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This work theoretically investigates the reduction of transients during changes of grade in a
continuous plant for the production of high-impact polystyrene (HIPS). A mathematical model
was developed that predicts the global molecular structure and the melt flow index (MFI). The
switching times of the off-specs accumulation period were selected on the basis of the admissible
MFI ranges. Smoother transitions and reduced off-specs can be produced through a simple
readjustment (with respect to the original plant policy) of the two intermediate chain transfer
agent (CTA) loads into the batch dissolver. For the transitions that involve a large difference in
their MFIs, the off-specs can be reduced by 60%, with respect to the original plant policy, by
including a transient feed of CTA into an intermediate stirred reactor.

1. Introduction

The continuous and bulk process for the production
of high-impact polystyrene (HIPS), typically involves the
following stages: dissolution, prepolymerization, finish-
ing, and devolatilization. In the dissolution stage, a
grated polybutadiene (PB) rubber is dissolved in a
styrene (St)-solvent mixture. The inhibitor is not
eliminated from the monomer stock, to limit the thermal
polymerization in the dissolver and feed tank. Also
loaded into the batch dissolver are a chain transfer
agent (CTA) and a mineral oil. The prepolymerization
is well-stirred; it includes a continuous feed of initiator,
and it proceeds up to conversions of ∼40%. The finishing
stage is gently stirred (to avoid destroying the developed
particle morphology), and it requires increasing tem-
peratures to reduce the system viscosity and promote
the thermal monomer initiation.

The bulk HIPS process is heterogeneous, because of
the thermodynamic incompatibility between the poly-
styrene (PS) and PB chains. The PS-rich phase is the
dispersed phase up to the phase inversion, but there-
after it remains as the continuous phase. The PB chains
must be grafted at the beginning of the prepolymeriza-
tion, to promote the phase inversion and to improve the
end-product properties. The mechanical properties of
HIPS are determined by its molecular structure and
particle morphology.1-6 The global composition of HIPS
is ∼80% of free PS, ∼18% of a St-butadiene graft co-
polymer, and ∼2% of residual (or unreacted) PB.7 In the
most common “salami” morphology, the rubber particles
are ∼2 µm in diameter and contain numerous vitreous
occlusions.

Polymerization models are useful for investigating
alternative control strategies, and helping to interpret
the complex physicochemical phenomena that occur
during such processes.8 In our previous models on the
same bulk reaction,7,9,10 we have assumed homogeneous

conditions. This assumption is justified by the fact that
the monomer and the initiator are almost evenly
distributed between the (PS-rich and PB-rich) phases.11

In Estenoz et al.,7 we have previously modeled the
investigated plant. The developed model predicted the
global molecular structure, and it was adjusted to the
steady state (SS) measurements of two HIPS grades.7

In relation with continuous PS processes, relatively
few publications have appeared that optimize the
transitions between SSs. Na and Rhee12 developed a
dynamical model for simulating a continuous St homo-
polymerization and developed a nonlinear control strat-
egy for optimizing the changes of grade. For a HIPS
process that has been performed in a single continuous
stirred tank reactor (CSTR), Flores et al.13 optimized
the transitions between unstable SSs, through manipu-
lation of the cooling water and the initiator feed. For a
series of seven CSTRs, Flores et al.14 performed a (SS
and nonlinear) bifurcation analysis that is potentially
useful for the process design, operation, and control.

This article intended to reduce the off-specs that are
generated during changes of grade in a continuous HIPS
plant. To this effect, the mathematical model by Estenoz
et al.7 was extended to estimate the melt flow index
(MFI) of the final product. The new model was validated
with SS and transient measurements of the three most
important HIPS grades.

2. Experimental Work

Industrial Process. Figure 1 schematically repre-
sents the investigated process (Estizulia C. A., Mara-
caibo, Venezuela). The batch dissolver (R1) operates in
an 8-h cycle. At the end of each batch, the dissolver
content is discharged into the feed tank (R2) within ∼20
min. The feed tank presents a continuous output flow
and a discontinuous input; therefore, it exhibits a
periodic-level oscillation. The continuous process in-
cludes two CSTRs (R3 and R4), two vertical reactors (R5
and R6), a preheater (R7), and a devolatilizer. Except
for the chemical initiator that is continuously injected
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into R3, all the other reagents are fed into R1. The
prepolymerization occurs in R3 and R4, whereas the
finishing occurs in R5 and R6. In the devolatilizer, the
solvent and unreacted monomer are stripped from the
polymer and mineral oil.

Table 1 presents the quality specifications of the three
most important HIPS grades. Grade A is a relatively
hard material that is used for producing thick thermo-
formable plates. It exhibits high PS molecular weights
and a low MFI (or a high melt viscosity). Grade B is
used for producing thinner plates, and grade C is used
for manufacturing injection-molded articles. The MFI
ranges of grades A and B are overlapping (the lower

molecular weights of grade B are compensated by its
also-lower mineral oil content).

Table 2 presents the SS recipes and reaction condi-
tions. In R1 and R2, the temperatures are high enough
to promote some thermal monomer initiation. In the
preheater, the temperature is the highest. In the
devolatilizer, the polymerization is negligible, because
the monomer is almost completely stripped from the
melt polymer. Thus, the polymerizations occur in “reac-
tors” R1-R7. The quality of the devolatilizer polymer
outlet coincides with the quality of the final product.

Measurements. Samples were taken at points S1-
S5 of Figure 1, and the following analyses were per-
formed at our laboratories. The total polymer mass (mP)
was determined, after isolating the polymer from the
monomer, solvent, and mineral oil, as follows: (i) 10 g
of sample (mS) were dissolved into 35 mL of toluene that
contained hydroquinone as an inhibitor; and (ii) the total
polymer was precipitated in methanol, filtered, and
dried under vacuum at 30 °C until constant weight. The
free PS mass (mPS) then was isolated from the insoluble
(i.e., graft copolymer + unreacted PB), through the
following solvent extraction procedure: (a) 0.3 g of dry
(oil-free) polymer was introduced into a 10-mL vial
containing a 50:50 solution of methyl ethyl ketone
(MEK) and dimethyl formamide (DMF); (b) the mixture
was agitated for 12 h and then centrifuged for 2 h at
12 000 rpm and 10 °C; (c) the soluble fraction was
separated, while the insoluble was redispersed into
another 10 mL of MEK/DMF; (d) the procedure was
repeated twice, and the three PS solutions were mixed
together; and (e) the free PS was precipitated in
methanol, filtered, and dried under vacuum until con-
stant weight. The mass aliquots (with respect to mS) of
the initial mineral oil, PB, and St (m°Oil, m°PB, and m°St,
respectively) were directly estimated from the recipe.

