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Emulsion polymers with well-defined molecular-weight distributions (MWD) were ob- 
tained by using a control strategy based on on-line measurements of both unreacted 
monomer and chain-transfer agent (CTA). The control strategy includes a nonlinear 
model-based controller that calculates the feed rates of monomer and CTA needed to 
obtain the desired MWD. This requires a mathematical model for the MWD that was 
developed based on independent measurements. The control strategy was assessed by 
computer simulation and experimentally verified by producing polymers with widely dif- 
ferent MWDs in the styrene emulsion polymerization using CCl, as CTA. 

Introduction 
Many applications of polymer latexes-adhesives, paper 

coating, paints, varnishes, and carpet backing-require the 
formation of a continuous film with high mechanical strength. 
Both the film-formation process and the mechanical proper- 
ties of the film depend a great deal on the molecular-weight 
distribution of the polymer. Thus, latexes including a proper 
balance of high molecular-weight polymer (which provides 
adhesive strength and high temperature cleavage) and low 
molecular-weight polymer (which imparts legginess and com- 
patibility) have been reported to be particularly useful for 
contact adhesives (Baus and Swift, 1985). Therefore, there is 
a strong incentive to develop strategies for molecular-weight 
distribution (MWD) control. 

On-line measurement of the MWD would be possible 
through the use of automated gel permeation chromatogra- 
phy (GPC), but although experimental setups capable of per- 
forming this task for solution polymerization have been re- 
ported (Ponnuswamy et al., 1988; Budde and Reichert, 1988; 
Ellis et al., 1988, 19941, to our knowledge no such application 
has been reported for emulsion polymerization. The lack of 
hardware sensors might be overcome by software sensors, 
namely by estimating the MWD from the available on-line 
measurements of other variables. Although some success has 
been obtained in solution polymerization systems (Jo and 
Bankoff, 1976; Schuler and Suzhen, 1985; Schuler and Pa- 
padopoulou, 1986; Ellis et al., 1988; Adebekun and Schork, 
1989), the compartmentalized nature of emulsion polymeriza- 
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tion generally speaking makes the MWD nonobsexvable from 
usually available on-line measurements (monomers conver- 
sion and temperature). Nevertheless, under some circum- 
stances of practical significance, the MWD of the emulsion 
polymer is not affected by the compartmentalization of the 
system. A typical example is when chain-transfer agents 
(CTA) are used and hence the kinetic length of the growing 
chain is controlled by the chain-transfer reaction to the CTA 
instead of by the bimolecular termination. This feature was 
utilized by Canu et al. (1994) to keep the MWD constant 
through the polymerization in an open-loop control scheme. 

This work is an attempt to obtain emulsion polymers with 
well-defined MWD by means of a control strategy based on 
on-line gas-chromatographic measurement of the unreacted 
monomer and the chain-transfer agent. Several MWDs were 
considered: (1) polymer with a given average molecular-weight 
(aw) and minimum polydispersity index (PI = 2, because 
chain growth is controlled by chain-transfer reactions); (2) 
polymer with arbitrary g,,, and PI; and (3) polymer with a 
given bimodal MWD. The unreacted monomer and CTA were 
determined by gas chromatography by using the experimental 
setup described elsewhere (Leiza et al., 1993) that is able to 
deal with high solids content latexes (Urretabizkaia et al., 
1994). The instantaneous MWD was estimated through a 
mathematical model of the process. The mathematical model 
was used for the off-line calculation of the optimal path to 
produce the desired polymer in a minimum process time. In 
order to track this trajectory, a nonlinear model-based con- 
troller was used. The control strategy was experimentally ver- 
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Table 1. Recipe Used in the Batch-Emulsion Polymerizations 
( T  = 333 K) 

Styrene (kg) 0.600 
Water (kg) 1.200 
SLS (kg) 0.012 
KPS (kg) 0.001 
NaHCO, (kg) 0.00 I 
CCl,(kg) 0; 0.006; 0.012: 0.030; 0.060 

ified in the emulsion polymerization of styrene using CCI, as 
CTA. 

The organization of the article is as follows: first, the effect 
of the CTA on the kinetics and the MWD of the emulsion 
polymerization of styrene is investigated, a mathematical 
model for the process is developed, and its parameters are 
fitted using the experimental results. Second, the control 
strategy is presented. Third, this strategy is asessed by simu- 
lation, and finally is experimentally verified. 

