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ABSTRACT: The carbo-cationic polymerization of styrene
has been studied in a Spinning Disc Reactor (SDR) and the
results were compared to those observed in a conventional
Stirred Tank Reactor (STR). Addition of styrene to a slurry of
silica-supported boron trifluoride (BF3/SiO2) in 1,2-dichloro-
ethane led to uncontrollable reactions in the STR at monomer
concentrations � 25%w/w and initial temperatures of 20–
25°C. By comparison, monomer concentrations of 75% w/w
were safely and controllably polymerized in the SDR at 40°C to
yield polymers with molecular weights comparable to those
reported in the literature for polymer prepared at �60°C. Ex-
ceptional heat transfer rates achieved in the SDR are sufficient
to deal with the heat evolved when styrene is polymerized at

concentrations as high as 75% w/w, the reaction proceeding
under essentially isothermal conditions. In the present study,
the effects of monomer/solvent feed rates, monomer concen-
trations, disc size, and disc speed on monomer conversions,
polymer molecular weights, and polydispersities achieved in
the SDR are investigated. Speculative explanations of the ob-
served results are presented in terms of enhanced mixing ef-
fects on the polymerization mechanisms in the SDR. © 2006
Wiley Periodicals, Inc. J Appl Polym Sci 101: 8–19, 2006
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INTRODUCTION

Cationic polymerization has been carried out since the
early 19th century. There are many examples of sty-
rene reacting violently with compounds such as con-
centrated sulfuric acid (H2SO4), boron trifluoride
(BF3), and stannic tetrachloride (SnCl4) to give a prod-
uct similar to that obtained when styrene was exposed
to sunlight.1 However, it was not until 1935 that the
mechanism was elucidated when Whitmore showed
that carbenium ions were involved.2

Classical cationic polymerization is an industrially
used procedure that produces about 3 million tons of
polymers per annum, this figure representing 3% of all
industrially produced synthetic polymers.3 However
large volumes of chlorinated organic solvents, as well
as hazardous acids such as aluminum chloride as cat-
alysts, are used in the process, neither of which are
environmentally friendly. A procedure that could sig-
nificantly reduce, or even eliminate the use of these

solvents and catalysts would result in a greener pro-
cess and constitute a considerable advance in technol-
ogy.

In terms of polymerization rate, the cationic mech-
anism gives propagation rate constants kp in the range
104–106 L mol�1 s�1, which are higher than those
obtained by the free-radical mechanism (102–104 L
mol�1 s�1).4 Consequently, conventional cationic po-
lymerization is characterized by its uncontrollable na-
ture, the result of a significantly more rapid rate of
polymerization than free-radical polymerization. It is
also far more susceptible to moisture and impurities as
the active carbo-cations are much less stable than their
free-radical counterparts, and are far more prone to
undergo transfer and side reactions. As a result there
is much less control over molecular weight and poly-
dispersity than is available in free-radical polymeriza-
tion. Chemical methods to control the cationic mech-
anism so as to give a “living” character to the poly-
merization have been developed and successfully
introduced by Kennedy5 and Sawamoto,6 but only at
the expense of reducing the rate of polymerization to
levels at or below that of free-radical processes. Fur-
thermore, such methods are currently limited to spe-
cialty polymer production.5

In a recent review of ionic polymerizations,
Kennedy foresaw a renaissance of research into “clas-
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sical” cationic polymerization,7 considering that acids
or salts having noncoordinating counter ions e.g.,
B-(C6F5)4

� might be used to control polymerization in
conventional batch reactors. From an engineering per-
spective, we believe that similar control of cationic
polymerization may also be achieved by adopting
novel approaches to reactor designs which incorpo-
rate intensified mixing and heat transfer. One such
reactor technology is the spinning disc reactor (SDR).

Spinning disc reactor

The SDR is an intensified continuous reactor technol-
ogy developed as part of the Process Intensification
activities at Newcastle University. The centrifugal
force generated on the horizontal disc surface as it ro-
tates causes liquids fed to the center of the disc to flow as
thin, highly sheared films within which conditions of
very efficient heat transfer and mass transfer have been
shown to prevail.8–10 In this environment, highly exo-
thermic fast reactions may be carried out in isothermal
conditions even at ambient operating temperatures.

The cylindrical coordinates applicable to the thin
film flow on the spinning disc surface are shown in
Figure 1. A greatly simplified analysis of the hydro-
dynamic behavior of the film is provided by the “cen-
trifugal model” derived from Navier–Stokes equa-
tions.11 The basis of the centrifugal model is a balance
between the centrifugal force and the opposing vis-
cous force in the radial direction:

� �2r � �
�2vr

�z2 (1)

Various parameters for flow on the spinning disc sur-
face have been derived previously on the basis of the
centrifugal model. Selected parameters of interest to
the present study are expressed as follows11:
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More complex hydrodynamic models, which are out-
side the scope of the present study, have been pre-
sented to describe flow on the rotating disc taking into
consideration, for instance, the Coriolis acceleration in
the angular direction.10

