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Chapter 8 

 
The synthesis of PS, HIPS and PS/PPE via 

reactive extrusion 
 
 
This chapter describes the possibilities of reactive extrusion for making polymer blends. In 
contrary to the forgoing chapters, only styrene is used as monomer. There are several 
reasons for doing so. The first reason is that polystyrene (PS) is a more familiar polymer 
than the styrene-n-butylmethacrylate (St-BMA)-copolymer. Secondly, PS possesses better 
properties, especially thermal properties. The third reason is that PS is able to form a 
homogeneous polymer blends with PPE (poly-2,6-dimethyl-1,4-phenylene oxide), while 
polymers consisting of St and BMA are not able to do so.  
This chapter covers three different subjects: the synthesis of polystyrene, especially low 
molecular weight grades, the synthesis of rubber modified polystyrene and the synthesis of 
PS/PPE blends. The objective of this chapter is to outline the possibilities of synthesising 
blends by reactive extrusion. Therefore, most attention is focused on product properties, 
rather than process characteristics.  
 
 
8.1 Reactive extrusion of styrene 
 
This section describes the radical polymerisation of styrene in the extruder. When compared 
to St-BMA, the rate of polymerisation of St is half the polymerisation rate of St-BMA 
(chapter 3). The polymer melt viscosity is much larger, which could be seen from the die 
pressures. The lower reaction rate could result in a more difficult process than the reactive 
extrusion process of St-BMA, but the larger polymer melt viscosity could compensate for 
this effect. After the styrene polymerisation had been studied under standard extrusion 
conditions, the initiator concentration was increased in order to obtain low molecular weight 
grades. The initiators used were the same as in chapter 4 (30 % BPO, 70% Trigonox C). 
Furthermore, the effect of a chain transfer agent was studied. Since the samples consisted of 
pure polystyrene, the molecular weights obtained by GPC were real molecular weights.  
The experimental set-up used was as described in chapter 4. In order to compare the 
polymerisation of styrene to the polymerisation of St-BMA, the same extruder settings were 
used. This means that the temperature profile was 120-120-130-140-145 °C, the screw 
rotation rate was 28 rpm, and the reciprocal die resistance was set to 7.4 10-11 m3.  
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8.1.1 The effect of the extruder parameters on the polymerisation of St 
Styrene could be polymerised radically in an extruder up to high conversions. However, at 
the temperature profile applied, the throughput was lower than in the case of St-BMA 
(6 g/min instead of 7 g/min). The lower polymerisation rate accounts for this effect. 
Remarkably is the decreased dependence on the extruder parameters (figures 8.1 and 8.2) 
compared to St-BMA.  
 

 
   
Fig. 8.1 The effect of the die resistance on the conversion (■ St, ▲ St-BMA) 
 

 
   
Fig. 8.2  The effect of the screw rotation rate on the conversion (■ St, ▲ St-BMA) 
 
