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ABSTRACT: In this study, we investigated the synthesis
of high-impact polystyrene through a series of (batch and
bulk) polymerizations of styrene in the presence of 6 wt %
polybutadiene. The reactions with rubber involved three
stages: dissolution, prepolymerization, and finishing. The
prepolymerizations were isothermal (at 70°C) and noniso-
thermal (with an initial heating period from 70 to 120°C).
Purely thermal reactions were compared with chemically
initiated polymerizations involving tert-butyl peroctoate
(TBPO), 2,2�-azobisisobutyronitrile (AIBN), and their mix-
tures. Most prepolymerizations involved a stirring rate of
125 rpm. The particle morphology was mainly determined
by the evolution of the grafting efficiency, stirring rate, and

system viscosity during prepolymerization. In the noniso-
thermal prepolymerizations with pure AIBN, the grafting
efficiency was lower than in equivalent prepolymerizations
without an initiator, yielding unstable emulsions and a poor
final morphology. In the nonisothermal prepolymerizations
with pure TBPO, a large amount of graft copolymer was
produced early in the prepolymerization, yielding a submi-
crometer core–shell morphology. The particle size and mor-
phology could be controlled by the appropriate adjustment
of the recipe and the prepolymerization conditions. © 2004
Wiley Periodicals, Inc. J Appl Polym Sci 92: 1397–1412, 2004
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INTRODUCTION

High-impact polystyrene (HIPS) has been produced
through the bulk process for over 50 years. However,
many details of its complex physical chemistry are still
unknown and/or are a matter of controversy. An
indication of the system complexity is that so far, no
(heterogeneous) mathematical model of the process
has been developed that is capable of predicting the
evolution of the particle morphology. The general aim
of this study was to further understand the complex
interrelationships among particle morphology [and
other intermediate structural variables, such as graft-
ing efficiency and polystyrene (PS) molecular
weights], prepolymerization conditions (temperature

and stirring rate), and initiator capability of graft in-
duction.

HIPS is a tough heterogeneous thermoplastic that con-
sists of a continuous PS matrix containing dispersed
rubber particles. Its physical properties are determined
by variables such as molar mass, level of grafting, and
particle morphology. The more standard HIPS grades
exhibit salami-type morphologies, with particles in the
range 1–3 �m, with smaller PS occlusions. Salami-type
grades are typically produced by the dissolution of (a
free-radically produced) polybutadiene (PB) into the sty-
rene (St) monomer and then the polymerization of the
monomer in the presence of a chemical initiator. Other
typical reagents are a solvent and/or an oil for the re-
duction of system viscosity, an antioxidant for the pre-
vention of rubber crosslinking, and a chain-transfer
agent (normally a mercaptane) to reduce the PS chain
lengths. Some special HIPS grades used for the produc-
tion of translucent films with high surface gloss require
submicrometer particles with core–shell morphologies.
These (more expensive) grades can be produced by the
simple blending (in the melt) of a PS homopolymer with
a linear anionic (diblock or triblock) St–butadiene (Bd)
copolymer. In this study, only the standard HIPS process
that includes PB in the recipe was considered.

The bulk HIPS process can be either batch or con-
tinuous, and the following stages can be identified:
dissolution, prepolymerization, finishing, and devola-
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tilization. In the dissolution stage, grated rubber is
dissolved into the monomer at a relatively low tem-
perature (50–70°C), to minimize thermal polymeriza-
tion. The prepolymerization stage proceeds between
90 and 120°C under well-stirred conditions and gen-
erally in the presence of a chemical initiator. In a batch
reaction, the system is homogeneous up to around 3%
conversion, when a PS-rich phase begins to separate
from the (continuous) PB-rich phase. The dispersed
PS-rich phase grows in volume, and a phase inversion
period takes place between 10 and 15% conversion.
After the phase inversion, the number of rubber par-
ticles is fixed, and the PS–monomer solution remains
as the continuous phase until the end of the reaction.
The initiator half-life is selected such that the initiator
is almost totally consumed during the prepolymeriza-
tion stage. In the finishing stage, the polymerization
proceeds with an increasing temperature, from
around 30 to 75% conversion. During finishing, the
free radicals are basically produced by thermal mono-
mer decomposition, and the stirring is moderated to
avoid destruction of the developed morphology. Fi-
nally, the reaction mixture is heated up to 230°C and
devolatilized in vacuo to eliminate the solvent and
residual monomer.

In the standard HIPS process, the generation of graft
copolymer during the prepolymerization is vital be-
cause of its effect on morphology and mechanical
properties. By accumulating at the interfaces, the graft
copolymer reduces the interfacial tension, promotes
the phase inversion, and controls the particle size.1,2

The grafting efficiency is defined as the mass of
grafted St divided by the total mass of polymerized St.
For fixed stirring conditions, a high grafting efficiency
at the beginning of the prepolymerization promotes
an early phase inversion with the generation of small
rubber particles. In contrast, a low level of grafting
delays the phase inversion and generates large parti-
cles with a large dispersion in their diameters and
occlusion diameters.

The complexity of the HIPS process results from
the combination of several effects: (1) the polymer-
ization proceeds in two immiscible liquid phases;
(2) the mass transfer of reagents and products be-
tween phases is a function of many variables (which
change along the reaction), such as temperature,
viscosity, stirring rate, molar mass, grafting effi-
ciency, and interfacial surface; and (3) the graft co-
polymer promotes a stable liquid–liquid dispersion,
and it is extremely difficult (if not impossible) to
determine the composition and molecular structure
in each of the phases or subphases.

The grafting reactions initially involve the extrac-
tion of an allylic hydrogen of a Bd repeating unit by
chain transfer from a monomeric radical, a polystyryl
radical, or a primary initiator radical (I�).3,4 The graft-
ing kinetics have been investigated in several stud-

ies.5–7 Compared to azo compounds such as 2,2�-azo-
bisisobutyronitrile (AIBN), peroxide-type initiators
such as benzoyl peroxide (BPO) or tert-butyl peroc-
toate (TBPO) are more effective in the induction of
rubber grafting.8–10 The performances of BPO and
AIBN have been compared in several articles.4,11–16

Despite its industrial importance, no published infor-
mation could be found on the effect of TBPO on the
HIPS morphology.

