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ABSTRACT

A detaled model was developed for the emulsion copolymerization of styrene and MMA to predict the
evolution of the particle size digribution (PSD) and molecular weight distribution (MWD) over the
entire range of monomer conversion. A system exhibiting zero-one kinetics was employed. The model
was used to optimise the emulson copolymerization process in order to maximize paticle sze
polydispersity index (PSPl) and Molecular weight polydispersity ndex (MWHI). Five vaiadbles were
used as manipulated variables, styrene monomer feed rate, MMA monomer feed rate, surfactant feed
rate, initiator feed rate, and the temperature of the reaction by contralling the jacket temperature. The
results from optimizaion were vdidated against experimentad and found to show good agreement. The
whole drategy has been developed within a gPROM-Excd/OPC-DCS environment alowing for direct

trangfer of the technology to agenera industria gpplication.
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1. INTRODUCTION

Emulson copolymerisation is widdy used in
industry to produce products ranging from paints,
adhesives through to tyres and wet-suits. To improve
the efficiency and saofety of the process modd
development becomes necessary to ensure optimized
processes and product qudity. However, the
moddling of emulson copolymeristion is a
chdlenging tak, since it involves complex physico-
chemicd sub-processes, some of which are not wél-
understood.  Especidly, the paticle formation
mechanism and incluson of two or monomers
increeses the complexity. Moreover, it is a multi-
phase environment condgsting of an agueous phasg,
surfactants, initiators, buffers, monomer droplets and
polymer particles. The reaction mechanisms are yet
to be fuly ducidated under vaious reaction
conditions. The god is to devdop a practicd tool
to predict polymer production rate and key product
attributesfor ultimate application in industry.

There is rdaively little literature on the control of
the full PSD, and it is even littler for the
copolymerization process. In contrast, there is a
condderable number of dudies reported in  the
literature on the control of lumped properties.
(Semino and Ray, 1995b, Semino and Ray, 19953a)
addressed  the very petinent issue of the
controllability of population baance sysems. They
found in their sysem the controllability of the
digributions for the uncongtrained case is ensured by
employing the feed concentration of surfactant,
initistor and inhibitor as manipulated variables.
(Kozub and Macgregor, 1992) applied the idea of a
twodier control srategy-open loop feed forward
generation of an optima recipe, which is then
recomputed online based on feedback from process
measurements to a semibatch emulson
polymerization system , for the multivariable control
of compodtion and average molecular  weight.
(MAdivar and Ray, 1997) dudied the control of
copolymer  composition and averaged molecular



weight for semi-continuous emulsion polymerization.
(ClakePringle and MacGregor, 1998) presented a
batch to batch adjustment strategy for the control of
molecular weight digtribution (MWD) to reoptimize
the inputs for the next batch based on endpoint
measurement of the MWD. (Crowley e d., 2001)
used a hybrid moddling srategy in baich to batch
optimization for PSD control. (Crowley et a., 2000)
ae among the firs researchers to address the control
of the full paticle sze digribution. (Immanud and
Doyle, 2002) presented an open loop optimization
study for the control of the full PSD in the emulsion
copolymerization of vinyl acetate and butyl acrylate.
(Zediter et d., 2002) developed a mode for emulson
polymerization of styrene to optimise and control the
PSD.

A comprehensve dynamic modd for a
copolymerization  reactor was  developed by
(Alhamad et d., 2003, Alhamad et d., 2004), which
dlows the prediction of key polymer properties such
as average particle size, conversion, PSD, MWD,
M, and M. A modified zero-one kinetic modd is
used in the formulaion dlowing prediction of
soondary  nuclegtion  under  darving  monomer
conditions. In this work, based on this comprehensive
modd, a multi-layer modd-based framework was
developed and implemented within  an indugtrid
distributed control system environment, to optimize
the Paticle Sze Polydispersty Index (PSPl) and
Molecular Weight Polydispersity Index (MWH).

2. EXPERIMENTAL SETUP
2.1 Data Acquisition and Control Environment

The polymer lab condsts of a 5 litre jacketed dirred
reector; a Julabo heating dirculator to provide heat to
the reactor through the jacket; 4 solenoid dosing
pumps for providing the monomers, surfactant and
initiator to the reactor; 3 RTDs for monitoring
temperature; and 4 precison baances to determine
the quantities of the reactants used. The polymer lab
is controlled by a Honeywdl C200 controller on a
Honeywell Pantscape DCS. The uploading and
configuration of the control schemes to the controller
is done usng the Control Builder from the
Honeywell Plantscape r500.1. The polymer lab I/O
condsts of 3 RTDs, 3 andogue inputs, 5 andogue
outputs, 4 digita outputs and a 4 port serid to
Ethernet converter. The RTDs ae the jacket inlet
temperature, the jacket outlet temperature, and the
internd resctor temperature. The andogue inputs are
the impeler speed within the reactor; the Julabo
heating circulator operating temperaure; and the user
specified setpoint temperature from the Julabo. The
andogue outputs are setpoint temperature for the
Julabo hegting circulator, and the dosing frequencies
or groke rates for each of the dosng pumps. The
digita outputs are used to stop or resume the dosing
pumps from pumping. The 4 port serid to Ethernet

converter is used in conjunction with software
developed within the PSE group to send flowrates or
differentid weight readings from the baances to the
controller. All the manipulated varigbles profiles are
put into the Control Builder to be operated
automatically.

