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synopsis 

The polydispersity index, M,/M,, of the product of an ideal continuous stirred tank 
reactor can be predicted from batch reactor data. A method for the prediction, in the 
case of high-density polyethylene synthesis, comes from finding the effect of catalyst age 
upon yield, M,, and M ,  in a batch reactor operated at constant pressure. These catalyst 
age effects are combined with the catalyst age distribution in the continuous reactor, and 
integration over all ages gives the yield and the polydispersity index for the continuous 
reactor product. This scheme for prediction was applied to a particular catalyst system, 
and the calculated values have been found to agree with observations. 

INTRODUCTION 

Small-scale laboratory polymerization experiments arc frequently done in 
batch reactors. In the case of ethylene polymerization, the pressure may 
be held constant by supplying monomer gas as it is consumed. Many in- 
dustrial processes are operated continuously. The differences between the 
continuous processes and the batch-type reactors, with respect to  product 
properties, have been analyzed, but all factors have not been taken into 
account. Denbigh2 has compared the molecular weight distributions of 
continuous and batch reactors in respect to  the relation between polymer 
chain growth time and the time of passage in the continuous stirred tank 
reactor (CSTR). When the growth time is short compared to  the time of 
passage, the CSTR gives the more narrow molecular weight distribution 
because of the constant monomer concentration. When the growth time 
is long compared to the time of passage, the CSTR gives a broader dis- 
tribution due to  the spectrum of residence times. Ethylene polymeriza- 
tion, with supported catalysts, is a reaction in which the polymer growth 
time is very sh01-t.~ Consequently, if the batch reactors are operated at  
constant monomer concentration, the distinctions between the product of 
the batch reactor and the CSTR in Denbigh’s description become un- 
certain. 

3003 

@ 1973 by John Wiley & Sons, Inc. 



3004 IIOVF AND SHIDA 

There is, however, a factor not considered by Dcnbigh2 and other in- 
vestigators,' namely, that the catalyst characteristics and the instantaneous 
molecular weight distribution can be time dependent. Whitaker and Wills4 
found such a time dependence. The existence of the time dependence is 
confirmed by our study, although we have found a different kind. 

The purpose here is to  describe a method of predicting the molecular 
weight distribution, represented by the commonly used polydispcrsity 
index M,/Mn of the product of il CSTR from batch reactor data. The 
method is exemplified with the polymerization of ethylene on a supported 
catalyst, but it should be applicable in any case in which the polymer growth 
reaction is very short in duration compared to  the residence time, and the 
instantaneous polymer properties change with time at  constant monomer 
concentration. 

EXPERIMENTAL 

Materials 

The catalyst used in this study was of the Phillips typc.j It consisted of 
2% CrOs on 98% SiOz. Its particle size range was 40-150 microns. It was 
activated in dry air at 800°C for 5, hr and upon cooling was kept under an 
atmosphere of dry nitrogen. Ethylene and isobutane were obtained from 
the Chemplex plant and dried by passage through columns of molecular 
sieves. 

Reaction Vessel 

Polymerization experiments were conducted in a 1300-ml stainless stcel 
vessel equipped with an updraft, three-blade marine propeller operated at  
420 rpm. Temperature control was provided by refluxing liquid in a sur- 
rounding jacket. By variation of the confining pressure, the temperature 
could be kept within +2"C of the desired temperature. 

Polymerization Rate 

Polymerization rate was determined by means of a calibrated flowmeter 
as described by Hogan.a,6 When experimental reactions were completed, 
the yields were checked by weighing the polymer (Table 11). 

Reaction Conditions 

Catalyst was charged to the ethylene-purged pressure vessel kept at the 
desired operating temperature, 102"C, the valve was closed, 500 ml of iso- 
butane was forced in with ethylene pressure, and then ethylene was sup- 
plied to give 550 psig. The pressure was kept constant by means of a 
Hoke Model 920 regulator. 