AIBN decomposes faster than BPO; for example, at
60°C, the half-lives of AIBN and BPO are 20 and 60 h,
respectively. Huang and Sundberg4,12,13 compared the
performances of BPO and AIBN in independent ho-
mopolymerizations of St and benzyl methacrylate in
the presence of PB. They concluded that although
AIBN is almost incapable of inducing grafting, BPO
generates grafting by the said allylic hydrogen mech-
anism. Ludwico and Rosen14 investigated the effect of
the dissolved PB on the polymerization rate of St
initiated with BPO or AIBN. To minimize the prob-
lems of system heterogeneity and the gel effect, the
reaction rates were measured at conversions lower
than 1.5%. The polymerization rate slowed down with
increasing values of the rubber mass or the rubber
molar mass. Also, this reduction was more noticeable
for BPO than AIBN.14

Kekhaiov and Mikhnev15 compared a series of
polymerizations of St in the presence of 5.8% of PB.
The isothermal and bulk prepolymerizations were
followed by a finishing stage that involved a sus-
pension process. Two prepolymerizations were
tested at 86°C with a chemical initiator and at 113°C
with thermal initiation. The prepolymerizations at
86°C were carried out with different combinations
of the initiators (BPO or AIBN) and the chain-trans-
fer agent [tert-dodecyl mercaptane (t-DDM)]. The
material produced with the highest contents of
AIBN and t-DDM had large salami-type particles
with large occlusions. In contrast, the material ob-
tained with the highest concentration of BPO and
the lowest concentration of t-DDM had small parti-
cles with small occlusions.

Riess and Gaillard16 investigated the polymeriza-
tion of St with PBs of different origins but of similar
concentrations of 1,2-vinyl units. All of the prepoly-
merizations were isothermal at 70°C, and the follow-
ing variables were modified: rubber contents, stirring
rate, initiator nature (BPO or AIBN), and t-DDM con-
centration. The phase inversion was delayed to higher
St conversions when the rubber concentration was
increased with respect to a base value of 8 wt %. The
stirring rates were 30, 50, and 80 rpm. At 30 rpm, the
material exhibited an inadequate morphology, with
PB filaments dispersed in a PS matrix. For the two
faster speeds, the polymer exhibited the typical salami
morphologies, but at 80 rpm, the rubber particles were
smaller and had more uniform occlusions. With BPO,
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the phase inversion was delayed to higher conversions
with respect to AIBN, but the rubber particles were
smaller and contained smaller occlusions. For increas-
ing concentrations of AIBN and BPO, the particle
diameters were also larger. However, although the
BPO concentration did not affect the dispersion of
the occlusion diameters, the occlusion diameters in-
creased in size with increasing AIBN concentration.
Finally, by augmentation of the t-DDM concentra-
tion, the phase inversion shifted toward higher con-
versions, with a sharp increase in particle size and
occlusion sizes.16

The mentioned increase in particle size with the
initiator concentration16 was later verified by Estenoz
et al.17 when they compared the performances of
TBPO and Lupersol-256 (a bifunctional initiator). A
possible explanation is that the PS molecular weights
were lowered by increasing initiator concentration,
and this, in turn, reduced the system viscosity. The
mentioned increase in particle size with the transfer
agent concentration16 can be explained as follows: (1)
the transfer reactions lowered the grafting efficiency
by shortening the grafted PS chains with no affect on
the generation of grafting sites or the rate of polymer-
ization, and (2) the mass of occluded PS increased
when the PS chain lengths were reduced.18 This last
effect was supported by the following observation:
when a low-molecular-weight PS was added onto the
reaction mixture before the phase inversion, there was
an increase in the size and number of the particle
occlusions.

Peng19 and Demirrors et al.20 aimed to control the
average number of branches per copolymer molecule
(and, therefore, interfacial tension) by replacing the
standard PB for hydroperoxide-terminated PBs. To
this effect, standard PB was first functionalized by a
reaction with an oxygen singlet. The resulting mor-
phologies were similar to those produced when with
linear diblock or triblock St–Bd copolymers.

Fischer and Hellman18 correlated the average num-
ber of grafted PS branches per copolymer molecule
with the developed morphologies. They compared the
morphology obtained after a simple devolatilization
of the reaction mixture with the equivalent thermody-
namically controlled morphology. This last morphol-
ogy was obtained by the isolation of the polymer (by
precipitation in methanol), redissolution of the poly-
mer in toluene, and production of a thin polymeric
film by slow solvent evaporation. They concluded that
the thermodynamic phase inversion occurred when
the copolymer exhibited an average of two grafted PS
chains per molecule. Copolymer molecules with two
or more PS branches placed themselves at the external
interface of the particles, whereas copolymer mole-
cules with a single PS branch placed themselves at the
occlusion interface.18

This study could be considered a continuation of
that of Riess and Gaillard.16 In this article, a series of
nonisothermal prepolymerizations with a final tem-
perature of 120°C and different AIBN–TBPO mixtures
are described. These results are compared with equiv-
alent isothermal prepolymerizations at 70°C, purely
thermal polymerizations, and St homopolymeriza-
tions without rubber.

EXPERIMENTAL

Polymerizations

The left-hand side of Table I presents the main
experimental conditions. In the main set of experi-
ments (1–12), a fixed 6 wt % PB with respect to the
monomer was used, whereas experiments A–H
were carried out without rubber. The aim of exper-
iments A–H was to determine the evolution of the St
conversion and the PS molecular weights along the
prepolymerizations in similar conditions to the
main reactions. To isolate purely thermal effects,
experiments A, B, 1, and 2 were carried out without
any initiator. In all of the experiments involving
chemical initiators, the total initiator concentration
was 0.003M. Pure AIBN, pure TBPO, and their mix-
tures were tested. All of the reactions included 10
vol % ethyl benzene with respect to the monomer,
and 0.1 wt % antioxidant.

All of the experiments with rubber involved the
following steps: (1) a 3-h dissolution stage at 70°C at a
stirring rate of 250 rpm, (2) a stirred prepolymeriza-
tion that was stopped when the monomer conversion
was close to 35%, and (3) an unstirred finishing stage
at 150°C lasting 12 h. The reactions without rubber
also included a dissolution stage but excluded the
finishing stage.