The present investigation involves a comparison of
the performance of the SDR with that of a conven-
tional stirred tank reactor (STR) for the heterogeneous
cationic polymerization of styrene. A solid Lewis acid
catalyst (BF3 supported on silica) recently developed
by the Green Chemistry Group at York University12

was used to initiate the polymerization. Such catalysts
can offer many advantages compared with their ho-
mogeneous counterparts13,14: ease of separation from
the reaction mixture by filtration, mild reaction condi-
tions, less harm to the environment, and possible re-
use of the catalyst. Furthermore, the elimination of the
water-quenching step—needed in homogeneous sys-
tem at the end of the reaction to neutralize the Lewis
acid—reduces the production of hazardous acidic
waste. However, to the best of our knowledge, recent
reported work on the use of solid acid catalysts has
been rather limited.15–17

The SDR parameters of interest in this study were
the disc residence time tres and the average shear rate
�̇ave as expressed in eqs. (4) and (5) respectively. The
mean residence time represents the contact time be-
tween the various reacting species on the rotating disc
while the average shear rate characterizes the degree
of mixing achieved in the reacting film. As will be seen
later, both parameters have a strong influence on the
conversion of styrene observed in the SDR. These
parameters were varied by changing the feed flow
rate, the disc diameter, and disc speed. In addition, the
effects of monomer concentration on styrene conver-
sion and polymer molecular weight properties were
investigated in the SDR. The performance of the SDR
was compared with that of a conventional STR in
which effects of monomer concentration, temperature
control methods, and catalyst concentration were
studied. In the experiments reported herein, the cata-
lyst was used in the form of a slurry in 1,2-dichloro-
ethane. We have also developed a system whereby the
supported catalyst particles have been fixed onto the
SDR reaction surface for a more environmentally
friendly polymerization method; the results of this
latter study will be reported in a future publication.

Figure 1 Thin film flow on spinning disc surface.
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EXPERIMENTAL

Materials

Styrene (Aldrich, Dorset, UK 99%) was purified by pass-
ing through a 15-cm column of activated basic alumina,
then drying overnight with anhydrous magnesium sul-
fate in a dark bottle. 1,2-dichloroethane (DCE) (Aldrich,
Dorset, UK) was dried as received in the same manner as
the styrene.

The boron trifluoride (BF3) supported on silica
(BF3/SiO2) (4 mmol/g loading) was prepared using
established techniques.12 Boron trifluoride dihydrate,
BF3�(H2O)2 (8.31 g, 80 mmol) was added to methanol
(100 mL) in a 250 mL 3-neck round-bottom flask
equipped with a reflux condenser and a magnetic stir
bar. The support material (20 g of Kieselgel K100
(Merck, Dorset, UK), pretreated at 473 K for a mini-
mum of 18 h) was added and the resulting slurry was
stirred at 293 K under N2 atmosphere for 2.5 h. The
solvent was then evaporated under high vacuum
(Schlenk line) at room temperature for a minimum of
15 h. The catalyst was further dried in Schlenk flasks
on a high vacuum line prior to each use.

Apparatus

SDR

A schematic of the SDR used in this study is shown in
Figure 2. It consists of a chamber enclosed in a water-
cooled housing. The chamber is located on a double
pipe rotating shaft driven by an electric motor so that
the whole chamber arrangement spins around. The
top surface of the rotating chamber is the reaction
surface made of a 3 mm thick smooth stainless steel
disc. The temperature of the reaction surface is con-
trolled by a continuous flow of water through a nar-
row channel underneath it (Fig. 3). The water is
pumped from a temperature-controlled water bath up
the central shaft pipe into the channel in the chamber
and it is returned to the bath through the outer shaft

pipe. The disc housing has provisions for dry nitrogen
inlets and product outlet tubes. The lid of the housing
accommodates a feed inlet pipe directed to the center
of the rotating disc and a vent for nitrogen exit.

After the monomer and suspended catalyst feeds
are delivered to the center of the disc surface at known
flow rates, the reacting mixture spreads on the rotat-
ing disc as a thin film and is rapidly thrown off to the
edge of the disc after a residence time of the order of
seconds. Two SDR units were used in our experi-
ments: a small SDR having a 100 mm disc surface and
a larger reactor with a 200 mm diameter disc.

Stirred tank reactor

Batch polymerizations were conducted in 500 mL flat-
bottom flasks fitted with three neck adaptors. A dou-
ble surface reflux condenser was attached to one neck,
a thermocouple to another while the third served as an
addition port, which was blanked off during the reac-
tion. Stirring was achieved with a small bar magnet.
Controlled temperature experiments were performed
by either cooling in an ice bath or having water from
a thermostatically controlled bath recirculating
around the flask.

Procedure

SDR polymerizations

The desired amount of catalyst was added to DCE in a
flask. The supported catalyst containing 4 mmol BF3 per
gram of catalyst was used at a concentration of 5% w/w
based on the weight of styrene in all SDR runs. This
concentration represents 1.3% w/w of BF3 active sites.
The catalyst was maintained in suspension in the DCE
by continuous magnetic stirring. Purified and dried sty-
rene was added to a second flask. Water from the con-
trolled temperature bath was pumped through the SDR
to bring the disc up to the chosen temperature of oper-
ation. The reactor was purged for about 15 min with dryFigure 2 Schematic of SDR.