Molecular Weight Distribution 

A Water Associates Model 200 gel permeation chromatograph was used 
Four columns of Stryra- to  determine the molecular weight distributions. 
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gel of pore sizes lo6, 106, lo4, and lo3 A were used. The operating tempera- 
ture was 135”C, and 1,2,4-trichlorobenzene was used as the solvent. The 
flow rate was 1.0 ml/min; 2.0 ml of a 0.25a/, polymer solution was injected 
after filtering at  135°C. 

THEORETICAL CONSIDERATIONS 
The continuous polymerization process takes place under conditions that 

result in the formation of solid particles of polyethylene maintained in sus- 
pension by the mixing devices. The mixing is assumed to  be ideal, so that 
at each instant the product removed is representative of the polymer con- 
tained in the reactor vessel. Fragmentation of the particles occurs suffi- 
ciently to  eliminate the need to  consider segregati~n.’.~ Catalyst is re- 
moved with the polymer product, either embedded in or attached to the 
surface of the particles. The process is operated under steady conditions 
so that the production rate, the amount of polyethylene, and the amount 
of catalyst in the reactor remain constant. 

Under these conditions, the residence time distribut,ion of the catalyst can 
be expressed in terms of the polymer mean residence time. This residence 
time distribution serves to  produce equations for the yield and the M , / M ,  
of the continuous reactor when combined with batch reactor data. 

The catalyst residence time distribution is derived as follows: q = feed 
rate of catalyst, in g/min; N = mass of polyethylene in the reactor; p = 
production rate, in g/min; CT = total mass of catalyst in the reactor; 
C A  = mass of catalyst in the reactor with age less than t; C B  = mass of 
catalyst in the reactor with age greater than t; 4‘(t) = the fraction of the 
catalyst which remains in the reactor for a period of time between t and 
t + dt; and z(t) = mass of polyethylene produced per gram of catalyst, 
a function of age (1). 

When the reactor is operating at a steady statc, a zero time is arbitrarily 
selected. All of the catalyst that enters the reactor after this instant is new 
catalyst, and its mass at any clock time t’ is defined to be CA. Three fac- 
tors control the rate a t  which new catalyst is removed. The first factor is 
the production rate, and the second factor is the fraction of the total poly- 
ethylene mass originating from the new catalyst. The third factor is the 
amount of catalyst contained per gram of that polyethylene. The factors 
causing the decrease in old catalyst are similar, and the mathematical form 
of these considerations gives eqs. (1) and (2) : 
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Integration of eq. (1) and eq. (2) yields eqs. (3) and (4)) respectively: 

(4) 

Because the catalyst content of the reactor, CT, is constant, eq. (4) leads 

5 - - e--pt'/N. 
CT 

to  eq. (5 ) :  

Combining eq. (5) and eq. (3) shows that the mean residence time of the 
catalyst is equal to  the mean residence time of the polyethylene: 

The residence time distribution of the catalyst is the time derivative of 
eq. (5) )  specifically 

Equations (5) and (7) have been derived for catalysts under different 
~ o n d i t i o n s ~ * ~ ~  and for inert tracers.lp2 

The catalyst age distribution multiplied by the yield as a function of age 
from batch reactor data, and integrated over all ages, provides the yield 
for the continuous reactor. We find that the batch reactor data, as shown 
in Figure 1, can be approximated by the relations 

at2 
2 (8) z = - + b t  o < t < t ,  

(9) 
at12 
2 z = c(t - tl) + - + btl t > tl. 

Consequently, the yield per gram of catalyst in the continuous reactor is 

Other than by the constants a, b, c, and tl, which are fixed by the reactiv- 
ity of the catalyst, the yield is determined by the residence time of the 
polymer. This kind of equation has been previously used to  predict yield 
for continuous reactors based upon model rea~tivities.~ 

However, the purpose of this paper is to  predict the moleculaz weight 
distribution of the product of a continuous reactor from batch reactor data. 
This can be accomplished in the following way. Equations (11) and (12) 
provide M ,  and M ,  for a mixture of characterized resin samples, and the 
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Fig. 1. Effect of time on polymer yield. Actual yield for the batch reactor determined 
by weighing the polymer (A), and the yields from flowmeter readings, each as grams/ 
gram of catalyst, compared to calculated yield. 0 ) distinguish 
flowmeter yields for the four experiments. 