When styrene is polymerised instead of St-BMA, the die pressure is significantly higher. For 
example, when St is fed to the extruder, die pressures up to 150 bar could be obtained, while 
when St-BMA is polymerised, the die pressure did not exceed 40 bar. This increased 
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polymer melt viscosity explains the decreased dependence on the extruder parameters as 
shown in figures 8.1 and 8.2 (chapter 5). This decreased dependence implies that for St 
further optimisation is possible. For example, a steeper temperature profile will result in a 
higher throughput, in contrary to St-BMA, since that process is strongly dependent on 
extruder parameters. The steeper temperature profile is therefore applied in sections 8.2 and 
8.3 where only St is used as monomer.  
The comparison of St to St-BMA shows a second remarkable effect, namely the maximum 
conversion. Styrene could be polymerised up to a conversion of almost 99% (98.6%), while 
in the case of St-BMA the highest conversion was 96.3 %. Even when 20 mole% of the 
BMA was replaced by Mah, the maximum conversion was lower (97.1%) than the 
conversion obtained in the case of St. Jongbloed (1995a) also found a limited conversion of 
96% for the very fast copolymerisation of two methacrylates. These limitations indicate the 
importance of the ceiling temperature as described by Dainton (1958). It is known in 
literature (Bamford 1976) that methacrylates posses a relatively low ceiling temperature, 
which means that the influence of thermo-dynamic limitations is most pronounced for these 
components. Bywater (1955) found for methylmethacrylate an equilibrium monomer 
concentration of 0.3 mol/l at 132 °C, which was independent of the amount of polymer 
formed after reaction. This implies that for a bulk polymerisation, the maximum attainable 
conversion is roughly 97% at that temperature. Since BMA is a methacrylate, it is very 
probable that the maximum conversion for BMA is also limited to a value in the 
neighbourhood of 97%. For styrene, the thermo-dynamic limitation is less troublesome 
(Dainton 1958). Our experiments confirm the theory of Dainton, since the conversion of 
styrene is higher than the conversion of the monomer mixture in which some BMA was 
present.  
The conversions of three St-samples were also determined by using a method in which the 
amount of unreacted St is measured by using Gas Chromatography (GC). When the 
conversions of both methods are compared, the conversions determined by GC were around 
2% higher. For the sample with a conversion of 98.6%, we found about 1000 ppm St by GC, 
which is of course a promising result. The differences in conversion are probably due to 
some volatile components, which result in a decrease in conversion when it is determined 
gravimetrically. The volatile components are not identified yet, which makes further 
research necessary for estimating the actual conversion.  
 
8.1.2 The effect of the initiator concentration on the molecular weight of the polymer. 
The molecular weight of a polymer influences the properties and usefulness of polymer 
significantly. Low molecular weights polymers are used in waxes and paintings for adjusting 
flow properties, while high molecular grades can be used as engineering plastics.  
Table 8.1 shows the results of the experiments in which the initiator concentration was 
increased to obtain a low molecular weight polymer. An initiator concentration of 4 
mmol/mol St1 was the standard initiator concentration as used in most other experiments. It 

                                                 
1An initiator concentration of 4 mmol/mol St in the case of the polymerisation of St corresponds to a 
concentration of 8 mmol/mol St in the case of a St-BMA copolymerisation. 
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can be observed that an increase in initiator concentration resulted in a lower molecular 
weight, but an increased poly-dispersity P (=Mw/Mn). Actually, the polydispersity obtained 
at an initiator concentration of 4 mmol/mol St was remarkably small. The experiments show 
that the initiator concentration is a powerful tool to decrease the molecular weight. However, 
for molecular weights lower than indicated in this table, the amount of initiator necessary 
becomes quite large.  
 
Table 8.1 The effect of the initiator concentration [I] (N = 28 rpm, K = 1.74 10-11 m3) 
 

[I] 
(mmol/mol St) 

conv. 
(%) 

Mw 
(kg/mol) 

Mn 
(kg/mol) 

P 
(-)  

4.0 98 81 52 1.6 
12 97 46 21 2.2 
24 97 30 10 2.9 

 
8.1.3 The effect of a chain transfer agent 
Chain transfer is a process in which a growing polymer chain with a free radical removes an 
atom from a (small) molecule, resulting in an inactive polymer molecule and a new radical. 
The ratio of the rate constants for reaction with the chain transfer agent and a new monomer 
molecule is known as the transfer coefficient Ct. Generally, the addition of a chain transfer 
agent leads to a polymer with a lower molecular weight. The effect of the chain transfer 
agent on the degree of polymerisation can be described by: 
 

 
][
][11

0, M
CTC

PP t
nn

+=   (8.1) 

 
The chain transfer agent used in this study is t-dodecylmercaptane (1-dodecanethiol, 
C12H25SH). In the case of styrene, its chain transfer coefficient Ct is around 17 (Gregg 1949, 
Brandrup 1989).  
 