Figure 3 Expanded view of rotating chamber (shaded section
in Fig. 2) showing internal heat transfer system of the SDR.
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nitrogen. The motor to the disc was then started up and
the rotational speed was set to the required value on the
digital speed controller unit. The selected rotational
speed for the 100 mm disc was 200 rpm in all the runs
while the 200 mm disc was operated at 400 rpm.

The styrene and BF3/DCE suspension from the two
flasks were pumped into a Y-piece mixer simulta-
neously at flow rates selected to give the desired com-
bination of monomer concentrations and total feed
flow rates. The mixture then flowed through a 4 m
long PTFE tubing in the premix section prior to feed-
ing onto the rotating disc to overcome the induction
period of about 20–30 s typically observed in the batch
polymerizations. A sample was collected from the end
of the premix tube prior to introducing the feed into
the SDR. After one pass on the rotating disc, the
polymer product was collected and filtered to remove
catalyst before its preparation for analysis.

STR polymerizations

The desired quantity of DCE was placed in the flask
and stirred while the supported catalyst was added.
The styrene was then added and the temperature of
the reactants noted. Samples of the polymerizing mix-
ture were taken at minute intervals up to the maxi-
mum temperature achieved in the run. The samples
were filtered through a plug of glass wool and pre-
pared for analysis.

Sample characterization

Samples were analyzed for conversion and molecular
weights using a Gel Permeation Chromatography
(GPC) set-up. Molecular weights were measured
against narrow polystyrene standards (Polymer Labs,
Church Stretton, UK).

In some cases conversion was also obtained by pre-
cipitation of the polymer with methanol. A 25 g sam-
ple of the reaction mixture was added to 250–300 mL
of methanol. The polymer precipitate was filtered on a
tared sintered glass funnel then washed three times

with methanol (25 mL each). The polymer was dried
to constant weight in an oven at 75°C.

RESULTS AND DISCUSSION

It is important to understand the mechanism of the
cationic polymerization of styrene to interpret the re-
sults from this study. Three consecutive reaction steps
are generally involved: initiation, propagation, and
termination.18

The grafting of BF3 onto silica yields two possible
structures for the Lewis acid-active centers, which initi-
ate the cationic polymerization of styrene (Scheme 1).17,19

The proton generated from either process step in
Scheme 1 attacks the double bond in the styrene mol-
ecule to form a monomer carbenium ion in the initia-
tion stage (Scheme 2).

The polymer chain propagates by successive addi-
tion of monomer molecules to the active center
(Scheme 3).

Termination of a propagating chain in cationic po-
lymerization may take place via a number of reac-
tions18,20 including combination with the counterion,
if the latter is sufficiently reactive, and transfer reac-
tions with various species producing new active cen-
ters. Chain transfer to monomer by 	-proton abstrac-
tion represents the most frequent transfer reaction in
cationic alkene polymerizations resulting in an unsat-
urated polymer and a new monomer carbenium ion,
which may start a new chain (Scheme 4).

SDR slurry polymerizations

The effects of styrene concentration [St], feed flow
rates, disc diameter, and disc speed on conversion and

Scheme 1

Scheme 2
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molecular weight properties were investigated in the
SDR for the cationic polymerization of styrene using
BF3/SiO2 suspended in DCE.

Effect of [st] and feed flow rate

It is observed that an optimum flow rate of 0.6 mL/s
exists at the given set of conditions, whereby a maxi-
mum increase in conversion of about 8% is obtained in
one disc pass (Fig. 4), with a corresponding average
rate of polymerization of 8% per second based on a
disc residence time of about 1 s (Fig. 5). This applies to
both 49 and 75% w/w [St] in DCE. The change in
monomer concentration does not appear to influence
the conversion and polymerization rate greatly espe-
cially beyond the optimum flow rate. This seems to
indicate that the polymerization rate is close to zero
order with respect to [St] when the reaction occurs on
the rotating disc. This is in sharp contrast to conven-
tional cationic polymerization kinetics operating un-
der assumed steady state conditions where the rate of
polymerization is typically first or second order with
respect to monomer concentration, depending on the
rate determining step in the initiation process and the
transfer reaction.18 However, it has been reported that
in systems with weak Lewis acids and nonpolar sol-
vents, very strong complexation of active sites by
monomer, followed by slow unimolecular rearrange-
ment to generate carbenium ions from dormant spe-
cies may lead to zero order kinetics in monomer.21 It
has also been suggested20 that zero-order dependence
on monomer may be observed in systems where the
rate-controlling step in the initiation process is the
initial formation of protons (Scheme 1) rather than the
subsequent step of monomer attack by the proton in
Scheme 2. We will see later that the latter explanation
has greater validity for the SDR system. Also, it is
possible that polymerization in the SDR proceeds un-
der nonsteady state conditions where concentration of

carbenium ions never quite reaches a constant value
during the short disc residence time of the order of
seconds. Under such conditions, steady state polymer-
ization kinetics would not be applicable and the de-
pendence of the rate of polymerization on the mono-
mer concentration may therefore not follow predic-
tions based on steady state conditions.

