
Emulsion polymerization in gas-liquid systems differs from conventional emulsion
polymerization. In ethylene-vinyl acetate emulsion polymerization different condi-
tions of pressure, temperature, and agitation rate affect mass transfer of ethylene

monomer to the reaction sites. In this study the effect of scale-up from 1.8 to 7.5 L and
several parameters such as agitation rate, initiator concentration, and pressure on
copolymer composition and vinyl acetate conversion was investigated. It is found that agi-
tation rate has a direct effect on mass transfer and participation of monomers especially
ethylene monomer in the reaction sites (loci). Vinyl acetate conversion and ethylene con-
tent in vinyl acetate-ethylene copolymers vary with initiator concentration, so that by
increasing the initiator concentration, polymerization rate of vinyl acetate monomer
increases and ethylene content in the copolymer decreases simultaneously. Decreasing
vinyl acetate content of the reaction recipe increases the participation of ethylene in
copolymerization. Increase of pressure has a direct effect on this copolymerization sys-
tem through increasing solubilization of ethylene monomer which in turn increases ethyl-
ene content in the copolymers. The effect of introducing ethylene into the polymerization
reaction was investigated by using glass transition temperature measurements and dilute
solution viscometry of the synthesized copolymers.
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A wide range of synthetic polymeric
materials are commercially pro-
duced by free radical polymeriza-
tion. About 50% of these produc-
tions are prepared by emulsion poly-
merization [1]. Latex prepared from
emulsion polymerization of vinyl

acetate monomer in several forms
such as core-shell [2], microemul-
sion [3], and copolymerization with
acrylic monomers in a batch process
[4]. There is a comparison of these
processes with conventional emul-
sion polymerization [5]. Because of
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the brittleness of poly(vinyl acetate) homopolymer, it is
necessary to soften it by other monomers through copoly-
merization reactions [6-7]. Among these monomers (i.e.,
dibutyl maleate, butyl acrylate) ethylene which is pro-
duced in large scale in petrochemical industry has been
used extensively. Ethylene shows advantageous use,
since it has low price and offers good mechanical proper-
ties to poly(vinyl acetate). Generally, increasing pressure
or decreasing temperature increases gas solubility [8].
For emulsion polymerization under pressure in gas-liquid
systems, length to diameter (L/D) of reactor is greater
than that of the same reactor working at ambient pressure.
Furthermore, increasing agitation rate is an efficient way
for increasing ethylene mass transfer into the reaction
sites which in turn leads to an increase of ethylene percent
in copolymer and vinyl acetate conversion [9]. 

A review of vinyl acetate-ethylene (VAE) emulsion
polymerization in the semi-batch system including the
investigation of various parameters such as initiator
systems, different temperatures, pressure, initiator and
emulsifier concentration, buffer, co-solvent, and their
effects on copolymer composition or vinyl acetate con-
version was presented by Scott et al. [10].

One of the aims of experimental design for vinyl
acetate-ethylene synthesis in the semi-batch reaction, is
to produce VAE copolymer with an increased ethylene
content at reduced temperature and pressure [11]. Com-
paring two reactions which were run at different pres-
sure while all the other conditions are kept constant
showed that with increasing pressure from 200 to 500
psig, ethylene percent and molecular weight (Mn) of
copolymer were increased while their gel content and
polydispersity were decreased [11].

Increasing pressure in the semi-batch polymeriza-
tion system decreased vinyl acetate conversion and Mn
of the prepared copolymers [12]. Furthermore, it has
been shown that initiator concentration has direct effect
on vinyl acetate conversion [12]. Modelling of the
emulsion polymerization of vinyl acetate-ethylene
showed that there is a good agreement between theoret-
ical and experimental data [13]. 

In recent studies, the effects of various emulsifiers
on stability and properties of vinyl acetate-ethylene
latex have been investigated [14]. Thus, continuous
emulsion polymerization of vinyl acetate-ethylene was
carried out and the effect of emulsifier and operation
conditions was determined [15].

Batch emulsion polymerization of vinyl acetate-
ethylene in 1.8 L reactor was performed and the effects
of several parameters such as temperature, initiator’s
type and concentration, oil to water ratio, pressure,
buffer, and emulsifier concentration were investigated
and optimum condition to attain higher ethylene con-
tent in copolymers (about 15-20%) and vinyl acetate
conversion (about 80-90%)  was obtained [6-7].