The following global variables were calculated in
several reactors. The solid content is the ratio between
the mass of nonvolatiles (i.e., polymers + mineral oil)
and the total sample mass, and it was obtained from
the relation SC ) (mP + m°Oil)/mS. The polymer content
is the ratio between the oil-free polymer mass and the
total sample mass; and it was obtained from the relation
PC ) mP/mS. The monomer conversion is the ratio
between the outlet mass flow rate of the (free and

Figure 1. Diagram of the continuous industrial process. Features
S1-S5 indicate the sampling points for the steady state (SS) and
transient measurements. (Courtesy of Estizulia C. A., Maracaibo,
Venezuela.)

Table 1. Principal Characteristics of the Three Most
Important High-Impact Polystyrene (HIPS) Gradesa

property
grade A

(PS 4600)
grade B

(PS 4000)
grade C

(PS 4320)

impact strength [lb-ft/in] 2.2 2.0 1.7
elongation at break [%] 50 58 50
yield strength [lb-ft/in2] 3600 3700 2800
residual St [wt %] 0.1 0.1 0.1
volatile content [wt %] 0.2 0.2 0.2
mineral oil content [wt %] 2.7 2.0 3.1
Mh w of the free PS [g/mol] 200 000 180 000 140 000
MFI range [g/10 min] 2.6-3.6 3.0-4.0 6.0-9.0

a The commercial name for each grade is given in parentheses.

Table 2. Steady State (SS) Recipes and Reaction Conditions for a Constant Feed Rate of 1.8 L/s into R3

grade A grade B grade C

(a) Recipe into R1
styrene (St) 44074 kg 44777 kg 45288 kg
polybutadiene (PB)a 3667 kg 3120 kg 3240 kg
tert-dodecyl mercaptane (CTA) 6.0 kg 9.0 kg 20.2 kg
ethylbenzene (solvent) 6667 kg 6667 kg 5556 kg
4-tert-butyl catechol (inhibitor) 0.7 kg 0.8 kg 0.8 kg
mineral oilb 1012 kg 929 kg 1223 kg

(b) Recipe into R3
tert-butyl peroctoate (initiator)c 0.00082 mol/s 0.0014 mol/s 0.0018 mol/s

(c) Reaction Volumes and Temperatures
R1 (64.5 m3) 70 °C 70 °C 70 °C
R2 (52.5 m3) 75 °C 75 °C 75 °C
R3 (18.6 m3) 125 °C 123 °C 119 °C
R4 (18.6 m3) 126 °C 124 °C 122 °C
R5 (19.2 m3) 142 °C 142 °C 142 °C
R6 (6.6 m3) 155 °C 154 °C 155 °C
R7 (0.5 m3) 242 °C 242 °C 242 °C

a Average molecular weights of the initial PB: Mh n,PB ) 102 000 g/mol, and Mh w,PB ) 218 000 g/mol. b Mineral oil densities at 25 and 50
°C are 934.3 and 853.1 kg/m3, respectively. Zero-shear viscosities of the mineral oil at 25, 57, and 82 °C are 0.140, 0.026, and 0.013 Pa
s, respectively. c Initiator concentration at R3 inlet: [I] ) 801 mol/m3.

Ind. Eng. Chem. Res., Vol. 44, No. 22, 2005 8355



grafted) PS chains and the inlet mass flow rate of St
(see eq A.33 in Appendix A). However, the monomer
conversion was experimentally determined through the
relation x ) (mP - m°PB)/m°St. The insoluble content is
the ratio between the mass of PB + graft copolymer and
the total polymer mass; and it was obtained from the
relation IC ) (mP - mPS)/mP. The grafting efficiency (ESt)
is the ratio between the mass of grafted PS and the total
mass of polymerized St, and it was obtained from the
relation ESt ) (mP - m°PB - mPS)/(mP - m°PB). For
calculating SC, x, and ESt, either m°Oil, m°PB, or m°St were
required. For this reason, SC, x, and ESt could be only
determined in the SSs, but not during the transients.
In contrast, PC and IC were determined both in the SSs
and during the transients.

Size exclusion chromatography (SEC) was applied to
measure the molecular weight distribution (MWD) of
the initial PB, and the MWDs of the free PS in reactors
R1-R4 and R7. A Waters-Breeze chromatograph that
was fitted with a complete set of µ-Styragel columns
(Waters Ass.) was used. Even though the MWD of the
initial PB is not presented here, for space reasons, its
averages are given in Table 2.

The MFI of the final product was determined at the
plant laboratories, following ASTM D1238. The extru-
sion plastometer was operated at 200 °C, and it was
weighted with a 5-kg load. The MFI is mainly dependent
on the Mw of the continuous PS phase and on the
mineral oil content. For the mineral oil, its viscosity and
density are presented in Table 2.

Steady States. The SS recipes are given in Table 2.
Their main differences are (i) the feed flows of initiator
into R3 and (ii) the loads of CTA and mineral oil into
R1.

Figure 2 presents the SS measurements of the final
MFI and of the solid content, insoluble content, and free
PS molecular weights in reactors R1-R4 and R7. The
monomer conversion was obtained from the solid con-
tent, and the grafting efficiency was obtained from the

insoluble content (see Figure 2). The insoluble content
and grafting efficiencies in R3 and R4 were discarded
and are not presented in panels b, e, and h in Figure 2.
The reason was that they exhibited large errors in
excess, because of an abnormal accumulation of a
precipitate in R3 and R4. Fortunately, however, the PS
molecular weights were unaffected by the said precipi-
tate and are shown in panels c, f, and i in Figure 2.

