
Emulsion copolymerization of vinyl chloride with vinyl acetate comonomer was per-
formed. Different conditions of initiators, emulsifier, and comonomer concentration
were chosen in order to investigate the copolymerization reaction. Potassium per-

sulphate, a mixture of stearyl alcohol and sodium lauryl sulphate (SLS) were used and
reactions were performed at 55oC in a pressurized reactor. Two region of pressure
change were distinguished in the pressure-time curves in which by increasing the initia-
tor concentration the flat region was shortened and the descending region showed a
higher slope indicating higher reaction rate. Higher initial pressure was found in higher
emulsifier concentration while higher pressure drop was achieved in the second region of
pressure-time curves. Effect of comonomer content on heat release during copolymeriza-
tion was studied. Conversion and intrinsic viscosity of the copolymers and their correla-
tion with reaction parameters were also investigated.
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PVC with excellent flame retardan-
cy, resistance to solvents and chemi-
cals, and low cost is the second
large-production plastic in the world
[1-3]. Further improvement of some
properties such as heat stability, high
melting point, low solubility, low

adhesion, and toughness for appro-
priate applications will be achieved
by copolymerization of vinyl chlo-
ride monomer (VCM) with other
monomers such as olefins, acrylates,
vinylidene chloride, and vinyl
acetate. Among these copolymers
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vinyl chloride-vinyl acetate is the most important.
Emulsion polymerization accounts for 17% production
of this copolymer [4].

Due to difference in monomer and polymer solubil-
ity in water, solubility of polymer in its monomer, and
chain transfer to the monomer, the kinetics of copoly-
merization is not fully understood [5].

Emulsion polymerization of VCM with isobutyl
vinyl ether [6] and butyl acrylate [5,7], terpolymeriza-
tion of VCM with vinyl acetate and butyl acrylate [5],
copolymerization of VCM with VAc initiated by radia-
tion and the studying of emulsifier concentration, cor-
relation of microstructure and reaction parameters in
VC/VAC copolymer using GPC measurements [8] and
determination of reactivity ratios of VCM and VAc
using 1H NMR [9] have been already reported. In this
study various initiator and emulsifier concentrations
were used and a close visualization of their effects on
the copolymerization reactions in terms of pressure and
heat release is presented based on the different reaction
times and conversions. 

EXPERIMENTAL

Materials 
Vinyl chloride monomer (VCM) with purity of 99.9%
in pressurized cylinder and vinyl acetate (VAc) of
>99% purity were purchased from Arak Petrochemical
Industries. Sodium lauryl sulphate (SLS) and stearyl
alcohol (SA) from Merck, Potassium persulphate (PP)
and sodium acetate (NaAc) from Aldrich were all used
without further purification.

Reactor Set-up
A Parr 1.8 L autoclave reactor with controller of Parr
4842 model was used for emulsion polymerization and
copolymerization of vinyl chloride with vinyl acetate.
The reactor with thick wall stainless steel capable to
operate up to 3000 psi was equipped with motor drive
with maximum speed of 700 rpm, heating elements for
heating the reaction medium up to 350oC and internal
cooling coil for cooling and controlling the reaction
temperature, pressure sensor capable of detecting one
psi pressure change and temperature thermocouple with
sensitivity of 0.5oC. At the reactor head, valves for intro-
ducing ingredients, gas inlet and outlet were placed and

a drain valve was situated in the bottom of the reactor.

Reaction Procedure
SLS, SA, and NaAc were separately dissolved in dis-
tilled water and added to the reactor. Then VAc and
required amount of water were added to the reactor. PP
was added at room temperature and N2 was purged in
the reactor in order to eliminate the dissolved oxygen.
The VCM was previously charged to a pressure bomb
from VCM cylinder. Then the bomb was connected to
the reactor and its content was injected into the reaction
mixture. All ingredients were thoroughly mixed with an
agitation rate of 300 rpm at room temperature after
which, the temperature allowed to increase to 55oC.
Preliminary experiments were performed in order to
adjust solid percent, reaction time, and the stability of
emulsion during the reaction and after it.

