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SYNOPSIS 

The plasticizing effect of n-pentane on the rate of bulk free radical polymerization of 
styrene and molecular weight distribution development has been modeled on the basis of 
the free volume theory for both monofunctional and bifunctional initiation. A strong decrease 
in the reaction rate in the late stages of the polymerization, due to the displacement of the 
onset of the gel effect, has been observed for both types of initiation. This decrease in the 
polymerization rate limited the terminal conversion to values well below 100% for mono- 
functional initiation. However, in bifunctionally initiated polymerization, terminal con- 
versions close to 100% were obtained in spite of the decrease in reaction rate. Contrary to 
what was expected, the molecular weight distribution obtained at  terminal conversion was 
almost completely insensitive to these changes in polymerization rate. This phenomenon 
is explained in terms of limited transfer to monomer reactions when n-pentane is present 
in the system. In suspension polymerization, the limiting conversion and plasticizing effects 
of n -pentane in monofunctionally initiated systems, caused enhanced coalescence leading 
to suspension set-up. In bifunctionally initiated systems this enhanced coalescence was 
completely overcome by the short duration of the particle growth stage, owing to high 
polymerization rates, and stable suspensions were achieved. For these systems the particle 
size distributions obtained were similar to that of suspension polystyrene without n-pentane. 
0 1993 John Wiley & Sons, Inc. 

I NTRODUCTIO N 

Traditional manufacture of expandable polystyrene 
(EPS ) in bead form involves two different processes. 
First, free radical aqueous suspension polymeriza- 
tion of styrene is carried out at temperatures be- 
tween 80 and 90°C with the aid of monofunctional 
initiators, such as azobisisobutyronitrile ( AIBN ) or 
benzoyl peroxide (BPO ) .l The batch polymerization 
is carried out in a stirred reactor bearing a dispersed 
phase hold-up (4  = volume of disperse phase/total 
volume) in the range of 0.4 to 0.6, until the conver- 
sion where the beads become glassy because of the 
fact that the glass-transition temperature, Tg, of the 
monomer /polymer mix increases reaching the po- 
lymerization temperature, T.’ 
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During this process, the dispersed droplets reach 
a critical viscosity (pcrl - 100 cp) at about 30% 
conversion, depending on the molecular weight and 
T, from which droplet coalescence overcomes the 
droplet breakage caused by the agitation system. As 
a result the mean particle size (MPS ) starts to in- 
crease r a ~ i d l y . ~  The particle growth is controlled to 
the desired final size with the aid of suspending 
agents that may be insoluble inorganic powders such 
as zinc oxide and tricalcium phosphate (TCP),  or 
water-soluble polymers, such as polyvinyl alcohol 
(PVA) , hydroxyethyl cellulose (HEC) , or polyvinyl 
pyrrolidone (PVP) . Particle growth stops at  a sec- 
ond critical viscosity ( pCrz - lo6 cp) reached at about 
70% conversion, due to the elastic nature of the par- 
ticle collisions at  this viscosity level that averts co- 
alescence. This point is commonly referred to as the 
identity point and the growth stage as the “sticky 
stage.” From the identity point on, the suspension 
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is stable and the polymerization proceeds until the 
beads become g l a ~ s y . ~  

The second process, called the impregnation 
stage, consists of a high temperature-high pressure 
cycle (T i  > Tg) in which the blowing agent, com- 
monly n-pentane, is loaded in the reactor and dif- 
fuses into the softened beads. In addition, exhaus- 
tion of the residual monomer is achieved simulta- 
neously, with the aid of a finishing monofunctional 
initiator of higher half life than the one used during 
the polymerization process. 

Depending on the impregnation temperature ( Ti ) 
and pressure (Pi  ) , a minimum time must be allowed 
for the diffusion of the blowing agent to reach the 
core of the beads and for complete monomer ex- 
haustion.' At the end of the impregnation stage the 
suspension is cooled down to room temperature and 
the polymer is separated from the water in a cen- 
trifuge and then dried at low temperatures. 

The main productivity limitation of these two 
processes consists of the long batch times necessary 
to carry them to completion. Polymerization with 
monofunctional initiators at higher temperatures, 
as a means to increase productivity, has not suc- 
ceeded due to both lower molecular weights of the 
product (out of the processing range), and the en- 
hanced particle coalescence observed at higher tem- 
perature~.~ Moreover, addition of blowing agent be- 
fore the glassy point, as another means to increase 
productivity in the commercial manufacture of EPS, 
has not been reported as yet. 

Recently, suspension polymerization of styrene 
with bifunctional initiators at temperatures above 
and below the Tg of polystyrene, has been studied 
at  length.6 In this study, it has been demonstrated 
that, due to the sequential decomposition charac- 
teristics of bifunctional initiators, the polymer mol- 
ecules experience multiple reinitiation/propaga- 
tion/termination cycles. As a result, it is possible 
to achieve simultaneously high polymerization rates 
and high molecular weights. 

In the same study, it was demonstrated that sus- 
pension polystyrene with the molecular weight 
characteristics of expandable polystyrene is obtained 
with bifunctional initiator 1,4-bis (terbutyl peroxy- 
carbo)cyclohexane (TBPCC), a t  105"C, in a batch 
cycle 75% shorter than that obtained through the 
traditional monofunctional initiation system.6 
Moreover, the enhanced particle coalescence ob- 
served at  such a polymerization temperature was 
completely overcome by the great real-time reduc- 
tion of the particle growth stage. 

In this article, the early presence of n-pentane in 
the polymerization mix, in both monofunctionally 

and bifunctionally initiated systems, is studied from 
two points of view: 

1. its effect on polymerization rate and molec- 
ular weight distribution development in bulk / 
solution polymerization of styrene; and 

2. its effect on suspension stability, mean par- 
ticle size, and particle size distribution in 
suspension polymerization of styrene. 

The kinetic phenomena observed in this study 
are modeled and simulated to compare with the ex- 
perimental data obtained. 

Reaction Schemes 

It has been shown elsewhere that both bulk and sus- 
pension free radical polymerization proceed through 
the same kinetic mechanism throughout the entire 
conversion range.7 The well known set of elementary 
reactions involved in monofunctionally initiated 
bulk or suspension polymerization of styrene, con- 
sidered in this study, can be written as follows.' 

Mono functional System 

Thermal initiation: 

3M 2 2R;. 

Chemical initiation: 

Propagation: 

Termination by combination: 

Ktc 
R; + R; + P,,, ( r ,  s 2 1). 