The following can be noted:
(a) The polymer content and monomer conversion

both increase along the train.
(b) The insoluble content is high in the first two

“reactors”, because of their relatively large amount of
PB.

(c) The grafting efficiency is negligible in R1 and R2,
it increases in R3 (because of the initiator feed), and it
is highest in R7 (because of its very high temperature).

(d) The PS molecular weights are high in R1 and R2,
because of the absence of the chemical initiator and the
high probability of termination by recombination, with
respect to termination by chain transfer to the mono-
mer.

(e) The PS molecular weights decrease dramatically
in the last reactors, because of the highly increased rate
of the chain transfer to the monomer reaction.

Changes of Grade. In the investigated process, large
amounts of off-specs were produced. This is because a
high frequency of the changes of grade (2-3 per week)
is combined with a large mean residence time of the
reactor train (of ∼30 h). In the following discussion,
consider the direct and inverse transitions between
grades A and B, and those between grades A and C. In
all four transitions, the total feed flow was fixed at 1.8
L/s.

Table 3 presents the plant policies for the changes of
grade. Between the initial and final recipes into the
dissolver R1, two intermediate batches were applied that
were intended to accelerate the transitions into the final
grade. The initial time of a change of grade was adopted

Figure 2. SS measurements (in symbols) and model predictions (in lines) for the three investigated HIPS grades. The top row of graphs
(a, d, and g) depict the solid content and conversion, the middle row of graphs (b, e, and h) depict the insoluble content and grafting
efficiency, and the bottom row of graphs (c, f, and i) depict the free PS molecular weights. The R1 values correspond to the end of the
batch operation.
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as the moment when the first intermediate dissolver
batch is loaded into the feed tank R2. For the changes
of grade that involve a reduction of the molecular
weights, the intermediate CTA are larger than any of
the SS values. For the changes of grade that involve
increasing the molecular weights, the intermediate CTA
loads are smaller than any of the SS values. During the
changes of grade, linear ramps were applied to the
initiator feed flow into R3, and to the temperatures of
R3 and R4 (see Table 3). For the given total feed flow,
the plant product continued to be accumulated as the
initial grade between t ) 0 and t1 ) 5.5 h (the first
switching time). The intermediate off-specs then were
accumulated between t1 ) 5.5 h and t2 ) 14 h. At t2,
the MFI of the final product was analyzed to verify if it
was within the specifications of the final grade; if so,
then the plant product began to be accumulated as the
final grade (the second switching time).

The transient measurements are represented in pan-
els a, d, g, and j in Figures 3 and 4. For the transition
AfB, Figure 3 presents the measurements (in R2, R3,
R4, and R7) of PC, IC, and the PS molecular weights,
whereas Figure 4a presents the MFI measurements of
the final product. The IC measurements in R3 and R4
were discarded, because of their large errors in excess.
For the transitions BfA and A/C, only the MFI
measurements are presented (Figure 4d, 4g, and 4j).
Also shown in Figure 4a, 4d, 4g, and 4j are the
admissible bands of the MFI specifications (see Table
1).

The MFIs of Figure 4g and 4j show overshoots and
undershoots. For the grades A and B, their admissible
MFI bands are overlapping. In contrast, the MFI bands
of grades A and C are well-separated. In the investi-
gated transitions, the MFI measurements at t2 ) 14 h
were all within specifications of the final grade. For that

reason, the off-specs accumulation periods of all four
transitions were coincident and are given by t1 ) 5.5 h
and t2 ) 14 h. Because the MFI specifications of grades
A and B are overlapping, then the MFI measurements
of the transitions A/B were within specifications at all
times. Thus, through a simple modification of the
switching policy, it would be possible to implement the
A/B transitions without the generation of off-specs.

3. Mathematical Modeling

The polymerization model is almost identical to that
of Estenoz et al.7 It is based on the kinetic mechanism
of Table 4. Following Estenoz et al.,7 the process was
assumed to be homogeneous, and each of the tubular
reactors (R5 and R6) were modeled as a series of five
continuously stirred tank reactors (CSTRs). Previous
simulation results have shown a negligible final con-
centration of H-shaped cross-linked copolymer.7 For this
reason, the mechanism of Table 4 does not include the
recombination of free radicals to produce a cross-linked
copolymer.

The global mass balance was derived from the global
kinetics of Table 4, and it is represented by eqs A.1-
A.8, A.15, and A.21-A.24 in Appendix A. They predict
the conversion, solid content, polymer content, grafting
efficiency, insoluble content, oil volume fraction, rubber
volume fraction, and free PS average molecular weights
(Mn,PS and Mw,PS). The detailed mass balance was
derived from the detailed kinetics of Table 4, and it is
represented by eqs A.16-A.17 in Appendix A. These
equations predict the average molecular weights of
the residual PB (Mn,PB, Mw,PB), the average molecular
weights of the graft copolymer (Mn,C and Mw,C), and the
average number of PS branches per copolymer molecule
(rn).

Table 3. Plant Policies for the Transitions A/B and A/C at a Fixed Feed Rate into R3 of 1.8 L/s

Batch Loads into Dissolver R1 (kg)

change of gradea initial gradeb 1st intermittent batchc 2nd intermittent batchd final gradee

(a) A f B
styrene, St 44074 45557 43933 44777
polybutadiene, PB 3667 2956 3135 3120
tert-dodecyl mercaptane, CTA 6.0 13.0 9.8 9.0
ethylbenzene (solvent) 6667 6667 6667 6667
4-tert-butyl catechol (inhibitor) 0.7 0.8 0.8 0.8
mineral oil 1012 690 770 929

(b) B f A
styrene, St 44777 43700 44090 44074
polybutadiene, PB 3120 3954 2653 3667
tert-dodecyl mercaptane, CTA 9.0 1.9 5.2 6.0
ethylbenzene (solvent) 6667 6667 6667 6667
4-tert-butyl catechol (inhibitor) 0.8 0.7 0.7 0.7
mineral oil 929 1195 10990 1012