The presence of an optimum flow rate as observed
in Figures 4 and 5 may be explained by the opposing
effects of decreased mean disc residence time tres and
increased mixing intensity as the flow rate is in-
creased. As seen in eqs. (4) and (5), tres is proportional
to Q�2/3 while the average shear rate, which charac-
terizes the mixing intensity within the film, is propor-
tional to the flow rate Q1/3. These relationships are
more clearly illustrated in Figure 6. It is observed from
Figure 6 that average film shear rate increases with
flow rate Q resulting in an increased mixing intensity
between the supported catalyst and the styrene mono-
mer molecules. At the same time, the residence time
on the rotating disc (or the contact time between the
catalyst and monomer molecules on the disc) de-
creases sharply as the flow rate is increased.

From Figures 4 and 6, it may be inferred that con-
version is shear rate dependent (i.e., mixing intensity
dependent) up until the optimum flow rate is reached.
Thus we see a rise in SDR conversion with flow rate in
the range 0.2 mL/s 
 Q 
 0.6 mL/s, a trend that
follows the increase in shear rate with flow rate. Be-
yond the optimum flow rate, the observed decrease in
conversion is consistent with the decrease in tres, indi-
cating that tres then becomes more influential than the
shear rate. It is seen from Figure 6 that, at the optimum
flow rate of 0.6 mL/s, a mean residence time of
around 1 s is achieved on the disc surface. These
results seem to suggest that, in the range of SDR
conditions studied, a minimum disc residence time of
about 1 s is required for the catalyzed polymerization
to proceed at a rate dependent solely on the mixing

Scheme 3

Scheme 4
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intensity. This may indicate that an induction period
of 1 s is needed for further activation of the Lewis acid
catalyst on the disc surface. When the disc residence
time exceeds the catalyst activation time, the reaction
becomes shear rate or mixing controlled whereby
higher shear rates enhance monomer diffusion
through the pores of the silica support to the active
catalyst sites, giving higher conversion levels. Mixing
limitations are typical of reactions with extremely fast
kinetics. The rate constant of propagation kp for sty-
rene and its derivatives polymerized by cationic
mechanism is of the order of 105–106 L mol�1 s�1 at
0°C,20 indicating the polymerization is a characteristi-
cally fast reaction and is therefore expected to be
subject to the observed mixing dependencies.

Negligible influence of flow rate or monomer con-
centration on molecular weight properties was ob-
served. For the range of flow rates considered, the
polymer formed in the SDR had Mn and Mw in the
range 20,000–30,000 g/mol and 25,000–45,000 g/mol
respectively, with polydispersity indices (PDI) in the
range 1.2–2.0. At the optimum flow rate of 0.6 mL/s
giving a conversion increment of about 8% in one disc

pass (equivalent to 1 s reaction time), Mn and Mw were
25,000 g/mol and 37,000 g/mol respectively, with PDI
of 1.5. These values are indicative of the control of
molecular weight properties which can be achieved in
the spinning disc environment. We believe that the
added flexibility of short (1–5 s) and controllable res-
idence times in the SDR is important for achieving
control of such rapid reactions even at a higher oper-
ating temperatures of 40°C. Such tight control of res-
idence times in batch reactors would be difficult to
implement even with the most sophisticated control
techniques, whereas the SDR has an inherent control
mechanism by virtue of its processing capabilities.

Effect of disc diameter and disc speed

The effects of disc diameter and disc speed on conver-
sion and molecular weight properties were evaluated
using reactors having 100-mm and 200-mm discs op-
erated at 200 rpm and 400 rpm respectively.

Changes in disc diameter and disc rotation speed
affect both the mean disc residence time tres and the
average film shear rate, �̇ave as seen from eqs. (4) and
(5) and Figure 7. Increases in disc diameter from 100
mm to 200 mm and disc speed from 200 rpm to 400
rpm more than doubles the shear rate over the range
of flow rates considered. There is also a 60% increase
in the disc residence time tres on the larger disc rotat-
ing at a faster rate. If, as noted earlier, a minimum disc
residence time of 1 s is required for conversion to be
shear rate controlled, then, theoretically from Figure 7,
the optimum flow rate would be expected to be close
to 1.4 mL/s for the larger disc spinning at 400 rpm.

The effect of increasing disc diameter on the exper-
imental conversion achieved in SDR is shown in Fig-
ure 8. An optimum flow rate is apparent on the larger
disc in the range 1.25–1.6 mL/s, which is in agreement
with the theoretical optimum value predicted in Fig-
ure 7 on the basis of the minimum mean residence

Figure 6 Effect of total feed flow rate on calculated average
film shear rate and mean disc residence time using 100-mm
diameter disc rotating at 200 rpm.

Figure 4 Effect of total feed flow rate on conversion in one
disc pass in SDR using 49% w/w and 75% w/w styrene
concentration.

Figure 5 Effect of total feed flow rate on average rate of
polymerization in SDR using 49% w/w and 75% w/w sty-
rene concentration.
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time requirement of 1 s. These data further reinforce
the previous suggestion that an induction period of
around 1 s is required before the catalyst can interact
with the monomer effectively after introduction into
the SDR environment. Once again, the optimum flow
rate is indicative of the opposing effects of residence
time and shear rates as discussed earlier.