In experiments A, C, E, G, 1, 3, 5, 7, and 9–12, the
prepolymerizations were isothermal at 70°C. In exper-
iments B, D, F, H, 2, 4, 6, and 8, the prepolymerizations
were nonisothermal with an initial heating period
from 70°C at 1°C/min, followed by an isothermal
period at 120°C. In the prepolymerizations without
rubber, the stirring rate was relatively high (250 rpm).
In most of the prepolymerizations with rubber, the
basic stirring rate was 125 rpm, but rates of 250 and
375 rpm were also tested.

The following reagents were used: (1) St from Chev-
ron (St. James, LA), (2) Intene medium cis-PB (40%
1,4-cis-PB, 50% 1,4-trans-PB, and 10% 1,2-vinyl-PB)
from Enichem (Italy), (3) AIBN (Perkadox) from Akzo
(Sao Paulo, Brazil), (4) TBPO from Akzo, (5) ethyl
benzene from E. M. Science (Darmstadt, Germany),
and (6) a Polygard mixture of di/trinonyl-phenyl-
phosphite and triisopropyl alcohol amine from Uni-
royal (Middlebury, CT) as an antioxidant. All of the
reagents were used as received with the exception of

BULK POLYMERIZATION OF STYRENE 1399



T
A

B
L

E
I

R
ec

ip
es

,P
re

p
ol

ym
er

iz
at

io
n

C
on

d
it

io
n

s,
an

d
G

lo
b

al
R

es
u

lt
s

E
xp

er
im

en
t

R
ec

ip
e

Pr
ep

ol
ym

er
iz

at
io

n
co

nd
it

io
ns

Pr
ep

ol
ym

er
iz

at
io

n
re

su
lt

s
Pa

rt
ic

le
m

or
ph

ol
og

y

PB
co

nc
en

tr
at

io
n

(p
hm

)a

In
it

ia
to

rs
m

ix
tu

re
(m

ol
ar

co
nc

en
tr

at
io

n)

T
em

pe
ra

tu
re

(°
C

)
St

ir
ri

ng
ra

te
(r

pm
)

St
co

nv
er

si
on

(%
)

G
ra

ft
in

g
ef

fic
ie

nc
y

(%
)

M
n

,P
S

(g
/

m
ol

)
M

w
,P

S
(g

/
m

ol
)

M
w

,P
S
�M

n,
PS

D
v

(�
m

)b
T

E
M

A
IB

N
(%

)
T

B
PO

(%
)

A
—

—
—

70
25

0
17

—
60

0,
00

0
1,

08
0,

00
0

1.
80

—
—

B
—

—
—

12
0c

25
0

21
—

20
8,

00
0

41
0,

00
0

1.
97

—
—

C
—

10
0

0
70

25
0

10
—

30
,0

00
27

1,
00

0
9.

03
—

—
D

—
10

0
0

12
0c

25
0

20
—

72
,0

00
16

0,
00

0
2.

22
—

—
E

—
0

10
0

70
25

0
19

—
21

5,
00

0
46

0,
00

0
2.

14
—

—
F

—
0

10
0

12
0c

25
0

25
—

75
,0

00
16

0,
00

0
2.

13
—

—
G

—
50

50
70

25
0

21
—

13
2,

00
0

25
0,

00
0

1.
89

—
—

H
—

50
50

12
0c

25
0

21
—

68
,0

00
13

1,
00

0
1.

93
—

—
1

6
—

—
70

12
5

19
16

.8
17

9,
00

0
45

3,
00

0
2.

53
2.

05
Fi

gu
re

4
2

6
—

—
12

0c
12

5
13

20
.4

16
2,

00
0

33
2,

00
0

2.
05

21
19

.0
15

6,
00

0
34

6,
00

0
2.

22
d

Fi
gu

re
5

3
6

10
0

0
70

12
5

20
13

.0
12

8,
00

0
25

6,
00

0
2.

00
5.

84
Fi

gu
re

6
4

6
10

0
0

12
0c

12
5

17
12

.1
50

,0
00

97
,1

00
1.

94
26

15
.3

63
,0

00
13

8,
00

0
2.

19
e

Fi
gu

re
7

5
6

0
10

0
70

12
5

20
23

.2
16

3,
00

0
32

3,
00

0
1.

98
1.

48
Fi

gu
re

8
6

6
0

10
0

12
0c

12
5

13
24

.6
56

,0
00

10
0,

00
0

1.
79

18
24

.2
51

,0
00

95
,1

00
1.

86
1.

30
Fi

gu
re

9
7

6
50

50
70

12
5

20
13

.1
11

2,
00

0
22

7,
00

0
2.

03
2.

53
Fi

gu
re

10
8

6
50

50
12

0c
12

5
17

16
.0

45
,0

00
10

0,
00

0
2.

22
25

17
.0

69
,0

00
13

8,
00

0
2.

00
2.

60
Fi

gu
re

11
9

6
50

50
70

25
0

21
14

.8
11

3,
00

0
22

2,
00

0
1.

96
1.

53
Fi

gu
re

12
10

6
50

50
70

37
5

20
16

.9
13

7,
00

0
25

3,
00

0
1.

85
1.

37
Fi

gu
re

13
11

6
25

75
70

12
5

21
d

13
3,

00
0

24
7,

00
0

1.
86

2.
04

Fi
gu

re
14

12
6

75
25

70
12

5
20

d
11

5,
00

0
21

2,
00

0
1.

84
3.

42

a
Pa

rt
s

pe
r

hu
nd

re
d

m
on

om
er

(w
ei

gh
t)

.
b

V
ol

um
e-

ba
se

d
av

er
ag

e
pa

rt
ic

le
d

ia
m

et
er

of
th

e
fin

al
po

ly
m

er
.

c
W

it
h

a
50

m
in

in
it

ia
l

he
at

in
g

pe
ri

od
at

1°
C

/
m

in
fr

om
70

to
12

0°
C

.
d

R
ej

ec
te

d
m

ea
su

re
m

en
t.

e
U

nm
ea

su
ra

bl
e

PS
D

(b
ef

or
e

ph
as

e
in

ve
rs

io
n)

.

1400 SOTO ET AL.



AIBN, which was recrystallized in ethanol. To emulate
industrial conditions, the stabilizer, a catechol, was
not eliminated from the monomer; it was assumed
that the stabilizer was mostly consumed during the
thermal dissolution.

