator. Liquid propylene is injected at the bottom 
of the reactor and instantaneously absorbs the heat of reaction 
and is vaporized. In order to regulate the molecular weight 
of  polymer products, a small amount of  hydrogen is added 
to the reactor. The unreacted propylene gas is sent to a con- 
denser and liquefied. This liquefied propylene is recycled to 
the reactor. Product is withdrawn continuously from the re- 
actor in a cyclone, separating solid polymer fxom the gas- 
solid mixture, which is shown in Fig. 1. Since the principal 
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mechanism for the removal of the heat of polymerization is 
the vaporization of propylene, the reactor must be operated 
so as to preclude the condensation of propylene. For an equa- 
tion of state relating the pressure, temperature and monomer 
concentration in the reactor, Choi and Ray [1988] used the 
ideal gas law. This, however, has several limitations and does 
not represent the state of a real gas. The Redlich-Kwong e- 
quation has been used in this work. The vapor pressure ex- 
pression for propylene [Reid et al., 1987] has been used to 

Product Withdrawal Recycle 

Catalyst _ _  

C0catalyst 

Monomer 

Hydrogen - -  

451 

Fig. 1. Schematic diagram of continuous stirred-bed reactor 
for olefin polymerization. 
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calculate a phase diagram of propylene. It shows the state of 
propylene at a given temperature and pressure, which are cal- 
culated from the macroscale equations governing the reactor. 

Kim et al. [1997] show the effect of PSD over single-site 
Ziegler-Natta catalysts on the dynamics of olef'm continuous 
stirred-bed polymer reactors. They observe that bed height 
and particle volume are affected by the PSD whose form de- 
pends on both the reaction mechanism and residence time. 
Here, their work is extended to the system using Ziegler-Nat- 
ta catalysts which have multiple active sites and show whether 
the PSD affect the reactor dynamics. 

THE EQUATIONS G O V E R N I N G  
THE  P O L Y M E R I Z A T I O N  

The several assumptions taken in this model of a CSBR pro- 
pylene polymerization are the same as those used in Kiln et 
al. [1997]. With these assumptions, the mass and energy bal- 
ances have been derived for a gas phase polymerization of 
propylene in a CSBR. 

( 1 -  b ' ) V R - - ~  =qM/+--pw, ~: - C M O + r  M 1 -  (1) 

dC/_/ C~I 
( l _ 6 )  VR_~(;_=q./  + ~ _ q c / _ C H Q + r ~  _r  M Pro,C" (2) 

d6 
P w  VR~-=qc:  -P~,  ( 1 - e ) O - r M  (3) 

pp~r VR 6 d~.r =(1 -Oc)qc: +(o~ r M (4) 
dt* 

dT 
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=-- (qM: + qR) CpM (T-Tre/)--(Z~Iv)(qM: +qR) 
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rM =-VR a ~ ,  f~k. [M~ f ~  where dV 

Here the definitions of 8 and e are as follows. 

tS= Vea~ = Ve~r = Fractional Volume of Stirred-Bed 
v R vp.~ +v.  

e = vg _ Vg _ Gas Withdrawal Rate 
Q vg + v~, Product Withdrawal Rate 

Hutchinson and Ray [1990] showed that Stern correlation 
fits experimental data very well for light hydrocarbons such 
as ethylene and propylene and deviates slightly for heavier 
hydrocarbons. In this work, Stem's correlation is used to cal- 
culate monomer concentration at the particle. 