It is also observed from Figure 8 that higher conver-
sions are generally achieved on the larger disc at al-
most all flow rates tested, except for the very low flow
rates. The combined effects of increased residence
time and increased shear rate on the larger disc would
be conducive to achieving higher conversions by pro-
viding longer time for reaction and a more vigorous
and favorable mixing environment for the reacting
species. Our observations lead us to predict that a
much larger disc, say 1 m in diameter and rotating at
speeds higher than 400 rpm, may provide enough
residence time and high enough shear rates for much
higher conversions to be achieved in a single pass on
the rotating surface. Alternatively, a multi-pass ar-
rangement in a reactor with a small disc surface coated
with a layer of catalyst may not only permit efficient
re-use of catalyst but also increase conversion signifi-
cantly, as indicated by our preliminary results of such
experiments which are currently underway.

A slight decrease in average Mn from about 21,000
g/mol to about 18,000 g/mol is obtained as the disc
size increases from 100 mm to 200 mm diameter with
a corresponding increase in PDI from 1.2–1.6 to 1.4–
1.6 respectively. These changes may be due to the
monomer/catalyst slurry fed to the disc at ambient
temperatures being at the operating disc temperature
of 40°C for longer on the larger disc, thereby increas-
ing the probability of transfer reactions. This is dis-
cussed in greater depth in the section dealing with the
heat transfer analysis of the SDR.

Stirred tank reactor polymerizations

To benchmark the performance of the spinning disc
reactor for the BF3/SiO2 catalyzed cationic polymer-

ization of styrene, runs were performed in a stirred
batch reactor as described earlier. The effects of sty-
rene and catalyst concentrations and of various tem-
perature control systems on the polymerization were
assessed. The range of conditions used is given in
Table I. Selected temperature and conversion profiles
are plotted in Figures 9 and 10 respectively, and mo-
lecular weight properties are compared in Table II.

It is evident from Figures 9 and 10 that rapid poly-
merization rates were accompanied by large, often
uncontrollable exotherms. As expected higher styrene
and BF3 concentrations resulted in more rapid poly-
merization rates. Adequate control of the reaction is
achieved by limiting the monomer concentration to
about 25% w/w in the solvent with a conventional
water bath kept at room temperature. At 49% w/w
[St], control of the polymerization is readily lost if the
reaction system is not cooled to low temperatures of
� 10°C (Runs B4 and B5). This inevitably results in
low polymerization rates (10% conversion after 30 min
in Run B4). We noted that there was a sudden surge in
the temperature in Run B5 once the reaction temper-
ature reached around 30°C after about 1 h (not shown
on Fig. 9) whereby the temperature rapidly rose to
99°C, giving a final yield of 80%. Therefore cooling the
reaction mixture at the start of the reaction only helps
to delay the exotherm rather than control it.

The benefits of having a constant temperature bath
around the batch vessel at either 20°C or 40°C rather
than carrying out the reaction adiabatically did not
materialize for high concentrations of styrene in DCE
(49% w/w). We still observed a rapid loss in control of
the polymerization at this concentration for both Runs
B8 and B9. It is clear from these experiments that
conventional cooling systems, such as recirculating
cooling water, are extremely inefficient in controlling
reaction temperatures in the rapid and highly exother-
mic cationic polymerization of styrene in a batch ves-
sel at high monomer concentrations and ambient start-
ing temperatures.

Figure 7 Effect of disc diameter and disc rotation speed on
average shear rate and mean disc residence time tres over a
range of feed flow rates.

Figure 8 Effect of flow rate on experimental change in
conversion in SDR using 100 mm and 200 mm diameter
discs rotating at 200 rpm and 400 rpm respectively.
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At high styrene concentration, higher molecular
weights were obtained at lower operating tempera-
tures in runs B4 and B5 (with corresponding lower
conversions) where transfer and hence chain termina-
tion are reduced. Corresponding PDIs were in the
range 1.5–2.0. However, in systems with large, uncon-
trollable exotherms (Runs B3, B8, B9), molecular
weights were low and PDIs were greater than 3.0.
These PDIs are within the range expected for classical
cationic polymerization systems in conventional
stirred vessels.22–24 It is worth noting that, within the
range of conditions investigated using the stirred tank
reactor, living or controlled polymerization would be
difficult to achieve due to the low micromixing levels
(slow initiation) and high transfer rates.

