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Synopsis 

Propylene and ethylene polymerization in liquid and gas media are described by a multigrain 
particle model. Intraparticle heat and mass transfer effects are investigated for a range of 
catalyst activities. For slurry polymerization, intraparticle mass transfer effects may be sig- 
nificant at both the macroparticle and microparticle level; however, for normal gas phase 
polymerization, microparticle mass transfer effects appear more likely to be important. In- 
traparticle temperature gradients would appear to be negligible under most normal operating 
conditions. 

INTRODUCTION 

The kinetics of polymerization of olefins over heterogeneous catalysts is 
not yet understood in detail. There is still great controversy concerning the 
surface phenomena and the nature of the active centers for reaction. In 
addition, from a reaction engineering standpoint, it is of significance that 
the effects of heat and mass transfer limitations during polymerization have 
not been clarified. Recent theoretical and experimental studies by our re- 
search group 1-7 have dealt with questions of kinetics and physical transport 
limitations in these polymerizations. These and other studies provide evi- 
dence that, in some circumstances, significant diffusion resistance to mono- 
mer transport will exist, and this can mask the intrinsic rate constants of 
the catalyst. In addition to mass transfer effects, there exists the possibility 
of inadequate removal of the heat of polymerization from the growing poly- 
mer particle. This may result in temperature gradients within the particle. 

In modern polyolefin processes which utilize highly active Ziegler-Natta 
catalyst systems, it is often reported that particle sintering or agglomeration 
occurs in the polymerization reactor due to poor heat removal from the 
reacting catalyst/polymer particles. This suggests that there may also exist 
a significant temperature difference between the solid phase and bulk fluid 
phase during the reaction. This series of papers will be concerned with the 
quantitative analysis of both external film and intraparticle heat and mass 
transfer limitations through detailed mathematical modelling. 

Several recent papers have reported modelling studies with nonisother- 
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ma1 polymer particles. McGreavy and Rawlings8 simulated both particle 
fluid and intraparticle temperature nonuniformities and concluded from 
their model that nonisothermal effects could be important during the first 
30-60 min of reaction. Nagel et al.’ analyzed the temperature history of 
low activity catalysts (such as Stauffer AA 1.1) in slurry polymerization 
and concluded that temperature gradients in the particle were negligible. 
On the other hand, Wisseroth9J0 and Brockmeier” studied particle/fluid 
temperature differences and concluded that significant temperature differ- 
ences could exist between the particle and the surrounding fluid under 
some circumstances. Choi et al.4*6v7 carried out a detailed analysis of non- 
isothermal effects and summarized their results at the 1982 IUPAC meet- 
ing.4 Most recently, Laurence and Chiovetta12 analyzed heat and mass 
transfer effects and concluded that temperature transients are an important 
factor during catalyst breakup. Both Choi et al.4,6J and Laurence and 
Chiovetta12 showed that the temperature inside the particle could reach 
the melting point of the polymer under some circumstances for gas phase 
polymerization. It is the purpose of the present series of papers to extend 
the analysis reported in Refs. 1 and 4 so as to more clearly define the 
conditions under which intraparticle gradients are expected to arise and 
when particle-fluid mass transfer limitations and particle overheating are 
expected to occur. This paper will deal with intraparticle gradients, and 
the companion paper will treat boundary layer heat and mass transfer 
resistances. 

POLYMER PARTICLE MODELS 
Polymer particles in Ziegler-Natta polymerization have several resist- 

ances to heat and mass transfer. Assuming the macroscopic reactor is com- 
pletely mixed and at uniform temperature, the first heat and mass transfer 
resistances present are in the particle boundary layer. Next, monomer must 
diffuse through the particle to the catalyst active sites to react. Heat gen- 
erated from the polymerization is transferred by conduction to the catalyst 
particle surface and then by convection through the boundary layer to the 
fluid. The analysis of this system is complicated by the fact that as the 
reaction proceeds polymer is formed and the particle grows. 

The catalyst particle model used for detailed simulations of these effects 
is the multigrain model shown schematically in Figure 1. This model was 
originally suggested by Yermakov et al. l3 to estimate concentration profiles 
in the polymer particle and has been used in our work1s2v6 to predict the 
yield and the molecular weight distribution of the polymer product. This 
model was also adopted by Laurence and Chiovetta12 for detailed simula- 
tions of behavior at  short times. The model structure is based on numerous 
experimental observations that the original catalyst particle quickly breaks 
up into many small catalyst fragments (“primary crystallites”) which are 
dispersed throughout the growing polymer. Thus, the large macroparticle 
is comprised of many small polymer particles (microparticles), which en- 
capsulate these catalyst fragments. In this idealized picture, all micropar- 
ticles at  a given large particle radius are assumed to be the same size. As 
illustrated in Figures 1-3, for monomer to reach the active sites, there is 
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T H E  MULTIGRAIN MODEL 

Fig. 1. The multigrain model. 
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Fig. 2. Concentration and temperature gradients in the macroparticle. 



2938 FLOYD ET AL. 

Fig. 3. Concentration and temperature gradients in the microparticle. 

both macrodiffusion in the interstices between microparticles and micro- 
diffusion within the microparticles. In general, the effective diffusion coef- 
ficients for the two regimes are not equal. We also include the possibility 
of an  equilibrium sorption of monomer at the surface of the microparticle. 

Material Balances 

To model the particle, relations must be developed between the monomer 
concentrations in the large and small particles and the radial shell growth, 
particle yield, and temperature. The governing equation for the diffusion 
of monomer in the macroparticle is 

where e l  is the large particle porosity, Ml(r l ,  t )  is the monomer concentra- 
tion in the pores of the macroparticle, and D l  is the pseudobinary macro- 
diffusion coefficient. The reaction rate term R u  represents the total rate of 
consumption of monomer in an  infinitesimal spherical shell at a given 
radius of the macroparticle. The boundary and initial conditions are 

or 
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where M b  is the bulk monomer concentration in the reactor, k, is the mass 
transfer coefficient in the external film, and M s  is the monomer concen- 
tration at the external solid surface. 