Data Acguistion and control of the polymerization
reactor was performed using Honeywell's Plantscape
R300 software residing on a server. This developed
st-up dlows the configuration and implementation
of multilayer control scheme for advanced operaion
and control of the process and a client dtation is used
for operator manipulations. The lower level control
condsts of a series of conventiond PID controllers to
control the monomer feeds, surfactant, and initiator
as wel as to control the temperature. The inputs to
the PID controllers are the set-point (upper-layer)
provided from ether one of the following three
sources 1) Manual st-point: this is used when the
key polymerization variables are required to be st a
a condant temperature (used during  mode
vaidation), 2) Rampsoak set-point: this is a set-point
vaying with time and it changes according to an
operetor  builtin  profile (used during  off-line
optimization) and 3) External setpoint: this is used
when an externd program is used to provide the set-
point (this is the case in our environment when
implementing the rea-time optimizing control using
an MPC strategy).

The model developed is used within the proposed
drategy to provide the optimal set-points (off-ling) in
cae 2 and to provide optima trgectories and as a
red-time soft sensor to control PSD and MWD in
cae 3.

An inteligent control hierarchy is formulated for
such digtributed parameter system incorporeting three
different levels, offline optimization, on-line DMC
and regulatory control successively. The novety of
this gpproach is the incorporation of a validated high
ader dynamic modd as a soft sensor for online
feedback of the PSD and MWD. Figure 1 shows the
schematic diagram of the overall control hierarchy.
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2.2 Sanple Preparation and Characterization

Styrene (99%  purity, inhibited  with  4-tert-
butylcatechol) and MMA (99% purity, inhibited with
hydrogquinone) monomers were obtained from Huka,
while the water used was purified to a Milli-Q
dandard. Surfactant  (sodium dodecyl sulfate) and
initigtor  (potassum persulfate) were both obtained
from SgmaAldrich. Semi-batch emulsion
copolymerisations of styrene and MMA were carried
out & 70, 75, 80 and 85 °C under dight nitrogen
pressure. Note that the monomers were purifed using
an inhibitor column, which is aso obtained from
Sgma  Aldrich. Monomer converson  was
gavimetricdly  determined  off-line by  teking
samples from the reactor. The MWD of the polymer
samples was determined off-line by GPC, while most
of the PSDs were obtained using the zetasizer and the
CHDF.

3. OPTIMAL C ONTROL STUDIES
3.1. Modd Deve opment

The population baance equaions (PBE), based on
paticle formaion through both homogeneous and
micdlar nuclegtion, provide egtimates for the PSD.
The PBEs for the three types of particles those
containing no radicas (type no particles), those
containing one monomeric  radical  (type "
particles), and those containing one polymeric radica
(type ny particles), are given by:
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Total number particlesare given by:
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The term Chicale i the micdlle concentration, which
isdetermined by the rate of surfactant consumption.
Thetermsky, ke, ky, arethekinetic rate coefficients
for the propagation, entry and transfer respectively.

The transent monomer molar bdance for semi-batch
reactor operation isgiven by:
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where R, ad R,,, ae the rate of reactions of
reactions of the polymer for monomer A and B in
the particle and water phase, respectively. The rate of
congtant are defined asfollows:
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where k;, is the propagation coefficient, Ny is the

totd number of paticles N, is the Avogadro's

number, rn is the reactivity ratio, T is the totd

number of radicds and V, is the volumer of the

polymer phase.
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The volume of polymer particles is defined for two
spaae regimes when monomer droplets exit (V)
and when there are no longer any droplets. So the
copolymer  patide volume is cdculaed by two
different equations in two stages. The first regime is
caculated by:
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wheress the second regime is cdculaed by the
following:

ﬂ M Roap M+ R X MsXRogp ¥+ Rip M)
dt d, ©)

a‘/lwA’R»Ap p*é_ dpA; Mis"Rep pfﬁ %m

Pn and Ps ae the timeaveraged probabilities of
finding a free radica with ultimate unit of type A and
B, respectively. They are cdculated asfollows:
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where Cpa and Cpg ae the concentrations of
monomers A and B in the paticle phase. They are
obtained by usng the patition coefficients (K)
between the three phases, water (w), monomer (m)
and particles (p).
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where Nm is the number of moles and V is the
volume.