( 4 )  

Transfer to monomer: 

In the above scheme: I is a monofunctional ini- 
tiator; R;, are the primary radicals; R; are growing 
radicals of chain length i;  M is styrene monomer; 
and Pi represents dead polymer molecules of chain 
length i. 
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A symmetrical bifunctional initiator molecule can 
be represented as: 

The peroxide groups in such a diperoxide com- 
pound can undergo homolytic rupture of the 0 - 0 
bonds by increasing the energy of the system. The 
primary homolysis of a diperoxide can be written 
as: 

From this reaction two different radicals are 
formed, one similar to the radicals of monofunc- 
tional initiation, and one bearing an undecomposed 
peroxide. Upon polymerization, these two primary 
radicals will lead to the formation of two different 
populations of propagating radicals, with and with- 
out terminal undecomposed peroxide, respectively. 

When termination by combination is the domi- 
nant bimolecular termination mechanism, such as 
for polystyrene, these two radical populations will 
yield three different polymer populations: ( 1 ) dead 
polymer; (2)  temporarily dead polymer with one 
terminal peroxide group; and ( 3 )  temporarily dead 
polymer with two undecomposed peroxide groups 
(one at each end). Because the terminal peroxide 
groups in these temporarily dead polymer popula- 
tions can further undergo homolysis of the 0-0 
bond, they will act as macroinitiators in subsequent 
stages of the polymerization, experiencing, as a re- 
sult, a new initiation/propagation/ termination cy- 
cle that may lead to the formation of either dead or 
temporarily dead polymer molecules again. 

This multiple reinitiation/propagation/ termi- 
nation phenomenon is responsible for the possibility 
of achieving high reaction rates and high molecular 
weights simultaneously in free radical polymeriza- 
tion with bifunctional  initiator^.^." 

The set of elementary reactions involved in bi- 
functionally initiated free radical bulk or suspension 
polymerization of styrene considered in this study 
can be written as follows.' 

Chemical initiation: 
2Kdi 

Ig - R;, + R;, 
R ; , + M ~ R ;  

R;, + M Ri - Kdz 
P, ---* R;, + R; ( r  2 2)  

2Kd2 

Fr - R;, + R; ( r  2 2) .  

Propagation: 

Termination by combination: 

Transfer to monomer: 

Here Ig is the bifunctional initiator; R;, are pri- 
mary radicals with one undecomposed peroxide; 
R ;  are growing radicals of chain length i with one 
terminal peroxide group; and Pr and P, are tempo- 
rarily dead polymer molecules with one and two ter- 
minal peroxide groups, respectively. The rest of the 
species are the same as in the monofunctional 
scheme. 

From the above polymerization schemes note that 
n-pentane should not act as a chain transfer agent 
a t  the polymerization temperatures being used, be- 
cause hydrogen abstraction from saturated hydro- 
carbons at  this temperature level is very unlikely. 
Its role in the polymerization kinetics, therefore, 
may be limited to its plasticizing effect as an inert 
solvent in the system. However, its influence over 
the extent of the transfer to monomer reactions will 
be addressed herein. 

Bifunctional System 

Thermal initiation: 

3M 2 2R;.  

Kinetic Modelling 

Detailed derivation of the corresponding kinetic 
models, based on the above polymerization schemes, 
have been reported elsewhere.' The development of 
the kinetic models mentioned, are based on the ap- (7)  
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plication of the method of moments to the mass bal- 
ances for each of the existing species in the poly- 
merization mix. 

Following this procedure, applying the steady- 
state hypothesis for radical concentration, the long 

chain approximation for monomer consumption, 
and simplifying by considering that Y2 9 YI 9 YO, 
the following set of algebraic and ordinary differ- 
ential equations are obtained for each mode of h i -  
tiation. 

Monofunctional Initiation Bifunctional Initiation 

Monomer consumption: 

Initiator consumption: 

Initiation rate: 

Moments of the live polymer concentration distributions: 

Zeroth 

First 

Second 



BULK AND SUSPENSION POLYMERIZATION OF STYRENE 331 

Moments of the dead and temporarily dead polymer concentration distributions: 

Zeroth 

I d(QoV)  - &Y,2 + K T f , [ M ]  Yo 
V d t  

I d(Qov)  - 4KtcY,2 + KTfm[M] Yo 
V d t  

First 

d ( Q I V )  - KtcY,Yo + K T f , [ M ]  Yl 
V dt 

' d ( Q I V )  - KtcY,Y, + K T f , [ M ]  Y1 
V d t  

Second 

In the preceding sets of equations: V is the total 
volume of the reaction mix; f is the initiator and 
macroinitiator efficiencies, d / d t  represents rate of 
change with time; and [ ] indicates concentration. 
The i-th moment ( i  = 0 , 1 , 2 )  of the live (both with 
and without terminal peroxide), dead, and tempo- 
rarily dead polymer concentration distributions, ap- 
pearing in the above equations, are defined as: 

m 

Yi = C ri [ R,] for live polymer 
r = l  

- y. = m ' 2 ri [ I&] for live polymer with one terminal 
undecomposed peroxide group r=l 

m 

Qi = C ri [ Pr]  for dead polymer 
r = l  

m 

Qi = C ri [ pr] for temporarily dead polymer with 
one terminal undecomposed per- 
oxide group 

r=l 

m 

6; = 2 ri [ F r ]  for temporarily dead polymer with 
two terminal undecomposed per- 
oxide groups 

r = l  

YTO = YO + Po total radical concentration (yo  for 
monofunctional initiation 1 . 

The simultaneous numerical solution of the above 
equations through the use of a standard library sub- 
routine (LSODE ) has been the base for the devel- 
opment of the simulation programs MONOFUN and 
BIFUN, for bulk and suspension polymerization of 
styrene through monofunctional and bifunctional 
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initiators, respectively. From the integrated values 
of the variables involved in the kinetic models de- 
scribed, monomer conversion and molecular weight 
averages as a function of the polymerization time 
are calculated in both programs as: 

Here X is the monomer conversion; MWM is the 
molecular weight of monomer; M,, and M ,  are the 
number-average and weight-average accumulated 
molecular weights of polymer; subindex 0 means 
initial value; subindex t means integrated value at 
time t ;  and the summations are over the different 
species present for the bifunctional system and over 
the only specie present for the monofunctional one. 
The details of the simulation program BIFUN may 
be found elsewhere? 

Because both simulation programs based their 
treatment of the diffusion controlled termination 
and propagation reactions at high monomer con- 
versions on the free volume theory, similar modifi- 
cations have been introduced to both programs in 
order to account for the presence of n-pentane, fed 
into the reaction mix in batch fashion at some point 
in the reaction coordinate. The treatment may be 
described as follows. 