For the microparticles, the monomer diffusion equation is given as 

aM 1 a aM 
at r2a ,  

E ,  ~ - - -- (Ds r2 F) 

rc I r < R, 

where M(r ,  t )  is the monomer concentration in the microparticle, D, is the 
pseudobinary microdiffusion coefficient, and E ,  is the porosity. In the mi- 
croparticles, all of the active sites are assumed to be at the surface of the 
catalyst core at r = re .  Thus, the boundary and initial conditions are given 
by 

aM 4 
ar 3 

r = r , ,  47rr:D, - = - m-3, 

r = R, ,  M = M,(M,) I M ,  

t = 0, M = MsO 

where boundary condition (7) allows for the possibility of a sorption equi- 
librium at the surface of the microparticles. Here r ,  is the catalyst primary 
particle radius, R, is the microparticle radius, and R, is the rate of poly- 
merization at the catalyst particle surface given by 

where k, is the propagation rate constant, C, is the concentration of active 
catalyst sites, and M ,  is the monomer concentration at the catalyst surface. 

Energy Balances 

As mentioned above, the microparticle consists of a solid catalyst core 
assumed to be impermeable and encapsulated by a catalyst-free polymer 
shell. The polymerization reaction occurs only at the external surface of 
the catalyst core. Analogous to eq. (5), the microparticle energy balance 
takes the form 

with boundary conditions 

dT 4 
dr r = r , ,  - 4 7 ~ 9  k, - = ( -AHp)  .rrrp, (11) 

(12) r = R,,  T = T I  
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Similarly, an energy balance over the macroparticle takes the form 

where the volumetric reaction rate R ,  may include the effects of micro- 
particle heat and mass transfer resistance. For the macroparticle, the 
boundary and initial conditions are 

a TI  
arl 

r l  = R 1 ,  k, - = h [Tb - T, ]  

or 

r l  = R,, TI = Ts  
t = 0, TI = T I ,  

These equations must be solved together with eqs. (1-4) to predict the 
concentration and temperature distribution in the macroparticle. This is 
illustrated pictorially in Figures 2 and 3. 

Particle Parameter Values 

In the analysis to follow, the practical conclusions will depend on the 
range of parameter values one might encounter for a polymer particle. For 
ethylene polymerization and propylene polymerization in slurry or gas 
phase reactors, these are tabulated in Table I. For some parameters (e.g., 
for k,, C*, D,, Dl ,  R,, R 1 )  there are a range of values which arise, and this 
range is indicated in the table. Both the microscale pseudobinary diffusivity 
D,  and macroscale pseudobinary diffusivity Dl play crucial roles in esti- 
mating intraparticle temperature and concentration gradients. However, 
it is difficult to determine the value of these diffusivities precisely. Thus 
let us discuss how one may arrive at the most likely values. 

For macroscale diffusion through the interstices between the micropar- 
ticles, we may estimate the effective diffusivity Dl  as one would for more 
conventional heterogeneous catalysts. l4 The effective diffusion coefficient 
in a solid may be represented by the bulk diffusivity in the fluid, Db mul- 
tiplied by d r ,  where E is the porosity of the solid and r is a “tortuosity 
factor”, i.e., DL = Db(e/r). In liquid slurry polymerization, the slurry diluent 
permeates the pores of the macroparticle and the appropriate bulk diffu- 
sivity, D,, is the diffusivity of monomer in the diluent, which is of the order 
of 8 x 10 -5 cm2 /s under industrial conditions (see Table I). The porosity 
of the catalyst or polymer particle is 0.4 or less, and values of T in the range 
2-7 are common.’4 Thus, the value of macroparticle diffusivity for slurry 
polymerization would be in the range of lop6 I Dl I cm2/s. For gas 
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phase polymerization, the bulk diffusivity Db is on the order of 5 x lop3 
cm2/s under industrial conditions; hence Dl will be the range lop4 I Dl 
I 

For mass transfer in the microparticles, we assume this to be diffusion 
of sorbed monomer through a film of polymer which may be highly crys- 
talline. Fortunately, diffusivities of liquids in polymer films have been mea- 
sured, especially for polyethylene and polypropylene. It has been established 
that diffusion takes place in the amorphous regions of the polymer, the 
diffusivity in the crystalline regions being negligible. 26,27 This dependence 
has been expressed in the form 

cm2/s under gas phase conditions. 

where T is an impedance factor due to the crystallites and P’ is a chain 
immobilization factor for the amorphous region due to neighboring crys- 
tallites. For permeating gases, the diffusivities are independent of concen- 
tration, but for organic vapors and liquids which swell the polymer by 
sorption the diffusivity shows a strong concentration dependence of the 
form26-30 

D, = DoeuM 

at low concentrations in the polymer. Some authors report values of Do, 
obtained by extrapolation, while others report integral diffusivities (D) from 
sorption-desorption experiments, or diffusivities corresponding to equilib- 
rium sorption from permeation experiments. From the form of the concen- 
tration dependence, Do may be considered a lower bound for the diffusivity, 
and the diffusivity from permeation experiments may be considered an 
upper bound. Diffusion in amorphous polymers is an activated process, with 
an empirical activation energy ranging from 5 to around 15 kcal/mol, de- 
pending on the size of the molecule. From measured activation energies 
and values of Do,  D,, or a, it is possible to estimate the diffusivity in the 
microparticles under conditions of interest. Michaels and Bixler 27,31 studied 
the diffusivity and solubility of various gases including ethane and pro- 
pylene in films of polyethylene having degrees of crystallinity from 30 to 
80%. Their results are integral values, D ,  over the range of sorped propylene 
concentration 0-0.15 mol/Z. For both ethene and propylene, they found the 
magnitude of the diffusion coefficient at 25°C was from - l o p 8  cm2/s, for 
77% crystallinity to - 5 x lod7 for amorphous polyethylene, and the 
empirical activation energy was 10- 12 kcal/mol. Correcting for tempera- 
ture, the diffusivity in amorphous polymer at 70430°C and in this concen- 
tration range would be - 10-6 cm2/s, and in 90% crystalline polymer it 
would be around 1 x 10-8 to 5 x cm2/s. B ~ v e y ~ ~  points out that, 
even in single crystals of polyethylene, the degree of crystallinity does not 
exceed 90% due to interspersed amorphous regimes. Hence, microparticle 
diffusivities significantly lower than these values are rather improbable, 
even if the polymer produced at the active site is highly crystalline. 