The dissolution and prepolymerization stages were
carried out in a 2-L stainless steel reactor from Büchi

Glassuster (Uster, Switzerland). The reactor contained
a single 45° turbine stirrer fit at the shaft end. The
reactions were all carried out under nitrogen. Except
for the initiators (which were added at the beginning
of the prepolymerization), all of the reagents were
loaded at the beginning of the dissolution stage. The
temperature was manually controlled by the manipu-

Figure 1 Isothermal prepolymerizations at 70°C (experiments A, C, E, G, 1, 3, 5, and 7): (a) St conversion; (b) desired
temperature (solid line), measured temperatures (traced lines), and theoretical concentration of the total initiator for pure
TBPO, pure AIBN, and their 50:50 mixture; and (c) estimated rate of generation of monomeric and initiator free radicals.
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lation of two temperatures, that of an external heating
bath and that of an internal cooler (which also served
as a baffle). In the low-temperature prepolymeriza-
tions, the reaction temperature fluctuated moderately
around 70°C [see the cloud of measured temperatures

in Fig. 1(b)]. In the nonisothermal experiments, rela-
tively larger deviations with respect to the desired
temperature profile were observed [Fig. 2(b)].

Along the prepolymerizations, the solid contents
were gravimetrically determined as follows: (1) a film

Figure 2 Nonisothermal high-temperature prepolymerizations (experiments B, D, F, H, 2, 4, 6, and 8): (a) St conversion; (b)
desired temperature (solid line), measured temperatures (traced lines), and theoretical concentration of the total initiator for
pure TBPO, pure AIBN, and their 50:50 mixture; and (c) estimated rate of generation of monomeric and initiator free radicals.
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of the reaction mixture was formed on an aluminum
plate, and (2) the solvent and residual monomer were
evaporated by means of a heating lamp. This allowed
a rough online determination of conversion and,
therefore, of the end of the prepolymerization. For the
finishing stage, part of the reaction mixture was trans-
ferred (via a vacuum pump) into U-shaped glass am-
pules with an internal diameter of 5 mm. These am-
pules were then sealed, maintained at 150°C for 12 h,
and finally broken for analysis of the final morphol-
ogy. Even though the final conversions were not mea-
sured, they were thought to be all above 97%.

Offline measurements

Several analyses were carried out as the samples were
undergoing prepolymerization. First, the total poly-
mer was isolated from the unreacted reagents by pre-
cipitation in methanol. Then, the precipitate was fil-
tered, dried in vacuo at room temperature, and
weighed. The monomer conversion was obtained by
subtraction of the original PB weight from the weight
of the dry polymer. For the samples taken near 20%
conversion, the free PS was extracted from the total
dry polymer and analyzed by size exclusion chroma-
tography (SEC). The PS was isolated with a three-
stage solvent extraction procedure involving a 50:50
mixture of methyl ethyl ketone (MEK)/dimethylform-
amide.6 The grafting efficiency was calculated from
the values of monomer conversion and undissolved
polymer mass (graft copolymer � residual PB). This
technique is known to provide values in excess be-
cause of the difficulty of quantitatively extracting the
free PS contained in the particle occlusions.6 The mo-
lecular weights of the free PSs were measured in a
Waters 244 ALC/GPC size exclusion chromatograph
(Milford, MA) fit with a complete set of �-styragel
columns (with nominal pores of 100, 500, 103, 104, 105,
and 106 Å).

For fixed values of the monomer conversion, stir-
ring rate, and temperature, the global viscosity was
determined by the nature of the continuous phase.
During the phase inversion, the viscosity dropped
despite the continuous increase in conversion. This
was justified as follows. After the initial homogeneous
period, the monomer was almost evenly partitioned
between the two phases. The molar mass of the initial
PB was generally larger than the molar mass of the
free PS, and the largest molecular weights corre-
sponded to the graft copolymer (which was almost
exclusively produced in the PB-rich phase). Before the
phase inversion, the viscosity was relatively high be-
cause the PB-rich phase was the continuous phase.
During the phase inversion, the viscosity dropped
because the PS-rich phase became the continuous
phase. The viscosity of some selected prepolymeriza-
tion samples was determined through a Brookfield

viscometer (DV-I model; Stoughton, MA). These mea-
surements were carried out at 26°C.

In each of the experiments with rubber, two samples
were taken to analyze their morphology by transmis-
sion electron microscopy (TEM; Phillips EM 201; Eind-
hoven, The Netherlands). The first sample was taken
at the end of prepolymerization, and it was pretreated
at room temperature to eliminate the solvent and re-
sidual monomer (and to this effect, a high vacuum
was applied to a film of the final prepolymer). The
second sample corresponded to the final polymer, and
it was analyzed as such, without elimination of the
low molar mass material. For the TEM analyses, the
sample preparation involved the cutting of the solids
into ultrafine sections and the dyeing of the PB chains
with OsO4.

Average particle diameters could not be simply de-
termined by TEM. The reasons were that (1) a large
number of particles had to be counted and sized and
(2) the observed particle slices were randomly cut at
different levels, and therefore, their diameters were in
general smaller than the true particle diameters. In-
stead, a centrifugal sedimentometer (Horiba Capa-
700; Irvine, CA) was used to estimate the mass-based
(or volume-based) particle size distribution (PSD) of
the final polymer. Then, the volume-based average
diameter was calculated from such distribution. The
sample preparation simply involved the dispersion of
0.1 g of the solid into 14 mL of MEK. The main
assumption was that the solvent only dissolved the
continuous (PS-rich) phase without affecting the par-
ticle size. Note that a volume-average diameter is
always larger than the corresponding number-average
value.

RESULTS AND DISCUSSION

The global results are presented in the right-hand side
of Table I. The following values are given: (1) the
grafting efficiency, the average molecular weights and
polydispersity of the free PS (Mw,PS/Mn,PS, where
Mw,PS is the weight-average molecular weight of poly-
styrene and Mn,PS is the number-average molecular
weight of polystyrene) determined at a conversion
close to 20% and (2) the volume-based average diam-
eter of the final sample. For the main experiments 2, 4,
6, and 8, the grafting efficiencies and molecular
weights at a conversion close to 10% are also pre-
sented.