Table 8.2 The effect of a transfer agent on the molecular weight (N = 28 rpm,  
 K = 1.74 10-11 m3, standard temperature profile) 
 

[I] 
(mmol/mol 

St) 

[CT] 
(mmol/mol 

St) 

conv. 
(%) 

Mw 
(kg/mol) 

Mn 
(kg/mol) 

P 
(-) 

4.0 0 98 81 51 1.6 
4.0 0.5 96 81 43 1.9 
4.0 1.8 85 73 40 1.8 
12 0 97 46 21 2.2 
12 1.8 96 39 20 1.9 
12 4.1 96 42 22 1.9 
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Table 8.2 shows the results in which t-dodecylmercaptane was applied in order to obtain 
lower molecular weights. The effect of the chain transfer agent on the molecular weight was 
remarkably small, but it influences the process quite negatively due to decreasing the 
polymerisation rate and polymer melt viscosity. Therefore, it can be concluded that t-
dodecylmercaptane is not a very useful tool for influencing the molecular weight in this 
reactive extrusion process. 
 
 
8.2 The synthesis of PS/PPE blends 
 
To improve the thermal properties of polystyrene, PPE is added to polystyrene. PPE is an 
orange-red polymer with a glass transition temperature of 220 °C and is completely miscible 
with PS. The addition of PPE to PS results in a polymer blend with a higher glass transition 
temperature (Yee 1977) than polystyrene. Several authors gave a relation for the glass 
transition temperature versus the amount of PPE (Shultz 1972, Stoelting 1970). For a 
homogeneous blend of PPE and PS, the glass transition temperature Tg of the blend is given 
by (Shultz 1972): 
 

 273
483362

1 1

−





 +−=

−wwTg   (8.2) 

 
in which w is the weight fraction PPE. This relation is developed for determining the glass 
transition temperature by DSC measurements. The authors used a scan speed of 20 °C/min. 
A second effect of the addition of PPE is an improvement in tensile strength of the PS/PPE 
blend.  
Due to the large differences in glass transition temperature, and therefore large viscosity 
differences, the mixing of the polymers PS and PPE is quite difficult. This difficulty can be 
overcome by dissolving PPE in the monomer styrene. After dissolving, styrene is 
polymerised to polystyrene leading to a homogeneous polymer mixture of PS and PPE. The 
advantage of this method is that the amount of mechanical energy needed for obtaining the 
blend is low, which decreases the risk of degradation during mixing.  
 
8.2.1 Experimental 
The extruder and its equipment are described in chapter 4. In these experiments, PPE was 
dissolved in styrene and placed in the stirred tank reactor. In the other vessel, the initiators 
were dissolved in styrene. The initiators used were Trigonox 29C50, Trigonox C, and 
Trigonox T in the molar ratio of 1:1:2. The applied temperature profile was 120-135-145-
155-160 °C, while the screw rotation rate was set to 27 rpm. The die resistance was chosen 
in such a way, that the conversion of the product was high (roughly 95%). The throughput 
was in most experiments 6 to 7 g/min. The conversion was determined gravimetrically.  
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PPE could be dissolved in styrene to an amount of 30 wt% when the mixture was heated to 
60 °C. When this mixture was polymerised in a flask, a clear light yellow material was 
obtained. For comparison, when a mixture of St-BMA was used in stead of St, a opaque pale 
yellow solid was obtained, indicating phase separation (Gottschalk 1994). 
The glass transition temperatures were obtained by DSC-measurements using a scan speed 
of 10 °C/min. The molecular weight distribution is measured by GPC as described in chapter 
4. 
 