Frensdorff studied the diffusion of vapors in ethylene/ propylene 
copolymers. Values of Do in copolymer at 23°C were of the order of lop8 
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cm2/s  for vapors such as n-hexane, cyclohexane, and benzene. The value 
of Do in amorphous polypropylene was somewhat lower in the case of ben- 
zene. The diffusion coefficient for such vapors depends significantly on the 
concentration; Michaels and Bixler 27 found that the diffusion coefficient 
increased by 2 orders of magnitude between zero penetrant concentration 
and saturation for vapors such as benzene and hexane in polyethylenes at 
25°C. For linear polyethylenes, the measured D, values at saturation were 
of the order of 10-I cm2/s. D, for heptane in polypropylene was found to 
be - lo-@ cm2/s at reaction  condition^.^^ In slurry polymerization, the 
microparticles are in contact with the diluent liquid and are probably sat- 
urated by it. Thus, swelling may be considered to occur, and the microdif- 
fusion coefficient might be higher than for gas phase polymerization. 

In summary, it is reasonable to surmise that the value of D, lies in the 
range 10-8-10-6 cm2/s for diffusion of monomer ethylene or propylene in 
polyethylene or polypropylene and copolymers under reaction conditions. 
For highly isotactic polypropylene or high density polyethylene, the lower 
end of the range would apply, while for copolymers (such as ethylene- 
propylene copolymers) the upper end would apply. Polymerization at low 
temperatures would mean lower values of D ,  while polymerization at high 
temperatures would indicate higher D, values. Because increased monomer 
sorption increases D,, polymerizing under high pressures in gas phase or 
slurry would give higher D, values while low pressure lab reactors should 
have a lower D, value. Also since diluents such as heptane or hexane also 
swell the polymer and aid diffusion, slurry phase values of D, would be 
expected to be larger than for gas phase polymerization. Obviously larger 
comonomers such as hexane and octene would have diffusivities towards 
the lower end of the range of D,. Higher values of the diffusivity would be 
expected for hydrogen, (D, - lop6) while smaller values are anticipated 
for diffusion of organoaluminum compounds. For HDPE or highly isotactic 
polypropylene at typical industrial temperatures and pressures in gas 
phase, one would expect D, to lie in the range 1-5 x lo-@ cm2/s. 

An additional issue is the process of sorption of monomer (or other fluids) 
by the polymer of the microparticles. According to Michaels and B i ~ l e r , ~ ~  
there is negligible sorption in the crystalline portion of the polymer al- 
though macroscopically the polymer is completely homogeneous and iso- 
tropic with respect to dissolution and diffusion. Thus, the solubility in 
partially crystalline polymer will be proportional to the amorphous content. 
From the work by Michaels and B i ~ l e r , ~ ~  one may approximately model 
the equilibrium sorption of monomers from the gas phase as 

M ,  = k P  

where k is a Henry’s law constant and P is the gas partial pressure in the 
pores. For partially crystalline polymer, k = a k  *, where a is the amorphous 
content of the polymer and k *  is the solubility constant for purely amor- 
phous polymer. From literature data,28,31 values of k * are -0.04 mol/L atm 
for solubility of ethylene in polyethylene and -0.16 moll,!, atm for pro- 
pylene in polyethylene. Values of k* for propylene in polypropylene are 
probably comparable. From the experiments in Ref. 31, the solubility of 
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propylene in polyethylene (90% crystalline) at 80°C and 30 atm can be 
estimated to be of the order of 0.5 mol/L. The solubility of propylene in 
highly isotactic polypropylene, which has a density of around 0.91 and a 
crystallinity of --75%, is probably comparable to that in polyethylene of 
the same crystallinity. For ethylene, the solubility in 55% crystalline PE 
at 30 atm and 25°C was measured by Li and LongZs and found to be a p  
proximately 1.5 g/100 g polym, corresponding to roughly 0.5 mollL. The 
measured value is in reasonable agreement with Michael and Bixler’s cor- 
re la t i~n ,~’  which predicts a solubility of 1 g/lOO g-poly under the same 
conditions. Thus one would expect that there will be some concentration 
drop across the gadpolymer interface, but that it will be much more sig- 
nificant for ethylene polymerization than for propylene polymerization for 
the same crystallinity of polymer. 

For sorption from liquid in the pores as in slurry polymerization, the 
dissolution of monomer in the semicrystalline polymer microparticle may 
be facilitated by diluent sorption and consequent swelling. As with the 
organic vapors discussed above, organic liquids are also soluble only in the 
amorphous regions of the polymer. According to Long,% the solubility of 
heptane in 74% crystalline polypropylene at  70°C is approximately 
15 g/100 g polym, which would correspond to a swelling factor of at most 
20%. This is comparable to the swelling factor of 14% reported by McCall 
and Slichter 26 for hexane dissolving in branched polyethylene at a solubility 
of 12.6 wt %. Thus, swelling of the semicrystalline polymer by this mag- 
nitude would probably considerably enhance monomer sorption and dif- 
fusion in the microparticles compared to the case of gas phase 
polymerization. In the absence of more precise data, for the present analysis 
one may approximate M ,  = Ml for slurry polymerization. Thus, from both 
the standpoint of dissolution and diffusion, mass transfer resistance in the 
microparticles would be expected to be less for slurry polymerization than 
for gas phase polymerization. 