Figure 1 corresponds to the isothermal (low-temper-
ature) prepolymerizations of experiments A, C, E, G,
1, 3, 5, and 7; whereas Figure 2 corresponds to the
nonisothermal (high-temperature) prepolymeriza-
tions of experiments B, D, F, H, 2, 4, 6, and 8. Figures
1(a) and 2(a) represent the evolution of the monomer
conversion; and the last point of each plot corresponds
to the prepolymerization end sample (which was later
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analyzed by TEM). Figures 1 and 2 present the prepo-
lymerizations carried out with the following AIBN to
TBPO molar ratios: 0:0, 100:0, 50:50, and 0:100. For
experiments 1–8 (carried out with rubber at 125 rpm),
the sample viscosities were measured and plotted ver-
sus the monomer conversion [Fig. 3(a,b)]. In experi-
ments 11 and 12, the initiator ratios were 25:75 and
75:25. Experiments 9 and 10 were carried out with
stirring rates of 250 and 375 rpm, respectively.

The morphologies of experiments 1–11 are given in
Figures 4–14. In these figures, the final sample micro-
graph is presented under the first part, the final sam-
ple PSD is presented under the second part (except in
Fig. 5, where the PSD is missing), and the micrograph
of the prepolymerization end sample is presented un-
der the third part. Not all of this information is given
in Figures 4–14 (e.g., in Fig. 5, the PSD is missing).

In general, the final polymer micrographs [Figs.
4(a)–14(a)] showed more particle deformation (be-
cause of the cutting process) than the prepolymeriza-
tion end micrographs [Figs. 4(c)–14(c)]. There were
two reasons for this: (1) the solvent and residual
monomer were not eliminated from the final TEM
samples, and (2) the temperature of the finishing stage
determined that the final PS molecular weights (not
presented in this article) were lower than the PS mo-

lecular weights at the prepolymerization end. Thus,
the continuous phase of the final material was softer
than the continuous phase of the prepolymerization
end sample. Also, the occlusions of the final samples
were larger than the occlusions of the prepolymeriza-
tion end samples. An explanation for this was that the
low-molecular-weight PS produced during the finish-
ing stage tended to accumulate in the occlusions.

Before we analyze the results further, we present the
estimation of the rate of generation of chemical and
thermal free radicals during the prepolymerizations.

Generation of free radicals

I�’s are produced from

I2O¡
kd,I

2I�

where I2 is either AIBN or TBPO and Kd,I is the initi-
ator decomposition constant. The molar concentration
of unreacted initiator is given by

d
dt �I2(t�] � � kd,I�T)[I2(t�] (1)

Figure 3 Brookfield viscosity versus St conversion for the reactions with rubber at 125 rpm: (a) isothermal experiments 1,
3, 5, and 7 and (b) nonisothermal experiments 2, 4, 6, 8. In experiments 4 and 8, viscosity measurements could not be done
between 10 and 20% conversion because of a demixing of the liquid–liquid dispersion. For this reason, curves 4 and 8 in are
shown as discontinuous in that range.
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with kd,AIBN(T) � 1.5379 � 1015 � e	15548/T (s	1)21 and
kd,TBPO(T) � 9.117 � 1013 � e	14888/T (s	1).21

Equation (1) was integrated with the assumption
of the desired (or nominal) temperature profiles
[T(t), where T is the temperature and t is the time],
represented by a bold continuous trace in Figures
1(b) and 2(b). The numerical solutions are also
shown in Figures 1(b) and 2(b). The curves identi-
fied with 100% AIBN apply to experiments C, D, 3,
and 4; those identified with 100% TBPO apply to
experiments E, F, 5, and 6; and those identified with
AIBN/TBPO � 50:50 apply to experiments G, H, 7,
and 8. AIBN decomposed more rapidly than TBPO.
In the case of the initiator mixture, the total initia-
tor concentration was intermediate between the

pure AIBN and pure TBPO cases. In the prepoly-
merizations at 70°C, the initiators decomposed
throughout this stage, and a high initiator concen-
tration remained at the prepolymerization end. In
the high-temperature prepolymerizations, the initi-
ators were mostly consumed during the heating
period.

The total rate of generation of initiator free radicals
was calculated by the injection of the composition
profiles of Figures 1(b) and 2(b) into the right-hand
side of the following equation:

d
dt [I(t)�] � 2fAIBNkd,AIBN(T)[AIBN(t)]

� 2fTBPOkd,TBPO(T)[TBPO(t)] (2)

with the efficiency factors arbitrarily chosen as fol-
lows: f � fAIBN � fTBPO � 0.5. The resulting rates were
the smooth curves indicated by 100% AIBN, 100%
TBPO, and AIBN/TBPO � 50:50 in Figures 1(c) and
2(c).

The thermal monomer decomposition is repre-
sented by

Figure 5 Morphology of experiment 2 (no initiator, high-
temperature prepolymerization at 125 rpm): (a) final poly-
mer and (b) polymer at the end of prepolymerization.

Figure 4 Morphology of experiment 1 (no initiator, low-
temperature prepolymerization at 125 rpm): (a,b) final poly-
mer and (c) polymer at the end of prepolymerization.
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3StO¡
kd,St

2St

The rate of generation of thermal monomeric free
radicals (which did not include the monomeric free
radicals generated by chain transfer to the monomer)
was directly estimated from the right-hand side of the
following equation:

d
dt [St(t)]�2kd,St(T)[St(t)�]3 (3)

where kd,St(T) � 2.1 � 105 � e	15000/T (L2 mol	2

s	1).6,19,21–24 For each experiment, the measured tem-

perature was injected into kd,St(T), and [St(t)] was de-
termined from the conversion profiles of Figures 1(a)
and 2(a). Figure 1(c) presents the generation rate of
monomeric free radicals of experiments A, C, E, G, 1,
3, 5, and 7, and similarly, Figure 2(c) presents the
generation rate of monomeric free radicals of experi-
ments B, D, F, H, 2, 4, 6, and 8. As expected, the curves
were highly oscillatory compared with the smooth
theoretical predictions for the chemical initiators.

For the isothermal prepolymerizations, Figure 1(c)
suggests that although the rate of generation of initi-
ator free radicals was around 10	8 mol s	1 L	1, the
rate of generation of thermal free radicals was about
two orders of magnitude lower. When Figures 1(c)
and 2(c) are compared, one can see that (at 120°C), the

Figure 7 Morphology of experiment 4 (pure AIBN, high-
temperature prepolymerization at 125 rpm): (a,b) final poly-
mer and (c) polymer at the end of prepolymerization.