(c) A f C
styrene, St 44074 45612 45055 45288
polybutadiene, PB 3667 3313 3441 3240
tert-dodecyl mercaptane, CTA 6.0 37.3 25.4 20.2
ethylbenzene (solvent) 6667 4973 5586 5556
4-tert-butyl catechol (inhibitor) 0.7 0.8 0.8 0.8
mineral oil 1012 1334 1218 1223

(d) C f A
styrene, St 45288 43545 44103 44074
polybutadiene, PB 3240 3788 3660 3667
tert-dodecyl mercaptane, CTA 20.2 0.0 5.1 6.0
ethylbenzene (solvent) 5556 7249 6636 6667
4-tert-butyl catechol (inhibitor) 0.8 0.7 0.7 0.7
mineral oil 1223 902 1018 1012

a In R3, linear ramps of the initiator feed and the temperature are imposed during 3.5 h, starting 2 h after t0 (the time when the first
intermittent batch ends its discharge into the feed tank). In R4, a linear temperature ramp is imposed during 6 h, starting 3 h after t0.
b Applied at t ) t0 - 8 h. c Applied at t0 ) 0 h. d Applied at t ) t0 + 8 h. e Applied at t ) t0 + 16 h.
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The polymerization model of Appendix A was com-
bined in series with the MFI model of Appendix B.
Appendix B is based on the model by Seavey et al.,15

combined with an independent estimation of the appar-
ent viscosity function η(γ̆). The MFI model inputs are
the plastometer characteristics (dimensions and operat-
ing conditions) and the final HIPS characteristics. The
final HIPS characteristics are determined by the po-
lymerization model and consist of the volume fractions

of the four HIPS components (free PS, graft copolymer,
residual PB, and mineral oil), and the weight-average
molecular weight of the free PS (Mw,PS). The exponen-
tial relationship between Mw,PS and the melt viscosity
of eq B.5 determines that small variations in Mw,PS are
considerably amplified in the MFI.

The model parameters are given in Table 5. Most of
the parameters were directly taken from the literature.7

Figure 3. Plant policy for the AfB transition in reactors R2, R3, R4, and R7. The top row of graphs (a, d, g, and j) depicts the evolution
of the polymer content, the middle row of graphs (b, e, h, and k) depicts the evolution of the insoluble content, and the bottom row of
graphs (c, f, i, and l) depicts the evolution of the free PS molecular weights. Legend throughout figure is as follows: ([) valid measurements,
(]) discarded measurements, and (s) simulated results.

Figure 4. Plant policy for the A/B and A/C transitions. The top row of graphs (a, d, g, and j) depict the evolution of the final MFI and
MFI specification bands, the middle row of graphs (b, e, h, and k) depicts the evolution of the final conversion and grafting efficiency, and
the bottom row of graphs (c, f, i, and l) depicts the evolution of the final average molecular weights of the three HIPS components (free
PS, residual PB, and graft copolymer). Legend throughout figure is as follows: ([) experimental measurements and (s) simulated results.
Switching times are t1 ) 5.5 h and t2 ) 14 h.
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However, four of the parameters were adjusted to fit
the measurements of Figure 2, which correspond to the
SSs of the three investigated grades. Figure 2 also
presents the measured and predicted values of the final
MFIs. Also, note that, in Figure 2, only the abscissas
at integer reactor numbers have a physical meaning.
As in Estenoz et al.,7 three of the kinetic constants were
adjusted (within published ranges). To this effect, the
following sequential procedure was applied: (i) adjust
the rate constant of thermal monomer initiation ki0, to
reproduce the solid content; (ii) adjust the rate constant
of transfer to the rubber kfg, to reproduce the insoluble
content; and (iii) adjust the rate constant transfer of
transfer to the CTA kfx, to reproduce the PS molecular
weights. In each of these steps, a Nelder-Mead algo-
rithm21 was used to minimize the absolute value of the
difference between the measurements and the model
predictions. To fit the final MFI measurements, the
constant A of eq B.4 in Appendix B was adjusted. A
quite reasonable agreement between the measurements
and the theoretical predictions is observed (Figure 2).

After its adjustment, the model was validated with
the transient measurements of Figures 3, 4a, 4d, 4g,
and 4j. A reasonable agreement is again observed. In
R2, some of the predicted variables exhibit periodic
oscillations (Figure 3b and 3c). Such oscillations are

caused by the oscillations in the level R2 and are almost
completely smeared off in R3.

Some additional model predictions are presented in
Figures 5, 4b, 4c, 4e, 4f, 4h, 4i, 4k, and 4l. Figure 5
presents the SS predictions of the residual PB molecular
weights, graft copolymer molecular weights, and aver-
age number of PS branches per copolymer molecule. The
PB molecular weights fall along the train, because
longer PB chains exhibit a higher probability of grafting
than shorter chains. For that same reason, the graft co-
polymer molecular weights initially decrease, but then
increase, because of the grafting-overgrafting process.
The final drop of Mn,C in R7 is a consequence of a late
grafting of the (shortest and mainly unbranched) PB
chains. Although not shown, the molecular weights of
the grafted PS branches decrease in R3 (because of the
initiator addition), and then further decrease in the last
reactors (because of their very high temperatures). In
R7, there is a large increase in the number of grafted
branches per molecule. This is a consequence of the
large effect of temperature on the activation energy of
the transfer to the rubber rate constant. According to
the model, the final copolymer exhibits in average of
∼10 PS branches per molecule.

Panels b, c, e, f, h, i, k, and l in Figure 4 present the
predicted transient evolutions of the final conversion,

Table 4. Kinetic Mechanism

global kinetics
s, n, m ) 1, 2, 3,...

detailed kinetics
b, b1, n, m ) 1, 2, 3, ...; s, s1, s2, g, r ) 0, 1, 2, ...