In an ideal cationic polymerization system where
transfer reactions are absent, it is expected that poly-
mer molecular weights increase linearly with conver-
sion.22 However, strong deviations from ideal behav-
ior are observed at higher temperatures due to the
increasing influence of chain transfer reactions on the
growing chain. Our conversion and molecular weight
data for runs B3, B4, and B5 in Table II clearly dem-
onstrate such deviations. In run B3 where the poly-
merization was allowed to proceed adiabatically at
initial ambient temperature of 22°C, a high uncontrol-

lable rate of polymerization (giving a conversion of
91% in 10 min) was observed under conditions of
increasing polymerization temperature resulting from
the large reaction exotherm associated with styrene
polymerization. These effects are clearly illustrated in
Figures 9 and 10. The large temperature rise causes a
dramatic increase of the rate chain transfer which
explains the lower molecular weights and broader
MWD at the high conversion. We believe both transfer
to monomer and intramolecular transfer, which is
more significant at low monomer concentrations,
would be the main transfer mechanisms. On the other
hand, runs B4 and B5 proceeded almost isothermally
at ambient temperature yielding low conversion and
high molecular weight polymer. These observations
are in agreement with Pepper’s analysis22 of the influ-
ence of temperature on chain transfer and molecular
weights for the carbo-cationic polymerization of sty-
rene by perchloric acid.

Our results clearly indicate that control of the tem-
perature and therefore the rate of the polymerization
in the STR are critically important if desirable molec-
ular weight properties such as high molecular weights
and low PDI are to be obtained. High concentrations
of environmentally harmful solvents generally have to

Figure 9 Temperature profiles in batch slurry cationic po-
lymerization of styrene.

Figure 10 Conversion profiles for batch slurry cationic po-
lymerization of styrene.

TABLE I
Conditions for Batch Slurry Polymerization Runs

Run
[Styrene]
(% w/w)

[BF3]
(% w/w)

Temperature control
method during
polymerization

Temperature
at start, Ts

(°C)
Maximum temperature

reached (°C)

B1 18 2.6 None 21.4 63.0
B2 18 1.3 None 24.0 56.0
B3 49 1.3 None 22.0 88.4
B4 49 1.3 Ice bath at 7°C 21.5 21.5
B5 49 1.3 None 7.0 99.0 (after 1 h reaction time)
B6 24 1.3 Water bath at 40°C 38.5 46.5
B7 24 1.3 Water bath at 20°C 20.4 21.6
B8 49 1.3 Water bath at 40°C 36.0 97.0
B9 49 1.3 Water bath at 20°C 21.2 95.8

CLASSICAL CATIONIC POLYMERIZATION OF STYRENE 15



be used to give dilute monomer solutions which, com-
bined with ice-cooled reaction conditions, give slow
but fairly controllable polymerization rates. However,
in performing the polymerization at a slow rate in the
heat transfer limited stirred vessel, the reaction time is
inevitably extended. An ideal reactor system should
enable the cationic polymerization of styrene to pro-
ceed at its inherently fast rate while being able to cope
effectively with the large amounts of heat rapidly
generated. The SDR offers all the characteristics of
such a reactor.

Continuous SDR versus batch STR

The SDR and batch polymerization data are compared
in Table III. It is clearly difficult to control the poly-
merization in the batch at about 50% w/w [St] while
maintaining the water bath around the vessel at 40°C
(Run B8). The reaction spirals out of control giving a
maximum temperature of 97°C within 1 min into the
reaction. This also has a detrimental effect on the
molecular weights and polydispersity of the polymer
formed. It is therefore important to cool the batch to
very low temperatures at the expense of low rates of

polymerizations as seen in Run B5. On the other hand,
controlled operation at the elevated temperature of
40°C using 49% w/w [St] is possible in the SDR which
gives a higher average rate of polymerization and
higher molecular weights (Run S14) than the cooled
batch at 17°C (Run B5). The SDR has also been shown
to be capable of handling styrene concentrations up to
75% w/w in a safe and controllable manner with good
control of molecular weight distributions (Runs S21,
S26, S31). A higher disc temperature of 40°C allows
reactions to proceed faster (Run S26) than at 20°C (Run
S31) at the expense of slightly lower but reasonable
molecular weights.

We believe that these improvements in the cationic
polymerization of styrene in the SDR even at high
temperatures and high monomer concentrations may
be due to a combination of factors such as the high
heat transfer rates from the polymerizing thin film, the
short and easily controllable residence times (1–5 s) of
the reaction mixture on the rotating disc and the dy-
namics of the thin film. With enhanced heat transfer,
safe operation at high temperatures to give higher
rates of polymerization is feasible. Previous studies
have indicated that vigorous micromixing conditions
exist within the thin film on the rotating disc.25–27 We
believe that such a highly intense mixing environment
applied to the heterogeneous cationic polymerization
of styrene may be responsible for the observed control
in polydispersity achieved in the SDR. An increase in
proton-monomer interactions according to Scheme 2 is
likely in the SDR, resulting in an enhancement of the
initiation reaction and in a higher concentration of
styryl carbenium ions than would be found under
batch reactor conditions. This would also explain the
apparent zero order of polymerization rate on styrene
concentration since an enhancement in reaction shown
in Scheme 2 may result in the ionization step in
Scheme 1 becoming the rate controlling step in the
initiation process and the rate of initiation Ri being
independent of styrene concentration. Thus, if steady
state conditions apply (where Ri � Rt), the rate of
polymerization Rp may also become independent of

TABLE II
Molecular Weight Properties of Final Polymer Product

from Batch Slurry Polymerization Runs

Run
[Styrene]
(% w/w)

[BF3]
(% w/w)

Conversion
(%) Mn PDI

B1 18 2.6 78 5199 3.3
B2 18 1.3 64 9956 1.9
B3 49 1.3 91 4098 3.3
B4 49 1.3 13 12032 2.0
B5 49 1.3 5a 13857a 1.4a

98b 4631b 2.9b

B6 24 1.3 75 10568 2.0
B7 24 1.3 5 17054 1.7
B8 49 1.3 94 4100 3.1
B9 49 1.3 92 4389 3.2

a 30 min into polymerization (before exotherm).
b 3 h into polymerization (after exotherm).