Kinetics of the Emulsion Polymerization of Styrene 
Using CCI, as Chain-Transfer Agent 

The effect of the concentration of CCI, (0-10 wt. % based 
on monomer) on the polymerization rate and on the MWD 
of the polymer produced in the batch emulsion polymeriza- 
tion of styrene was studied using the recipes given in Table 1 .  
The experimental details are given in Appendix A. 

Figure 1 presents the effect of the concentration of CCI, 
on the time evolution of the styrene conversion. It can be 
seen that the polymerization rate, R,, decreased as the con- 
centration of CCl, increased. In emulsion polymerization, R,  
= k,[ M],EN,/N,, where k,  is the propagation-rate con- 
stant; [MI, is the concentration of monomer in the polymer 
particles; ii is the average number of radicals per particle; N, 
is the total number of polymer particles; and NA is the Avo- 
gadro's number. The polymerizations presented in Figure 1 
were carried out at the same temperature ( k ,  = constant) and 
using a low concentration of CC1, (approximately the same 
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Figure 1. Effect of the concentration of CCI, on the 
evolution of conversion during the styrene 
emulsion polymerization. 
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Figure 2. Effect of the concentration of CCI, on the 
evolution of N,, during the styrene emulsion 
polymerization. 
(0) Or( CCI, (0) 1C; CCI, (n)  zrF. CCI,. (MI jr6 CCI,. 
( + )  10% CCI, 

[MI, in all runs). Therefore, the effect of CCl, should be on 
either ii or N,. Figure 2 shows the evolution of the total 
number of polymer particles calculated from the particle-size 
measurements of the latex samples withdrawn from the reac- 
tor. Particle diameters were measured by means of a dynamic 
light-scattering technique (COULTER N4-PLUS). The ex- 
perimental error associated with this technique is about 2-8% 
(depending on the broadness of the particle-size distribution). 
This leads to errors of about 6-26% in the number of parti- 
cles. Taking the accuracy of the method into account, Figure 
2 shows that was roughly independent of the CCI, con- 
centration. This implies that Ti decreases with [CCI,], proba- 
bly due to the desorption of the single-unit radicals formed 
by chain-transfer reaction. It is worth pointing out that the 
decrease on the polymerization rate when the concentration 
of CCI, was increased was not caused by a reduction of the 
gel effect due to plastification of the polymer particles by the 
CC1, because, as can be seen in Figure 1, reduction of the 
polymerization rate occurred even at low conversions (up to 
40%) when the concentration of monomer in the polymer 
particles was about 60% in volume, as there were monomer 
droplets in the system. Figure 3 presents the evolution of the 
amount of CCI, in the reactor during the polymerizations. It 
can be seen that only a slight fraction of CC1, is consumed 
during the process. Figure 4 presents the effect of [CCI,] on 
the evolution of the number (M,) and weight (aw,) average 
molecular weight. It can be seen that the greater [CCI,] the 
lower the molecular weights. In addition, the molecular 
weights decreased during the polymerization, probably due 
to the increase in the ratio [CCl,],/[M], because, as shown 
in Figure 3, the concentration of CCl, remained constant 
during the process, whereas that of styrene decreased. Table 
2 shows that cumulative average molecular weight a,, calcu- 
lated at 20% conversion, is inversely proportional to the 
amount of CCI, used in the experiment. Strictly speaking, 
the cumulative can only be equal to the instantaneous a,,, when conversion approaches zero. However, it can be 
seen from Figures 3 and 4 that both the amount of unreacted 
CCl, and the average number molecular weight remained 
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constant up to approximately 50% conversion. Therefore, it 
is safe to consider that for 20% conversion the cumulative 
number molecular weight is a good approximation of the in- 
stantaneous one. 

The fact that @,, was inversely proportional to [CCI,] 
means that the molecular weight of the polymer was con- 
trolled by the chain-transfer reaction. Under these conditions 
the material balances for the moments of the chain-length 
distribution of inactive polymer are: 

- kf[CCI,],Ak; k = 0,1, and 2, (1) 
d PA _-  
dt 

where uk and A, are the kth-order moment of the chain- 
length distribution of inactive and active chains, respectively; 
and k, is the rate coefficient for the chain-transfer reaction. 
Note that the material balance applies to the whole reactor 
content. Assuming that the pseudo-steady-state conditions 
apply for the active chains, the moments of the chain-length 
distribution of these chains can be readily obtained from the 
balances of active chains, considering the chain-transfer reac- 
tion as the sole termination mechanism: 

A, = iiNP (2) 

(4) 

Notice that uI is a cumulative property, whereas A, is an 
instantaneous one. 