Initiation

I 98
kd

2I• I 98
kd

2I•

I• 98
ki1

S1
• I• 98

ki1
S1

•

I• + P 98
ki2

P0
• I• + Pg(s,b) 98

ki2
P0,g

• (s,b)

Thermal Initiation

3St 98
ki0

2S1
• 3St 98

ki0
2S1

•

Propagation

Ss-1
• + St 98

kp
Ss

• Ss-1
• + St 98

kp
Ss

•

P0
• + St 98

kp0
P1

• P0,g-1
• (s,b) + St 98

kp0
P1,g

• (s,b)

Pn-1
• + St 98

kp
Pn

• Pn-1,g
• (s,b) + St 98

kp
Pn,g

• (s,b)

Chain Transfer to the Monomer

Ss
• + St 98

kfm
PS(s) + S1

• Ss
• + St 98

kfm
PS(s) + S1

•

Pn
• + St 98

kfm
P + S1

• Pn,g
• (s - n,b) + St 98

kfm
Pg(s,b) + S1

•

P0
• + St 98

k′fm
P + S1

• P0,g
• (s,b) + St 98

k′fm
Pg(s,b) + S1

•

Chain Transfer to the PB or the Copolymer

Sn
• + P 98

kfg
PS(n) + P0

• Sn
• + Pg(s,b) 98

kfg
PS(n) + P0,g

• (s,b)

Pn
• + P 98

kfg
P + P0

• Pn,g-1
• (s - n,b) + Pr(s1,b1) 98

kfg
Pg(s,b) + P0,r

• (s1,b1)

Chain Transfer to the CTA

Ss
• + X 98

kfx
PS(s) + S1

• Ss
• + X 98

kfx
PS(s) + S1

•

Pn
• + X 98

kfx
P + S1

• Pn,g-1
• (s - n,b) + X 98

kfx
Pg(s,b) + S1

•

P0
• + X 98

k′fx
P + S1

• P0,g
• (s,b) + X 98

k′fx
Pg(s,b) + S1

•

Chain Transfer to the Inhibitor

Ss
• + Z 98

kfz
PS(s) + Z• Ss

• + Z 98
kfz

PS(s) + Z•

Pn
• + Z 98

kfz
P + Z• Pn,g-1

• (s - n,b) + Z 98
kfz

Pg(s,b) + Z•

P0
• + Z 98

k′fz
P + Z• P0,g

• (s,b) + Z 98
kfz

Pg(s,b) + Z•

Termination by Recombination

Ss-n
• + Sn

• 98
ktc

PS(s) Ss-n
• + Sn

• 98
ktc

PS(s)

Pm
• + Sn

• 98
ktc

P Pm,g-1
• (s - m - n,b) + Sn

• 98
ktc

Pg(s,b)

P0
• + Sn

• 98
k′′tc

P P0,g-1
• (s - n,b) + Sn

• 98
k′′tc

Pg(s,b)
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grafting efficiency, and average molecular weights. Note
the following:

(i) Because of the system nonlinearity, the direct and
inverse transitions are asymmetric.

(ii) The conversion and grafting efficiency transitions
are smooth, because their SS values are all quite similar
(Figure 4b, 4e, 4h, and 4k).

(iii) For the same previous reason, the molecular
weights of the residual PB and the graft copolymer are
affected only slightly by the changes of grade.

4. Improved Changes of Grade (Simulated
Results)

As we have seen, a simple modification of the switch-
ing policy would produce A/B transitions without
generation of off-specs. For this reason, consider in what
follows only improving the changes of grade A/C. To
this effect, dynamic optimizations were conducted that
involved minimizing the off-specs accumulation period
(t2-t1). Also, the optimizations were numerically per-

Table 5. Model Parameters

value reference

(a) Kinetic Constants
f 0.57 7
kd 9.1 × 1013 e-14850/T 7
ktc and k′′tc 7

expression 1.7 × 106 e-(839/T)-2(C1φP+C2φP
2+C3φP

3)

C1 2.57 - 0.00505T
C2 9.56 - 0.0176T
C3 -3.03 + 0.00785T

kp, kp0, and ki1 1.0 × 104 e-3557/T 7
kfx, k′fx 7000 e-3020/T adjusted in this work
kfz, k′fz 5.9 × 1013 e-11052/T 7
ki0 0.11 e-14092/T adjusted in this work
kfm, k′fm 6.6 × 104 e-7247/T 7
ki2 2000 e-3557/T 7
kfg 3.0 × 106 e-8556/T adjusted in this work

(b) MFI Model
Aa 1.3 adjusted in this work
Ba 0.68 16
n′ b 0.75 17

(c) Physical Constants
FSt 923.7 - 0.918(T - 273) 18
FSv 896.0 - 1.200(T - 273) 18
FPS 1084.8 - 0.605(T - 273) 19
FPB {1.097 × 10-3 + 7.679 × 10-7(T - 273) - 2.222 × 10-10(T - 273)2}-1 20
FOil 1001.6 - 2.692(T - 273) adjusted in this workc

ηOil e-17.0+(4460.7/T) adjusted in this workc

a See eq B.4. b See eq B.1. c From measurements of Table 2.

Figure 5. SS model predictions for the three investigated HIPS grades. The top row of graphs (a, d, and g) depicts the residual PB
molecular weights, the middle row of graphs (b, e, and h) depicts the graft copolymer molecular weights, and the bottom row of graphs
(c, f and i) depicts the PS branches per copolymer molecule.
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formed by application of a Nelder-Mead Simplex algo-
rithm. The switching times were determined as fol-
lows: t1 corresponds to the time when the final product
abandons the admissible MFI range of the initial grade,
and t2 corresponds to the time when the final product
enters (and remains) within the admissible MFI range
of the final grade. The SS conversions of grades A and
C are both quite similar (Figure 2a and 2g). For this
reason, the minimization of t2-t1 simultaneously almost
minimizes the off-spec polymer mass and the off-spec
polymer volume.

First Level of Improvement: Readjustment of
the Intermediate Loads of CTA into the Dissolver
R1. Consider a simple readjustment of the two inter-
mediate loads of CTA into the dissolver R1, while
maintaining all the other inputs as in their normal plant
policy values of Table 3. The off-specs accumulation
periods were minimized through an iterative readjust-
ment of the two intermediate CTA loads into R1. The
algorithm was initialized with the original plant policies.