In this study the effects of initiator, surfactant, and
vinyl acetate concentration on vinyl chloride-vinyl
acetate copolymerization were investigated. In all
experiments 35 wt% of solid based on total monomer
weight was chosen and the end point of the reaction
was considered when the reactor pressure had been
reached to 35 psi. At this pressure reactions were halt-
ed and VCM was vented off. The weight of to this out-
let VCM which was introduced into the preweighted
balloon was found to be 3 g. This value can be disre-
garded against total monomer weight of about 380 g
and it can not change the solid percentage or copolymer
composition.

Sampling
The latex samples were withdrawn from the emulsion
in different intervals via a valve which is connected to
a tube extending to the bottom of the reactor. Therefore,
liquid samples with solubilized VCM exited from the
valve and VCM liquefied foam is formed, upon vapor-
izing during the sampling. VCM is a gas at atmospher-
ic pressure so it vaporizes before weighting. In order to
measure solid content of the samples, sampling valve is
connected to a preweighed rubber balloon and samples
were directly poured in to the balloons from the reactor.
The balloons were tightly closed and detached from the
valve and reweighed. Then the balloons were opened
and allowed to dry by evaporating water and unreacted
monomers at room temperature. Finally, samples were
dried in vacuum oven at 40oC to a constant weight. 
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Analytical Methods      

Gravimetry

Gravimetry was used to calculate the percentage of
conversion using the following equation.

wight of solid sample
conversion (%) =  × 100

weight of wet sample

in which wet sample refers to weight of the sample
including dissolved gaseous VCM.

Solubility Test

This test permits to detect the presence of homopoly-
mers of VCM or vinyl acetate in the samples. Methanol
can not dissolve PVC even at 50oC but dissolves
poly(vinyl acetate). Samples were poured in methanol
and were agitated at 50oC for 8 h. The precipitate was
separated and the solution was allowed to dry by evap-
orating the solvent. Copolymers were also dissolved in
acetone in order to detect PVC homopolymer.

Viscometry

Solid samples were purified by solution/precipitation in
THF/water and dried in vacuum oven at 40oC for 24 h.
Solutions of 0.1±0.001, 0.2±0.001, and 0.40±.001 g of
copolymer in 100 mL cyclohexanon were prepared and
time corresponds to solvent (t0) and solution (t) values
were measured in an ubbelohde viscometer at 30±0.1oC
according to ASTM D1243. Intrinsic viscosity [η] were
obtained by plotting ηr /C and ln ηred/C and extrapolat-
ing to zero concentration.

FTIR Spectroscopy

FTIR Spectroscopy was used to characterize the chem-
ical structure through absorption peaks of vinyl acetate
and vinyl chloride in the copolymers. A Bruker 200
FTIR spectrophotometer was used. Thin films of the
copolymers were prepared by casting the copolymer
solutions in 1, 2-dichloroethane on glass plates.

RESULTS AND DISCUSSION

VCM Weight Fractions in Gas and Liquid Phase 
In all experiments after injection of VCM into the reac-

tor the pressure reaches to 65 psi (4.42 atm) at room
temperature which rises to above 118 psi (8.03 atm) at
55oC. In order to estimate VCM weight fractions in gas
and liquid phase, known parameters as the reactor vol-
ume, Z factor of VCM gas at T=55oC  (Z=0.9 [10]), and
total volume of all other ingredients were considered
and free volume of reactor was calculated by subtract-
ing reactants total volume from the reactor volume.
Then, the gas law equation for a non-ideal gas was used
and it was found that 118 psi (8.03 atm) at 1.02 liter
free reactor volume corresponds to 6.5 wt% of VCM in
the gaseous phase at the beginning of the reaction. It
means that 93.5 wt% of VCM is in its liquid form or
solubilized in the reaction medium and must be consid-
ered in the calculations.

Recalculating the volume of all ingredients includ-
ing liquid VCM gives a lower free reactor volume and
therefore a lower weight percent of VCM in the
gaseous form. Our calculations showed that 4.5 wt %
of VCM exist in gaseous form at the beginning of the
polymerization. Detailed calculation is reported else-
where [11]. Hamielec et al. have reported a 97 wt% of
VCM in liquid phase for a homopolymerization system
of PVC [12].

Effect of Initiator Concentration on Copolymerization 
Table 1 shows the recipes of the reactions. The only
variable is the initiator concentration which is doubled
and tripled successively. Figure 1 shows the variation
of pressure versus the reaction time. As can be seen, all
reactions show two regions of pressure change. A flat
region in which the pressure is constant and the
gaseous VCM dose not participate in reaction, and a
region of descending pressure which means that
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Table 1. Recipes of reactions with different initiator concen-

tration.