8.2.2 Results 
Reactive extrusion turned out to be a good tool for synthesising blends of PPE and PS. 
Compared to the polymerisation of St or St-BMA, the process was stable and high 
conversions could be readily obtained (95-98%). However, the maximum throughput was 
still quite low.  
The product that left the extruder was completely clear, which indicated complete mixing. 
The product was more coloured than the product obtained by polymerisation in a flask. 
Probably, the mechanical treatment of the material by the extruder resulted in some 
degradation, leading to a more coloured product due to the formation of quinones (White 
1981). Thermal degradation is not very likely to occur, since PPE is very stable at 
temperatures up to 300 °C (Factor 1969).  
The results of the experiments are given in table 8.3 and figure 8.3. Due to the addition of 
PPE, an increase in glass transition temperature can be observed.  
 

 
   
Fig. 8.3 The effect of PPE on the glass transition temperature of the polymer blend. The line 
 is described by equation 8.2  
 
However, this increase is not linear, but a strong second effect occurs. This effect is due to 
the molecular weight of the polystyrene formed during extrusion. For example, experiments 
6, 7 and 8 contain more or less the same amount of PPE. However, during extrusion a 
different amount of initiator was added, which resulted in different molecular weights. These 



The synthesis of PS, HIPS and PS/PPE 

105 

differences resulted in different glass transition temperatures. The blends in which PS was 
synthesised with an Mw lower than 100 kg/mol are indicated with open dots. These blends 
showed a significantly lower Tg. The line plotted in figure 8.3 indicates the Shultz relation as 
expressed by equation 8.2. It can be seen that if the PS possesses a reasonably molecular 
weight, the experimental Tg  fits rather well with the theoretical value.  
To investigate the effect of crosslinking on the glass transition temperature, divinylbenzene 
was added to styrene (1.5 mmol/mol St). Crosslinking styrene, in which 10 wt% PPE was 
dissolved, did not influence the glass transition temperature. However, a gel fraction of 30 to 
45% was obtained, dependent on the amount of initiator added. For a St-BMA-copolymer, 
Schellenberg (1993) found comparable results.  
PPE improved also the tensile strength of the polymer blend. Due to the rather low 
molecular weight of the PS formed via extrusion, it was not possible to obtain useful 
samples for tensile strength measurements of pure PS. The samples were too weak for these 
determinations. However, after the addition of 21% PPE (exp. no. 11), a tensile strength of 
45 MPa was obtained, which value is comparable to industrial polystyrene grades.  
 
Table 8.3 Results reactive extrusion experiments with PPE dissolved in St 
 

Exp. no. wt% PPE [I] 
(mmol/mol St)

conv 
(%) 

Tg  
(°C) 

Mw  
(kg/mol) 

Mn  
(kg/mol) 

1 0 6 95 90 102 46 
2 5.8 5 95 95 106 44 
3 8.8 7 95 95 54 26 
4 9.7 4 94 95 56 23 
5 10.2 2 95 102 135 57 
6 13.7 5 98 98 120 51 
7 14.1 4 97 101 130 53 
8 14.8 2 98 105 157 69 
9 19.2 6 98 40 98 40 
10 20.3 4 97 107 126 52 
11 20.9 3 97 106 134 49 

 
 
8.3 The synthesis of HIPS via reactive extrusion 
 
Due to its brittleness, polystyrene is often modified to improve its impact strength by the 
addition of about 7 wt% polybutadiene (PBD). This PBD can be blended with polystyrene, 
but more often it is added to styrene, which can be polymerised thermally in bulk processes. 
The temperature in this process ranges from 85 to 110 °C, so the polymerisation is quite 
slow. Some grafting of styrene onto the PBD is likely to occur (Ku 1988b).  
The particle size of the rubber component in the polystyrene matrix is an important 
parameter. For polystyrene, the size of the rubber particles should be at least 1 mm. If the 
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particle size is smaller, hardly any toughening effect will be observed (Hobbs 1986, 
Dagli 1995). 
In this study, PS was modified with a styrene-butadiene-styrene-triblock copolymer (SBS). 
This polymer was used, since it dissolves rather well in styrene. The SBS used had a 
molecular weight of 100 kg/mol and consisted of 29 wt% polystyrene, which was equally 
divided over the two endgroups of the polymer. The polydispersity P of the rubber was 
almost equal to 1. 
 