At the beginning of the polymerization the value 
of the termination rate constant, K,,, is given by: 

The monomer conversion at  which the n-pentane 
is introduced to the reaction mix is denoted as 
X,( C , )  . Upon polymerization, the total volume of 
the system, temperature and conversion dependent, 
is calculated as: 

or 

where the subindexes m, p and C5, denote monomer, 
polymer, and n -pentane, respectively, and ( X  ) de- 

notes the value at  conversion X .  Note that because 
the mass of n-pentane does not change with con- 
version its volume is only temperature dependent. 

The free volume of the species i in the reaction 
mix (monomer, polymer, and n-pentane) is calcu- 
lated as a function of conversion as 11: 

where ai is the thermal expansion coefficient of the 
specie i; T is the polymerization temperature; and 
Tgi is the glass-transition temperature of the specie 
i. The free volume of the system at any monomer 
conversion is, then, given by: 

V F ( X )  = VF,(X) 

+ V F p ( X )  ( f o r X < X , )  (27)  

or 

V F ( X )  = VF,(X) + V F p ( X )  + VFc5(X) 

(for X 2 X,). ( 2 8 )  

A critical value K,, for the system, denoting the 
onset of the translational diffusion controlled ter- 
mination reactions, is defined as a function of tem- 
perature only. For every increment in conversion 
the parameter K is calculated as12: 

K ( X )  = M w ( X ) M e x p ( A / V F ( X ) )  (29) 

where M and A are adjustable parameters. 
When K I K,, the termination rate constant is 

considered to increase linearly with conversion due 
to an increase in the segmental diffusion rate of the 
growing polymer chains as the concentration of 
polymer in the system increases and the coil sizes 
decrease. 

Accordingly l3 : 

Here Ktcs is the segmental diffusion controlled 
termination rate constant and 6 is a parameter re- 
lated to the rate of diffusion of the growing polymer 
chains and the quality of the solvent (monomer plus 
solvent if present). For homopolymerization of sty- 
rene this effect can be completely neglected in which 
case K,,, = Ktd (i.e., 6 = 0)  .14 

At the conversion at which K becomes greater 
than K,,, VF and M,  take their critical values (VF,, 
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and Mwcr) and from then on the termination rate 
constant is considered to decay exponentially ac- 
cording to l2 : 

X exp(-A(l /VF(X) - l/VFcr)) (31) 

where N is an adjustable parameter. 
Whenever a free radical polymerization is carried 

out a t  temperatures below the Tg of the polymer 
being formed ( T < Tgp),  the Tg of the reaction mix 
( Tg,,,ix), which depends on monomer conversion and 
polymer molecular weight, will equal the polymer- 
ization temperature at a critical conversion X,, from 
which the reaction mix becomes glassy. In the vi- 
cinity of X,, the propagation reaction becomes dif- 
fusion controlled because the diffusion of monomer 
to the reactive centre through the glassy polymer 
matrix is extremely slow. This phenomenon, referred 
to as the glassy effect, is modeled by decreasing the 
propagation rate constant for X > X,,, as l2 : 

Here VFcr2 is the free volume of the system at 
X,,, and B is an adjustable parameter. 

On the bases of this treatment the expected effect 
of n-pentane on the reaction rate can be now ex- 
plained. Upon addition of n-pentane, the free vol- 
ume of the system increases and so does the molec- 
ular mobility of the polymer chains. Because the 
small molecules of n-pentane diffuse across the 
polymer coils, the plasticizing effect thus induced 
facilitates the translational diffusion of the growing 
radicals necessary to approach each other and ter- 
minate. As a result, the onset of the translational 
diffusion controlled termination reactions is delayed 
and a decrease in the polymerization rate must be 
expected according to the decrease of both [MI  and 
R I .  The decrease in the polymerization rate will 
proceed up to the conversion at  which the free vol- 
ume of the system is such that the termination re- 
actions become translational diffusion controlled in 
spite of the plasticizing effect of n-pentane. How- 
ever, if the concentration of n-pentane is high 
enough this point may never be reached, in which 
case a progressive decay of the polymerization rate 
must be observed. 

With regard to the propagation reaction, the in- 
crease in free volume caused by the presence of n- 
pentane may be such that the critical free volume 

for the diffusion of monomer to the propagating 
centre may not be reached. That is, the TgmiI may 
never reach the polymerization temperature ( i.e., 
the polymerization mix does not become glassy) due 
to the strong plasticizing effect caused by the high 
molecular mobility (low T,) of n-pentane. In such 
cases Kp will not fall. 

Because the onset of the diffusion controlled ter- 
mination reaction occurs at a larger free volume than 
the onset of the diffusion control propagation re- 
action, the following scenarios are possible depend- 
ing on the amount of n-pentane in the reaction mix: 

1. Delay of the onset of both diffusion controlled 
termination and propagation reactions. In 
this case, the gel effect and the glassy effect 
occur at higher conversion than in the ab- 
sence of n-pentane with the consequent de- 
crease in the polymerization rate during the 
delay until the system autoaccelerates. 

2. Delay of the onset of diffusion controlled 
termination and absence of glassy effect. In 
this case, the gel effect will occur a t  higher 
conversions than in the absence of n-pen- 
tane with the consequent decrease in poly- 
merization rate during the delay. However, 
once the gel effect occurs the autoaccelera- 
tion must lead to terminal conversions ap- 
proaching 100%. 

3. Absence of both gel and glassy effects. In such 
case the polymerization rate will decrease 
progressively according to the decrease in 
[MI  and [ I ]  ”*. 

In all three cases lower molecular weights at ter- 
minal conversions should be expected inasmuch as 
the larger build-up of molecular weight occurs during 
the gel effect because of the longer radical mean life 
before termination caused by the lower translational 
diffusion of the growing radicals. In the limiting case, 
when the radicals remain alive due to immobility in 
the glassy medium, this phenomenon is referred to 
as radical trapping.15 

In a recent publication, Yoon and Choi16 devel- 
oped a very comprehensive kinetic model for the 
bulk polymerization of styrene using the symmet- 
rical bifunctional initiator 2,5-dimethyl-2,5-bis (2- 
ethyl hexanoyl peroxy ) hexane. Important features 
of their model include the accounting for a decrease 
in the initiator efficiency with increasing level of 
initiator and monomer conversion. Unfortunately, 
this model does not account for diffusion-controlled 
propagation and for the effect of inert solvent on 
diffusion-controlled termination. 
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EXPERIMENTAL 

Styrene (Aldrich Chemical) was washed and dis- 
tilled following standard procedures! Monofunc- 
tional initiator benzoyl peroxide ( Lucidol-BPO, 
Pennwalt-Lucidol Co.) , and bifunctional initiator 
1,4-bis ( terbutyl peroxicarbo ) cyclohexane (Initiator 
D-162, Akzo-Chemie) were used without any further 
purification. Chloroform and methanol, both reac- 
tive grade, were used as polystyrene solvent and 
nonsolvent, respectively. n -Pentane analytical grade 
( Aldrich Chemical) was employed in all studies. 