ANALYSIS OF INTRAPARTICLE GRADIENTS 
In order to understand the fundamental behavior of the polymer particle, 

it is important to determine the size of intraparticle concentration and 
temperature gradients. When polymerization rates become large, it is pos- 
sible that the thermal energy generated by the propagation reaction cannot 
be dissipated at a rate sufficient to keep the entire polymer particle at a 
uniform temperature. In addition, internal mass transport may be limited 
so that internal concentration gradients arise. For the morphological model 
considered in the present work, two levels of internal gradients (i.e., the 
microparticles and in the macroparticles) will be considered as shown in 
Figures 1-3. In the companion article we consider gradients across the 
external boundary layer. 

Microparticle Gradients 

The equations for heat and mass transport in the microparticle are given 
by eqs. (514121. We shall use these to analyze the importance of internal 
gradients in the microparticle. First let us consider the time scales for mass 
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and energy transport to reach quasi-steady-state conditions. The time con- 
stant for the monomer concentration to reach a quasi-steady-state in the 
microparticle is given approximately + by 

which for reasonable values of R,,  D ,  (i.e., I R ,  I cm, 
cm2/s) yields a time constant, rMB, from a fraction of a 

second to at most a few seconds. Similarly, the approximate time scale for 
temperature equilibrium in the microparticle may be expressed as 

I D, I 

which for reasonable values of thermal diffusivity ( lop4 I kelpPCP 
I cm2/s) gives a thermal time constant of at most a fraction of a 
second. Considering that the time scale for particle growth is on the order 
of hours, one may assume that the quasi-steady-state approximation (QSSA) 
is valid for both monomer concentration and temperature in the micro- 
particle. 

Using the QSSA with eqs. (5)  and (10) the monomer concentration and 
temperature at the catalyst surface can be obtained as 

where a, is a Thiele modulus, a, = r c ~ k p C * / D s  , P, = ( - M P ) D , / k e ,  and 
+g = R s / r ,  is the microparticle growth factor. 

Equations (19) and (20) can be combined to yield a relation betwen the 
temperature and concentration gradients 

'Strictly valid only in the absence of reaction. However, chemical reaction shortens the 
time scale for diffusion, and 80 this estimate is conservative. 
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Equation (21) will give the maximum possible temperature rise in the mi- 
croparticle. This upper bound is when the value of M ,  is considered to be 
zero (100% conversion) and M,(Ml) = M b .  If this upper bound is greater 
than a few degrees, then eqs. (19) and (20) can be solved to find the actual 
temperature rise in the microparticles. However, using the parameter val- 
ues shown in Table I, the maximum possible temperature rise in the mi- 
croparticles is found to be a fraction of a degree. Thus for either gas or 
liquid phase polymerization, there is always a negligible intraparticle tem- 
perature rise in the microparticle for ethylene or propylene polymerization. 
This conclusion is independent of catalyst activity, catalyst primary crys- 
tallite size, etc. 

There are two potential mass transfer limitations in the microparticles. 
First there is a sorption equilibrium at the surface of the microparticle 
determined by the solubility of the monomer in the polymer. This equilib- 
rium will be determined by the properties of the polymer (crystallinity, 
composition, temperature, etc.) and the properties of the fluid phase (e.g., 
monomer concentration, diluent concentration, etc.). We model this through 
the boundary condition (71, and define an equilibrium effectiveness factor 

which represents the fractional mass transfer limitation due to sorption 
equilibrium. 

Secondly, one may see from eq. (20) that a significant concentration dif- 
ference may exist between the surface of the microparticle and the catalyst 
surface, depending on the particle growth factor +g and the Thiele modulus 
a,. One may define a microparticle diffusion effectiveness factor (under 
isothermal conditions) as 

This is shown graphically in Figure 4 for various values of the microparticle 
growth factor +g = R, / rc .  Note that for a,  > 1 there is a significant loss 
in reaction rate due to microparticle diffusion. To see what this means in 
terms of typical catalyst activities, Figures 5 and 6 illustrate the onset of 
microparticle diffusion limitation for possible choices of D,, r , ,  and catalyst 
activity. Figures 5 and 6 are calculated by noting that at standard tem- 
perature and monomer concentration conditions (T = Trer, M = illmf), the 
“kinetic” catalyst activity under no diffusional limitation is given by 

If we consider only microscale mass transfer limitation at the moment, then 
Tmf = Tb and MEf = M, here and the “observed” catalyst activity at 
these standard conditions is 
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10-1 I I0 

Fig. 4. Microparticle effectiveness factor 9. vs. modulus a, for growth factors 
+# = R8frc .  

Because Figure 4 shows very little sensitivity to +g, we assume (Pg -+ 00 .  

Then 

but for +g -+ 00 ,  eq. (23) becomes 

Negligible Micropa.'tlcle 

Diffusion ResisIOwe 
10-8 

1 

\ 

Significant Microporlicle 
Diffusion Resistance 

- a c b A d  C E D  

10-14 1, ,,,.!., !I! ,,,j,, ! !, ,),,, , , ,,,.l 
I 10 I02  lo3 4 

Rob/  Y,, MW (g/g-cot .hr) / (mol /4) (g/mol)  

Regimes for microparticle diffusion resistance: D, vs. observed catalyst activity 
(r,  = 0.05 pm). Approximate values for typical catalysts if M, = Mb for slurry and M, = 
M b / 2  for gas phase: (a,A) propylene slurry polymerization, low and high activity catalyst; (b,B) 
propylene gas phase polymerization, low and high activity catalyst; (c,C) Ethylene slurry 
polymerization, low and high activity catalysts; (d,D) Ethylene gas phase polymerization, low 
and high activity catalyst (low activity, Rob = 400 g/g cat h, high activity, Rob = 4000 g/g 
cat h under representative industrial conditions). 

Fig. 5. 