TABLE III
Cationic Polymerization in Batch and SDR Using 1.3 wt % BF3 Suspended in DCE

Reactor
type

Run
no.

[St] (%
w/w)

Reaction
Temp. (°C)

Residence
time (s)

Conversion
(%)

Ave. rate of
conversion (%/s) Mn PDI

Batch B5 49 17 360 4.1 0.0114 14902 1.48
41 4200 10 0.0024 12710 1.84

Batch B8 49 97 60 94 1.57 4100 3.12
SDR S14a 49 40 1.0 7.6 7.6 24679 1.68
SDR S21a 75 40 1.1 7.8 7.1 25050 1.46
SDR S26b 75 40 0.9 9.5 10.6 14593 1.60
SDR S31b 75 20 1.0 4.1 4.1 17045 1.73

a Disc diameter� 100 mm; disc speed� 200 rpm; flowrate� 0.7 mL/s.
b Disc diameter � 200 mm; disc speed � 400 rpm; flowrate� 1.5 mL/s.
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styrene concentration if termination proceeds exclu-
sively by transfer to monomer (Scheme 4). The corre-
sponding kinetic expressions for the stipulated reac-
tions are shown in eqs. (6)–(9)

Ri � ki�BF3/SiO2� (6)

Rp � kp�M	��M� (7)

Rt � ktr,M�M	��M� (8)

If Ri � Rt, eq. (7) becomes

Rp �
kpki�BF3/SiO2�

ktr,M
(9)

However, the observed low polydispersities of the
polymer from the SDR also suggest that initiation rate
and polymerization rate may be of the same order of
magnitude. Under the centrifugal forces and plug-
flow conditions prevailing on the rotating disc, the
growing polymer chains may be extended and favor-
ably oriented such that the active chain ends are easily
accessible for monomer addition (Scheme 3) resulting
in enhanced propagation rates Rp. It may well be that
propagation dominates over transfer to monomer
(Scheme 4) in the SDR environment even at ambient
temperatures, as evidenced by the higher molecular
weights and lower polydispersities of the SDR poly-
mer (Table III) than would be achieved in a batch
process under comparable temperature conditions. In-
deed, data reported by Plesch28 for the cationic poly-
merization of styrene using TiCl4 as Lewis acid initi-
ator indicate that molecular weights of 
6000 and
20,000 g/mol could only be achieved at extremely low
temperatures of �25°C and �60°C respectively. This
is further evidence that transfer in the SDR environ-
ment at ambient temperatures is suppressed to levels
as low as those at �60°C in conventional systems.
Thus, although eq. (9) would explain the zero order
dependence of Rp on monomer concentration, it may
not be applicable in the SDR since the high molecular
weights in the SDR suggest that termination by trans-
fer rate, Rt, is much lower than the initiation rate Ri.

Heat transfer characteristics of SDR

The excellent heat transfer characteristics of the SDR
play a major role in controlling the cationic polymer-
ization of styrene. In this section, we provide an anal-
ysis of the heat transfer system of the SDR in an
attempt to demonstrate the extent to which good tem-
perature control can be achieved in the thin film on the
rotating surface.

The heat transfer system of the SDR is shown dia-
grammatically in Figure 11. During cooling of the

process fluid on the SDR surface, heat is transferred
across the stainless steel disc from process liquid film
to the cooling water in the underside channel. As an
approximation, the system is assumed to behave as a
parallel flow single pass heat exchanger.

To assess the effect of the enhanced heat transfer
achievable in the SDR on the cationic polymerization
of styrene, the temperature profile of the thin reacting
liquid film flowing across the rotating disc surface
may be calculated from a heat balance. A simple heat
balance on a small annular element of liquid film of
width dr at a radial distance r from the center of the
disc (i.e., between sections 1 and 2 shown in Fig. 11) is
given by:

Rate of heat change � Heat released by polymer-
ization reaction - Heat removed by cooling water

mcpdTf �
2�rdr��Hr�

��ro
2 � ri

2�
� 2�rdrho�Tf � Td� (10)

The derivation and application of the eq. (10) is subject
to the following simplifying assumptions:

1. Heat transfer occurs mainly by convection from
the liquid film to the disc surface in a direction
perpendicular to the plane surface of the disc.

2. The thickness of the film is considered to be so
small and mixing within the film is so intense
that temperature variations across the height of
the film are assumed to be negligible. Only tem-
perature differences in the radial direction are
significant.

3. The temperature of the disc surface Td remains
constant in the radial direction due to the rela-
tively large mass of metal involved in the heat
transfer process in comparison with the fluid
mass.