[M]p = k;/PM 

log (k;t) = - 5.38 + 1.08 (6) 

where k;t is Henry's constant. 
Floyd et al. [1986a,b, 1987] found resistances are negli- 

gible except for a highly active and larger initial volume of  
catalyst. Hutchinson and Ray [1987] studied the possibility 
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Table 1. Dimensionless variables and parameters  
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Pnr 
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ppar ppar ppar Q 

B1 _ PMI B2 _ PMI Dap = t R kp [N*]0 
PMr ppar 
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Pc/VR P.~ VR kay 
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of particle ignition and extinction phenomena for olefin polym- 
erization on a heterogeneous catalyst. Overheating was ob- 
served at the start of the reaction for gas phase polymeriza- 
tion, when the polymer particle has a high volume to surface 
area ratio. They observed that as catalyst activity increases, 
the overheating problem becomes more severe. This result 
may be important during a start-up of  the reactor or grade 
transition. In this study, it is presumed that there is no par- 
ticle overheating. 

These governing equations may be made dimensionless using 
the adimensional variables and parameters defined in Table 
1. The kinetic data depend on which catalyst is used and 
what is composition of a catalyst. The use of different cocat- 
alysts in a given Titanium compound gives rise to different 
propagation rate and activation energy [Choi and Ray, 1988]. 
Though no published paper contains all necessary kinetic data, 
the use of kinetic data on similar Ziegler-Natta catalysts select- 
ed from several sources in the open literature enables a quan- 
titative study of reactor dynamics. Physical properties and oper- 
ating parameters are shown in Table 2. 

Choi and Ray [1988] modeled propylene polymerization over 
a conventional Ziegler-Natta catalyst in a CSBR. Their operat- 
ing parameters are used in this work with minor modification 
of some parameters, e.g., the reference pressures. Rincon-Ru- 
bio et al. [1990] used slurry lab-scale reactor to polymerize pro- 
pylene with a highly active magnesium supported Ziegler-Natta 
catalyst, which included several deactivation rate constants. 
There are no published kinetic data for the deactivation steps. 
Consequently, those values for the deactivation rate constants 
used in this research are assumed constant. Chen [1993] meas- 
ured the kinetics of propylene polymerization in a gas phase 
lab-scale reactor with magnesium chloride-supported Ziegler- 
Natta catalyst similar to Rincon-Rubio et al. [1990]. These 
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Table  2. Physical  propert ies  and operat ion parameters  

Parameter Value Reference 

PMr 
P~r 
Pmt 
Pm 
pg 
Vo 
v~ 
[N']0 
[COl 
k ,  
k,  
k~.H 

k~ 
k~ 
E 
T, 
T: 
P, , ,  
P, , ,  

0.093 (g/crn 3) 
0.9103 (g/cm 3) 
0.4 (g/cm 3) 
1.625 x 10 -4 (g/cm 3) 
2.84 (g/cm ~) 
6.545 x 10 -s (cm 3) 
1.0X 10 6 (era 3) 

6.0x 10 -6 (mol/cm 3 cat) 
1.0• 10 -5 (mol/cm 3) 
3.948• 109 (cm3/mol hr) Rincon-Rubio 
7.094• 10 j~ (cm3/mol hr) Chert [1993] 
3.0525 x 10 s (cm~/mol ta hr) Rincon-Rubio et al. [1990] 
0.066 (1/mo 0 Rincon-Ruhio et al. [1990] 
23.7 (cm3/mol h a ' )  Rincon-Rubio et al. [1990] 
4.773 (cm3/2/molt:2 hr) Rincon-Rubio et al. [1990] 
0.25 Choi and Ray [1988] 
300.15 (K) Choi and Ray [1988] 
328.15 (K) Choi and Ray [1988] 
22 (arm) 
2 (arm) Sdnivasan et al. [1988] 

Choi and Ray [1988] 
Choi and Ray [1988] 

Chen [1993] 
Chen [1993] 
Choi and Ray [1988] 

, x ,  
- + 3 fc - = 0 (8)  

0 A x Xtp 

data are used in our model. No one, however, has measured the 
activation energy for chain transfer to hydrogen, k~,. Though 
the amount of hydrogen injected to the reactor is small and 
the main purpose of hydrogen is molecular weight control, 
the rate change of the hydrogen concentration in the reactor 
is important because of  the hydrogen-assisted deactivation at 
the particle. An estimate of the rate constant and activation 
energy for k~ was obtained from the ratio, k~./kn, calculated 
from several experimental data (Table 3). 