All isothermal bulk polymerizations of styrene 
with and without n-pentane were carried out in 5- 
mm (0.d.) glass ampoules. The ampoule contents 
were degassed through the standard freeze-thaw cy- 
cles and sealed under a maximum pressure of 
Torr. 

The ampoules containing the reaction mix and 
n-pentane for the experiments a t  X ,  = 0, and the 
experiments without n-pentane ( X d  = 1) were 
sealed in the standard way described, whereas the 
ampoules containing the reaction mix for the ex- 
periments at X d  = 0.5 were sealed with a microsyr- 
inge at  the top, containing the required amount of 
n-pentane. Polymerizations were carried out by im- 
mersing the ampoules in an oil bath at the required 
temperature. The ampoules were removed from the 
bath at the required times and immediately 
quenched in liquid nitrogen. Based on the conversion 

Table I Values of the Parameters Used in Simulations 

data for the experiments without n-pentane, the n -  
pentane was added to the ampoule mix through the 
microsyringe, at the time at which X = 0.5. After 
addition, the new reaction mix was homogenized 
through agitation, to avoid possible phase separa- 
tion. 

Conversion of the ampoule contents were deter- 
mined gravimetrically by dissolving the samples in 
chloroform, and precipitating the polymer with a 
tenfold excess of methanol. The slurry was vacuum 
filtered and washed thoroughly with methanol. The 
polymer was recovered and dried under vacuum at 
100°C for 24 h to eliminate all traces of solvent, 
nonsolvent, and n -pentane. 

The molecular weight distribution of selected 
samples were determined by size exclusion chro- 
matography (SEC) using tetrahydrofuran as the 
carrier solvent in a Waters Scientific Model-150 
GPC/ALC. 

Model predictions for the all the experiments 
carried out were performed with the modified ver- 
sions of the MONOFUN and BIFUN simulation 
programs, described above using the kinetic rate 
constants and model parameters values given in Ta- 
ble I. The modified versions of these programs were 
named MONOPEN and BIPEN simulation pro- 
grams. 

Suspension polymerizations were carried out in 
a 1-gal stainless steel pilot plant reactor vessel, 
scaled-down from plant data of two different com- 

Parameter and Value Used Units Ref. 

Monofunctional system (BPO) 
Kd = 2.2896 X 1014exp(-27233/RT) 
f = 0.6 

Kdl = 2.117 X 1014exp(-28064/RT) 
Kd2 = 3.850 X 1020exp(-40022/RT) 
f = 0.7 

K, = 6.128 X 108exp(-7068/RT) 
Km = 7.550 X 10'oexp(-1677/RT) 
KWm = 6.128 X 108exp(-1345O/RT) 
Kth = 1.314 X 107exp(-27440/RT) 

Tg = 123'K; (Y = 0.00079 (l/OK); d = 0.649 - 0.00115 (TOC) kg/L 

Tg = 185°K; (Y = 0.001 (l/OK); d = 0.924 - 0.000918 (T'C) kg/L 

TB = 370OK; (Y = 0.00048 (l/OK); d = 1.084 - 0.000605 (TOC) kg/L 

Bifunctional system (TBPCC) 

Both systems 

n-Pentane 

Styrene 

Polystyrene 

Gel and glassy effect parameters 
K = 9.44 exp(1929/T); A = 0.348; M = 0.5; N = 1.75; B = 1.0 
6 = O(X < Xd); 6 = l (X 2 Xd); VF,., = 0.0465; D = 1.75 

min-' 

min-' 
min-' 

L/mol-min 
L/mol-min 
L/mol-min 
min-' 

6 
6 

10 
10 
10 

13 
13 
13 
10 

22 

13 

13 

13 
This work 
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Table I1 Reactor Internal Arrangement and Operating Conditions 

Recipe 

Initial volume @ 25°C (deionized water + styrene) U O  = 3200 cc 
Dispersed phase volume fraction (@ 25OC) 
Initiator concentration (BPO or TBPCC) 
Suspending agent (TCP) concentration 
n-Pentane concentration 

= 0.4 
[I10 = 0.01 mol/L-styrene 
[TCPIo = 7.5 g/L-styrene 
[COIxd = 0, 7.5, 15 wt % (wrt styrene) 

Operating Conditons 

Polymerization temperature 
Polymerization pressure ( X  < X,) 
Polymerization pressure (X 2 X,) 

Agitation speed 

T, = 90, 105°C 
Po = 275 KPa 
P = 825 KPa 

N = 275 rpm 
Polymerization time (monofunctional, bifunctional) t ,  = 8 h, t b  = 6 h 

Geometrical Parameters 

Liquid height (Z) to tank diameter (2') ratio 
Impeller diameter (D) to tank diameter (T) ratio 
Impeller type (turbine) 
Number of impellers 
Position of bottom impeller (from reactor bottom) 
Position of top impeller (from reactor bottom) 
Blade width 
Number and position of baffles (offset T/44) 
Baffle width 

Z / T  = 1.2 
D/T = 0.6 
4-blade, 45" pitch 
No = 2 
HI = T/4 
H2 = (2/3)Z 

Bf = 4, every 90" 
W, = 0.2 D 

WB = T/12 

mercial manufacturers of expandable polystyrene 
(Industrias Resistol, S.A., and PlastiFab Ltd.) . The 
MPS and PSD of the resulting beads were deter- 
mined by sieving the samples through an adequate 
set of different mesh sizes. The terminal conversion 
of the PS beads was determined gravimetrically fol- 
lowing the same procedure described above. 

Impregnation efficiency was determined gravi- 
metrically, quantifying the volatile contents of the 
beads (corrected for residual monomer), after ex- 
panding and melting the beads in vacuum at 180°C 
for 12 h. 

