




















Techniques of Polymerization 
For laboratory and industrial purposes, polymerization is practised by a variety of approaches and 
techniques that require different design considerations with respect to recipe of polymerization and with 
respect to physical conditions for the process and process equipment. Generally, polymerizations are 
studied and practised by four different techniques: 

1. Bulk or Mass Polymerization 
2. Solution Polymerization 
3. Suspension Polymerization and 
4. Emulsion Polymerization 
Of the four techniques, the last two are essentially heterogeneous polymerization systems containing a 
large proportion of a non-solvent, usually water, acting as a dispersion medium for the immiscible liquid 
monomer. Bulk and solution polymerization may be either homogeneous all the way or homogeneous 
to begin with, but becoming heterogeneous with progress of polymerization due to the polymer formed 
being insoluble in its monomer (for bulk polymerization) or in the solvent used to dilute the monomer 
(for solution polymerization). Polymerization of monomers used in the gaseous phase, to begin with, 
also usually ends up in a heterogeneous system. Most condensation polymerizations are conveniently 
done by employing bulk or the solution techniques. 

1. Bulk Polymerization 

Polymerization in bulk, i.e. of undiluted monomer is apparently the most obvious if not the most simple 
method or technique of polymer synthesis. In terms of polymerization recipe, this obviously provides 
the most simple system, requiring the use of a very low concentration of an initiator as the only additive 
in the monomer and that again decomposes and reaches almost a vanishing concentration at the end 
of the polymerization process. For uncatalyzed vinyl polymerization (using no catalyst or initiator) done 
thermally, photochemically or otherwise, the polymer produced would be the most pure, free from any 
(additive) contaminants except probably traces of unreacted monomer. 

Vinyl polymerizations are highly exothermic. Again, to obtain polymer at convenient rates, temperature 
in the range 80–200°C is needed. For dissipation of the heat liberated with progress of polymerization, 
continuous stirring of the monomer–polymer mixture is essential. But the stirring process and heat 
dissipation become progressively difficult with conversion due to gain in the medium viscosity due to 
solubilization or precipitation of polymer in the monomer, more so in the high conversion zones. The 
autoacceleration or gel effect often makes the problem more acute. If left uncontrolled, excessive rise 
of temperature at local points known as "hot spots" may lead to discolouration, thermal degradation, 
branching, development of chain unsaturation or even cross-linking, thus giving rise to irreproducible 
and often inferior product quality. Because of these problems and disadvantages, bulk polymerization 
technique finds rather limited use in commercial production of vinyl polymers, e.g. in the production of 
poly-(methyl methacrylate) as acrylic castings (sheets), and in the making of certain grades of 
polystyrene, poly (vinyl chloride) and (low density) polyethylenes. The heat dissipation problem in such 
cases is kept to a minimum and within tolerable limits by two approaches: (i) by carrying out the 
polymerization to low conversions as in high pressure polymerization of ethylene using narrow but long 
tubular reactor at temperatures far higher than the melting temperature of the polymer; and (ii) by 
accomplishing the polymerization in stages—first up to about 20–30% conversion in a stirred reactor at 
80–100°C and subsequently allowing the monomer–polymer syrup (viscous mass) poured in an 
appropriate mould assembly to polymerize to (near) completion at progressively higher temperatures 
in stages (e.g. preparations of acrylic castings from methyl methacrylate monomer) or allowing the 
monomer–polymer syrup, called the prepolymer to flow under gravity aided by some positive pressure 
down a vertical tower reactor with appropriate design for heat transfer or heat dissipation and having a 
temperature gradient with increasing temperature zones downward for the reaction mixture till it reaches 
a stage of near-complete conversion (manufacture of polystyrene from styrene monomer). 

2. Solution Polymerization 

Solution polymerization, i.e. polymerization of a monomer in the presence of a diluent miscible in all 
proportions with the monomer and usually with the ability to dissolve the polymer is conceived as a 
means to overcome much of the problems and disadvantages of the bulk method. The solvent reduces 
the viscosity gain with conversion, allows more efficient agitation or stirring of the medium, thus effecting 
better heat transfer and heat dissipation and minimization or avoidance of local overheating or heat 
accumulation. Although the solution technique allows much better control of the process, it has its own 



demerits. The solution method often requires handling of flammable or hazardous solvents and removal 
or recovery of the solvent to isolate the polymer after the polymerization is over. Chain transfer to solvent 
may also pose a problem and purity of the polymer may suffer due to retention of last traces of solvent 
in the isolated product. Solution polymerization is, however, advantageous if the polymer formed is to 
be applied in solution by brushing or spraying as in the case of making of coating (lacquer) grade poly 
(methyl methacrylate) resins from methyl methacrylate and related monomers. In certain cases, the 
solvents generally used may not be able to dissolve the polymer being formed and so, the system 
becomes heterogeneous in character with polymer formation (polymerization of acrylonitrile in water or 
in some common organic solvents). 