The global off-spec results are presented in Table 6
(where also the off-specs of the normal plant operation
are presented for comparison). The resulting transient
evolutions are given in Figure 6. The readjusted loads
are similar to those of the original plant policy, but

generally are less abrupt (see Figure 6a and 6d). In the
plant policy, the two intermediate CTA loads are either
larger or smaller than the initial and final SS values.
In the readjusted policies, the directions of change of
the first intermediate loads coincide with the plant
policies; but this is not the case of the second intermedi-
ate loads. The new second intermediate loads seem to
compensate for the (moderate) overreactions that would
be otherwise introduced by the first intermediate loads.

The final MFIs show fast transitions with negligible
overshoots or undershoots (see Figure 6c and 6f). For
the transitions AfC and CfA, the accumulation peri-
ods resulted (t1 ) 7.3 h, t2 ) 13.1 h) and (t1 ) 6.2 h, t2
) 12.6 h), respectively. With these new periods, the
intermediate off-specs are reduced by ∼30%, with
respect to the original plant policy (Table 6).

Second Level of Improvement: an Intermediate
Transient Feed of CTA is Admitted. Consider reduc-
ing the accumulation periods of A/C, with respect to
the results of Figure 6. To this effect, a transient feed
of CTA is now admitted into R4. This plant modification
is technically feasible, because the rapid diffusion of the
new added CTA into the reaction mixture is ensured
by the reactor stirring and by the relatively low viscosity
in R4. Consider subdividing the plant into two sub-
systems in series. The first subsystem (R1-R3) is
controlled by manipulating the two intermediate loads
into R1. The second subsystem (R4-R7) is simulta-
neously controlled by manipulating a transient feed of
CTA into R4. The transition AfC involves reducing the
molecular weights, whereas CfA involves increasing
the molecular weights. The former transition is simpler
to perform than the latter, because a CTA feed can
always be added but not extracted.

The CTA feed profiles into R4 were specified through
“staircase” functions of four equally spaced steps. The
functions were defined by the total addition time and
by the (constant) feed flows during each of the four

Table 6. Changes of Grade A/C: Global Off-specs
According to the Three Investigated Policies

A f C C f A

Normal Plant Policy
off-spec accumulation period, t2-t1 [h] 8.50 8.50
off-spec volume [m3] 30.09 30.99

(1) Readjusted Plant Policy
off-spec accumulation period, t2-t1 [h] 5.76 6.39
off-spec volume [m3] 21.28 23.21

(2) Readjusted Policy + Transient Feed of CTA
off-spec accumulation period, t2-t1 [h] 3.46 4.10
off-spec volume [m3] 12.51 14.02

Figure 6. Readjusted plant policy of the intermediate loads of chain transfer agent (CTA) into R1, for the transitions A/C: (a and d)
applied loads of CTA into R1, according to the original and readjusted plant policies; (b and e) evolution of the final average molecular
weights of the three HIPS components (free PS, residual PB, and graft copolymer); and (c and f) evolution of the final MFI. Switching
times of the AfC transition were t1 ) 7.3 h and t2 ) 13.1 h. Switching times of the CfA transition were t1 ) 6.2 h and t2 ) 12.6 h.
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steps. The off-specs accumulation periods were mini-
mized through an iterative readjustment of the five
parameters that define the CTA profile.

For the change of grade AfC, we aimed at producing
a fast and early transition. To this effect, we adopted
the readjusted plant policy of Figure 6a for the inter-
mediate CTA batches into R1 and calculated the tran-
sient feed of CTA into R4. For the change of grade CfA,
we pursued a fast but delayed transition. Thus, instead
of applying the readjusted plant policy of Figure 6d
(which had a tendency to accelerate the change), the
following less violent change was introduced at t ) 0:
the CTA load into R1 was directly changed into the final
product value in a single-step change. This direct step
change was combined with a transient feed of CTA into
R4.

The optimization results are presented in Table 6 and
Figure 7. For both transitions, the off-specs were
reduced by ∼60%, with respect to the original plant
policy (see Table 6). For the change AfC, the CTA
profile exhibits a maximum in the second step, and,
thereafter, it is decreasing (Figure 7a). The profile
extends for 11 h, and the total added mass of CTA is
∼7 kg. Figure 7c shows a rapid MFI transition, with
the switching times of t1 ) 6.0 h and t2 ) 9.5 h.

For the change CfA, the required CTA transient
profile is an ascending “staircase” function. Figure 7f
shows a fast but delayed MFI transition, with switching
times at t1 ) 30.2 h and t2 ) 34.3 h. The total added
mass of CTA into R4 was ∼37 kg. The increasing CTA
profile into R4 compensates for the reduced CTA loads
into R1 at t ) 0. The transient profile reaches its
maximum at t = 17 h, and then it falls to zero at t = 23
h. This sudden fall of the intermediate CTA feed induces
fast transitions into the final values of Mw,PS and the
MFI.

5. Conclusions

A new mathematical model was developed that ad-
equately predicts the steady state (SS) and transient
behavior of a continuous high-impact polystyrene (HIPS)
process. To the authors’ knowledge, this is possibly the
first dynamic model that is capable of predicting both
the molecular structure and the melt flow index (MFI)
of the final product. The MFI is the most important
process control variable. It is dependent not only on the
free PS molecular weights, but also on the mineral oil
content. Fortunately, however, the exponential relation-
ship between the MFI and free PS average molecular
weight (Mw,PS) considerably amplifies the relatively
small variations of the PS molecular weights in the
different grades.

The transitions A/B did not require of any optimiza-
tions, because of their overlapping MFI specifications.
The off-specs accumulation periods of the A/C transi-
tions were minimized on the basis of the admissible MFI
ranges. In a first level of improvement, the optimiza-
tions simply involved readjusting the two intermediate
loads of chain transfer agent (CTA) into the dissolver,
and through this procedure, the accumulation periods
were reduced by 30%, with respect to the original plant
policies.