2948 FLOYD ET AL. 

I O - ~  
Negligible Microporticle 1 

Diffusion Resistonce 

S i g n i f i c a n t  Microparticle 
10-12 Diffusion Resistonce 

.) 
\ 10-8 

- 10-10 

n 

lu 

0 c b A d  C 8 D 

10 - 14 11, , 
I 

I I0 lo2 lo3 lo4 

Fig. 6. Regimes for microparticle diffusion resistance (q. = 0.95) with catalyst primary 
particle size 0.005 I re < 0.1 pm. Approximate values for typical catalyst if M ,  = M b  for 
slurry and M ,  = M b / 2  for gas phase: (a,A) propylene slurry polymerization, low and high 
activity catalyst; (b,B) propylene gas phase polymerization, low and high activity catalyst; (c,C) 
ethylene slurry polymerization, low and high activity catalyst; (d,D) ethylene gas phase poly- 
merization, low and high activity catalyst (low activity, R* = 400 g/g cat h, high activity, 
Rob = 4000 g/g cat h under representative industrial conditions). 

and 

Thus 

This equation may be seen graphically in Figures 5 and 6 with some typical 
catalyst activities noted for ethylene and propylene polymerization. It is 
interesting that for the same observed productivity, Rob, the microparticle 
diffusion resistance will be more severe for gas phase polymerization than 
for slurry, due to lower gas phase monomer concentrations. If there are 
also significant inter- or intraparticle mass transfer resistances, then M ,  
will be much less than assumed in placing the nominal catalyst activities 
on the figures. Note that for r ,  2 0.1 pm even for moderate to high activity 
catalysts the threshold for signifiant microparticle diffusion resistance 
has been reached for the lower range of microscale diffusivities 
(10 10 p7 cm2 /s). As indicated clearly in Figure 6, reducing the primary 
crystallite size greatly reduces the microscale diffusion limitations. 

At  this point, it is worthwhile to comment on appropriate values for the 
primary crystallite radius r ,  for real catalysts. In most catalysts, the pri- 
mary crystallites are actually not spherical, but choosing the characteristic 
dimension equal to the diameter of the assumed spherical crystallite is 
reasonable. For classical unsupported catalysts various workers have ob- 
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served through SEM (scanning electron microscopy) crystallite dimensions 
and most lie in the range 0.01-0.1 pm. For example, HockM arrived at a 
size distribution of 0.01-0.1 pm, while Wristem% reports dimensions of 
0.1-0.7 pm, and Rodriguez and Van Looys show scanning electron micro- 
graphs with primary crystallites as large as 1 pm. In the latter case, these 
were very flat, hexagonal-shaped crystals. Wrister 37 and Wilchinsky et a1.= 
noted relatively early that ball milling increases the catalyst activity, and 
Tornqvist correlated this increase with a decrease in the size of the primary 
crystallites, which could be assumed to lead to an increase in the number 
of active sites with his unsupported catalyst. Milling has since been a stan- 
dard technique for modern catalysts, including both Solvay type unsup 
ported and MgC12 supported types. N i e l ~ e n ~ ~  illustrates a primary 
crystallite size of 65 8, (0.0065 pm) for the Solvay catalyst, while G~oda l l*~  
shows that ball milling leads to a roughly tenfold reduction in the char- 
acteristic dimension of the magnesium dichloride support, from around 0.05 
pm to as little as 0.003 pm. Clearly, such a decrease in the primary crys- 
tallite size would result in increased surface area (as shown by Tornqvist) 
and allow a larger amount of the active component to be supported. In 
addition, ball milling reduces the effect of microscale diffusion resistance. 
From Figure 6, it would appear that at the present time, high activities 
have been achieved without incurring serious microparticle diffusion re- 
sistance. However, this conclusion is highly dependent on good design of 
the catalyst physical properties, and also (for supported catalysts) on the 
catalyst loading. From Figure 6, with a knowledge of the loading, the ob- 
served activity and an average value for re ,  one may estimate the maximum 
possible loading before one begins to enter the regime of microparticle 
diffusion control. 

Macroparticle Gradients 

As shown above we may assume uniform temperature in the micropar- 
ticle, so that the temperature distribution in the macroparticle, Tl(rl ,  t ) ,  is 
given by eqs. (13)-(16) while the concentration distribution in the macro- 
particle is given by eqs. (1)-(4). 

As in the case of the microparticles, one may conservatively estimate the 
transient time scales for monomer concentration and temperature in the 
macroparticle as 

Assuming reasonable values for the parameters I Rl I lo-' cm, 
cm2/s, one sees 

that the temperature and concentration equilibration times may vary from 
a fraction of a second for small macroparticles to as much as many minutes 
for concentration equilibration for ultralarge macroparticles in slurry poly- 
merization. Thus the quasi-steady-state approximation is clearly valid for 
gas phase polymerization and for temperature transients in slurry. It is 
also valid for slurry concentration transients for particles in the size range 

5 D1 I l op3  cm2/s and I kelpPCP I 
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up to -100 pm; however, it may not be valid for slurry polymerization 
concentration transients in ultralarge particles. In this case, neglecting 
these transients provides a conservative bound on intraparticle temperature 
gradients; thus we shall use the QSSA in the analysis here. 

By invoking the QSSA, one may combine eqs. (1)-(4) and (13)-(16) in their 
steady state form to yield the relationship for the intraparticle temperature 
rise in the macroparticle, 

where Ts and Ms are the temperature and monomer concentrations at the 
surface of the macroparticle and Tl(0) and Ml(0) are the values at the center. 

For the slurry polymerization of propylene and ethylene (using the range 
of parameters in Table I), one may obtain conservative estimates by as- 
suming Ml(0) = 0 and M s  = Mb, to estimate the maximum temperature 
rise in the macroparticle. This analysis predicts at most a 2-3 K temper- 
ature rise for propylene polymerization, and less than 1 K for ethylene 
polymerization. The actual values will normally be considerably less than 
this, since the center particle monomer concentration value will not be zero 
and there may be mass transfer resistance in the external boundary layer 
which causes M s  < Mb. Detailed calculations indicate that for typical 
conditions in slurry even with high activity catalyst, the internal temper- 
ature rise is a fraction of a degree centigrade. Thus our analysis supports 
the assumption that macroparticle internal temperature gradients should 
be negligible for slurry polymerization. 