Algebraic manipulation of the governing equations leads 
to the solution. The principal parameter of the olefin po- 
lymerization model is not the residence time of monomer, 
but the catalyst injection rate. 

1 ,  / 
B, + ~-~1 3 f~ - - - - -~-  

X 1 = (7) 
tRe 

0 
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Do, Xt, i7 i f  dv 
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X 5 - (11) 
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- ~ fc 
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where Lf = (1 + fg) (1 - BUy) + As[fn (Xsn - 1) + (Xsf - 1)] 
tR BHR(1-e) tR(1-A4X1-0 + 

B t A t 0 B x A 1 0 

Since mass and heat transfer resistances are negligible and 
bed height is a variable, the governing equations can be com- 
bined. Inserting the total PSD function derived in Kim et al. 
[1997a] into the solution, the reactor dynami~ and the effect 
of PSD can be recovered for the multiple active site catalysts 
systems. The feasible region and constraints for feasible po- 
lymer reactor operations are shown in Kim et al. [1997b]. 

RESULTS AND DISCUSSION 

The existence of multiple active sites has been debated since 
Ziegler-Natta catalysts were discovered. In order to explain 
the broader molecular weight distribution of the polymer, two 
theories, that is, diffusion limitations and multiple active sites, 
have been developed. The concept of diffusion limitation was 
used by Ray's group [Floyd et al., 1986a,b, 1987]. They stu- 
died microparticle, macroparticle and external file mass and 
heat transfer resistance phenomena using a multigrain mod- 
el. It was discovered that even though there is diffusion lim- 
itation between monomer and polymer particle, a more im- 
portant role in determining molecular weight distribution is 

Table  3. Chain  transfer  rate constants  and the ratio o f  chain transfer  constant  to propagat ion  rate constant  

( c m ~  / Reaction k~n 
temperature Catalyst kp 

Yuan et al. [1982] 2.95 • 1013~ 
Bosworth [1983] 1.138x 106 
Rincon-Rubio et al. [1990] 3.0525 x 105 
Sarkar and Gupta [1992, 1993] 6.69x 105 
Choi [1984] 2.41x 10 9 

Kuo [1985] 1.59x 104 
Galvan [1986] 3.60x 10 6 

70 ~ 
70 ~ 
87 ~ 
50 ~ 

A 2.24• 102 
Supported catalyst 6.33 x 10- 4 

B 0.77x 10 -4 
A 3.72x 10 -4 

t~ TiCI~ type 1.1 x 104 
C 0.59x 10 -4 

TiCl,/MgCI2 type 1.0x 10 -4 

where A:  8 TiCI3/AICI3/TEA, B: TiCL/MgCIJFEA/DMS, C: TiC14/MgCI2/EB/PC/DMS 
*This value is a pre-exponential factor (Activation Energy=12 kcal/mol) 
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played by multiple active sites. In this study, we assume no 
diffusion limitation. Galvan [1986] used two active sites to 
show that these are responsible for a broad MWD. McAu- 
ley et al. [1990] assumed that there are two active sites of  
catalyst and showed that results of their model agreed well 
with experimental data. Rincon-Rubio et al. [1990] also used 
two active sites to develop a kinetic model for evaluating 
continuous changes in polymerization rate and polymer prop- 
erties with time. Here, in order to study the effect of the ex- 
istence of the multiple active site centers on the PSD, we as- 
sumed two types of active sites. 
1. Active Site Reduction Mechanism (TASR) 

The active site reduction mechanism leads to a bed height 
relation as follows. 