The internal arrangement and reactor operating 
conditions can be seen in Table 11. Details of the 
scale-down procedure for EPS pilot plant reactors 
have been published elsewhere.6 

RESULTS AND DISCUSSION 

Monofunctionally Initiated Systems 

The effect of the concentration of n-pentane, added 
from the beginning of the polymerization ( X ,  = 0) , 
on the styrene bulk polymerization rate and molec- 
ular weight distribution development, was studied 
first. Figure 1 shows the experimental and model 

results of conversion history for bulk PS initiated 
with BPO (0.01 mol/L) a t  90°C. In the absence of 
n-pentane ( [ C,] = 0) the curve shows the onset of 

,.9{ 

0.8- 

0.7- 

0.6- 

W 0.5- > z 
8 0.4- 

0.3- 

0.2- 

0.1 - 

Q 
2 

O Y  I 

0 60 120 180 240 300 360 420 1 

TIME (rnin) 

Figure 1 Effect of n-pentane concentration, Xd = 0%, 
on polymerization rate of styrene initiated with [BPO] 
= 0.01 mol/L at  90°C. Experimental monomer conversion 
for 0 (m) , 7.5 (A), and 15.0 (0) w t  % n -pentane. Model 
predictions (-) . 
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the gel effect at about 50% conversion. When 7.5 wt 
% n-pentane is present, two main differences in the 
conversion history are observed first an initial slight 
decrease in the polymerization rate and second no 
occurrence of gel effect. 

The initial decrease in polymerization rate, in 
addition to the lower monomer and initiator con- 
centrations due to the presence of n-pentane in the 
system, is due to an increase in the segmental dif- 
fusion controlled termination rate, caused by the 
decrease in growing polymer coil sizes in the pen- 
tane-plasticized system. This decrease in the coil 
sizes is brought about by the fact that the monomer/ 
pentane mix is a poorer solvent for polystyrene than 
the pure monomer is [solubility parameters 6s = 9.3, 
6c5 = 7.08,&s = 8.72-9.11 (cal/cc) ' I 2 ]  .17 In a poorer 
solvent, the coil sizes decrease and the segmental 
diffusion increases. 

This behaviour was modelled by giving 6 [in eq. 
(30) ] a value of 6 = 1 to account for the increase in 
the segmental diffusion of the smaller coils. 

The lack of the gel effect is clear in the curve and 
was well simulated by the increase in the free volume 
of the system caused by the n-pentane. The onset 
for the translational diffusion controlled termination 
is not reached due to the plasticizing effect of the 
small pentane molecules that increases the trans- 
lational diffusion of the growing polymer chains. The 
limiting conversion observed is due to the decrease 
in the overall rate of reaction due to the low mono- 
mer concentration in the system and very low ini- 
tiator concentration in the late stages of the reaction 
( t l Iz  = 1.5 h @ 90" for BPO). 

The glassy effect does not occur in this system 
since the Tg of polystyrene with 7.5 wt % of n-pen- 
tane is well below 90°C (T,ps = 97"C, Tgc5 
= -150°C). 

The curve for 15 wt % n-pentane in the initial 
polymerization mix shows the similar initial de- 
crease in polymerization rate and absence of gel ef- 
fect, with lower terminal conversion, as the former 
curve. The initial decrease in polymerization rate 
was explained and satisfactorily modelled as for the 
system with 7.5% pentane inasmuch as the coil sizes 
must decrease more in the poorer solvent at higher 
concentrations of n-pentane. The absence of gel ef- 
fect was also satisfactorily explained and simulated 
by the larger increase in the free volume of the sys- 
tem that averts the onset of the diffusion controlled 
termination. The lower terminal conversion is, then, 
due to the decrease in the polymerization rate as 
[MI and [ I ]  decrease. 

The evolution of the molecular weight averages 
with conversion for the three cases is shown in Fig- 

ure 2. In this figure it is remarkable how the molec- 
ular weight averages are similar throughout the en- 
tire conversion range, but especially a t  high con- 
versions, in spite of the absence of gel effect for the 
systems with n -pentane. Even though this behaviour 
can be partially explained by the low polymerization 
rates experienced by the systems with n -pentane at 
high conversions ( X  > 50%),  along with the low 
radical concentration in the system caused by the 
initiator depletion (which reduces the termination 
rate in chemically controlled termination) lower 
molecular weights than for the system without n-  
pentane should be expected. Therefore, another 
phenomenon must also be responsible for the mo- 
lecular weight buildup in the systems with n -pen- 
tane. 

The effect of solvents in the extent of the chain 
transfer reactions have been reported elsewhere. For 
donor-acceptor systems it has been shown that the 
presence of nonpolymerizing strong electron donor 
solvents inhibits chain transfer reactions by either 
solvation of free monomer or by secondary complex 
formation with the acceptor m ~ n o m e r . ' ~ ~ ' ~  

For the case at hand, since n -pentane is a stronger 
electron donor than styrene and even though styrene 
cannot be considered as an electron acceptor, pen- 
tane solvation of free monomer can obstruct the hy- 
drogen abstraction necessary for chain transfer to 
monomer to occur. In such a case, the extent of chain 
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Figure 2 Effect of n-pentane concentration, X ,  = 0%, 
on molecular weight distribution development of polysty- 
rene initiated with [ BPO] = 0.01 mol/L at 90°C. Exper- 
imental M, and M ,  for 0 ( O ) ,  7.5 ( O ) ,  and 15.0 ( 8 )  
wt  % n-pentane. Model predictions for 0 (-), 7.5 
( -  - -), and 15.0 (000) w t  % n -pentane. 
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0.1 - 

transfer to monomer reactions will depend on the 
n -pentane concentration, and the extraordinary 
molecular weight buildup in the systems with n -  
pentane can be explained. 

In order to account for this effect, the transfer to 
monomer rate constant was considered to decrease 
with n -pentane concentration in the system ac- 
cording to: 

::::// 

where Kvrn0 is the transfer to monomer rate constant 
for the system without n-pentane and D is an ad- 
justable parameter. This model was included in the 
simulation programs MONOPEN and BIPEN 
where the value of D was fit to 1.75 (see Table I ) ,  
with which the simulated molecular weight averages 
described the actual trend. All simulations reported 
herein were performed with the above treatment. 

The effect of the conversion of addition of n-pen- 
tane on styrene bulk polymerization rate and mo- 
lecular weight distribution development was studied. 
Figure 3 shows the experimental and model results 
for conversion history for the systems with 7.5 wt 
% n-pentane added at 0,50, and 100% conversion. 
The curves for X ,  = 0 and 100% conversion were 
discussed above (curves for 7.5% and 0% pentane 
in Fig. 1). 