The situation for gas-phase polymerization is much more complicated. 
First, for homopolymerization without the presence of an inert or chain 
transfer agent, mass transfer in the macropores would not be properly 
described by a diffusion process but would have a substantial convective 
transport contribution driven by a pressure gradient in the particle. How- 
ever, this is an unusual case because most gas-phase reactors have inerts, 
chain transfer agents, and sometimes comonomer which allow macroscale 
counterdiffusion mass transfer to apply. To analyze this situation, we shall 
consider both cases. 

First, we assume that convective mass transport in a one-component gas 
leads to a negligible intraparticle mass transfer resistance because the ma- 
cropores are large (- 1 pm) and the absolute pressure is large (15-30 atm) 
so that the intraparticle pressure drop required to overcome convective flow 
resistance is a small fraction of the total pressure. Thus as a conservative 
bound we assume that M I  = Ms everywhere in the macropores. In this 
case the macroscale reaction rate Ru is only a function of Tl and 

where ?lS accounts for microparticle diffusion limitations, qes represents 
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the sorption equilibrium, and R ,  is the radius of the original catalyst par- 
ticle. This means that eq. (13) may be rewritten 

where 

1000 keR(Ts)2(Rf /R,S) 

and the well-known exponential approximation 

has been made. Equation (32) is the classical Frank-Kamenetski equation 
whose solution has been tabulated in Ref. 41. In particular, the particle 
center temperature, O(O), is less than 0.1 for 6 < 1. Since 

then for the parameters in Table I, the internal temperature rise in the 
macroparticle will be less than 2 K if 6 < 1 in the case where there is no 
macroparticle mass transfer limitation. Thus we may use the definition for 
6 and set 6 = 1, to obtain the relationship between catalyst diameter, and 
Rob as 

Here ag = R l / R ,  is the macroparticle growth factor and Rob is an observed 
reaction rate derived from eq. (31). This is illustrated graphically in Figure 
7. Note that for low to medium catalyst activities, there is no significant 
internal temperature rise if the catalyst particle is below 100 pm in di- 
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Fig. 7. Regimes for significant macroparticle temperature gradients for ethylene and pre 

pylene polymerization. Catalyst size d,  vs. observed rate for various macroparticle growth 
factors ag = R,/R, .  

ameter. However, for high catalyst activities ( > 1000 g/g cat h), the catalyst 
particle diameter must be smaller to insure no internal temperature rise. 
This is a happy situation because, as catalyst activities increase, less catalyst 
is required for the same size polymer particle, and one naturally reduces 
the catalyst particle size. For the most active catalysts in use today, catalyst 
particle diameters below 20 pm would insure no intraparticle temperature 
gradients. Note that, as the polymer particle grows in size (i.e., ag increases), 
intraparticle temperature gradients become less significant. In any case, 
the assumption of no mass transfer resistance is a very conservative bound. 
Thus one may conclude that, for one-component gas phase polymerization, 
there would be negligible internal temperature gradients in the macropar- 
ticle except for very large, high-activity catalyst particles. 

Now let us consider the case where the presence of inerts, transfer agent, 
or slowly reacting comonomer requires a diffusion description of mass trans- 
fer in the macroparticle. Carrying out the bounding analysis using eq. (30) 
for gas phase polymerization is not as conclusive as it was for slurry. For 
the parameters in Table I, gas phase diffusivities can be higher than for 
slurry, so that, using eq. (301, large macroparticle temperature gradients 
cannot be ruled out. Thus more detailed studies of the gas phase situation 
are required. 

If we put the macroparticle equations (1)-(4) and (13)-(16) in dimension- 
less form we obtain for the material balance 

- = o  dc (0) 
dz 

c(1) = 1 
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where eqs. (1) and (25) can be combined to yield 

Here we have defined the parameters 

This is the classical nonisothermal reaction-diffusion problem whose so- 
lution has been tabulated many places (e.g., Refs. 41 and 42). The solution 
to this equation may be represented by an effectiveness factor q l  which 
applies to the macroparticle and is defined by 

(39) 
reaction rate with macroscale diffusion - 3 ( d ~  ldz = 1 

- 
reaction rate in absence of macroscale diffusion (a? 7 1 1  = 

For the parameters in Table I, y < 20, and at  most f lz 0.2. The effectiveness 
factor plots for this range of parameters are shown in Figure 8. Note that, 
for a l  < 1, there is no significant diffusion limitation or temperature rise 
in the pellet for the range of p, 0 < p < 0.2. Because the curves for 
p = 0, p = 0.02 are virturally superimposed, for p < 0.02, there is no 
significant temperature rise for any value of al .  For the parameter ranges 
in Table I for gas phase polymerization, one sees that p < 0.02 for Dl < 
lo-* cm2/sec. Figure 9 provides a quick check on the criteria a l  < 1, f l  < 

1.0 

OK) 
0. I I 10 100 2=%/- kp cui 

Fig. 8. Nonisothermal macroparticle effectiveness factors for range of p, 0 5 j3 2 0.2, 
corresponding to gas phase olefin polymerization. 
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Fig. 9. Regimes for macroparticle diffusion resistance and temperature gradients. D,G8 

vs. observed catalyst activity. Approximate values for typical catalyst if M s  = Mb: (a,A) 
propylene slurry polymerization, low and high activity catalyst; (b,B) propylene gas phase 
polymerization, low and high activity catalyst; (c,C) ethylene slurry polymerization, low and 
high activity catalyst; (d,D) ethylene gas phase polymerization, low and high activity catalyst 
(low activity, Rob = 400 g/g cal h, high activity, Rob = 4000 g/g cal h under representative 
industrial conditions). 