3. Suspension Polymerization 

This is a case of heterogeneous polymerization right from the beginning. This technique is designed to 
combine the advantages of both the bulk and solution techniques, and it is one of the extensively 
employed techniques in the mass production of vinyl and related polymers. This technique primarily 
involves breaking down or dispersion of the liquid monomer mass into separate tiny droplets in a large 
continuous mass of a nonsolvent commonly referred to as the dispersion or suspension medium, by 
efficient agitation. Water is invariably used as the suspension medium for all water insoluble monomers 
because of many advantages that go with it, viz. ready availability at low cost, non-toxic nature, ease 
of storage and handling without the necessity of recovery, etc. Moreover, the boiling temperature of 
water is a convenient upper limit for radical vinyl polymerization and in aqueous suspension system the 
rise in temperature in any location due to exothermic nature of polymerization cannot go beyond the 
boiling temperature of the medium. 

The size of the monomer droplets usually range between 0.1–5 mm in diameter. Continuous agitation 
is allowed to prevent coalescence of the droplets. Low concentrations of suitable water-soluble 
polymers such as carboxymethyl cellulose (CMC) or methyl cellulose, poly(vinyl alcohol) (PVA), gelatin, 
etc., are used to raise the medium viscosity and they play the role of suspension stabilizers particularly 
in the intermediate stages of conversion when the tendency of the suspended droplets to coalesce 
together becomes high as the polymer beads become sticky. The water-soluble polymeric stabilizers 
form a thin layer on the monomer–polymer droplets and stabilization is effected due to repulsion 
between like charges thus gathered on different droplets. Finely divided suspended clay particles such 
as kaolin or china clay in small amounts is sometimes used to interfere mechanically with the 
agglomeration of beads. In suspension polymerization, oil-soluble initiators such as organic peroxides, 
hydroperoxides or azocompounds are used and thus, each tiny droplet behaves as a miniature bulk 
polymerization system. At the end of the process, polymers appear in the form of tiny beads or pearls 
and hence, the process is also known as bead or pearl polymerization. The polymers are filtered, 
washed profusely with water to remove the water soluble stabilizer as far as practicable, and dried. 
They, however, usually retain traces of stabilizers besides the residual initiator as contaminants. A 
typical recipe for suspension polymerization is given in Table 4.6. 

Table 4.6. A typical recipe for suspension polymerization of a vinyl monomer 

Ingredients Parts by Weight 

Monomer 100 

Water 200–400 

Initiator (peroxides, azo compounds) 0.2–0.5 

Stabilizers (CMC, PVA, gelatin, etc.) 0.02–1.5 
 

4. Emulsion polymerization 

a. Description of the System  The use of water as a medium of polymerization by the solution and 
suspension techniques has been described and discussed above. A special feature about water is that 
it provides us with a medium characterized by zero chain transfer constant.27 Another polymerization 
technique, in which water is used as the medium, is the "emulsion polymerization". Polymers from 
water-insoluble monomers are usually obtained at faster rates in the aqueous medium by the emulsion 
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technique using water soluble initiators. For efficient making of an emulsion, it is necessary to agitate 
the monomer–water mixture in presence of a measured dose of an emulsifying agent, i.e. a soap or a 
detergent. To minimize fluctuations in surface tension of the emulsion as polymerization progresses, 
small proportion of a surface tension regulator (usually a long chain fatty alcohol such as cetyl alcohol) 
is used. Small volume of a selected buffer solution is added to minimize or eliminate variations of pH of 
the system due to hydrolysis or other reactions. A chain length regulator or chain transfer agent of high 
transfer constant, such as dodecyl mercaptan is often used in low concentrations to permit optimum 
control of polymer chain length. A selected inhibitor, known as a short-stop may be added in small 
amounts late into the system in order to stop the reaction at a desired extent of polymerization. 
A low concentration of a water-soluble polymer such as carboxymethyl cellulose (CMC), poly(vinyl 
alcohol) (PVA), gelatin, dextrin, etc. is normally used in the emulsion polymerization system not to 
control the polymerization process with respect to rate or degree of polymerization but with the purpose 
of obtaining stable emulsion and to prevent emulsion break-down with progress of polymerization; this 
ingredient is commonly called a protective colloid or (emulsion) stabilizer. 
In principle and practice, and as a physical system, emulsion polymerization is distinctly different from 
suspension polymerization. It is associated with almost all the advantages of suspension polymerization 
and moreover, using selected efficient redox initiator systems, emulsion polymerization is conveniently 
accomplished at ambient or slightly elevated temperatures giving very high rates and degrees of 
polymerization at the same time. The rate and degree of polymerization in the emulsion system can be 
varied in a large measure independently of each other. The emulsion technique is extensively employed 
for the polymerization of dienes such as isoprene and butadiene, and vinyl compounds such as vinyl 
chloride, vinyl acetate, styrene, various acrylates and methacrylates and for making various copolymers 
of these and other related monomers. A typical recipe for emulsion polymerization of a vinyl monomer 
is shown in Table 4.7. 