In this study, the effect of scaling-up of copolymer-
ization reaction from 1.8 to 7.5 L on copolymer compo-
sition and vinyl acetate conversion is investigated.
Additionally, several parameters such as initiator con-
centration, pressure, and agitation rate were studied for
scale-up consideration in 7.5 L reactor which upon our
knowledge are not reported elsewhere and the results
are presented in this article. 

EXPERIMENTAL

Materials 

Deionized distilled water, vinyl acetate (VAc) produced
in Arak Petrochemical Co. with purity of > 99% and
ethylene (Et) of 99.6% purity which is supplied in
cylinder under pressure of > 1 MPa, ammonium persul-
phate (Merck), polyvinyl alcohol 88% hydrolysis with
molecular weight of 85000-146000 (Aldrich), sodium
lauryl sulphate (SLS) (Aldrich), n-hexane (Ridel de
Haan) with 95% purity were all used without further
purification. 

Analytical Techniques 
A JoelT NMR 90 MHz spectrometer was used to deter-
mine copolymer composition by 1H NMR spec-
troscopy technique. Polymer lab DSC was used to
measure the glass transition temperature, Tg of the syn-
thesized copolymers. Gravimetric analysis was used to
determine solid percent of the samples. Dilute solution
viscosities of the samples were measured at 30 ± 0.1oC
in methyl ethyl ketone (MEK). An Ubbelohde-type
viscometer was used and the intrinsic viscosities [η]
were determined by plotting ηsp/C and lnηrel /C against
C and extrapolating to zero concentration.

Experimental Procedure 
All experiments were performed in a 7.5 L parr auto-

580 Iranian Polymer Journal / Volume 14 Number 6 (2005)

Effect of Different Parameters in Emulsion ... Salehi Mobarakeh H. et al.



clave reactor (Model 4548) equipped with stirrer, tem-
perature controller with precision of  ±1oC, and pres-
sure sensor capable of detecting 1 psi change in pres-
sure. Cooling of the reaction mixture was performed
using internal cooling coils equipped with an electro-
magnetic valve.

Mixture of SLS, VAc monomer, deionized distilled
water, and protective colloid solution was introduced
into the reactor and thoroughly mixed during 1.5 h. n-
Hexane and aqueous ammonium persulphate solution
were added to the mixture and nitrogen was purged into
the reactor for 10 min followed by ethylene stream to
remove the dissolved oxygen. Then an adequate head
pressure of ethylene was applied to the reactor�s charge
which upon heating increases and attains the predeter-
mined pressure at the operation temperature. During
these operations the charge was heated to reach the
desired temperature which is as time zero.

Samples were withdrawn from the reaction mixture
under pressure at different intervals during the reaction.

Sample Preparation 
Samples in the form of latex were dried at 40oC for 24 h
in vacuum oven. Solid percent of the sample was cal-
culated using eqn (1).

Solid (%) = (W/W0)×100 (1)

W and W0 are weights of solid and latex, respectively.
Dried samples were purified by dissolving in

tetrahydrofuran (THF) followed by precipitating of
polymer in distilled water. It is repeated three times.
Pure samples were dried and their ethylene and vinyl
acetate weight percents were measured by 1H NMR
spectroscopy. Method of calculation of ethylene per-
cent in copolymers by 1H NMR spectroscopy has been
described before [6]. These values are then used to
measure vinyl acetate conversion through eqn (2).

VAcon (%) = (WRW(t)VA/WVA)S(t)×100 (2)

WR =  total weight of the reactant in the reactor 
W(t)VA = weight percent of vinyl acetate in copolymer

in different intervals from 1H NMR
WVA = total weight of vinyl acetate in the reactor
S(t) = solid percent in different intervals

RESULTS AND DISCUSSION

Table 1 shows all experiments which were run at differ-
ent conditions, such as different temperature, pressure,
reactor volume, initiator concentration, and agitation
rate. All reactions were carried out in emulsion systems
of continuous aqueous phase and dispersed organic
phase of monomers. Ammonium persulphate was used
as thermal initiator for all experiments.

Effect of Agitation
The effect of agitation was investigated through VAE2
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Table 1. Experimental conditions for reactions carried out in parr reactor.

(1): 1.8 L Reactor; (2): initiator (ammonium persulfate) concentration relative to vinyl acetate monomer weight; (3): Calculated from ethylene weight percent in copoly-

mer and solubilized ethylene in medium; Aqueous phase (deionized distilled water) 51 weight percent; vinyl acetate (monomer) 34-37 weight percent; ethylene

(monomer) 7-10 weight percent; n-Hexane (co-solvent) 5 weight percent; sodium lauryl sulphate (SLS) (emulsifier) and PVOH (protective colloid) sum is one weight

percent of VAc with SLS / PVOH equals to 3.