Figure 6 Morphology of experiment 3 (pure AIBN, low-
temperature prepolymerization at 125 rpm): (a,b) final poly-
mer and (c) polymer at the end of prepolymerization.
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generation rates were about two orders of magnitude
higher than at 70°C. However, although the low-tem-
perature prepolymerizations were dominated by
chemical initiation, in some of the high-temperature
prepolymerizations, the initiators were almost totally
consumed at the prepolymerization end, and thereaf-
ter, the initiation was purely thermal [Fig. 2(c)].

Polymerizations without rubber (experiments A–H)

The results of the homogeneous experiments A–H are
given in Table I and Figures 1 and 2. Independently of
temperature, the rate of generation of initiator free
radicals was about two orders of magnitude higher
than the rate of generation of thermal monomeric free
radicals [Figs. 1(c) and 2(c)]. Thus, the lowest polymer-
ization rates and longest induction times were ob-
served in the purely thermal reactions [in Fig. 1(a), cf.
experiment A with experiments C, E, and G; in Fig.
1(b), cf. experiment B with experiments D, F, and H].
The induction periods were possibly caused by the
stabilizer and/or by the oxygen that may have been
dissolved in the monomer. Also, it has been suggested
that the antioxidant can exhibit an induction behavior
with the generation of inactive products.25 Induction
periods became longer for decreasing polymerization
rates. This was reasonable because a fixed quantity of
free radicals was required for the deactivation of a
fixed amount of impurities in the monomer feed.

Consider the isothermal prepolymerizations of Fig-
ure 1. In the presence of initiator (experiments C, E,
and G), the rates of polymerization increased in the
order 100% TBPO 
 (AIBN/TBPO � 50:50) 
 100%
AIBN. The high-temperature prepolymerization re-
sults are given in Figure 2. In this case, the total
reaction times were reduced by an order of magnitude
with respect to the isothermal case. However, the rel-
ative reduction in reaction time was not as large as the
relative reduction in the concentration of free radicals.
The reason was that the chemical initiators were al-
most totally consumed after about 120 min. The ap-
plied temperature profiles determined a change in the
conversion slopes at t � 50 min [Fig. 2(a)].

Consider the PS molecular weights of experiments
A and B. In experiment A at 70°C, most of the PS was

Figure 9 Morphology of experiment 6 (pure TBPO, high-
temperature prepolymerization at 125 rpm): (a,b) final poly-
mer and (c) polymer at the end of prepolymerization.

Figure 8 Morphology of experiment 5 (pure TBPO, low-
temperature prepolymerization at 125 rpm): (a,b) final poly-
mer.

BULK POLYMERIZATION OF STYRENE 1407



generated by recombination termination, and there
was an almost constant generation of free radicals
[curve A in Fig. 1(c)]. This yielded the highest molec-
ular weights and the lowest Mw,PS/Mn,PS values. (For
a pure recombination termination, the instantaneous
Mw,PS/Mn,PS is 1.5.6) In experiment B, there was a
significant drop in the PS molecular weights with
respect to experiment A. At 120°C, most of the grow-
ing polystyryl radicals terminated by chain transfer to
the monomer. This yielded a most probable instanta-
neous molecular weight distribution (MWD) of
Mw,PS/Mn,PS � 2. Thus, an important drop in the
instantaneous molecular weights was expected along

the heating period, which justified the increase in
Mw,PS/Mn,PS of experiment B with respect to experi-
ment A.

Initiators lowered the PS molecular weights with
respect to equivalent initiator-free reactions. Also, the
molecular weights were lower with AIBN than with
TBPO because of the higher decomposition rate of the
former (cf. experiment A with experiments C, E, and
G; and cf. experiment B with experiments D, F, and H).
The Mn,PS value of experiment C was unexpectedly
low, yielding an inexplicably high Mw,PS/Mn,PS. The
molecular weights of experiments D, F, and H were all
quite similar to each other because (independently of

Figure 11 Morphology of experiment 8 (AIBN/TBPO � 50:
50, high-temperature prepolymerization at 125 rpm): (a,b)
final polymer and (c) polymer at the end of prepolymeriza-
tion.

Figure 10 Morphology of experiment 7 (AIBN/TBPO � 50:
50, low-temperature prepolymerization at 125 rpm): (a,b)
final polymer and (c) polymer at the end of prepolymeriza-
tion.
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the initiator nature), all of the initiator was consumed
during the high-temperature prepolymerizations.

Polymerizations with rubber but without initiator
(experiments 1 and 2)

In the absence of initiator, the (heterogeneous) thermal
polymerizations were slowed down by the presence of
rubber (cf. experiment 1 with experiment A, and cf.
experiment 2 with experiment B). The polymerization
in the PS-rich phase was similar to the equivalent
rubber-free homopolymerizations. Thus, the slower
rates in the presence of rubber were caused by the
rubber-rich phase. This has been explained as follows:
(1) primary rubber radicals are more stable than poly-
styryl radicals,26 and (2) in the thermodynamically
poorer PB-rich phase, there is a reduced gel effect by a
shrinking of the growing macroradicals (which main-
tain a relatively high diffusivity and can, therefore,
terminate more rapidly).14

In the rubber-free experiments, the following reac-
tions generated dead PS: chain transfer to the mono-
mer and recombination termination. In the presence of
rubber, a third termination reaction was incorporated:
chain transfer to the rubber. This explained the dra-
matic drop in the PS molecular weights and the in-
crease in Mw,PS/Mn,PS when experiment A is com-
pared with experiment 1. The activation energies of
the mentioned reactions were recombination termina-

Figure 12 Morphology of experiment 9 (AIBN/TBPO � 50:
50, low-temperature prepolymerization at 250 rpm): (a,b)
final polymer.

Figure 13 Morphology of experiment 10 (AIBN/TBPO
� 50:50, low-temperature prepolymerization at 375 rpm):
(a,b) final polymer.