The cumulative average molecular weights are 
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Figure 4. Effect of [CCI,] on the evolution of (a) Mn and 
(b) mw. 
( 0 )  1% CCI,; (A) 2% CCI,; (0) 5% eel,; (0) 10% eel.+; 
(-) model predictions. 

where 2, and x,,, are the cumulative number and weight 
average lengths, respectively, and Pm is the molecular weight 
of the monomer. The instantaneous values of the number and 
weight average chain lengths are: 

From these values the instantaneous molecular-weight dis- 
tribution can be calculated by using the Schulz-Flory distribu- 
tion (Billmeyer, 1962): 

Table 2. M,, Values at X ,  = 0.2 

cc1, 1% 2% 5% 10% 
an 1 x lo6 5 X  lo5 2 x  105 1 x 10' 
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z + l  
y = - ,  

X w  i 

(9) 

(10) 

(11) 

where W ( n )  is the weight fraction of chains of length n, and 
r is the gamma function. When the termination is controlled 
by transfer to the CTA reaction, ~ w l / ~ n l  = 2 and Eq. 9 re- 
duces to 

(12) 

The cumulative molecular-weight distribution, W,(n), can be 
calculated as follows: 

where X, is the monomer conversion given by 

where MO is the number of moles of monomer in the recipe. 
To integrate the model it is more convenient to use the 

differential form of Eq. 13: 

The goal of this part of the work is to obtain a mathemati- 
cal model for the MWD that can be used for control pur- 
poses. The model, as written in Eqs. l to 15, has as indepen- 
dent variable, the time, and the time evolution of the MWD 
depends on E X Np. Unfortunately, there is no way to accu- 
rately predict this value, although the problem can be over- 
come by using conversion as the independent variable. This 
can be achieved by dividing Eqs. 1 and 15 by Eq. 14: 

The partitioning of the monomer and CTA between the 
different phases can be calculated by means of the overall 
material balances and the following equilibrium equations 
(Gugliotta et al., 1995; Armitage et al., 1994; and Echevarria 
et al., 1995): 

(21) 

where i = M and CCI,, p represents the polymer particles, w 
the aqueous phase, and d the monomer droplets. 

The parameters of the model taken from literature are 
given in Table 3. The values of k,, K:?4, and KZ2'4 were 
estimated by means of the Nelder and Mead approach 
(Nelder and Mead, 1964), minimizing the following objective 
function: 

where rn is the number of experiments, n(i)  the number of 
measurements in the experiment i, and the subscripts exp 
and theor refer to the experimental and theoretical values, 
respectively. 

The estimated values of the parameters are presented in 
Table 3. Figure 4 presents a comparison between the experi- 
mental values and the model predictions of p,, and a,. It 
can be seen that a fairly good agreement was achieved. A 
more exigent test is to compare the evolution of the MWD 
experimentally determined by GPC with that predicted by the 
model. The MWD obtained from the GPC measurements and 
that given by Eq. 19 use a different normalization. The GPC 
distribution is usually normalized to one, and log ( D )  is used 
in the X-axis, being D = nPm. The GPC distribution is writ- 
ten as 

(23) 

where f is the weight fraction. 
On the other hand, the theoretical development of the 

molecular-weight distribution is also normalized to one, but 
n (chain length) is used in the X-axis as follows: 

Table 3. Values of the Parameters of the Model 

k,' k T  (m3/mol.s) 0.275 2.695 x 
K E  1,500 2,700 

KZ:l4** 3,650 4,860 
PM * P&CM ks/m3 904 1,590 
Ppol * kg/m3 1,050 

K:: 
,;;14** 

*Buback et al. (1988). 

'Gardon (1968). 
*Brandup and Irnrnergut (1989) 

Estimated value. ** 
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Figure 5. Comparison between the experimental and 
model-predicted MWDs during the emulsion 
polymerization of styrene with 1% of CCI, at 
different conversions. 
( - - - )  model predictions; experimental (-0-1 X ,  = 0.19; 
(- 0 ~ ) X, = 0.43; (- A -) X ,  = 0.62; (- H -) X ,  = 0.96. 

df W,(n) = -. 
dn (24) 

Combining Eqs. 23 and 24, the following relationship be- 
tween the GPC distribution and that calculated by Eq. 19 is 
easily obtained 

Figures 5 to 8 present a comparison between the MWDs 
determined experimentally and those calculated by the model 
using the parameters in Table 3. It can be seen that a very 
good agreement was obtained. 