Table 4.7. A typical recipe for emulsion polymerization of a vinyl monomer 

Component Parts by Weight 

Monomer 100 

Water 180–200 

Surfactant/Emulsifier (soap/detergent) 4–8 

Initiator: (i) K2S2O8 0.1–0.25 

(ii) NaHSO3 0.1–0.2 

Surface tension regulator (octanol/lauryl alcohol) 0.5 

Emulsion stabilizer (CMC/PVA, etc.) 0.5–1.5 

Buffer solution 5–10 

Chain length regulator (a mercaptan) 0.3–0.8 
 
b. Principle and Theory  The surfactant or the emulsifier plays an important role. When soap 
or detergent is taken in an aqueous system in excess of a low critical concentration, micellar or layered 
aggregates consisting of 50, 100 or even more soap/detergent molecules are formed. They may be 
lamellar micelles or spherical micelles with their polar ends (heads) facing water remaining in the outer 
surface and the long hydrophobic hydrocarbon 'tails' meeting at the central or interior part of the 
micelle28,29. The diameter or thickness of the initial micelles approximates twice the length of the 
soap/detergent molecules (40–80 Å). When water insoluble monomer is present, part of it gets 
"solubilized" and finds room within the micelles, presumably among the hydrophobic tails of the 
soap/detergent molecules forming the micellar aggregates. The solubilization leads to some swelling of 
the initial micelles. A major part of the monomer taken, however, remains initially in macroscopic 
droplets. The micelles offer a far greater total surface area than the droplets, even though the total 
volume of the micelles is significantly lower than that of the monomer droplets. A schematic 
representation of micelles with or without solubilized monomer, surfactant molecules or ions in aqueous 
solution and monomer droplets is given in Fig. 4.6. 
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Figure 4.6. Schematic representation of an emulsion system in an emulsion polymerization 

Experiments clearly demonstrate that polymer is not formed in the monomer droplets. This leaves the 
aqueous phase and the micelles as the locus of polymerization in the emulsion system. Aqueous 
polymerization can be readily effected without the use of an emulsifier and without having excess 
monomer as droplets (i.e. using the monomer within its solubility limit in water), though at much lower 
rates. But this alone is far insufficient to account for the bulk of the polymer formed in a typical emulsion 
system. In presence of a surfactant, the polymerization rate increases with surfactant concentration. 
Polymerization begins in the aqueous phase as that is where the initiators occur and react or 
decompose into radicals. The primary radicals immediately pick up monomers dissolved in water to 
bring about chain initiation. With very low concentration of monomer in the aqueous phase, chain growth 
at relatively low rates proceeds till the radicals enter micelles which are present abundantly in the 
system. It is also not altogether unlikely that the primary radicals would find straight entry into the 
micelles being attracted by their high monomer reserve. Within the micelles, polymerization or chain 
growth takes place much rapidly in view of high monomer concentration due to accumulation of 
solubilized monomer there. As polymer is formed due to monomer depletion in the micelles, more 
monomer is transferred to the micelles from the reservoirs of monomer droplets. The former expands 
at the expense of the latter. 
Soon after a low conversion stage (a few per cent) in the emulsion system, the low surface tension of 
the initial emulsion rises quite sharply evidently as a consequence of a fall in surfactant concentration 
in the aqueous phase of the emulsion, leading to breakdown or disruption of the micelles and 
consequent instability of the monomer droplets. Micelles give way to numerous polymer particles which 
at this stage average to not more than 200–400 Å in diameter. Nearly all of the surfactant used get 
adsorbed on the surfaces of the polymer particles. A redistribution of surfactant in favour of polymer 
particles makes the monomer droplets unstable at this stage. If agitation is discontinued, the monomer 
droplets cluster together into a continuous phase with zero polymer content. Monomer is now fed to the 
growing polymer particles by diffusion through the aqueous medium. As polymerization proceeds 
further, the polymer particles swell and grow in size even though they remain sensibly constant in their 
number. The rate of polymerization is practically constant over most part till about 60–80% conversion, 
excepting the initial zone up to several per cent. From the stage the monomer droplets completely 
disappear, the rate follows a fast decreasing trend with further conversion. In the final analysis, the 
emulsified polymer particles grow to a size in the range 500–1500 Å in diameter which is much larger 
than the size range of micelles initially formed but much smaller than the size of initially formed monomer 
droplets (> 10,000 Å). After polymerization to optimum conversion, appropriate dose of a short-stop or 
inhibitor is added to stop further conversion. The polymer is isolated by breaking the emulsion using 
salt or acid, coagulating, filtering, washing and drying. 
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