Figure 14 Morphology of experiment 11 (AIBN/TBPO
� 25:75, low-temperature prepolymerization at 125 rpm):
(a,b) final polymer.
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tion � 1667 cal/mol,27 transfer to the monomer
� 14,400 cal/mol,21 and transfer to the rubber
� 18,000 cal/mol.28 When the temperature was in-
creased from 70 to 120°C, the rate of recombination
termination only increased by a factor of 2, whereas
the transfer to the monomer increased by a factor of
500, and the transfer to the rubber increased by a
factor of 1000. When experiments 2 and B were com-
pared, a drop in the molecular weights was observed
with an increase in Mw,PS/Mn,PS. However, these
changes were considerably less dramatic than in the
low-temperature case. The reason was that both trans-
fer reactions yielded the same instantaneous MWD,
with the transfer to the monomer being dominant.

Free PS was produced in both phases, and there
were varying conditions in each of the phases. For this
reason, the Mw,PS/Mn,PS values of the global PS pro-
duced in experiments 1 and 2 were larger than those of
the equivalent homogeneous experiments A and B.
For the same reason, the mathematical models that
assume the bulk HIPS process as homogeneous sys-
tematically underestimated the global Mw,PS/Mn,PS.6,28

In the initiator-free polymerizations with rubber,
the grafting reactions mostly occurred in the PB-rich
phase by chain transfer to the rubber from the poly-
styryl radicals. The grafting efficiency of experiment 2
was higher than that of experiment 1; and this was
reasonable if the difference in activation energies of
the mentioned transfer reactions is considered. The
viscosity plots of experiments 1 and 2 (Fig. 3) do not
exhibit a minimum because the phase inversion may
not have yet occurred at the (relatively low) conver-
sions observed at the ends of prepolymerization (19
and 21%, respectively). Another possible reason is that
the viscosity samples may have been taken too far
apart for the detection a minimum. Also, the higher
viscosities of experiment 1 with respect to 3, 5, and 7
[Fig. 3(a)] were a consequence of the higher PS molec-
ular weights of experiment 1 compared with experi-
ments 3, 5, and 7.

The particle morphologies are presented in Figures
4 and 5. Consider the (prepolymerization end) micro-
graph of Figure 4(c). Its upper section confirms the
phase inversion, whereas its lower section indicates
that the inversion had not yet occurred. In contrast,
Figure 5(b) indicates that the system had already
phase inverted. The final morphologies are given in
Figures 4(a,b) and 5(a). Unfortunately, the PSD of
experiment 2 was not measured by sedimentometry.
However (as expected from the difference in the graft-
ing efficiencies), the rubber particles of experiment 2
were smaller than those of experiment 1 (see micro-
graphs of Figs. 4 and 5).

Finally, note that the vitreous occlusions grew along
the reaction [cf. Figs. 4(c) and 5(b) with Figs. 4(a) and
5(a)].

Polymerizations with rubber and pure AIBN
(experiments 3 and 4)

AIBN radicals actively initiated the monomer but were
almost incapable of attacking the rubber. This was con-
firmed by the very low grafting efficiencies of experi-
ments 3 and 4, which in turn, determined the viscosity
plots of experiments 3 and 4 [Figs. 3(a) and 3(b)]. In
experiment 3, a rather long phase inversion was ob-
served (from 8 to 20% conversion). The plot of experi-
ment 4 was discontinuous because the viscosity could
not be measured in the conversion range 9–21%. The
reason for this was that (before the measurements) the
reaction mixture demixed into two liquid layers, an up-
per PB-rich phase and a lower PS-rich phase.

The rate of polymerization of experiment 3 [Fig.
1(a)] was lower than that of experiment C (the equiv-
alent low-temperature prepolymerization without
rubber). This reduction could be explained by the
relatively high stability of primary rubber radicals
and/or an increased cage effect of AIBN radicals in
the presence of rubber. In contrast, the conversion plot
of experiment 4 [Fig. 2(a)] was practically overlapped
with that of experiment D (the equivalent high-tem-
perature reaction without rubber). This was possibly
due to a reduction with temperature of the aforemen-
tioned effects.

As expected, AIBN lowered the PS molecular
weights of experiments 3 and 4 with respect to the
initiator-free experiments 1 and 2. This effect was
more noticeable in the high-temperature prepolymer-
ization because the initiator was almost totally con-
sumed in this stage.

The morphologies of experiments 3 and 4 are shown
in Figures 6 and 7, respectively. In accordance with the
viscosity measurements, Figure 6(c) confirmed a
phase inversion. In contrast, the characteristic salami
particles were not formed in Figure 7(c), suggesting a
simple mixture of incompatible liquids.

The final morphology of experiment 3 [Figs. 6(a,b)]
consisted of huge particles with large occlusions and a
broad PSD. This morphology (i.e., large PS domains
mixed with large PB–PS regions) resulted from the
combined effects of a low grafting efficiency and low
PS molecular weights (which tended to accumulate in
the occlusions).

In experiment 4, Figure 7(a,b) confirmed that the
phase inversion never took place. This type of mor-
phology was also observed in nonagitated reactions.16

The PSD of Figure 7(b) was meaningless because in-
dependent rubber particles were not formed.

Polymerizations with rubber and pure TBPO
(experiments 5 and 6)

Consider the experiments with pure TBPO (a good
grafting agent). Compare the low-temperature exper-
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iments 5 and E. The reaction rate remained almost
unaffected by the rubber [in Fig. 1(a), curves 5 and E
are practically overlapped]. In contrast, for the high-
temperature experiments 6 and F, the reaction rate
was faster with the rubber [Fig. 2(a)]. Two combined
effects could explain this last (rather surprising) result.
First, the large accumulation of graft copolymer in the
PB-rich phase determined an increased gel effect in
that phase. Second, there was a preferential accumu-
lation of TBPO into the PB-rich phase, higher than that
expected from the thermodynamic equilibrium.29 To
understand this, note that the initiator was added at
the start of the prepolymerization when the system
still consisted of a single homogeneous rubber-rich
phase. Then, after the PS-rich phase was dispersed, the
initiator had to slowly diffuse from the original rub-
ber-rich phase into the new dispersed phase. The pref-
erential partitioning of TBPO into the rubber phase
also explained the rather large grafting efficiencies of
experiments 5 and 6.

Consider the PS molecular weights. As expected,
the following was observed: (1) the molecular weights
of experiment 6 were lower than those of experiments
5 and 2, (2) the molecular weights of experiment 5
were lower than those of experiment E, and (3) the
molecular weights of experiments 3 and 4 (involving
pure AIBN) were lower than those of experiments 5
and 6, respectively.