The symbols (0 0 

equations can be used in the integral form if the number of components is 
very large. To evaluate the integrals, it is necessary t.0 express the weight 
fraction, or dw, and M,(w) and M,(w) in terms of the same variable in this 
case catalyst age. Batch reactor data and the yield of the continuous 
reactor previously obtained allow this to  be done: 

M ,  = c M w i W i  = M,(wjdw S 
l / M n  = C W i / M , i  = l/M,(w)dw. (12) S 

Since x is the batch reactor yield, 

dw = (z/z8) (e-”’/e)dt. (13) 

The batch reactor data make it easier to  approximate M w / M ,  than M ,  
itself by an equation with catalyst age as the independent variable. Equa- 
tion (14) is such an approximation, with g( t )  representing the age depen- 
dence of M,/M,. The line through the data points of Figure 2 is a plot of 
of eq. (14) with appropriate values for the constants a and 8: 

go) = 4 + 8. (14) 
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Comparison of M,/M,, from GPC with a plot of the 
function used to estimate the effect of time (or catalyst age) on M,/M,. 

Fig. 2. Effect of time on M,/M,. 

Similarly, Figure 3 shows the way in which eq. (15) approximates the 

(15) 
Equations (13), (14), and (15) combined with eqs. (11) and (12) give the 

desired predicted values of M, and M ,  for the product of a continuous 
reactor: 

batch reactor data for M,: 
H(t )  = (B + Kt)"'. 

M ,  = (i/zd) J m  g(t)h(t)s(t)e+/"dt (16) 
0 

n m  

JO 
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Of course, multiplication of eqs. (16) and (17) gives the polydispersity 
ratio, M,/M,. 

5 -  

RESULTS AND DISCUSSION 
Figure 1 shows the yield of polyethylene as affected by reaction time for 

the particular catalyst used in these experiments. The figure contains data 
points from flowmeter readings as well as polymer weights, and the yields 
based on flowmeter readings are also given in Table I. The line associated 
with the data points is a plot of eqs. (8) and (9) with the constants a = 
1.246, b = 20, c = 70, and tl = 40 min. In our opinion, the fit of the equa- 

- 

- 
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TABLE I 
Yield per Gram of Catalyst in Ethylene Polymerization at  550 psig and 102°C 

Yield, g/g catalyst 
Reaction 
time, min No. 41 No. 43 No. 45 No. 47 

5 99 101 148 142 
10 243 2% 356 300 
15 444 377 602 517 
20 675 559 777 
25 912 783 1080 
30 1165 1060 1382 
35 1508 1341 
40 1824 1646 
45 2077 2052 
50 2366 
55 2638 
60 2925 
65 3331 
70 3630 
75 4053 
80 4460 
85 4759 
90 5076 

tions to  the data, when these constants are used, is satisfactory for our 
purpose. The rate of polymerization, which can be obtained from eqs. (8) 
and (9), shows an increase during the first 40 min and then remains con- 
stant at 70 g/g catalyst per min. Similar rate patterns, that is, an initial 
increase followed by a period of constant polymerization, have been r e  
ported by Zakharov and Ermakov.'' 

The broad molecular weight distributions indicated in Figure 2 are 
characteristic of Phillips12 and Ziegler p~lye thylene . '~~ '~  The dramatic 
effect of reaction time, or catalyst age, upon molecular weight distribution, 
also shown in Figure 2, has not been observed previously, although Whitaker 
and Wills4 found an increase in the fraction of high molecular weight com- 
ponents with conversion. Their somewhat different observations may 
have been due to  the relatively low reactivities and consequent small yields 
reported by them, or t o  differences in catalyst. In  any case, the reason for 
the time effect upon the molecular weight distribution shown by our cata- 
lyst is not known. It may, however, be related t o  the creation of new 
active sites during the early stages of polymerization." The line drawn 
through the data points of Figure 2 is a plot of the equation M , / M n  = 
(135/t) + 9, which is eq. (11) with a = 135 and /3 = 9. 