When pentane is added at 50% conversion an im- 
mediate decrease in the polymerization rate is ob- 
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Figure 3 Effect of conversion of addition of n-pentane, 
[ C,] = 7.5 wt %, on polymerization rate of styrene initiated 
with [ BPO] = 0.01 mol/L at 90°C. Experimental mono- 
mer conversion for X, = 0% ( A ) ,  50% (El), and 100% 
(m) . Model predictions (-) . 
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Figure 4 Effect of conversion of addition of n-pentane, 
[ C,] = 7.5 wt %, on molecular weight distribution devel- 
opment of polystyrene initiated with [ BPO] = 0.01 mol/ 
L at 90°C. Experimental M, and M ,  for X ,  = 0% (0 )  , 
50% (8)  , and 100% ( 0 ) .  Model predictions for X ,  = 0% 
( - - - ) ,  50% (OO.), and 100% (-). 

served and the onset of the gel effect is delayed to 
conversions above 70% where a marginal increase 
in polymerization rate occurs. For this system the 
limiting terminal conversion (ca. 90% ) is higher 
than for the system where X d  = 0 but lower than 
for the system without n-pentane. This higher ter- 
minal conversion is obtained because of the higher 
initial polymerization rate and the weak gel effect 
experienced. 

Figure 4 shows the evolution of the molecular 
weight averages for the three cases considered. The 
M ,  and M, curves for Xd = 0 and 100% have been 
discussed above (curves for 7.5% and 0% pentane 
in Fig. 2 ) .  As seen in this figure the initial fall in 
molecular weights following the addition of n -pen- 
tane at 50% conversion and subsequent molecular 
weight build-up were properly described by the 
model. This behaviour is well explained by the de- 
layed weak gel effect observed, along with limited 
transfer to monomer reactions from the point of ad- 
dition on n -pentane. 

Once the effect of n-pentane on polymerization 
rate (R, )  and molecular weight distribution devel- 
opment was established, suspension polymerizations 
with 7.5 wt % of n-pentane added at  0,50, and 100% 
were carried out under the same polymerization 
conditions ( T  = 90°C, [ BPO] = 0.01 mol/L-sty- 
rene) in order to evaluate the effect of pentane, Rp,  
and MWD development on suspension stability, 
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mean particle size ( MPS ) , and particle size distri- 
bution ( PSD ) . 

The polymerization recipe and reactor operating 
conditions employed (see Table 11) , correspond to 
the scaled-down system selected to obtain an MPS 
of 0.60 mm when monofunctional initiation with 
BPO (0.01 mol/L) a t  90°C is used and no pentane 
is added during polymerization? 

Figure 5 shows the PSD obtained for the system 
with X ,  = 100% (reference system with no pentane 
added). The MPS obtained was 0.598 mm with a 
PSD variation coefficient, CV = 0.511. The variation 
coefficient ( CV) characterizes the spread of the dis- 
tribution and is defined as a/MPS, where cr is the 
standard deviation of the distribution. The reference 
system then reproduced the MPS expected from the 
scaled-down procedure (target size 0.6 mm) .6 

The large spread of the distribution and its bi- 
modal character are characteristics of suspension 
polymerizations carried out in small pilot reactors." 
In large commercial reactors unimodal distributions 
with variation coefficients ranging from 0.25 to 0.35 
are obtained when this MPS is produced.6 

The systems with X ,  = 0, and 50%, both yielded 
suspension set-up after 6 and 6.5 h of polymeriza- 
tion, respectively. This behaviour can be explained 
in terms of the conversion curves shown in Figure 
3. For the system without n -pentane ( X ,  = 100% ) , 
the particle growth stage, occurring between 30 and 
70% conversion, lasts for a total of 3 h. When pen- 
tane is added from the beginning of the polymeriza- 
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Figure 5 Particle size distribution for suspension poly- 
styrene beads initiated with [ BPO] = 0.01 mol/L at 90°C 
without n -pentane. Reference system (see Table I1 for 
reactor operating conditions). 

tion (Xad = 0) the critical viscosity for particle 
growth is reached after about 2 h of polymerization. 
From then on particle coalescence is enhanced, even 
in the presence of a suspending agent. Since the vis- 
cosity of the beads is lower in this system than for 
the system without n-pentane because of the plas- 
ticization of the matrix, the decrease in the poly- 
merization rate prevents the system from reaching 
the identity point. As a result, coalescence continues 
indefinitely until suspension set-up (total coales- 
cence of the beads) occurs. 

When n-pentane is added at 50% conversion ( X ,  
= 50% ) , the beads are half way through the growth 
stage. In this case the plasticization of the beads 
and the decrease in polymerization rate delay the 
attainment of the identity point. As a result the par- 
ticle growth stage is extended for at least two more 
hours, which is enough for total coalescence of the 
beads to occur. 

In addition, the diffusion of n -pentane through 
the suspending agent-protected surface of the beads 
seems to increase the coalescence rate. This may be 
due to the diffusion mechanism of n-pentane in the 
monomer/polymer particles. It has been shown that 
when n-pentane is added to the suspension at high 
conversions, it diffuses very rapidly into the periph- 
ery of the beads (diffusion coefficient D about 1.0 
X lop6 cm'/s) where it concentrates. After almost 
complete n-pentane uptake in a few minutes, the 
pentane starts to diffuse more slowly toward the core 
of the beads (D from 2.0 X lo-? to 1.0 X 10-l' cm'/ 
s, depending on the degree of conversion) ." 

As a consequence of this diffusion mechanism, 
after addition of n-pentane at 50% conversion, most 
of the n -pentane added will concentrate on the pe- 
riphery of the beads plasticizing them to such an 
extent that the surface viscosity of the particles de- 
creases to levels at which particle coalescence is very 
effective. The net results are suspension instability 
and total coalescence. 

In an attempt to stabilize these systems, the ex- 
periments were repeated after increasing the sus- 
pending agent concentration twofold. Although the 
initial suspensions seemed more stable, total co- 
alescence occurred after 7 h of polymerization. 
Moreover, an experiment with X ,  = 90% was also 
attempted under the same conditions in which the 
resulting beads were extremely large (MPS > 2.5 
mm) and completely deformed. This corroborated 
the effect of the diffusion mechanism of n-pentane 
in the coalescence rate. 

It is obvious that the marginal increase in pro- 
ductivity achieved at  X ,  = 90% with respect to the 
current manufacturing processes in which n -pen- 
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tane is added at  the glassy point (about 96% con- 
version) does not compensate for the instability 
problems observed. 

In light of these results and because the systems 
with early addition of n -pentane cannot be taken 
to higher terminal conversions by increasing the 
initiator concentration without lowering the molec- 
ular weights of the product and in turn its processing 
characteristics and mechanical properties, it is not 
surprising that early addition of n-pentane to the 
monofunctionally initiated suspension polymeriza- 
tion of PS has not found general use in industry. 

Bifunctionally Initiated Systems 

As in the case of monofunctionally initiated systems, 
the effect of the concentration of n-pentane [added 
from the beginning ( X ,  = O)] on styrene polymer- 
ization rate (R, )  and molecular weight distribution 
development (MWD ) was studied first. Ampoule 
bulk polymerizations were carried out a t  T = 105"C, 
using TBPCC (0.01 mol/L) as bifunctional ini- 
tiator. 