Experiments 5 and 6 exhibited large grafting effi-
ciencies at early conversions. For this reason, neat and
fast phase inversions were observed between 10 and
15% conversion [Fig. 3(a,b)]. A high amount of graft
copolymer also yielded small final particles (see Table
I and Figs. 8 and 9). Furthermore, in experiment 6, a
core–shell type of morphology was observed (Fig. 9).
The production of core–shell morphologies by rapid
transformation of PB into a highly grafted copolymer
was previously reported by Moore.30

Polymerizations with rubber and initiator mixtures
(experiments G and H and 7–12)

For the initiator mixtures, an intermediate behavior
between the equivalent 100% AIBN and 100% TBPO
cases was generally (but not always) observed.

Consider first experiments 7 and 8, which involved
a 50:50 initiator mixture and a stirring rate of 125 rpm.
Compare the low-temperature experiment 7 with ex-
periments 3 and 5 and the high-temperature experi-
ment 8 with experiments 4 and 6. As expected, the
viscosity plot of curve 7 was intermediate between
curves 3 and 5 [Fig. 3(a)]. Similarly, the viscosity plot
of curve 8 was intermediate between curves 4 and 6
[Fig. 3(b)]. Like in experiment 5 with 100% AIBN, a
demixing of the reaction mixture was observed in
experiment 8 between 10 and 21% conversion [see the
discontinuity of curve 8 in Fig. 3(b)]. However, this

same curve also suggested a curiously late phase in-
version in the conversion range 25–35%.

The morphologies of experiments 7 and 8 are pre-
sented in Figures 10 and 11, respectively. Figure 10(c)
confirmed that (at the prepolymerization end) the sys-
tem had already inverted phases. In contrast, Figure
11(c) exhibited an unclean phase inversion with ultra-
large occlusions. This situation was also reflected in
the final morphologies, although Figure 10(a) exhib-
ited a typical salami morphology, Figure 11(a) showed
a poor salami morphology. A possible explanation for
the large occlusions in experiment 8 was that the low
PS molecular weights generated during the (high-tem-
perature) prepolymerization tended to accumulate in
the occlusions.

The aim of experiments 7, 9, and 10 was to deter-
mine the effect of the stirring rate (125, 250, and 375
rpm, respectively) on the particle morphology. These
reactions involved a 50:50 initiator mixture and a pre-
polymerization at 70°C. The polymerization rates (not
shown here for space reasons) were all quite similar.
This was also the case for the PS molecular weights
(Table I). However, for increasing stirring rates, the
grafting efficiencies increased, whereas the particle
sizes became smaller. The micrographs of experiments
7, 9, and 10 are given in Figures 10, 12, and 13, respec-
tively. For increasing stirring rates, the final average
diameters were reduced from 2.53 �m (experiment 7)
to 1.37 �m (experiment 10). In Figures 12 and 13, there
was evidence of particle damage by shear stress. Also,
an intense micromixing is unfeasible in industrial re-
actors. For both reasons, the lowest stirring rate of 125
rpm was chosen to carry out most of the prepolymer-
izations with rubber.

Consider finally experiments 11 and 12 (AIBN/
TBPO � 25:75 and 75:25, respectively). The final mor-
phology of experiment 11 is shown in Figure 14. It
presented an intermediate situation between a salami
and a core–shell morphology. Even though the graft-
ing efficiency could not be measured, it must have
been presumably high. This would explain the inter-
mediate morphology of Figure 14, shown at a stage
before its dispersion into a core–shell structure. The
final morphology of experiment 12 is not presented
here, but it was similar to that of the pure AIBN case,
with very large particle sizes.

CONCLUSIONS

The bulk HIPS process is highly multivariate, and for
this reason, a large number of reactions must be ana-
lyzed to understand the complex interrelationships
between reaction inputs such as recipe, temperature,
and stirring rate and reaction outputs such as conver-
sion, grafting efficiency, molecular structure, and par-
ticle morphology.
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Most previous publications on the development of
the HIPS morphology adopted isothermal prepoly-
merizations, and BPO has been the most investigated
peroxide initiator. In this study, TBPO was the tested
initiator, and we considered high-temperature prepo-
lymerizations that included a heating period. Noniso-
thermal high-temperature prepolymerizations were
closer to industrial conditions. However, they were
considerably more difficult to analyze because many
parameters changed simultaneously during the (cru-
cial) phase-inversion period.

The aim of chemical initiators is to induce rubber
grafting early in the prepolymerization. AIBN was
unable to attack the rubber. Thus, the grafting efficien-
cies and morphologies observed with pure AIBN were
worse than those of the purely thermal reactions (cf.
Figs. 4 and 5 with Figs. 6 and 7). In contrast, when
pure TBPO was combined with a high-temperature
prepolymerization (experiment 6), a submicrometer
core–shell morphology was produced (Fig. 9). This
morphology, together with the fast prepolymerization
rate of experiment 6 [Fig. 2(a)], made this procedure
an interesting and cheap alternative for the production
of translucent HIPS films.

The final particle size strongly depended on the shape
and size of the rubber particles at the end of prepoly-
merization. There were three ways to reduce the particle
diameters during the phase inversion: (1) an increase in
the stirring rate, (2) an increase in the grafting efficiency,
and (3) a reduction in the system viscosity. The system
viscosity decreased with increasing temperature. An in-
crease in temperature not only affected chain flexibility;
it also enhanced the chain-transfer reactions to the
monomer, which in turn, lowered the PS molecular
weights. However, a reduction in the PS molecular
weights during the prepolymerization increased the to-
tal volume of the particle occlusions, thus partly com-
pensating for the former effect. This explained why the
particle sizes of prepolymerizations at 70°C were not
significantly larger than those of equivalent prepolymer-
izations at 120°C. Adequate control of temperature, ini-
tiator type, and stirring rate allowed the production of a
large variety of particle sizes and morphologies, which
ranged from typical salami structures of average diam-
eters between 1 and 3 �m to submicrometer core–shell
particles.

In a future communication, some of the presented
results will be used to validate a novel polymerization

model that takes into account the heterogeneous na-
ture of the HIPS process.

The authors thank J. L. Castañeda and M. Brandolini for the
SEC analyses, N. Cası́s for her help with the micrographs,
and D. Estenoz for the helpful discussions.
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