(1) 35% solid, (2) Initiator % based on total monomer, (3) Surfactant % based on

total monomer.

Ingredients

Reaction1

VCM

(g)

VAc

(g)

I

(g)

S.LS

(g)

S.A

(g)

NaAc

(g)

I2

(%)

S.L.S3

(%)

1

2  

3

330

330

330

59

59

59

12.1

24.2

36.3

36.3

36.3

36.3

1.2

1.2

1.2

5.2

5.2

5.2

0.29

0.58

0.87

0.71

0.71

0.71
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gaseous VCM is used in the reaction.
With increasing the initiator concentration the length

of flat region decreases. This observation can be attrib-
uted to the fact that with increasing the initiator con-
centration, the rate of polymerization increases and liq-
uid monomers polymerize at a shorter period. During
the consumption of monomer droplets in the liquid
phase, polymerization is continued without any change
in the pressure. This situation ends when VCM droplets
reach to a minimum value so that gas-liquid equilibri-
um changes and VCM in the gaseous phase begins to
enter in the liquid phase.

This new source of monomer participates in the
polymerization and therefore the pressure shows a slow
decrease followed by a rapid decrease as the reaction
time increases. The later is related to loss of the last
VCM droplets.

Higher initiator concentration causes higher pres-
sure drop and lower total reaction time. This is clearly
observed with highest initiator concentration in reac-
tion 3 in which total reaction time was reduced to 300
min instead of 360 and 380 min for reactions 1 and 2,
respectively. These observations are all related to the
rate of polymerization which increases with increasing
the initiator concentration.

Figure 2 shows monomer conversion as a function
of reaction time. It can be seen from this Figure, that
conversion increases with the reaction time for the
three reactions and reaches to a constant value. Further-
more, with increasing the initiator concentration, con-
version increases as well. As a result, higher conversion

was obtained in a shorter time by increasing the initia-
tor concentration. This is in accordance with the results
observed in pressure-time curves of these reactions in
which increasing initiator concentration decreases the
reaction times which are corresponded to the flat
regions of these curves.

To understand better these observations, in Figure 3
the variations of pressure and conversion vs. time are
plotted simultaneously for reaction 3. As can be seen
from this Figure, pressure drop begins when monomer
conversion reaches to nearly 75% which is critical con-
version percent and its corresponding pressure is the
critical pressure.

Upon changing the initiator concentration, corre-
sponding time value changes and the critical conversion

Figure 1. Effect of initiator (I) concentration on pressure- time

curve of  VC/VAc copolymers.

Figure 2. Effect of initiator (I) concentration on conversion of

VC/VAc copolymers.

Figure 3. Simultaneous plots of pressure and conversion in

emulsion polymerization of VC/ VAc.
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at the critical pressure varies between 65-75% which
can be said it is nearly independent of the initiator
concentration. In fact conversion 65-75% specifies a
step of the reaction in which the VCM droplets present
in the aqueous phase have been consumed.

Then, the polymerization of monomers in gaseous
phase which enter to the reaction centers (Loci) continue
the reaction until high conversion ratios is reached. As
a consequent, the pressure drops rapidly. At the same
time viscosity of the particles increases and decreases
the rate of termination and transfer reactions and then a
high increase occurs in the propagation. This phenom-
enon which is known as gel effect causes a rapid
increment in conversion and heat of polymerization. 

Since the polymerization is performed at isothermal
conditions, the temperature of outlet cooling water can
be monitored as an indication of the changes in the
reaction rate in terms of released heat. These changes
are maximum at the gel point.

Figure 4 shows the plots of cooling water temperature
vs. time for reactions of different vinyl acetate contents.
As the reaction proceedes the heat is generated depend-
ing on the rate of polymerization. It results in changes
in outlet cooling water temperature.

Two peaks of heat release can be seen in Figure 4.
At the initiation of the polymerization, temperature of
cooling water which is 23oC begins to rise and reaches
to a maximum within next 20 minutes. Analysis of the
samples at this maximum temperature revealed that the
conversions are 15-25 % for each of the three reactions.