Once a mathematical model for the MWD was available, 
on-line control of the MWD was attempted. 
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Figure 6. Comparison between the experimental and 
model-predicted MWDs during the emulsion 
polymerization of styrene with 2% of CCI, at 
different conversions. 
(---) model predictions; experimental (-0-1 X T  = 0.23; 
(- 0 - ) X ,  = 0.43; (- A -) X ,  = 0.61: (- -1 X ,  = 0.96. 
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Figure 7. Comparison between the experimental and 
model-predicted MWDs during the emulsion 
polymerization of styrene with 5% of CCI, at 
different conversions. 
(---) model predictions; experimental ( -0-)  X ,  = 0.25: 
(GO-) X,. = 0.43; (-A -) X ,  = 0.62; (- -) X, = 0.92. 

Control Strategy 
The goal of this work is to obtain emulsion polymers with 

well-defined MWD by using a control strategy based on on- 
line measurements of the unreacted monomer and CTA. Fig- 
ure 9 summarizes the control scheme. Note that the pro- 
posed control technique can only be implemented when the 
chain stoppage is mainly by transfer to CTA. Samples are 
withdrawn from the reactor using the experimental setup de- 
veloped by Leiza et al. (19931, and the unreacted monomer 
and CTA measured by on-line gas chromatography. In order 
to estimate the amounts of monomer and CTA in the poly- 
mer particles from these experimental results, a state-estima- 
tion technique based on nonlinear optimization (Jang et al., 
1986) was used. This algorithm allows the estimation of [MI , ,  
[CCl,],, and E X Np. These values are then used to update 
the estimated states to compensate for the delay due to sam- 
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Figure 8. Comparison between the experimental and 
model-predicted MWDs during the emulsion 
polymerization of styrene with 10% of CCI, at 
different conversions. 
(---) model predictions; experimental (-0-1 X ,  = 0.21; 
(-0 -1 A‘, = 0.43; (- A -) X T  = 0.62; (- D -) X ,  = 0.72. 
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Figure 9. Control scheme. 

pling, gas chromatographic (GC) analysis, and computer cal- 
culation. The updated values are compared with the set point 
calculated by means of an off-line optimization, and then a 
nonlinear model-based controller was used to calculate the 
control actions for the next time interval. The different parts 
of the control strategy are explained below. 

Optimization algorithm 
The goal of the optimization algorithm is to calculate the 

set point trajectories of the controlled variables that ensure 
the production of an emulsion polymer of the desired MWD 
in a minimum process time. The process time was chosen as 
the objective function and the polymer quality (MWD) was 
one of the constraints. The objective function was obtained 
from the monomer material balance, 

and hence the objective function to be  minimized is 

(26) 

(27) 

where R, is the polymerization rate, X ,  is the overall con- 
version defined as the ratio between the polymer in the reac- 
tor and the monomer in the recipe, and t f r n  is the final pro- 
cess time. 

In the optimization, it was assumed that R, increased with 
[MI,. This might not be the case if a strong gel effect occurs, 
but Figure 1 does not present evidence of this effect (in- 
crease of the slope as conversion increases). On the other 
hand, the instantaneous number average molecular weight is 
a function of the ratio of the concentrations of monomer and 
CTA in the polymer particles (see Eq. 7) ,  and hence to pro- 
duce a desired molecular weight, the higher the [MI,, the 
higher the [CTA],. Note that this ratio can be obtained by 
using large or small values of [ MI, and [CTA],. If we wish to 

produce a desired molecular weight and to work at the maxi- 
mum polymerization rate, the dependence of 7i X N, on the 
concentration of CC1, must be taken into account. In this 
work this relationship was experimentally calculated as 2 - 
[CCI,]-" ". Therefore, the polymerization rate can be writ- 
ten as follows: 

On the other hand, [M],/[CCl,], is fixed for a given 
molecular weight. Therefore the following relationship holds: 

Combining Eqs. 28 and 29, one gets 

This means that in order to maximize the polymerization 
rate, it is necessary to work at each time at the maximum 
concentration of monomer in the particles. 

The minimization of Eq. 27 is subject to the following con- 
straints: 

1. The polymer produced must have the desired final 
MWD [ W,'(n)]. It is convenient to reformulate this constraint 
in terms of the instantaneous MWD that has to be produced 
at each valuc of X,. 

Note that the MWD for this particular case is defined by the 
instantaneous number average molecular weight, T,ll. There- 
fore, to produce a given final W,d(n), it is sufficient to pro- 
duce the required x,, at each conversion interval. The 
method used in this work to obtain Eq. 31 is presented in 
Appendix R. 

2. The maximum amounts of monomer and chain transfer 
agent that can be in the reactor are the total amount in the 
recipes M,,  and CCl,n<sx. 