L 1 + a  #-1 

(12) 

where the definition of all dimensionless groups is in Table 
1. Gonzalez [1990] developed the kinetic model of  MMA 
polymerization using the continuous approximation, i.e., the 
difference terms in polymer chain length are expanded in a 
Taylor series, to estimate molecular weight distribution. He 
assumed that the infinite chain length domain be replaced 
with a finite one having a large upper bound and used a log- 
arithmic transformation and normalization to transform chain 
length interval to cover the range 0 to 1. The normalized in- 
tegrand was discretized by Radau quadrature. This procedure 
is generally used to integrate an unbounded integrand. How- 
ever, the solution is sometimes very sensitive to the approxi- 
mated upper bound. Another method of integration of an un- 
bounded integrand is the use of the inverse of the integration 
variable. It also replaces an unbounded domain with a normal- 
ized range from 0 to 1. The integrand, however, must not 
contain a singular point after the substitution. Since the gov- 
erning equation and particle size distribution functions have 
no singular points, the substitution V - ~  1/V is done and the 
Simpson method is used to integrate the expressions. Since 
each type of active centers has a different rate of chain trans- 
fer to hydrogen, the rate of hydrogen consumption is given by 

qMf PHr Xlp A~ 

-~ - - s  a ! exp[ -  r~(~rV - 1)] dV 

(13) 

$1 ['~--~+ ~/ exp[ - "(~r~- 1)] dV 

kpl k~H2 
where Yn2 - 

kp~ k~.i 

If kplhip2=10 and the ratio (k~m/k~m) is also 10, the two in- 

tegrands of  the fight hand side in Eq. (13) become identical. 
Note that Rincon-Rubio et al. [1990] and McAuley et al. 
[1990] used similar values of the ratios. 
2. Simple Reaction Mechanism glASS) 

For the simple reaction mechanism with two types of ac- 
tive sites, bed height can be expressed by 

tR + - ~ )  (14) X3 = ~ - (  -Aafc  
Dap Xlp Z f~ 0 

[N*]~ V0 NA 

Since the two types of active sites have no relation to each 
other in this model, only Z is involved in Eq. (14). The hy- 
drogen mass balance for TASS is derived as the following. 

fn x2e0 X21/2 YH1A 1Xlp C00)1[ 1 ~v e -- A3 fc] = 0 (15) 

1 where o h = 
(1 + ~1 O) (1 + ~llXlp + ~12 XV2) 

(1 + ~2 0) (1 + ~t21Xlp + (e)22 X V2) 
1 

oh= (1 + '~1 0) (1 + ~llXlp + ~12 X21/2) 
YH2 4 

(1 + ~2 0) (1 + (~t21Xlp + (~22 X21/2) 

f/2 Dap2 ktrH2 [N*]~ f/2 
~H2 = /7 = fll Dapl ktrnl [N*]?fll 

3. Comparison of Two Models 
Few kinetic data have been published for two types of ac- 

tive sites. Rincon-Rubio et al. [1990] used the propagation rate 
constant and potential site concentration of the second type 
of active sites as one order of magnitude lower than those 
of the first type of active sites. McAuley [1990] assumed that 
type 2 active sites have larger kinetic constants than type 1 ac- 
tive centers approximately by a factor of 3 to 5 for ethylene po- 
lymerization. Kuo [1985] measured kinetic parameters in pro- 
pylene polymerization and showed that one type of active site 
may have a propagation rate constant an order of magnitude 
greater than the other. Since deactivation mechanisms are not 
well understood and the kinetic rate constants depend on which 
catalysts are used, we assume that the ratio of  kinetic data 
of one type of active site to the second is 10. This simplifies 
the governing equations. In general, most Ziegler-Natta cat- 
alysts used industrially for polymerization of propylene con- 
tain largely one type producing isotactic polypropylene and 
a small portion of a second which produces atactic polymer. 
In order to increase the number of isotactic active centers and 
to eliminate atactic ones, an electron donor is usually used. 
The isotactic index, the factor of isotactic polypropylene is 
over 95 % for widely used Ziegler-Natta catalysts. 