The first maximum peak corresponds to micellar
polymerization in which the number of particles reaches
to its maximum [5,13,14]. As a result, the reaction rate
and heat removal are high which manifest themselves
as high temperature of outlet cooling water. Then water
temperature decreases with time because of lower heat
production. It is due to constant rate of polymerization
through feeding from monomer droplets. Upon increasing
the conversion, viscosity increases in the polymer
particles which in turn it reduces monomer mobility
and diffusion in the reaction sites. This reduces both the
polymerization rate and heat generation thus, the outlet
water temperature continues to cool down and reaches
to a nearly constant temperature. 

After this period of time, temperature shows a rapid
increase in all three reactions. From pressure-time plots
of these reactions, it can be seen that the beginning
point of the temperature increase is exactly happend
before pressure drop which corresponds to the gel point
as is indicated earlier. 

Figure 4 also reveals that copolymerization with
lower vinyl acetate content has higher outlet water tem-
perature. This is due to the higher ∆H of polymeriza-
tion of vinyl chloride compared to that of vinyl acetate
polymerization. Furthermore, in the experiment with
highest VAc content, second maximum peak was shift-
ed to further time which is as the same as the pressure
drop of this reaction in pressure-time plots that is
shown in Figure 5.

Finally, with completion of the copolymerization

Figure 4. Effect of comonomer (VAc) concentration on heat

removal in VC/VAc emulsion copolymerization.

Figure 5. Effect of comonomer (VAc) concentration on pres-

sure- time curves of VC/VAc copolymers.



and consumption of all monomers and termination of
heat removal, the reaction temperature decreases and
consequently outlet water temperature cools down. 

Effect of Surfactant Concentration on Copolymer-
ization

Study of Pressure-time Behaviour

Table 2 shows the recipes of reactions with different
emulsifier concentrations from 0.71 to 1.61 by wt% of
total monomers weight. All other parameters were kept
constant. 

Figure 6 shows the plots of pressure versus time for
these reactions. From these plots very interesting
behaviour can be observed compared to those of reac-
tions with different initiator concentrations. It can be
seen from Figure 6 that with increasing the surfactant
concentration, in both flat and pressure descending
regions pressure difference is produced which is signif-
icant at the highest surfactant concentration. With
increasing surfactant concentration higher nucleation
occurs thus, higher number of particles is formed. In
turn, it causes an increase in equilibrium level between
monomer phase inside polymer particles in liquid
medium and gaseous monomer above it. Due to this
increase, the more molecules of vinyl chloride
monomer enter to the gaseous phase and consequently
the initial pressure increases which in this study, it is
significant at the highest emulsifier level.

Capek reported that in the emulsion copolymeriza-
tion of the VCM with butyl acrylate, increase of reac-
tion pressure has been related to an increase of the
VCM in polymer particles and gaseous phase [7]. Pres-
sure difference of reactions with different surfactant
concentration remains almost constant in the flat
region. But by arriving at the second region the trend
reverses and the pressure of reactions with higher sur-

factant concentration decreases at higher rate and thus,
lower pressures are observed. At the beginning of the
pressure drop which is accompanied by the elimination
of monomer droplets in the emulsion, VCM in gaseous
phase participates in the polymerization. Higher surfac-
tant concentration causes higher pressure drop and the
slope of corresponding curve is steeper.

This observation is attributed to the fact that after
consumption of monomer droplets the equilibrium
between gaseous phase and polymer particle phase is
shifted toward diffusion of the VCM gas into the poly-
mer particle phase. Furthermore, since the area of this
phase increases directly with the surfactant concentra-
tion, the rate of diffusion into the polymer particles
increases as well. Consequently higher polymerization
rate is observed in the second region of pressure-time
plots upon increasing the surfactant concentration. The
higher rate of VCM transfer from the gaseous phase
into the reaction sites at higher emulsifier concentration
can be attributed to the viscosity of polymer particle
phase. 

Figure 7 shows the plot of intrinsic viscosity and
molecular weight of copolymers as a function of sur-
factant percentage. It can be seen that molecular weight
decreases with increase in the emulsifier concentration.
It means that lower viscosity of polymer particles in the
emulsion is achieved. Regarding [η] there is an
increase followed by a decrease in viscosity. This
observation indicates that more branched polymer
chains are produced  thus, polymer particles with lower
viscosity are attained. Thus, both low molecular and
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Table 2. The recipes of experiments with different emulsifier

concentration.