A second level of improvement was also proposed for
the A/C transitions, which included a transient feed
of CTA into the second continuously stirred tank reactor
(CSTR). The change AfC involves reducing the average
molecular weights, and the control procedure was
directed toward a fast and early transition. To this
effect, the readjusted policy for the intermediate CTA
loads into R1 was combined with a short (and mainly
decreasing) feed profile of CTA into R4. The change CfA
involves increasing the average molecular weights, and
the control procedure targeted a fast but delayed transi-

Figure 7. Second level of improvement of the plant policy, admitting a transient feed flow of CTA into R4. For the AfC transition, the
policy requires accelerating the change as much as possible, whereas, for the CfA transition, the policy requires delaying the change as
much as possible: (a and d) evolution of manipulated variables (i.e., CTA loads into R1 and transient CTA feed profile into R4); (b and e)
evolution of the final average molecular weights of the three HIPS components (free PS, residual PB, and graft copolymer); and (c and
f) evolution of the final MFI. Switching times for the transition AfC were t1 ) 6.0 h and t2 ) 9.5 h. Switching times for the transition
CfA were t1 ) 30.2 h and t2 ) 34.3 h.
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tion. To this effect, a direct step change into the final
grade recipe was introduced onto the dissolver at t ) 0,
while an increasing CTA profile was applied onto R4.
According to the model, these procedures reduce the off-
spec accumulation periods by ∼ 60%, with respect to
the original plant policies.

In a future work, a heterogeneous plant model will
be developed that is capable of predicting the particle
morphology, in addition to the molecular structure and
the MFI.
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Nomenclature

B* ) unreacted butadiene unit
ESt ) styrene (St) grafting efficiency (%)
f ) initiator efficiency (dimensionless)
FI ) molar flow rate of initiator (mol/s)
FOil ) molar flow rate of the mineral oil (mol/s)
FX ) molar flow rate of CTA (mol/s)
GGC ) mass flow rate of graft copolymer (g/s)
GGr ) mass flow rate of grafted polystyrene PS (g/s)
GPB ) mass flow rate of polybutadiene PB (g/s)
GPS ) mass flow rate of free polystyrene PS (g/s)
GSt ) mass flow rate of styrene St (g/s)
GSv ) mass flow rate of solvent (g/s)
I• ) primary initiator radical
IF ) melt flow index (g/10 min)
IC ) insoluble content (%)
kd ) initiator decomposition rate constant (s-1)
kfg ) rate constant of chain transfer to the rubber (mol m-3

s-1)
kfm, k′fm ) rate constants of transfer to the monomer (mol

m-3 s-1)
kfx, k′fx ) rate constants of transfer to the chain transfer

agent (mol m-3 s-1)
kfz, k′fz ) rate constants of transfer to the inhibitor (mol

m-3 s-1)
ki0 ) rate constant of thermal monomer initiation (mol2

m-6 s-1)
ki1, ki2 ) initiation rate constants (mol m-3 s-1)
kp, kp0 ) propagation rate constants (mol m-3 s-1)
ktc, k′tc ) rate constants of termination by recombination

(mol m-3 s-1)
MBd ) molecular weight of a butadiene repeating unit; MBd

) 54 g/mol
Mn ) number-average molecular weight (g/mol)
MSt ) molecular weight of a styrene (St) repeating unit;

MSt )104 g/mol
MSv ) molecular weight of the solvent; MSv )106 g/mol
Mw ) weight-average molecular weight (g/mol)
P• ) nonprimary copolymer radical
PB(b) ) PB molecule with b repetitive units
Pg(s,b) ) graft copolymer molecule containing g branches,

s repetitive units of styrene St, and b repetitive units of
butadiene

PC ) polymer content (%)
PS(s) ) free PS molecule with s repetitive units of styrene
P0

• ) primary copolymer radical
q ) outlet volume flow rate (m3/s)

rn ) average number of branches per graft copolymer
molecule (dimensionless)

S• ) polystyril radical
SC ) solid content (%)
t ) time (s)
T ) temperature (°C)
V ) volume (m3)
x ) monomer conversion (%)

Greek Symbols

γ̆ ) shear rate (s-1)
ε̆ ) elongational rate (s-1)
η ) viscosity (Pa s)
η0 ) zero-shear viscosity (Pa s)
ηe ) elongational viscosity (Pa s)
τr ) relaxation time (s)
φRubb ) volume fraction of the dispersed rubber phase

(dimensionless)
φOil ) volume fraction of the mineral oil (dimensionless)
φP ) polymer volume fraction (dimensionless)

Appendix A. Polymerization Model of a Generic
Continuously Stirred Tank Reactor

Let ri (i ) 1, 2, ..., 15) be any of the hypothetical
continuously stirred tank reactors (CSTRs) in the train,
with r1 ≡ R1; r2 ≡ R2; r3 ≡ R3; r4 ≡ R4; r5-r9 ≡ R5; r10-
r14 ≡ R6; and r15 ≡ R7 (see Figure 1). From the kinetic
mechanism of Table 4, the following mass balances were
derived for the reagents, products, and intermediate free
radicals.

Initiator. For the initiator,

Monomer. If one assumes the “long chain approxi-
mation” (by which the monomer is only consumed by
the propagation reaction), the monomer mass balance
results:

Chain Transfer Agent. For the chain transfer agent
(CTA),

Inhibitor. For the inhibitor,

d{[I]ri
Vri

}

dt
) qri-1

[I]ri-1
- qri

[I]ri
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- kd,ri
[I]ri
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Unreacted Butadiene Units. For the unreacted
butadiene units,

Oil and Solvent. For the oil and solvent,

Free Polystyrene (PS). We define the following
kinetic parameters:

The mass balance for the free PS then results:

where s (s ) 1, 2, ...) is the number of styrene (St)
repetitive units. Equation A.15 calculates the number-
chain length distribution (NCLD) of the free PS.

Residual PB. For the residual PB,

where b (b ) 1, 2, ...) is the number of Bd repetitive
units. Equation A.16 calculates the NCLD of the re-
sidual PB.