Monomer and hydrogen concentrations, bed height, catalyst 
residue and pressure are depicted in Fig. 2 in the active site 
reduction mechanism with two types of  active site centers. 
The monomer concentration profile is the same as that for the 
simple reaction model with a single type of active centers. 
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Fig. 2. Steady state profiles for active site reduction mechanism with two types of active sites (TASR). 

Since the potential site concentration and propagation rate con- 
tant of  the type 2 active sites are an order of magnitude lower, 
the contribution of  the second active sites is minimal. The 
hydrogen concentration in the reactor, on the other hand, is 
somewhat smaller than that with single type active sites, be- 
cause the chain transfer to a hydrogen occurs between both 
types of active site centers. Bed height is slightly lower at 
smaller catalyst injection rates and the same at higher rates 
when compared to a single type active-site case. Since the mon- 
omer concentration in the reactor for the case of two types 
of active centers is the same as in a single type, the pres- 
sure profile has the same shape. Mean number and total par- 
ticle size distribution do not change with the addition of an- 
other type of active sites. The predicted value of mean di- 
ameter is much larger than the size of  commercial products. 

Therefore, this mechanism may not be acceptable for pre- 
diction of the PSD and the number mean diameter of products. 

Similar phenomena are observed in simple reaction mech- 
anism model with two types of active sites. Monomer con- 
centration in the bulk is almost identical to that of  the sin- 
gle type active site case. Hydrogen concentration is slightly 
lower due to the chain transfer reaction at both active sites. 
Bed height, catalyst residue, and pressure in the reactor are 
almost the same for a simple reaction mechanism with sin- 
gle type of  active site. Mean particle volume and the total 
PSD change slightly with the addition of  another type of ac- 
tive site. This follows from the assumption that the second 
type active site concentration is much smaller and the order 
of  magnitude of kinetic constants of the second is one order 
lower. These results are shown in Fig. 3. 
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Fig. 3. Steady state profiles for simple reaction mechanism with two types of active sites (TASS). 
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CONCLUSION 

Mass and energy ba/ances were derived for a gas-phase pol- 
merization of propylene in a continuous stirred-bed reactor. 
The Redlich-Kwong equation was used to calculate monomer 
pressure at a given concentration. The general solutions for 
nonisothermal reactors with multiple active site catalysts sys- 
tems were developed. We observe that multiple active sites 
in a Ziegler-Natta cata/yst affect neither the reactor dynamics 
nor the particle size distribution. Without loss of generality, 
we conclude that a simple reaction model with a single type 
of active site dominant explains adequately the reactor dynam- 
ics and the particle size distributions for a continuous stirred- 
bed reactor for polymerization of propylene over a Ziegler- 
Natta catalyst. 

NOMENCLATURE 

Ci : concentration of species i [molfcm 3] 
Cp~ : heat capacity of species i [cal/g K] 
Cpgt : beat capacity of liquid propylene [cal/g K] 
Do~ : Damk6hler number, i=d, p, t 
i : average number of active sites 
k .  : Henry's constant 
lip : rate constant for propagation [cm3/mol hr] 
k,m : rate constant for chain Iransfer to hydrogen [cm3IZhnol~/2 hr] 
M,~M : molecular weight of monomer [g/moll 
Q : volumetric withdrawal rate [cm3/hr] 
qcl : catalyst injection rate [gghr] 
qr : recycle rate [g/hr] 
rM : rate of monomer consumption 
r,,n : rate of hydrogen chain transfer 
T : reaction temperature [K] 
t : dimensionless time 
V : particle volume [cm 3] 
VR : reactor volume for olefin polymerization [cm 3] 

G r e e k  Letters 
: fractional volume of stirred-bed 

e : ratio of gas withdrawal rate to product withdrawal rate 
~r : catalyst'residue 
p~, : catalyst density [g/cm 3] 
Pi : density of species i [g/cm 3] 
ppar : particle density [g/cm 3] 

Subscripts 
c : catalyst 
f : feed 
H : hydrogen 
M : monomer 
o : initial 
p : particle 
R : recycle 

Superscript 
, : initial condition 
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