Equation (15) with B = 37.55X106 and K = 5.7OX1O6 is plotted in 
Figure 3. 

The integrations indicated by eqs. (15) and (16) have been done by the 
trapezoid rule using an interval of 0.20 min for the first 40.0 min of age and 
an interval of (88 - 40)/300 min for the ages greater than 40 min. The 
upper limit of the integration was set at 88, where 0 is the mean residence 
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time. The calculations were done by Honeywell computer from a Fortran 
program which also produced calculated values of M,, M,, yield, and M,/-  
M ,  for batch and continuous reactors. The adequacy of the 88 upper limit 
is shown by the fact that analytic integration of the continuous reactor 
yield at  four values of 8 to infinite age agrees with the computer output. 
Table I11 is the final result. 

The lower M,/Mn compared to the batch reactor a t  the shorter residence 
times is a consequence of the dramatic effect of catalyst age on M , / M ,  and 

TABLE I1 
Yield of Polyethylene per Gram of Catalyst and M w / M ,  at Different Reaction Times 

Yield Yield 
Reaction Actual from from 

Exp. time, yield, flowmeter, equation, 
no. min g g g MwIMn 

45 15 697 600 440 18.05 
47 30 1455 1370 1160 14.44 
41 45 2320 2080 2145 11.66 
43 90 5280 5050 5295 10.87 

TABLE I11 
Comparison of Calculated Values of the Polydispersity 

Ratio for Batch and Continuous Reactors 

Batch reaction 
time or mean 

residence 
Batch Continuous 

time, min Yield, g/g Mw/Mn Yield, g/g MwIMn 

10 262 22. .50 320 21.85 
15 439 18.00 558 17.21 
20 648 15.75 8% 14.97 
25 887 14.40 1120 13.69 
30 1158 13.50 1426 12.87 
35 1459 12.86 1742 12.32 
40 1792 12.38 2064 11.93 
45 2142 12.00 2391 11.64 
50 2492 11.70 2722 11.42 
55 2842 11.45 3055 11.24 
60 3192 11.25 3391 11;10 
65 3542 11.08 3729 10.99 
70 3892 10.93 4068 10.89 
75 4242 10.80 4408 10.81 
80 4592 10.69 4749 10.74 
85 4942 10.59 5091 10.69 
90 5292 10.50 5434 10.64 
95 5642 10.42 5778 10.60 

100 5992 10.35 6122 10.56 
105 6342 10.29 6466 10.53 
110 6692 10.23 6812 10.50 
115 7042 10.17 7156 10.48 
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I 1 

the way the rate of polymerization changes with age. On the other hand, 
the slightly higher M,/Mn compared to the batch reactor at longer resi- 
dence times is due to  the contributions of young catalyst to M,. These 
relations depend upon the distribution of product with catalyst age as 
shown in Figure 4. 
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In order for Figure 4 to  be a true picture, it is obviously necessary for the 
yield data to be correct. In particular, any decline in reactivity at long 
times would diminish the amount of skew in Figure 4, and this, in our case, 
would act to  broaden the molecular weight distribution of the continuous 
reactor product. As a matter of fact, ClarkI5 mentions a loss in reaction 
rate after. the period of constant reactivity. However, we have conducted 
a reaction for 140 min and to a yield of 7600 grams per gram without ob- 
serving a fall in rate. It is not clear whether any loss which would be ob- 
served would be due to  the intrinsic properties of the catalyst or to the 
introduction of poisons with the constantly supplied ethylene, if a small 
catalyst charge is used; or to choking the reactor vessel, if a larger catalyst 
charge is used. 

From what has already been said, it is clear that an exact prediction from 
batch reactor data of the molecular weight distribution of the product of a 
continuous reactor depends upon maintaining all feed materials free of 
poisons and modifiers. In the case of a particular poison, it might be possi- 



PREDICTION OF MWD 3013 

ble to  study the, effect in the batch reactor and apply the results using the 
principle of the method described in this paper. 

Finally, it should be possible to employ this method with experimentally 
determined residence time distributions. 
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