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Introduction

During the early stages of the polymerization reaction of styrene, the large monomer-swollen latex particles tend to rise to the surface of the reaction vessel, or “cream”, because during the first third of the reaction, the average density of the growing particle is less than that of the aqueous phase in which they are suspended. However, during the last two third of the reaction , the growing particles become heavier as more low-density monomer is converted to high-density polymer, and they tend to settle the bottom of the reactor. As the particles grow in successive seeding steps to diameters above 2(3 (m, the rate of creaming and settling become so rapid that it is not possible to keep them in suspension using conventional stirrer and still maintain their stability1,2. The gravitational effect of creaming and settling for the growing particles can also be eliminated by producing polymers with densities close to that of aqueous phase. In this case, the monomer concentration in the particle could be kept at the same level to ensure the density of styrene-swollen particle closer to that of water, using semi-continuous monomer addition process. The advantages of these processes include a convenient control of polymerization rate, particle morphology, and the composition in a copolymer system7-9, but the density control of polymerizing particles using monomer addition process has not been carried out yet. The mathematical model for the equal density polymerization system was developed to calculate the proper monomer feed rate based on both the material balance of the monomer for the total system and the knowledge of the polymerization kinetics.

Model Development

Equal Density Monomer Swelling Concentration

To simulate the equal density of the polymerizing latex particles, one must determine the density of the styrene-swollen particles as a function of monomer concentration and temperature, then find the monomer concentration which gives the density of styrene-swollen particle equal to that of aqueous phase at a given polymerization temperature. Generally, the volume of the polymer and monomer are additive as in ideal thermodynamic solutions, or in terms of the density of the solution which assumes additive densities is1:



                                  (1)

where dp’ is the density of monomer-swollen polymer particle. 

Generalized Dynamic Monomer Feeding Rate for Equal Density Condition

To get the equal density condition, the volume fraction of monomer in the polymer particle phase must be a constant value during the reaction. If the reaction temperature is fixed, the initial monomer concentration for the equal density condition can be determined as a certain value from the following equation



                                          (2)

If (2) is zero, the density of monomer swollen polymer particle should be that of aqueous phase. Therefore, the following relationship can be considered,



                                   (3)

One can rewritten (3) with the monomer feeding rate term, fm as follows:



                (4)

The above equation is the generalized relationship for the equal density conditions. In this simulation, (3) was used to determine the feeding rate profile.

Results and discussion
Both constants and parameters used for simulation are listed in Table 1. All the simulation results were calculated under the starved condition. The initial equal density conditions, i.e. initial monomer volume fraction and concentration in the particle were determined. Those results are listed in Table 2.For the equal density conditions, the initial concentrations of monomer in the polymer phase at different reaction temperatures were calculated to be 2.4659, 2.4298, and 2.4175mol/dm3, respectively. This means all the polymerization reactions begin with appropriate monomer swelling conditions. All values were calculated arithmetically under the assumption that water-solubility of styrene monomer and the amount of surfactant were negligible.  

Conclusion

Mathematical modeling and simulation for the equal density technique was successfully carried out in the emulsion polymerization of styrene based on a semi-continuous monomer addition method. Through the simulations, the effect of reaction temperature, initiator concentration, diameter of seed latex particle on equal density conditions were investigated. From the batch process simulation, compatibility and consistency of kinetic parameters were compared and verified with experimental observations by previous workers. Equal density polymerization technique shows that the large-size monodisperse polystyrene latex particles can be prepared without any creaming or settling in emulsion polymerization even under the gravity field. This model also gives information on the time evolution of polymerization rate, average number of radicals per particle, and exact monomer addition rate for the synthesis of large-size monodisperse styrene latex particle. 

Table 1. Numerical parameters for the simulation of styrene/polystyrene-KPS emulsion polymerization system

       Reaction Temp.

Parameter
323.15K


333. 15K


343. 15K



 Dw (dm-2s-1)

0.01×10-5
0.7×10-5
1.5×10-5

 kd (s-1)

0.1×10-5
1.2×10-5
2.2×10-5

 kp1 (dm3mol-1s-1)

1040
1574
2320

 kp (dm3mol-1s-1)

260
394
580

 kt (dm3mol-1s-1)

6.5×107
7.2×107
7.8×107

 ktr (dm3mol-1s-1)

9.3×109
-
-

 

 (mol·dm-3)

4.3×10-3

 

 (mol·dm-3)

5.5

 [I]0 (mM)

0.462, 0.925

 Vs (dm3)

0.20

 Vw (dm3)

1.00

 Ds (dm)

2.0,  5.0,  10.0×10-6

Table 2. Calculated density values and swelling monomer concentration for the equal density polymerization of styrene/polystyrene-KPS.

Temp.(K)
dp(g/dm3)
dw(g/dm3)
dm(g/dm3)
dp'(g/dm3)


(-)
[M]p0

323.15
1042.05
988.10
878.10
988.10
0.29245
2.4659

333.15
1039.40
983.22
868.92
983.22
0.29121
2.4298

343.15
1036.75
977.79
859.74
977.79
0.29283
2.4175
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