3.2 Optimization Strategy Setup

As stated previously, the main objective in this study
is to investigate the use of a detailed (validated)
mechanistic model (Alhamad et al., 2003, Alhamad
et al, 2004) to develop an advanced control strategy
for the optimal operation of the reactor. The proposed
strategy will provide set-point trajectories for the
manipulated variables (for example, monomer feed
rate and reactor temperature) so as to ensure the
production of a copolymer with a defined PSD and
MWD in the minimum reaction time.

Several objective functions were studied, in terms of
both PS and MW. For the purpose of obtaining the
desired broad PSD, a polydispersity index was
chosen as an objective function to be maximized. For
MW both MWPI as well as simply the molecular
weight were investigated as the objective functions to
be optimized. The particle concentration densities,
particle  diameter, temperature  shift, copolymer
composition and the total amount of monomer to be
added to the reactor were included as constraints
along with the reaction time.

The objective functions are optimized by usng the
five manipulated variables, styrene feed rate, MMA
feed rate, surfactant feed rate, and initistor feed rate
and temperature. The temperature was used as a
manipulated varidble for maximizing MWPI, since
the molecular weight is largely affected by the
temperature, rather than the PSP, which is not
sgnificantly affected by the temperature. The MWPI
was aso maximized without the temperature as a
manipulated varidble investigate the actud effect of
temperature.

A polydispersity index indicates the spread of the
distribution. The particle size polydispersity index
(PSPI) is estimated as follows:
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The objective functiors to be optimized were defined
as. Max [PSPI(r, tina)] and Max[MWPI(r, m, final].
Whee m is the molecular weight and trina is the

processing time. For operationa reasors, the
monomers, surfactant, initidor feed rates and

temperature (for molecular weight optimisation) were
specified withn  the following upper and lower
bounds
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The final PSD shape was included in this
optimisation in the form of end point inequality
constraints formulated in terms of the final molar
concentration density of particles

nmin £ n(r!tfinal) E nmax (20)

Above, Nmin and nmx denote the lower and upper
limits, respectively, and were specified to match the
required distribution. The final copolymer
composition required was 50/50, so a condition was
specified as follows:

049 £ F £ 051 @)

Since this is a semibatch process with monomer fed
to the reactor, the maximization of PSPI and MWPI
must also be subjected to additional constraints to
account for the total amount of monomer in the
recipe (Nm1), and the total reaction time. These
constraints are defined as follows:

N, =8 moland t,, Et £t , (22)

The solution to this constrained optimal control
problem was obtained via an interface to the gOPT
dynamic optimization code. Five bounded time
intervals (of initially equal duration) were specified
for the manipulated variables, Fma, Fms, Fs, Fr and
Treac, such that it remained constant over a certain
time interval, before moving discretely to the value
for the next interval. A violation over 0.1°C is put for
the temperature, so that the temperature when
jumping from one temperature to the other, the
temperature rises gradually.

3.3 Results and Discussions

As discussed, the optimal control strategy involved
the computation of a monomer feed trgectory which
would drive the process to give a PSD with a
specified broad digtribution. The required PSD was
generated by fixing the reactor temperature & 75 °C,
and dlowing a 25 min (batch) preperiod to dlow for
initid particle nucleation, before any further addition.
Implementation of the optima control drategy for
the reminder of the run was fully autometically
achieved through the control and data acquistion
drategy developed, using the Rampsoak set-point



option from operator built-in profiles The final shape
of the experimental PSD, MWPI and MW was in
good agreement with the smulation results. Fgure 2
shows the results obtained to maximize PSPIl. Figure
3 shows the results obtained in order to maximize
MWPI using only the flowrates, tha is, temperature
was not used as a manipulated varidble. Figure 4was
used to maximize MWP usng the additiond
vaiable, which is the temperature. The MWD,
average paticle sze, PSD and converson were used
as a vdiddtion to the optimization process. It can be

seen that on maximizing PSPI, a bimoda distribution
was produced, since the requirement was to have a
very broad digribution.  Another  observation
regarding the molecular weight is that the molecular
weight produced with the temperature as a vaiable
was much larger, and that shows the great effect that
temperature has on molecular weight. It has dso been
observed that maximizing the MWP would resdt in
the maximizing of the M ,
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CONCLUSIONS

A model-based framework to optimaly control key
copolymerization varidbles has been devdoped and
implemented within a pilot-scde environment under
DCS. Vdidation results show very good agreement
between mode prediction and experimentd runs.
Work is currently underway to implement a
simultaneous MWD/PSD control  strategy in an on-
line environment within a modd predictive control
<heme.
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