8.3.1 Experimental 
The extruder and its equipment are described in chapter 4. In these experiments, SBS was 
dissolved in styrene and placed in the stirred tank reactor. In the other vessel, the initiators 
were dissolved in styrene. The initiators used were Trigonox 29C50, Trigonox C, and 
Trigonox T in the molar ratio of 1:1:2. The applied temperature profile was 120-135-145-
155-160 °C, while the screw rotation rate was set to 28 rpm. The reciprocal die resistance 
was set to 1.7 or 7.4 10-11 m3. The throughput was in most experiments 5 to 6 g/min. PBD 
dissolved easily in styrene to an amount of 30 wt% if the mixture was heated to 60 °C.  
The impact strength of the polymer blends was measured on a Pendulum Impact tester 
(Zwick 5102/155741), according to method ASTM D 256. The error in these measurements 
can be quite high (up to 25%). The gel fractions of the polymer blends were obtained via 
soxlet extraction as described in chapter 4.  
Besides blends via reactive extrusion, some physical blends were made through calandering 
at 150 °C for about 10 min. The impact strengths of these blends were compared to the 
impact strength of the samples obtained by reactive extrusion. 
 
8.3.2 Results 
The polymerisation of St, in which SBS was dissolved, turned out to be possible in the 
extruder. The process was quite stable, while conversions of 90% were obtained. The 
product was pale white. Compared to the PS/SBS-blends as obtained by physical blending, 
the white colour was less intense, which indicates that the dispersion of the rubber obtained 
via reactive extrusion was finer.  
The effect of the addition of SBS on the impact strength is shown in figure 8.4. The figure 
indicates that not only the impact strength of the reactive extrusion samples is lower, but 
also the increase in impact strength due to the addition of SBS is much lower. The larger 
impact strength of the samples obtained by calandering can be explained by the fact that for 
the physical blends, an industrial polystyrene grade was used. This PS had much better 
properties, due to the higher molecular weight (Mw = 550 kg/mol, Mn = 330 kg/mol). The 
strength of pure PS obtained by reactive extrusion was so low that the determination the 
impact strength was not possible, when no rubber was added. Although it is possible that the 
polystyrene possessed a too low molecular weight for improving the impact strength by the 
addition of rubber, we investigated two other aspects that can explain the small increase in 
impact strength, namely the grafting and the degree of dispersion of the rubber. 
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Fig. 8.4 The impact strength versus the amount of SBS added (■ blends obtained via 
 calandering, ▲ blends obtained via reactive extrusion) 
 
An indication of the amount of grafting can be obtained by measuring the gel fraction in the 
polymer. Grafting can result in polymer networks that do not dissolve anymore, which 
means that a higher gel fraction implies more grafting.  
 

 
   
Fig. 8.5 The effect of the rubber content in the feed on the gel fraction formed in the 
 polymer 
 
Figure 8.5 shows the effect of the amount of SBS-rubber added to styrene. More rubber 
resulted in a larger gel fraction. The spread in gel fractions can be explained by the 
inaccuracy in the determination on one hand (chapter 5) and by the differences in initiator 
concentration other hand. The effect of the initiator concentration is shown in figure 8.6. A 
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higher initiator concentration results in a larger gel fraction. Although the average chain 
length decreases, the extra grafting obviously results in a larger non-soluble part of the 
polymer. 
 