4. The average film heat transfer coefficient ho over
the entire disc surface is taken to be constant at
10 kW/m2 K from previously reported work.8

5. Conversion and heat of reaction liberated
change linearly in the radial direction with disc
surface area available for reaction.

Figure 11 Heat transfer across rotating disc surface.
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Numerical integration of eq. (10) yields the temper-
ature profile of the liquid film on the disc surface as
shown in Figures 12 and 13 for different disc surface
temperatures. In computing these profiles, total heat
of reaction released, �Hr, corresponding to a given
monomer conversion X% achieved per disc pass is
calculated from:

�Hr � �HpolyQV�stX (11)

where the heat of polymerization for styrene, �Hpoly,
is taken as 702 kJ/kg (equivalent to 73 kJ/mol of
styrene).24

Conversions of 50% have been used in the simula-
tion to assess the impact on heat transfer rates and film
temperature control of a large amount of heat being
released at high conversions. It is seen in Figures 12
and 13 that the liquid film fed to the disc at ambient
initial temperature quickly reaches the temperature of
the disc surface and remains close to that temperature
as it flows and polymerizes across the disc surface.
These results clearly demonstrate the ability of the
SDR to tightly regulate the temperature of the pro-
cessed fluid by its significantly enhanced heat transfer
rates. This is crucial to achieving the control in poly-
mer properties.

CONCLUSIONS

As an intensified reactor technology, the SDR offers
many potential benefits in its application to classical
cationic polymerization systems. The intense mixing
characteristics and enhanced heat rates achieved in the
thin films make the SDR an ideal reactor for perform-
ing such fast, highly exothermic reactions which re-
quire rapid mixing and an efficient heat removal sys-
tem.

This present study has demonstrated that the
mean disc residence time and the average film shear

rate are the most influential parameters in determin-
ing the level of conversion in the cationic polymer-
ization of styrene using a silica-supported BF3 cat-
alyst in slurry form. An increase in conversion of
about 10% has been achieved in a mean disc resi-
dence time of about 1 s, with the film subjected to an
average shear rate of 4100 s�1 on a 200-mm diameter
disc rotating at 400 rpm. To achieve higher conver-
sions, larger residence times (� 1 s) combined with
higher shear rates would be needed. Both require-
ments may be fulfilled by using a much larger disc
optimized for feed flow rate and disc speed.

We have also shown that in a conventional stirred
batch reactor where heat transfer is generally poor
and where the cationic polymerization of styrene
proceeds in an approximately adiabatic fashion,
monomer concentrations of 25% w/w are the max-
imum if uncontrollable exotherms are to be avoided.
By comparison, one pass on the spinning disc allows
the use of 75% w/w of styrene which polymerizes in
an essentially isothermal manner, even at the rela-
tively high temperature of 40°C, to give a polymer
having molecular weight and polydispersity equal
to, or better, than those given at ca.20% w/w in a
stirred reactor. Clearly the reduction in solvent us-
age in the SDR is significant. Enhancements in the
rates of initiation and propagation coupled with the
possible extension and favorable orientation of
growing chains in the centrifugal field environment
are believed to be responsible for the observed low
polymer polydispersities (�2.0) in the SDR. Trans-
fer to monomer in the SDR also appears to be sup-
pressed in comparison to propagation as indicated
by the relatively high molecular weights (Mn �
15,000 at 40°C). The enhanced heat transfer rates in
the SDR give better temperature control in the po-
lymerizing film and allow near to isothermal reac-
tion conditions for improved control of polymer
molecular weight properties.

Figure 12 Reacting liquid film temperature profile with
disc surface temperature Td at 40°C

Figure 13 Reacting liquid film temperature profile with
disc surface temperature Td at 20°C
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NOMENCLATURE

Description

cp specific heat capacity of fluid [J kg�1K�1]
ho film heat transfer coefficient on rotating disc

surface [W m�2 K�1]
�Hpoly heat of polymerization [J/kg]

�Hr heat released by polymerization in one disc
pass [W]

ki initiation rate constant [s�1]
kp propagation rate constant [L mol�1 s�1]

ktr, M rate constant for transfer to monomer [L
mol�1 s�1]

m liquid mass flow rate [kg/s]
Mn number average molecular weight [g/mol]
Mw weight average molecular weight [g/mol]

MWD molecular weight distribution
N disc rotational speed [rpm]

PDI polydispersity index
Q volumetric flow rate [m3/s]
r radial distance from center of disc [m]

Ri Rate of initiation [mol L�1 s�1]
Rp Rate of polymerization [mol L�1 s�1]
St styrene
T temperature [K]

tres mean residence time [s]
V Initial volume fraction of monomer in feed
vr radial velocity [m/s]
X Fractional monomer conversion
z vertical distance along the z-axis [m]

Greek symbols

� film thickness [m]
�̇ave average shear rate [s�1]
� dynamic viscosity [Ns/m2]
� kinematic viscosity [m2 s�1]
� density [kg/m3]
� angular velocity (� 2�N/60) [rad/s]

Subscripts

d disc
f fluid on disc surface
i disc inlet
o disc outlet

st styrene
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