0.02, in terms of the polymerization parameters. Here we may define an 
overall observed reaction rate Rob,  which accounts for both microparticle 
and macroparticle diffusion limitations as well as for equilibrium sorption 

where Rkin is defined by eq. (24) with T,, = T,, M,, = M, in this case. 
Using the definition of a l ,  we see that 

so that lines corresponding to a l  = 1, ql = 1 can be represented in simple 
terms. Also plotted is the line Dl = corresponding to the criterion 
p < 0.02 for which there are negligible temperature gradients. Note that 
it is only for extremely high catalyst activities and large catalyst particles 
that significant macroparticle temperature gradients could exist (indicated 
by curves in the shaded region of Figure 9). 

To illustrate how to use Figure 9, suppose that one has a 20 pm diameter 
catalyst particle with Rob = 4000 g/g cat h for ethylene gas phase poly- 
merization when the ethylene pressure is 27 atm (Mb = 1 mol/L). If we 
assume M ,  = Mb, then Rob/MsMW = 143. Thus this catalyst corresponds 
to point 1 in Figure 9 where D@., = 10-4, Dl  = Thus, for DIQg 
values > 10-4, there is negligible heat and mass transfer resistance in the 
macroparticle. If we assume Dl - lop4 as a conservative estimate, then 
we conclude that there will be no significant internal concentration and 
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temperature gradients in the macroparticle. However, note that a 60 pm 
diameter catalyst particle with the same observed productivity (point 2) 
will be expected to have negligible internal heat and mass transfer resist- 
ance for DpP, > lop3. Thus if we assume D, = then one would expect 
significant internal temperature and concentration gradients until the poly- 
mer had grown by a factor of 10 (ag = 10). 

If we consider gas phase propylene polymerizations with a low activity 
catalyst of the Stauffer AA type with a catalyst diameter of 60 pm, this is 
represented by point 3 in Figure 9 corresponding to D l a g ,  D, values of - 5 x 10 -5 for the onset of diffusion resistance. Thus since D, > 10 -4  for 
gas phase, we will have negligible temperature and concentration gradients 
in the macroparticle for this catalyst in gas phase. If we use a 60 pm 
diameter catalyst for the slurry polymerization of propylene with the same 
observed productivity, Rob, this corresponds to point 4 in Figure 9 where 
D, = for the onset of diffusion resistance. For slurry 
10 -6 I D, I 10 -5  cm2 /s. Thus there will not be any temperature gradients 
in the macroparticle; however, with an actual value of D, - there 
will be significant mass transfer resistance due to diffusion-at least until 
the particle size exceeds Qg > 10. 

Having shown that intraparticle temperature gradients will be negligible 
in the macroparticle under most normal operating conditions, we may now 
analyze for macroparticle mass transfer limitations in more detail assuming 
an isothermal particle. For this case, the macroparticle material balance 
(37) has the solution 

D l a g  = 

where z and a are defined by Eq. (38). Thus, the macroparticle effectiveness 
factor, q,, defined by eq. (391, has the solution41 

From the definition of a{ ,  Rob in eqs. (40) and (41) one may represent eqs. 
(41) and (42) graphically as shown in Figures 10-12. Note that, for larger 
catalyst particles, one expects more serious diffusion limitations than for 
smaller catalyst particles at the same growth factor. However, for a fixed 
catalyst particle size, diffusion limitations are reduced with increasing 
growth factor a,. 

It is interesting to note from Figure 11 that for a low activity catalyst 
in propylene slurry (e.g., Stuaffer AA type catalyst with average catalyst 
size of 60 pm), reasonable values of D, (e.g., 10-6-10-5 cm2/s) are sufficient 
to cause macroparticle diffusion limitations. However, for the same pro- 
ductivity catalyst in gas phase (where D l  = 10-4-10-3 cm/s), one would 
not expect to see macroparticle diffusion limitations. As indicated in Figure 
10, where a catalyst particle size of d ,  = 20 pm is used for ethylene poly- 
merization with a high activity catalyst, one sees that the same conclusion 
is true for high activity catalysts; i.e., the possibility of significant intra- 
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Fig. 10. Regimes for isothermal macroparticle diffusion resistance. D r a g  vs. observed cat- 
alyst activity for catalyst with initial particle size d ,  = 20 pm. Approximate values for typical 
catalyst if M s  = Mb: (a,A) propylene slurry polymerization, low and high activity catalyst; 
(b,B) propylene gas phase polymerization, low and high activity catalyst; (c,C) ethylene slurry 
polymerization, low and high activity catalyst; (d,D) ethylene gas phase polymerization, low 
and high activity catalyst (low activity, R& = 400 glg cat h, high activity, Rob = 4000 glg 
cat h under representative industrial conditions). 

particle concentration gradients for slurry polymerization, but not for gas 
phase polymerization. However, as indicated in Figure 12, for gas phase 
polymerization with large high activity catalysts, internal concentration 
gradients can be significant. Furthermore, if catalyst activity continues to 
improve and catalyst particle sizes increase dramatically, then internal 
gradients will become even more significant in gas phase processes. 

R& Mg MW ( g/g - ca t.hr )/(mot/l)(g/mal) 

Fig. 11. Regimes for isothermal macroparticle diffusion resistance. DpDg vs. observed cat- 
alyst activity for catalyst with initial particle size d ,  = 60 pm. Approximate values for typical 
catalysts if Ms = Mb: (a,A) propylene slurry polymerization, low and high activity catalyst; 
(b,B) propylene gas phase polymerization, low and high activity catalyst; (c,C) ethylene slurry 
polymerization, low and high activity catalyst; (d,D) ethylene gas phase polymerization, low 
and high activity catalyst (low activity, Ra = 400 glg cat h, high activity, Ra = 4000 g/g 
cat h under representative industrial conditions). 
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catalyst if M ,  = Mb: (a,A) propylene slurry polymerization, low and high activity catalyst; 
6 ,B)  propylene gas phase polymerization, low and high activity catalyst; (c,C) ethylene slurry 
polymerization, low and high activity catalyst; (d,D) ethylene gas phase polymerization, low 
and high activity catalyst (low activity, Rob = 400 glg cat h, high activity, Rob = 4000 glg 
cat h under representative industrial conditions). 