CCl,, +ccl,p", 5 ccl,m,\, (33) 

where the subscripts f and pol stand for free and polymer- 
ized amounts, respectively. 

The value of M,,, is given by the solids content of the 
formulation and the volume of the reactor. The value of 
CC1,r',k depends on the trade-off between the process time 
and the amount of offspec polymer. As the CTA accumulates 
in the reactor, for a given amount of CTA there is a critical 
overall conversion, X,*, from which only molecular weights 
lower than the desired ones can be obtained. This critical 
conversion can be increased by decreasing the amount of 
CTA, but this leads to a decrease of [MI,,  and consequently 
to an increase in the process time. In this work, the critical 
overall conversion has been set equal to 0.95, namely, 5% of 
the offspec polymer was allowed. Given X,*, the values of zn 
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and xn, can be obtained from the minimization of Eq. B-2 
(Append= BI. These values are related with the amounts of 
free and pol!merized monomer and CTA as follows: 

2.436 10 ' 
2.434 10 

2.432 10 ' 
2.430 10.' 
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2 426 10 ' 
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2422 10 ' 
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Equations 34 -36 allow the calculation of CC14f and CCI,,,,, 
and hence the value of CC14max. 

3. The monomer and CTA already charged into the reac- 
tor cannot be removed: 

6 0.7 

(37) 
J L / / ': PI = 3.5 

'\ 
0.5 

I \ 
/ \ 

0.3 I c 
0.2 

4. The amount of monomer and hence that of CCI, in the 
latex particles should be limited. The presence of droplets 
should not be allowed, as the excess of monomer or CCI,, 
which is in the monomer droplets, does not contribute to in- 
creasing the polymerization rate, but causes a significant loss 
of control capacity. Safety may also be a reason to limit the 
amount of free monomer in the reactor. Following Echevarria 
et al. (1999, the maximum concentrations of the monomer 
and CCI, in the latex particles used in this work were those 
corresponding to the saturation of polymer particles. 

The optimization provides the amounts of both monomer 
and CTA in the reactor at any X,. This result is independent 
of the polymerization rate of the process and can be re- 
garded as master curves. Figure 10a presents an example of 
these curves for the desired MWD of Figure lob. 

c 1 \ 
0.1 

0 0  ' ' ' ~ - ~ ~ ' " ' ' ' ' ' ' ' ' ~  I " "  

3 0 4 0  5 0  6 0  7 0  8 0  

Log (D)  

Figure 10. Amounts of monomer (---O---) and CTA 
(-04 to be added to the reactor at any X ,  
(a) to obtain the MWD in part (b). 

where FM and Feel, are the molar feed flow rates of the 
monomer and CTA, respectively. 

The product E X Np was used as an adjustable parameter. 
For this purpose, Z X Np was approximated by the following 
equation: 

State estimation 
A mathematical model of the process was used to fit the 

amounts of free monomer and CTA measured on-line by gas 
chromatography. being the evolution of the adjustable pa- 
rameter E x NJp (Urretabizkaia et al., 1994). The following 
objective function was minimized: 

and the parameters k, and k, were tuned to minimize Eq. 
39 by means of an algorithm for parameter estimation in or- 
dinary differential equations (Seinfeld and Lapidus, 1974). 
Once the parameters of Eq. 42 are estimated, the predictions 
of the mathemaGca1 model areA used as estimations of the 
free monomer, M, and CTA, CCl,, in the reactor, as wellAas 
those o,f their concentrations in the polymer particles, [MI, 
and [CCI,],. 

m 

I -= m ~- 2 i = M .CCI, 

where m is the last sample available, iexp is the amount of i 
measured by on-line GC, and ical is the value calculated with 
the model. Note that the last three experimental data were 
used in the objective function. The values of ical were calcu- 
lated by means of the following equations: 

Updating of the state estimates 
For this system there is a time delay of 8 min (2.5 min for 

sample preparation, 4 rnin for GC analysis, and 1.5 min for (40) 
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calculations), that is, the estimated values of the state vari- 
ables correspond to the situation of the reactor at the sam- 
pling time. Therefore, the state estimates must be updated. 
This is done by integrating Eqs. 40 and 41 from the sampling 
time to the current time. The time dependence of ii X N, 
given by Eq. 42 was used in the integration. 

fa) 

CL 

J - 
Nonlinear model-based controller 8.0 10% 

culate The role the feed of the rates nonlinear of monomer model-based and CTA controller until is the to next cal- 