VCM

(g)

VAc

(g)

I

(g)

NaAc

(g)

I

(%)

S.L.S

(%)

330

330

270

59

59

49.4

2.24

2.24

1.91

1.75

1.75

1.48

0.58

0.58

0.58

0.71

1.06

1.61

Figure 6. Effect of surfactant (SLS) concentration on pres-

sure time curves of VC/VAc copolymers.



branched polymer chains which are produced by
increasing emulsifier concentration lower the viscosity
of particles. It in turns, facilitate the solubilization of
the VCM gas in the reaction sites.

Study of  Conversion-time Behaviour

Figure 8 shows the conversion-time plots of reactions
with lowest (0.71%) and highest (1.61%) surfactant
level, respectively. As can be seen in this Figure, upon
increasing the surfactant concentration, conversion
increases considerably. It is directly related to the rate
of polymerization due to the higher nucleation. Tsai et
al. found the same phenomenon in the radiation
induced emulsion copolymerization of VCM with VAc

[15]. Furthermore, the rate of increase in conversion
suppresses above 90% at highest concentration of sur-
factant. While at lowest surfactant concentration, con-
version continues to increase and exceeds the highest
surfactant concentration curve. 

It can be said that in high surfactant concentration
a high volume of polymer particles with high polymer
chains content is produced. Some of these chains have
double bonds which are produced by abstracting hydro-
gen and chlorine radicals. These chains can act as radi-
cal scavenger and reduce polymerization rate compared
to lesser polymer particles which are produced by lowest
surfactant concentration [5].

Characterization of Vinyl chloride-vinyl acetate
Copolymer
The detailed analysis of copolymer characteristics
which was performed by NMR and IR spectroscopy,
viscometry and GPC techniques is the object of forth-
coming paper.

Figure 9 shows the spectra of vinyl chloride
homopolymer and the copolymer obtained at the end of
the reaction. As can be seen in this Figure, after the
reaction, characteristic absorption of the carbonyl
groups (C=O) in vinyl acetate units is appeared which
clearly indicates the formation of vinyl acetate-vinyl
chloride copolymer.

From the solubility tests it was found that
homopolymer was not formed. Another evidence of
copolymer production is the reaching to above 95%
conversions.

The results of viscometry of vinyl chloride
homopolymer and its 15 wt% vinyl acetate copolymer
are shown in Table 3. It can be seen that the intrinsic
viscosity of VCM homopolymer is reduced with the
incorporation of vinyl acetate units in its structure. The
decrease in [η] or molecular weight of VCM
homopolymer is attributed to the increase of vinyl chlo-
ride chain termination reactions due to the chain trans-
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Figure 7. Effect of surfactant concentration on molecular

weight and intrinsic viscosity of VC/VAc copolymers.

Figure 8. Effect of emulsifier (SLS) concentration on conver-

sion in VC/VAc copolymerization.

Table 3. Molecular weight and viscosity of homopolymer and

copolymer of VC/VAc.

Property

reaction
Intrinsic viscosity

Molecular weight

(Mw)

Homopolymer

Copolymer VC/ VAc

1.004

0.895

187811

169482
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fer to the vinyl acetate units. This decrease is related to
the abstraction of methine protons and production of
active centers on vinyl acetate chains [16].

CONCLUSION

Emulsion polymerization of vinyl chloride-vinyl
acetate was performed. It is shown that up to 95.5 wt%
of VCM exists in the aqueous phase. Two regions were
distinguished in the pressure-time curves. Increasing
the initiator concentration decreases the corresponding
time of the flat region while increases the slope of the
second region, both due to the higher rate of polymer-

ization.
From simultaneous conversion-pressure plots it is

found that 65-75% of conversion take place when the
VCM droplets disappear and the pressure begins to
decrease. At this stage, observed increase in tempera-
ture of outlet cooling water of the reactor is attributed
to the heat of polymerization of VCM feed from the
gaseous phase. With increasing the emulsifier concen-
tration, higher initial pressure is achieved which is
attributed to the higher concentration of VCM in the
gaseous phase.

Increasing emulsifier concentration adversely
affects the pressure of the descending region of pres-
sure- time curves so that lower pressure was observed
in this region. This is attributed to the lower viscosity
of polymer particles. Intrinsic viscosity [η] of vinyl
chloride-vinyl acetate copolymers shows lower values
compared to that  of the homopolymer which is related
to the chain transfer to the vinyl acetate units in the
copolymer.
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