Experiment
Total reaction time

(min)

Pressure

(MPa)

Agitation

rate (rpm)

Initiator concentration2

(wt%)

Temperature

(°C)

Ethylene in  feed3

(wt%)

VAE1

VAE2

VAE3

VAE4

VAE5

VAE6

VAE71

290 

210

240

300

275

300

225

2.33

2.33

2.33

2.33

2.33

2.84

2.33

300

250

400

300

300

300

300

0.5

0.75

0.75

1

0.75 

0.5

0.5

55

50

50

55

55

55

50

6.1

6.4

8.3

8.8

5.8

12.7

8.8



and VAE3 reactions with agitation rates of 250 and 400
rpm, respectively. 

Figure 1 shows the variation of the ethylene percent
in copolymers as a function of reaction time for VAE2
and VAE3 reactions with agitation rates of 250 and 400
rpm, respectively. Higher agitation rates, for instance
400 rpm, increases the turbulence of the liquid phase and
therefore mass transfer and solubilization of ethylene
monomer increase due to the higher interfacial contacts.
It should be mentioned that agitation cannot increase sol-
ubility by itself, but it reduces the mass transfer limita-
tions which in turn it manifests as an increase in solubil-
ity. Thus, the presence of ethylene monomer in the reac-
tion sites is higher with the higher agitation rate.

Consequently, ethylene content of the copolymers
shows an increasing trend with increasing vinyl acetate
conversion and reaction time. On the other hand, low
agitation rate, for instance 250 rpm, caused a decrease
in ethylene solubilization and its participation in the
reaction sites due to the lower contact of the latex with
gaseous comonomers.

As it is evident from Figure 1, ethylene percent in
VAE2 copolymers is higher than VAE3 copolymers at
the beginning of the reactions. This can be explained by
the fact that before initiating polymerization reaction,
ethylene monomer is thoroughly mixed and solubilized
regardless of the agitation speed. At the same time, 250
rpm is not the adequate speed for vinyl acetate presence
in the reaction sites.

Since vinyl acetate and ethylene are in competition
in participating in polymerization reaction, there is
variation in the ethylene content of polymers in both
reactions and the higher ethylene percentage in the

early samples is attributed to the lower vinyl acetate
conversion. However, the trend is descending for VAE2
reaction (250 rpm) while ascending for VAE3 reaction
(400 rpm). This is due to the gradual increase in the vis-
cosity of the latex with the progression of the polymer-
ization and the higher mass transfer barrier which can
be overcome in the higher agitation rates.             

Figure 2 shows variation of vinyl acetate conver-
sion for VAE2 and VAE3 reactions versus the time of
reaction. As is noticed in this figure, VAE3 reaction
shows higher vinyl acetate conversion during polymer-
ization, compared to VAE2 reaction. When the data of
ethylene content and vinyl acetate conversion are con-
sidered simultaneously, it can be concluded that these
experimental values increase at higher agitation rate
and at the constant temperature and initiator concentra-
tion. In contrast, 250 rpm limits mass transfer of vinyl
acetate and ethylene to the reaction sites and lowers
ethylene content of the copolymers and vinyl acetate
conversion.    

Despite of good ethylene content in VAE3 reaction
the overall conversion of vinyl acetate is low and also
400 rpm agitation rate is probably a high energy con-
suming process. Therefore, we design and carryout the
reactions with different agitation rate, temperature,
pressure, and initiator concentration.

Effect of Initiator Concentration
The effect of initiator concentration variations was
investigated by choosing a set of three reactions with
initiator concentrations of 0.5, 1, and 0.75 wt% of
vinyl acetate, designated as VAE1, VAE4, and VAE5,
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Figure 1. Effect of agitation rate on ethylene weight percent

in copolymers. Figure 2. Effect of agitation rate on vinyl conversion.



respectively.
Figure 3 shows the variation of ethylene weight

percent in copolymer versus reaction time. It can be
seen that ethylene weight percent in the copolymers of
VAE5 reaction (Figure 3b) is less than those obtained in
the other two reactions. This observation can be attrib-
uted to the high polymerization rate and conversion of
vinyl acetate which reduces ethylene participation in
the copolymerization reaction.

In VAE4 reaction (Figure 3a) with highest initiator
concentration, higher nucleations and thus, greater
number of particles were formed in the initial stage of
the reaction. Therefore, the extent of ethylene mass
transfer and its presence in the reaction sites have
increased so that ethylene weight percent in VAE4
copolymers showed higher values compared to VAE1
and VAE5 througout the reaction time.