6 0 lo5 k;; , c, : ; 7;y;;cj measurement is available, that is, for the next 8 min. The 4 0  10' 
controller is based on the discretization of the material bal- 
ances: 0 0 2  0 4  0 6  0 8  l 

x r  

2.05 

FccI, - kf[CCI,], P I  

where Ln are the updated values of monomer and CTA at the 
beginning of the control interval A t ,  i n +  are the desired val- 
ues of these variables at the end of the interval, and ii x N, 
is given by Eq. 42. The values of in+ , are given by the master 
curves obtained by means of the off-line optimization and 1.95 t I 
depend on the overall conversion: 

in + 1 = f ( X T n +  ,) 
1.90 

(45) 0 0.2 0.4 0.6 0.8 1 

X T  

The iterative solution of Eqs. 43-46 yields the values of F,,, 
and FccI, for the next time interval. 

The time delay and the fact that at least two on-line mea- 
surements are required to estimate the time evolution of ii X 

Np means that no control action could be implemented for a 
process interval of 16 min. If the polymerization were con- 
ducted under the conditions calculated in the optimization, 
that is, at a high polymerization rate, a significant fraction of 
the polymer would be formed in an open-loop control mode, 
which does not guarantee the formation of the desired poly- 
mer. In order to minimize this risk, the first 16 min of the 
reactions were carried out in an open-loop control mode, but 
with a low concentration of monomer and CTA in the reac- 
tor. In this way, only a limited amount of polymer was pro- 
duced. Once the estimation of ii x Np was available, the feed 
flow rates were calculated as explained earlier. 

Assessing the Control Strategy by Numerical Sim- 
ulation 

Figure 11. Evolution of (a) Mn, Mw and (b) PI for case 
s1. 
(a) (-) desired; (0) simulated M,; (0) simulated Mn; (b) 
(-) desired; (0) simulated PI. 

S3: Polymer with bimodal MWD: it?,, = lo6; PI, = 2; a,,,* 
A detailed mathematical model was used to simulate the 

process. To make the outputs of the model closer in charac- 
ter to the real data, a 2% random error was added to the 
amounts of unreacted monomer and CTA calculated by the 
model for X, > 0.2. For X, < 0.2, a larger random error (5%) 
was used to account for the effect of the presence of monomer 
droplets on the GC measurements. The measurements were 
assumed to be delayed by 8 min, and the first 16 min of the 
polymerization were carried out in an open-loop mode. Fig- 
ures 11-13 present a comparison between the evolution of 
the desired and simulated an, aw, and PI for the three cases 
considered. It can be seen that fairly good agreement was 
achieved, the slight deviation observed at low conversions be- 
ing due to the errors associated with the open-loop control 
used in this part of the polymerizations. 

= 105; PI, = 2.  

The control strategy was first assessed by numerical simu- 
Experimental Validation of the Control Strategy lation. Three cases were considered: 

S1: Polymer of a, = 400,000 and PI = 2 (minimum possi- 

S2: Polymer of aW = 625,000 and PI = 3.5 (broad distribu- 

The control strategy was experimentally validated for the 
unseeded emulsion polymerization of styrene using CC1, as 
CTA. The materials used are described in Appendix A. Poly- 
merizations were carried out in the equipment developed by 
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Figure 12. Evolution of (a) M,,, Mw and (b) PI for case 
s2. 
(a) (-) desired; (0) simulated aw; (0) simulated Mn; (b) 
(- ) desired; (0) simulated PI. 

Leiza et al. (1Y93). Samples were also taken for the off-line 
measurement of the MWD (by GPC) and monomer conver- 
sion (by gravimetry). Three cases were considered: 

Cla: aW = 400,000; an = 200,000 (PI = 2). 
Clb: a,+ = 1,200,000; a,, = 600,000 (PI = 2). 

CI: Polymer of minimum PI. 

C2: Polymer of aw = 625,000 and PI = 3.5. 
C3: Polymer with bimodal MWD: a,, = lo6; PI, = 2; 

Case Cl .  
a,, = 105; PI, = 2. 

The optimization shows that all the CTA should 
be included in the initial charge and the process controlled 
by the feed rate of styrene. Table 4 presents the recipes used 
in these polymerizations. In this case, the MWD has to be 
kept constant during the process. Figure 14 presents the evo- 
lution of the off-line-measured aw and mn for cases Cla 
and Clb. The comparison of the whole MWD for cases Cla 
and Clb is presented in Figures 15 and 16, respectively. It 
can be seen that a polymer of the desired quality was ob- 
tained. 

The desired MWD was discretized in 20 instan- 
taneous MWDs. as explained in Appendix B. In the opti- 
mization, it was calculated that about 30% of the total styrene 
should be included in the initial charge. Due to the time re- 
quired to make the first control action (16 min), such a big 

Case C2. 