Figure 6 shows the experimental and model re- 
sults for conversion history for systems with 0, 7.5, 
and 15 wt % n -pentane. The first remarkable feature 
observed in these curves is that, in spite of the n-  
pentane concentration, all the systems reach ter- 
minal conversions close to 100%. For the system 
without n-pentane the onset of the gel effect occurs 
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Figure 6 Effect of n -pentane concentration, Xd = 0%, 
on polymerization rate of styrene initiated with [ TBPCC] 
= 0.01 mol/L at 105°C. Experimental monomer conver- 
sion for 0 (m) ,  7.5 ( A ) ,  and 15.0 (0 )  wt % n-pentane. 
Model predictions (-). 
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Figure 7 Effect of n-pentane concentration, Xd = 0%, 
on molecular weight distribution development of polysty- 
rene initiated with [TBPCC] = 0.01 mol/L at 105°C. 
Experimental M, and M ,  for 0 ( O ) ,  7.5 (0 ) ,  and 15.0 
( 8 )  w t  % n-pentane. Model predictions for 0 (-), 7.5 
( -  - -), and 15.0 (000) wt % n-pentane. 

at  about 50% conversion and because the polymer- 
ization temperature T is above the Tg of polystyrene, 
no glassy effect occurs. Note that for this system 
97% conversion is reached after only 2.5 h of poly- 
merization. 

The system with 7.5 wt % n-pentane shows a 
delay in the onset of the gel effect to conversions 
above 70%. The weak gel effect experienced by this 
system caused by the enhanced free volume and the 
plasticization of the polymer matrix, well repre- 
sented by the kinetic model, was capable of carrying 
the polymerization to completion in about 6 h. 

For the system with 15 wt % n-pentane, a more 
delayed and weaker gel effect occurs. The occurrence 
of this weak gel effect is only noticeable in that the 
reaction rate does not fall according to the decrease 
in [MI and [I] 1 / 2 .  For this system the moderated 
autoacceleration experienced was capable of carrying 
the polymerization to completion in about 8 h. In 
addition, for the two systems with n-pentane, the 
contribution of the thermal initiation of styrene to 
the total initiation rate, at this temperature level, 
prevented lower terminal conversions caused by 
dead end polymerization after virtual initiator de- 
pletion at  4 h ( t l / 2  = 0.5 h @ 105°C) ? 

The experimental and model results for the effect 
of n -pentane concentration on MWD development 
for the above systems is shown in Figure 7. Note 
that in spite of the high reaction rates reached (al- 
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most four times higher than for monofunctional ini- 
tiation) , the weight average molecular weight of the 
final products are only 15-20% lower than for the 
monofunctional case. The M ,  obtained for all three 
cases are still within the range for adequate pro- 
cessing of EPS ( M ,  from 180,000 to 250,000).6 
Moreover, the final M,, obtained is similar for both 
monofunctionally and bifunctionally initiated sys- 
tems. 

These results demonstrate the ability of bifunc- 
tional initiators to produce high molecular weight 
polymer at very high reaction rates. Note also in 
Figure 7 that the model results closely follow the 
actual trend, which indicates that the model for en- 
hanced free volume and limited chain transfer to 
monomer for polymerization in the presence of n- 
pentane applies as well for bifunctional initiation. 

The effect of the conversion of addition of n-pen- 
tane (7.5 wt % )  on Rp and MWD development, in 
bulk polymerization of styrene initiated with bi- 
functional initiator TBPCC (0.01 mol/L) at 105"C, 
was studied. Figure 8 shows the conversion history 
for X ,  = 0, 50, and 100%. The curves for 0 and 
100% have been discussed above (curves for 7.5 and 
0% n -pentane in Fig. 6 ) .  

For the system in which n -pentane is introduced 
at 50% conversion, the curve, as expected, shows an 
intermediate behaviour between the systems with 
X ,  = 0% and X ,  = 100% and the conversion ap- 
proaches 100% at  about 5 h. In this curve, an im- 
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Figure 8 Effect of conversion of addition of n-pentane, 
[ C,] = 7.5 wt %, on polymerization rate of styrene initiated 
with [TBPCC] = 0.01 mol/L at  105°C. Experimental 
monomer conversion for X d  = 0% (A), 50% (O), and 
100% ( w ) .  Model predictions (-). 
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Figure 9 Effect of conversion of addition of n-pentane, 
[ c,] = 7.5 wt  %, on molecular weight distribution devel- 
opment of polystyrene initiated with [TBPCC] = 0.01 
mol/L at  105OC. Experimental M, and M ,  for Xd = 0% 
( 0 )  ,50% ( 8 1 ,  and 100% ( 0 ) . Model predictions for X ,  
= 0% ( - - - ) ,  50% (OOO) ,  and 100% (-). 

mediate decrease in the polymerization rate is ob- 
served upon addition of n-pentane, followed by a 
delayed and weak gel effect that yields a reaction 
rate similar to that for the curve of X ,  = 076, but 
only at  slightly higher conversions equal to the dif- 
ference in conversions at  the addition point. In Fig- 
ure 9, the experimental and model results for the 
evolution of the molecular weight averages for this 
system and the other two discussed previously (see 
Fig. 7 for 0 and 7.5 wt % pentane) are shown. Note 
the similarity of the M,, curves for all three systems. 
The model M ,  curve for the system with X ,  = 50% 
crosses the curve for X ,  = 0% at  about 70% con- 
version due to the higher polymerization rate of the 
former at similar gel effect strength. In actuality, 
the experimental results show that this behaviour 
occurs at higher conversions. 

The model predictions shown in Figures 8 and 9 
for the bifunctionally initiated system, closely follow 
the actual behaviour of the system, which indicates 
that the model for enhanced free volume and limited 
transfer to monomer applies also for additions of n - 
pentane at  intermediate conversions. 

After establishing the effect of the concentration 
and conversion of addition of n-pentane on Rp and 
MWD development, suspension polymerizations [at 
105°C using bifunctional initiator TBPCC (0.01 
mol/L-styrene ) under the same scaled-down con- 
ditions as for the monofunctional system] were car- 
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Figure 10 Effect of conversion of addition of n-pentane, 
[ C,] = 7.5 wt %, on particle size distribution for suspension 
polystyrene beads initiated with [TBPCC] = 0.01 mol/ 
L at  105°C. Experimental results for X, = 0% (U), 50% 
(0) , 90% (El), and 100% (A) (see Table I1 for reactor 
operating conditions). 

ried out to evaluate the effect of these variables on 
suspension stability, MPS, and PSD. 