 

 
   
Fig. 8.6 The effect of the initiator concentration on the gel fraction in the polymer 
 
 
The dispersion of the rubber phase in the polystyrene matrix was studied by using scanning 
transmission electron microscopy (STEM). Before analysing, the samples were treated with 
osmium-tetroxide. As a result of this, the rubber-phase became dark on the photos. The 
photos are shown in figures 8.7 and 8.8. It can be seen that in both samples, the dispersion of 
the rubber phase is very fine, but there are differences in shape and size of rubber particles. 
In the samples obtained by calandering, the rubber particles are more or less spherical and 
have a diameter of 40 to 100 nm. In the sample obtained by extrusion, the particles are 
elongated. The length of the particles varies from 30 to 100 nm, but the width is generally 
limited to 10 nm. In other words, the dispersion of the rubber is finer after extrusion. 
In both samples, the size of the particles is smaller than 1 mm. Therefore, hardly any 
toughening was expected. As can be seen in figure 8.4, this effect is experimentally 
observed. Toughening effects are only observed in the case of the samples obtained by 
calandering in which 10 wt% or more rubber was added. Obviously, only in these samples, 
the particle size of the rubber is large enough for enhancing the impact strength. 
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Fig 8.7 STEM-photo of the St-SBS blend obtained by calandering (SBS-fraction 5.0%) 
 
Table 8.4 Results of the experiments in which SBS was added to styrene 
 

Exp. no. SBS 
(wt%) 

[I] 
(mmol/mol St)

conv. 
(%) 

gel fraction 
(%) 

impact strength 
(kJ/m2) 

1 2.3 6 88 7 0.56 
2 2.5 1 96 8 0.50 
3 3.4 3 90 2 0.42 
4 4.1 6 90 19 0.65 
5 4.2 7 85 20 0.70 
6 4.5 2 89 7 0.74 
7 4.6 5 94 16 0.44 
8 4.7 1 91 6 0.72 
9 6.8 7 96 26 0.48 
10 14.3 6 94 44 0.84 
11 18.5 8 92 62 0.59 
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Fig 8.8 STEM-photo of the St-SBS blend obtained by reactive extrusion (SBS-fraction 
 4.6%, exp. no. 7) 
 
 
8.4 Conclusions 
 
Styrene can be polymerised in an extruder up to high conversions via a radical mechanism. 
Compared to the copolymerisation of St-BMA, the maximum conversion was almost 2% 
higher (98.6%) and the process was more stable. The higher conversion is most likely due to 
fact that thermo dynamic limitations are more pronounced in the case of St-BMA.  The 
conclusion in chapter 4, that not only the polymerisation rate determines the working 
domain, but also other factors such as polymerisation melt viscosity is confirmed by the 
experiments described in this chapter. The molecular weight of the polymer can be strongly 
influenced by the initiator concentration, while the influence of the chain transfer agent t-
dodecylmercaptane is remarkably small. 
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Reactive extrusion is a very suitable method for synthesising very fine dispersed polymer 
blends. The main advantage of the method described in this chapter is the low amount of 
shear that is put in the polymer blends. Besides, this method offers new opportunities, for 
example blending and simultaneously crosslinking.  
In the case of St/PPE, reactive extrusion turns out to be suitable for synthesising these 
blends. The glass transition temperature of the blends obtained increases, and also the tensile 
strength improves significantly. In the case of St/SBS, the very fine dispersion of the rubber 
component results in a poor improvement of the impact strength.  
 
 
Nomenclature 
 
BMA n-butylmethacrylate 
Ct chain transfer coefficient - 
CT chain transfer agent 
DVB divinylbenzene 
I initiator 
K reciprocal die resistance m3 
M monomer 
Mn number average molecular weight kg/mol 
Mw weight average molecular weight kg/mol 
N screw rotation speed s-1 
P = Mw/Mn, polydispersity - 
Pn degree of polymerisation with chain transfer agent - 
Pn,0 degree of polymerisation without chain transfer agent - 
PBD polybutadiene 
PPE poly-2,6-dimethyl-1,4-phenylene oxide 
PS polystyrene 
SBS styrene-butadiene-styrene triblock polymer 
St styrene 
Tg glass transition temperature °C 
w weight fraction (PPE) - 
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