1.0 lo0 
' + 

8.0 10' - 

6.0 lo5 - - 
- 0  0 "  

4.0 10' - 

1 2.0 l o s  

0 0.2 0.4 0 .6  0 .8  I 
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Figure 13. Evolution of (a) M,,, MW and (b) PI for case 
s3. 
(a) (-) desired; (0) simulated a,,,; (0) simulated a,,; (b) 
(-1 desired; (0) simulated PI. 

charge may result in a substantial fraction of offspec poly- 
mer. Therefore, a smaller initial charge was used and for the 
first 16 min arbitrarily fixed small feed rates of styrene and 
CCl, were used. Once a good estimation of E X Np was avail- 
able, the control actions calculated by the nonlinear model- 
based controller were implemented. Table 5 presents the 

Table 4. Recipes used in case C1 

kg Total Initial charge Feed 
Cla 

St 0.600 0.050 0.550 
HZO 1.200 0.800 0.400 
CCl, 0.0027 0.0027 0 
KZSZO, 0.001 0.001 0 
NaHCO, 0.001 0.001 0 
SLS 0.012 0.007 0.005 

C1 b 
St 0.600 0.049 0.551 
HZO 1.200 0.800 0.400 
CCI, 0.0009 0.0009 0 
KzSzOL7 0.001 0.001 0 
NaHCO, 0.001 0.001 0 
SLS 0.012 0.007 0.005 
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Figure 14. Evolution of Mw and an for cases (a) C la  
and (b) C1 b. 
(-) desired; (0) experimental a,,, (0) experimental ,q,,. 

recipe used in this polymerization. Figure 17 presents the 
evolution of M ,  and an measured off-line by GPC and that 
of the desired polymer. Figure 18 presents the evolution of 
the MWD during this process. It can be seen that the control 
strategy was successfully applied to produce a polymer of the 
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Figure 15. Evolution of the MWD for case Cla. 

(-)desired; experimental (--O--) X, = 0.24, ( - -O-- )  X ,  = 

0.38, (-- --I X ,  = 0.59, (--A --) X ,  = 0.94. 
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Figure 16. Evolution of the MWD for case Clb. 
( -)desired, experimental ( -.--I X ,  = 0 24, ( - - O - - )  X ,  = 
0 38, (-- --) X ,  = 0 59, (--A --I x, = 0 94 

Table 5. Recipes Used in Case C2 

kg Total Initial Charge Feed 
St 0.600 0.018 0.582 
HZO 1.200 0.800 0.400 
CCI, 0.00398 0.00025 0.00373 
K2S20, 0.001 0.001 0 
NaHCO, 0.001 0.001 0 
SLS 0.012 0.007 0.005 

desired MWD. Figure 19 presents the evolution of the feed 
rates of styrene and CCI, used in this run. It can be seen that 
a constant feed rate was used during the first 16 min. Once 
the value of E X Np was estimated, the controller calculates 
higher feed rates to be added to the reactor. The CCI, was 
completely fed into the reactor after 36 min. From this mo- 
ment, the polymerization was controlled by the feed rate of 
styrene. For this run the last half of the process was devoted 
to producing only 20% of the polymer, because at the end of 
the process a low concentration of styrene should be used to 
produce the low molecular-weight portion of the MWD. 

2.0 lo6 , 
t 1 

O . O I O O ~ '  " I '  " " " I '  " " ? ' J  
- 

0.0 0.2 0.4 0.6 0.8 1.0 

T 

Figure 17. Evolution of mw and M,, for case C2. 
(-) desired; (0) experimental m%,; (0) experimental an, 
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1 

Case C3. The desired MWD was a bimodal distribution 
including two peaks, each of them of minimum polydispersity 
(PI = 2), plus the same amount of polymer. The optimal pro- 
cess is to produce the high molecular-weight peak during he 
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Figure 19. Feed-rate profiles calculated by the con- 
troller for case C2. 
(a) styrene feed rate; (b) CCI, feed rate. 