Fig. 12. 

It is clear from Figures 10-12 that as the polymer particle size increases, 
the diffusion resistance becomes smaller. Thus, diffusion control in slurry 
could manifest itself in terms of an acceleration or hybrid-type rate be- 
havior, as has been observed under many circumstances, even for catalysts 
of low activity. Note that these results predict that a significant effect of 
catalyst particle size on the polymerization rate may be anticipated for 
slurry polymerization. This effect would primarily be seen in the initial 
rate for low activity catalyst, but there could be a significant effect on the 
overall yield for high activity catalysts. 

CONCLUSIONS 
In this paper quantitative criteria have been developed and presented in 

graphical form to allow one to evaluate the extent of intraparticle concen- 
tration and temperature gradients in polymer particles during olefin poly- 
merization. Because we use observed reaction rates as a measure of catalyst 
activity, these criteria may underestimate microparticle diffusion limita- 
tions when there is significant resistance due to sorption equilibrium or 
macroparticle diffusion unless one uses good estimates of M ,  in Figures 5 
and 6. Similarly, macroparticle diffusion resistance may be underestimated 
if there is a significant boundary layer mass transfer resistance unless good 
estimates of Ms are used in Figures 9-12. 

From the analysis presented, it may be concluded that under most con- 
ditions normally encountered in industry or the laboratory, intraparticle 
temperature gradients should be negligible for both the microparticles and 
the macroparticles in gas or slurry polymerization reactors. Exceptions 
would be for large highly active catalyst particles early in the lifetime of 
the polymer particles in gas phase reactors. On the other hand, intraparticle 
concentration gradients in the microparticles can be significant for high 
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activity catalyst systems having large primary crystallites of catalyst, es- 
pecially in gas phase polymerization. By contrast, concentmtion gradients 
in the macroparticles will normally be negligible for gas phase polymeriza- 
tion, but are expected to be significant in many slurry systems, even for 
catalysts of relatively low activity. For gas phase reactors, concentration 
gradients in the macroparticle could be important for high activity catalysts 
of large size especially early in the life time of the polymer particle. As the 
polymer particle grows, this macroparticle diffusion resistance will be r e  
duced, contrary to some suggestions in the literature which ascribe the 
catalyst rate decay to an increase in the resistance to monomer transfer. 
Diffusion control in these systems can be detected by an acceleration type 
rate behavior, or by an effect of catalyst particle size on the rate or yield. 

The sequel will discuss the question of heat and mass transport resistances 
in the particle boundary layer. More general conclusions regarding the 
importance of heat and mass transfer resistances will also be presented in 
a companion paper. 

The analysis of heat and mass transfer resistance in the microparticle 
has assumed a spherical microparticle (globular microstructure). For cases 
of other microparticle morphologies, this will serve as an approximation. 
Further detailed modelling of other structures would be worthwhile if the 
present analysis suggests that microscale diffusion limitations may be im- 
portant. 

The authors are grateful to the National Science Foundation and to the following companies 
for research support: Exxon, DuPont, Mobil and Novacor, Ltd. 

APPENDIX NOMENCLATURE 
surface area of polymer particle 
dimensionless monomer concentration = M l / M s  
heat capacity of polymer 
heat capacity of fluid 
concentration of active sites (mol s i t e d l  cat) 
diameter of catalyst particle 
diameter of polymer particle 
diffusivity at zero penetrant concentration 
bulk diffusivity of monomer 
effective diffusivity in macroparticle 
effective diffusivity in microparticle 
activation energy for propagation (cal/mol) 
heat of polymerization (cal/mol) 
external film heat transfer coefficient (cal/cm2 s K) 
solubility constant (moll l  atm) 
solubility constant for purely amorphous polymer (mol/L atm) 
thermal conductivity of polymer particle (cal/cm s K) 
thermal conductivity of fluid (cal/cm s K) 
propagation rate constant (L/mol sites s)  
external film mass transfer coefficient (cm/s) 
monomer concentration in microparticle 
bulk monomer concentration 
monomer concentration at catalyst surface 
monomer concentration at surface of microparticle 
monomer concentration in pores of macroparticle 
monomer concentration at macroparticle surface 
concentration drop across external film (mol/L) 
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molecular weight of monomer 
Nusselt number = hdp/k ,  
pressure (atm) 
microparticle radius 
macroparticle radius 
catalyst primary crystallite radius 
gas constant = 1.987 cal/mol K 
radius of catalyst particle 
rate of polymerization of catalyst surface 
kinetic reaction rate 
radius of macroparticle 
observed polymerization rate (g/g cat h) 
radius of microparticle 
volumetric reaction rate in macroparticle 
Reynolds number = pudp/Db 
Schmidt number = p/pDb 
Shemood number = k .dp /Db 
temperature in microparticle 
temperature in bulk fluid 
temperature at catalyst surface 
temperature in macroparticle 
temperature at macroparticle surface 
temperature rise across external film 
particle-fluid relative velocity 
terminal velocity of particle 
volume of catalyst particle 
dimensionless radius = r l / R l  

GREEK SYMBOLS 

dimensionleas modulus = Rldqakp(T8)C*/Dl@i 

dimensionless modulus = r ,  d k p C * / D ,  

dimensionless modulus = d(-AHJDJke 
porosity 
dimensionless activity energy = E/RTs 
microparticle growth factor = R s / r ,  
macroparticle growth factor = R J R ,  
density of slurry liquid 
density of catalyst particle 
density of slurry diluent 
density of monomer 
density of polymer 
viscosity of slurry diluent 
viscosity of monomer 
viscosity of slurry liquid 
sorption equilibrium effectiveness factor 
microparticle effectiveness factor 
macroparticle effectiveness factor 
dimensionless temperature rise = y (TI  - T s ) / T s  
tortuosity factor 
time constant for concentration equilibrium 
time constant for temperature equilibrium 
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