Graft Copolymer. For the graft copolymer, let s and
b be the number of St and Bd repetitive units, respec-
tively, and let g be the number of PS branches. In the
following, s, b, g, and the intermediate variable m can
adopt any integer value from 1 to infinity. Following
Estenoz et al.,7 the graft copolymer mass balance
results:

with

Equations A.17-A.20 calculate the bivariate NCLD of
the graft copolymer.
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Radical Species. Assuming the pseudo-steady-state
approximation, the free-radical mass balances result:

Solid Content. For the solid content,

where the outlet mass flow rates of reagents and
products from reactor ri are given as follows:

Polymer Content. For the polymer content,

Monomer Conversion. We adopt the following
dynamic definition for the monomer conversion in
reactor ri:

where GGr,ri is the mass flow rate of grafted styrene St,
which, in turn, is obtained from

Insoluble Content. For the insoluble content,

Grafting Efficiency. For the grafting efficiency,

Average Molecular Weights. The average molec-
ular weights of the free PS, residual PB, and graft co-
polymer are calculated from their NCLDs as follows:

Number-Average Number of Styrene Branches
per Copolymer Molecule. For the number-average
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number of styrene (St) branches per copolymer mol-
ecule:

Volume Fraction of Polymer in the Reaction
Mixture. For the volume fraction of polymer in the
reaction mixture,

Final Volume Fractions of Mineral Oil and Total
Rubber in the Final High-Impact Polystyrene. For
the final volume fractions of mineral oil and total rubber
in the final HIPS,

Equation A.46 estimates the volume fraction of the PB
+ graft copolymer mixture in the (oil-free) polymer.

Density of the Final High-Impact Polystyrene.
For the density of the final HIPS,

where the mass fractions of the four HIPS components
are given as follows:

Appendix B. Melt Flow Index Model

The melt flow index (MFI, denoted as IF) is the mass
flow rate (in units of g/10 min) of a HIPS melt that flows
through a plastometer capillary when forced by a piston
that is loaded with a constant weight. The polymer
accumulates in a barrel, prior to entering into the
capillary. Between the barrel and the capillary, there
is an abrupt contraction or “entrance” zone.

First, consider estimating the shear viscosity function
η(γ̆), where η the apparent shear viscosity and γ̆ is the
apparent shear rate. The following three-parameter
expression is proposed:22,23

where η0 is the zero-shear viscosity, τr the relaxation
time, and n′ the slope of the final asymptote of log η vs
log γ̆. The value of n′ was taken from the literature17

(see Table 5). For τr, we used22,23

For η0, we adopted a logarithmic mixing rule that takes
into account the mineral oil:24

where η0,P is the zero-shear viscosity of the (oil-free)
polymer, η0,Oil the measured zero-shear viscosity of the
mineral oil (see Table 2), and φOil the mineral oil volume
fraction (obtained using eq A.45). The polymer zero-
shear viscosity is calculated through the Mooney ex-
pression:16

where η0,PS is the zero-shear viscosity of the free PS; A
and B are constants, and φD is the volume fraction of
the dispersed phase in the (oil-free) polymer. The
constant B was taken from the literature,16 and the
constant A was adjusted to the MFI measurements (see
Table 5). To estimate φD, we assumed φD ) φRubb (eq
A.46). This produces a φD by defect, because φRubb does
not include the occluded PS that is contained in the
rubber particles. Finally, η0,PS is estimated from16

where Mh w,PS is calculated using eq A.38.
From the knowledge of η(γ̆), consider the model by

Seavey et al.15 The model assumptions are as follows:
(a) steady-state flow; (b) zero velocity at the capillary
wall; and (c) the elongational viscosity is 3 times the
shear viscosity (the Trouton’s ratio). Assumption (b) is
generally valid for homogeneous systems,22 but, here,
it is applied to a heterogeneous material.

The following nomenclature is used: Rb and Lb are
the respective radius and length of the barrel; Rc and
Lc are the respective radius and length of the capillary;
Rp is the radius of the piston; ∆Pb, ∆Pe, ∆Pc are the
respective pressure decreases in the barrel, entrance
zone, and capillary, respectively; m is the piston weight;
g is the gravity constant; (ηRb, γ̆Rb) is the pair of shear
viscosity-shear rate at the barrel wall; (ηRc, γ̆Rc) is the
pair of shear viscosity-shear rate at the capillary wall;
(ηa,c, γ̆a) is the pair of apparent shear viscosity-apparent
shear rate in the capillary; and (ηe,c, ε̆a) is the pair of
apparent elongational viscosity-apparent elongational
rate in the capillary.

The MFI is given by

where Q is the volume flow rate and F is the density of
the melt (obtained from eq A.47). In turn, Q is related
to the viscosity function in the barrel and capillary,
through the following balances:15,25
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η(γ̆) )
η0

[1 + (τrγ̆)2]n′/2 (B.1)

τr )
6η0Mw,PS

π2FRT
(B.2)

ln η0 ) (1 - φOil) ln η0,P + φOil ln η0,Oil (B.3)

η0,P ) η0,PS eAφD/(1-BφD) (B.4)

ln η0,PS ) -20.95 + 3.4 ln( Mh w,PS

33 000) + 11 000
T

(B.5)

IF ) FQ (B.6)
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where ηRc and ηRb are respectively calculated from γ̆Rc

and γ̆Rb, through η(γ̆). The total pressure decrease is
given as

In turn, ∆Pe is estimated as in the work of Rohlfing and
Janzen:25

where n′ was defined in eq B.1. Rohlfing and Janzen25

also proposed the following expressions for γ̆a and ε̆a:

Finally, the Trouton ratio is given as

The pair (ηa,c, γ̆a) is interrelated through eq B.1.
Similarly, the pair (ηe,c,ε̆a) is interrelated through eqs
B.1 and B.15, with γ̆ ) ε̆a.15

In eqs B.1-B.15, the known inputs are as follows: Rb
) 4.78 mm, Rc ) 1.05 mm, Rp ) 4.74 mm, Lb ) 46 mm,
Lc ) 8 mm, m ) 5 kg, and g ) 9.8 m/s2. The unknowns
are denoted as follows: IF, Q, ∆Pb, ∆Pe, ∆Pc, γ̆Rb, γ̆Rc,
γ̆a, ε̆a, ηRb, ηRc, ηa,c, and ηe,c.
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