Table 6. Recipes Used in Case C3 

Kg Total Initial Charge Feed 
St 0.600 0.042 0.558 
H 2 0  1.200 0.800 400 
cc1 j 0.00643 0.000943 0.0055 
K 2 S A  0.001 0.001 0 
NaHCO, 0.001 0.001 0 
SLS 0.012 0.007 0.005 
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Figure 20. Styrene feed-rate profile for case C3. 
(-1 styrene feed rate; (--) second addition of CCI, ( X ,  = 

0.5). 

first part of the polymerization (up to X ,  = 0.5) by keeping 
the instantaneous MWD constant. The low molecular-weight 
peak is produced in a similar way during the second half of 
the process. Part of the CCI, is included in the initial charge, 
and up to X ,  = 0.5 only styrene was fed into the reactor fol- 
lowing the feed rates calculated by the nonlinear model-based 
controller (Figure 20). At X ,  = 0.5 the rest of the CCl, was 
added to the reactor and again only the styrene feed rate was 
used to control the MWD. Figure 20 shows that the second 
part of the process lasted almost 7 h (as compared with 1.5 h 
needed for the first 50% of conversion). This was due to the 
small [ M I P  required to produce the low molecular-weight 
peak. Figures 21 and 22 present a comparison between the 
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Figure 22. Evolution of the MWD for case C3. 
(-) desired; experimental: (--O--) X ,  = 0.22, ( - -O--)  X ,  
= 0.63, (-- --) X ,  = 0.95. 

tween the desired aw, a,, and MWD and those obtained in 
the controlled process. It can be seen that the polymer ob- 
tained had the desired quality. 

Conclusions 
In this work, emulsion polymers with well-defined molecu- 

lar-weight distributions were obtained by using a control 
strategy based on on-line GC measurements of the unreacted 
monomer and CTA. The measurements were filtered by 
means of a nonlinear optimization algorithm that minimizes 
the differences between the on-line measurements and the 
predictions of a mathematical model for the process. A non- 
linear model-based controller was used to calculate the feed 
rates of monomer and CTA required to obtain the desired 
MWD in the shortest process time. This requires a mathe- 
matical model for the MWD that was developed based on 
independent measurements. The control strategy was first as- 
sessed by numerical simulation and then experimentally veri- 
fied during the styrene emulsion polymerization using CCI, 
as CTA. Three different cases were considered: (Cl) polymer 
of a given a,,, and minimum polydispersity; (C2) polymer of 
arbitrary aw and PI; and (C3) polymer with bimodal MWD. 
In all cases, the control strategy allowed us to produce the 
desired polymer quality. 
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Appendix A: Experimental Details 
Styrene (St) was distilled under reduced pressure of dry 

nitrogen and stored at - 18°C until use. Sodium lauryl sulfate 
(SLS, Merck), potassium persulfate (Fluka), and sodium bi- 
carbonate (Panreac) were used as received. Deionized water 
was used throughout the work. Polymerizations were carried 
out at 60°C in a 2-L stainless-steel reactor equipped with stir- 
rer, sampling device, and inlet system for nitrogen. In the 
batch polymerizations, samples were withdrawn during the 
reaction, the polymerization short stopped with hydro- 
quinone, the monomer conversion determined by gravimetry, 
and the CCl, conversion measured by gas chromatography 
(GC, Shimazdu, GC 14-A). The particle size was measured 
by dynamic light scattering (COULTER NCPLUS). The 
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number of polymer particles was estimated from the values 
of conversion and particle size. The MWD was measured by 
GPC using two columns (Styragel HR6 and Styragel HR4, 
Waters) and a refractive index detector. 

Appendix B: Discretization of the MWD 
In order to calculate the instantaneous MWD that has to 

be produced at each value of X,, the final MWD is dis- 
cretized as follows: 

r k  

where X T f  is the final overall conversion, y(n) is the instan- 
taneous distribution produced in the conversion increment (a 
constant value of 4 X T j  ( A X , )  is used in Eq. Bl), and k is 
the number of increments into which XTf is divided. For a 
given number of conversion increments, the required values 
of xnl, can be calculated by minimizing the following equa- 
tion: 

where Wp(n> and W,*(n> are the desired and the calculated 
MWDs. The number of values of n should be greater than 
the number of conversion increments. Typically, 100 values 
of n were used for k = 20. It is worth pointing out that the 
larger the number of conversion increments, the closer to the 
desired MWD will be the solution, but the computation time 
will increase as the number of parameters to be estimated, 
Zni, increases. 

The minimization of Eq. B2 gives the values of Xn,  to be 
produced at different 4 X T ,  but it does not provide any hint 
about the sequence in which they have to be produced. This 
sequence can be inferred by assuming that the CCI, is much 
less reactive than styrene and accumulates in the reactor, 
precluding the formation of high molecular-weight polymer 
at the end of the process. Therefore, the best sequence is to 
produce a continuously decreasing molecular-weight polymer 
during the process (an exception to this rule is the produc- 
tion of an MWD of minimum polydispersity index when the 
same molecular weight has to be produced throughout the 
process). 
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