Figure 10 shows the particle size distributions of 
the beads obtained for X ,  = 0, 50, 90, and 100% 
conversion under the described conditions. 

The similarity of the four distributions obtained 
is remarkable. The mean particle sizes calculated 
from the above distributions all were less than the 
0.6-mm mean size of the monofunctional reference 
system (see Fig. 5). In addition, the spread of the 
PSDs obtained (CV) varied from 0.319 to 0.359, 
which means that both smaller MPS and narrower 
PSD are obtained at high polymerization rates, even 
at  temperatures above the Tg of polystyrene. More- 

Table I11 Suspension Polymerization Experimental Results 

over, the final conversions reached were above 99% 
for all four products. And the impregnation effi- 
ciency (defined as the mass of n-pentane in the dry 
beads divided by the initial mass of n-pentane loaded 
to the reactor) was above 95% for all three products 
bearing n -pentane. Table I11 summarizes all the ex- 
perimental results for these systems. 

The explanation of the observed behaviour is as 
follows. In the bifunctionally initiated suspension 
polymerizations carried out, the MPS decreased very 
slightly from 0.551 mm to 0.542 mm when X ,  in- 
creased. This is expected inasmuch as the later the 
addition of n-pentane the shorter the duration of 
the particle growth stage. Based on the results given 
in Figure 8, it can be seen that the duration of the 
particle growth stage (30-70% conversion) is 1.2 h 
for X ,  = 100 and 90%, 1.4 h for X ,  = 50%, and 1.6 
h for X ,  = 0%. Moreover, it has been shown that 
the spread of the distribution increases with time 
during the particle growth stage." Consequently, 
shorter growing periods must result in narrower PSD 
as observed herein. 

From these results, it can be concluded that the 
enhanced particle coalescence caused by both the 
early presence of n-pentane in the suspension sys- 
tem and the higher polymerization temperatures is 
completely overcome if substantial reductions in the 
particle growth time are achieved. Therefore, the 
main parameter controlling both MPS and PSD in 
suspension polymerization of styrene is the duration 
of the particle growth stage. 

In the monofunctionally initiated system studied, 
the duration of the particle growth stage increases 
dramatically with the addition of n-pentane, due to 
a decrease in polymerization rate and limiting con- 
versions that do not allow the system to reach the 
identity point. In addition, the plasticized polymer 
particle is more prone to coalescence than the par- 
ticle without n-pentane. The sum of these effects 

BPO 7.5 100 0.598 0.306 0.511 96.8 - 
TBPCC 7.5 0 0.551 0.176 0.319 > 99 95.4 
TBPCC 7.5 50 0.550 0.178 0.324 > 99 95.9 
TBPCC 7.5 90 0.543 0.195 0.359 > 99 96.1 
TBPCC 7.5 100 0.542 0.196 0.361 > 99 
TBPCC 5.0 50 0.695 0.191 0.275 > 99 95.0 
TBPCC 3.5 50 0.954 0.266 0.278 > 99 97.3 

- 

(-) No n-pentane added. 
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yields suspension set-up even at high suspending 
agent concentrations. 

In the bifunctionally initiated systems, the de- 
crease in the polymerization rate caused by the early 
presence of n-pentane does not limit the terminal 
conversion and as a result the systems reach the 
identity point after a particle growing period that is 
much shorter than that of the monofunctional sys- 
tem without n -pentane. Consequently, stable sus- 
pensions are observed, and smaller MPS and nar- 
rower PSD are achieved at the end of the polymer- 
ization even with the enhanced particle coalescence 
caused by the particle plasticization. 

From the PSD results, it may be suggested that 
the minimum effect on MPS and PSD observed in 
the bifunctionally initiated suspension polymeriza- 
tions of styrene in the presence of n-pentane can 
be caused by overstabilization of the system. In spite 
of the results for the monofunctional system showing 
that the suspension is not overstabilized, two ad- 
ditional experiments a t  Xd = 50% with lower sus- 
pending agent concentration, were carried out to 
show the response of the system to changes in sta- 
bilizer concentration. 

Figure 11 shows the suspension particle size dis- 
tributions obtained at  different stabilizer concen- 
trations, for the bifunctionally initiated systems 
(TBPCC = 0.01 mol/L, T = 105OC), with 7.5 wt % 
n-pentane added at  X,, = 50%. The results for 
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Figure 11 Effect of suspending agent concentration on 
particle size distribution for suspension polystyrene with 
early addition of n-pentane, X ,  = 50%, initiated with 
[TBPCC] = 0.01 mol/L, at 105OC. Experimental results 
for [TCP] = 7.5 ( W ) ,  5.0 (O), and3.5 (A) g/L (styrene) 
(see Table I1 for reactor operating conditions). 

MPS, PSD, terminal conversion, and impregna- 
tion efficiency of these systems are summarized in 
Table 111. 

From the results shown in Figure 11, it is obvious 
that the system is very sensitive to changes in sta- 
bilizer concentration and, therefore, is not oversta- 
bilked. As expected, the MPS increases as the sus- 
pending agent concentration decreases but not so 
the terminal conversion nor the impregnation effi- 
ciency (see Table 111). Note how the distributions 
become unimodal at larger MPS. The shape of the 
PSD depending on the MPS in pilot plant reactors 
has been explained elsewhere.6 

Also, from these results it has been proven that 
all the different commercial EPS bead sizes (0.45- 
2.0 mm) can be obtained in a single stage process 
through bifunctionally initiated suspension poly- 
merization of styrene with early addition of n-pen- 
tane. 

CONCLUSIONS 

The modification of previously published kinetic 
models to account for the unique features of styrene 
free radical polymerization in the presence of n -  
pentane, for both monofunctional and bifunctional 
initiation has been reported. The modifications pro- 
posed, based on enhanced free volume and limited 
transfer to monomer reactions caused by the early 
presence of n -pentane in the polymerizing system, 
fully describe and closely follow the behaviour of 
the systems studied. As a result of the modifications 
introduced, two simulation programs that forecast 
monomer conversion and molecular weight distri- 
bution development for each type of initiation have 
been developed. 

The feasibility of carrying out suspension poly- 
merizations of styrene in the presence of n-pentane 
under different addition conditions to obtain EPS 
type beads in a single stage process has been dem- 
onstrated for bifunctionally initiated systems. 

For monofunctionally initiated systems, en- 
hanced particle coalescence leading to suspension 
set-up, caused by the early presence of n-pentane 
with the consequent inability of the system to reach 
the identity point, could not be overcome in any of 
the systems studied. 
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