On the other hand, VAE1 reaction (Figure 3c) with
lowest initiator concentration shows an intermediate
ethylene weight percent in the copolymer. Both VAE1
and VAE5 reactions show a more uniform copolymer

composition during the copolymerization compared to
VAE4 reaction due to lower variation of ethylene per-
cent during the reaction. Scott et al. have shown similar
results in 1.8 L reactor [10,12].

Figure 4 shows vinyl acetate conversion in VAE1,
VAE4, and VAE5 reactions as a function of the reaction
time. When the initiator concentration was increased
from 0.5 to 0.75 wt%, vinyl acetate conversion showed
a very high increment. Thus in the initial step of the
reaction, conversion difference of 60% was achieved.
Surprisingly, when initiator concentration was
increased to 1%, the vinyl acetate conversion was
decreased so that the corresponding curve was fallen
between curves of 0.5 and 0.75 wt% of initiator. This
can be explained when ethylene weight percent of this
copolymer is considered. Ethylene weight percent in
samples of VAE4 copolymer is higher than that of
VAE5. This is due to the fact that introducing ethylene
in the copolymer, inhibits vinyl acetate polymerization
thus, reduces its conversion.   

Figure 4 also shows that vinyl acetate conversion
during VAE1 reaction increases gradually and reaches
a constant value toward the end of the reaction. But in
early stages of VAE4 and VAE5 reactions, vinyl acetate
conversion is very high which increases with a lower
rate compared to VAE1.

Effect of Pressure
One of the most important effects of pressure is the
increasing ethylene solubility at the reaction sites
which is leading to the increase of ethylene weight per-
cent in the copolymers. In this study pressure of the
system was increased from 2.33 MPa in VAE1 reaction
to 2.84 MPa in VAE6 reaction. Figure 5 shows ethylene
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Figure 3. Ethylene percent versus time plots. (a) VAE4 with

1 wt% initiator*; (b) VAE5 with 0.75 wt% initiator*; (c)

VAE1 with 0.5 wt% initiator*.

(*) relative to vinyl acetate weight.

Figure 4. Vinyl acetate conversion-time plots as a function of

initiator concentration. 
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weight percent versus time for VAE1 and VAE6
copolymers. By increasing pressure from 2.33 to
2.84 MPa ethylene weight percent in copolymer shows
significant increase during the whole period of the
reaction time. This is due to increase in ethylene solu-
bility. When the pressure increases, ethylene solubiliza-
tion and thus, its presence in the reaction sites increase
as well. Therefore, ethylene comes to react with vinyl
acetate and reduces its homopolymerization. Conse-
quently vinyl acetate conversion decreases. This is
clearly observed in VAE1 reaction. Similar finding was
reported by Scott et al. which performed reactions in
1.8 L reactor [11-12].

Figure 6 represents the variation of vinyl acetate
conversion versus the reaction time for VAE1 and

VAE6 reactions. As it is shown in Figure 6, vinyl
acetate conversion in VAE6 is lower than that of VAE1
in the total reaction period. These results are in good
agreement with those that we observed in the investiga-
tion of the initiator concentration or agitation rate
where vinyl acetate conversion, ethylene percent of
copolymer, and their mutual effects were exploited.

Scale-up Consideration from 1.8 to 7.5 L
Scott et al. [9] in scale-up consideration have studied
the effects of different parameters such as agitator
blades and type of sparger on emulsion polymerization
of vinyl acetate-ethylene in a 1.8 L reactor without any
change in the reactor volume.

Here, experiments in 1.8 L were scaled-up and per-
formed in a 7.5 L reactor while keeping all conditions
constant and the effect of this scale-up on ethylene per-
cent and vinyl acetate conversion was investigated.

Figure 7 shows the ethylene weight percent in
copolymers of VAE1 and VAE7 as a function of the
reaction time. It is evident that, variation in the ethyl-
ene content of copolymers by VAE1 reaction is much
lower than that of VAE7 in a 1.8 L reactor. This can be
interpreted to the formation of a copolymer with fairly
constant composition. This behaviour can be explained
by considering the results of vinyl acetate conversion.
Figure 8 demonstrates that, vinyl acetate conversion is
higher in a 1.8 L reactor during the reaction period.
Since in this emulsion system, liquid vinyl acetate dis-
persion and thus, the accessibility to reaction sites is
much higher than gaseous ethylene, the small increase in
the rate of reaction favours homopolymerization of vinyl

Figure 5. Ethylene percent in copolymers versus time at dif-

ferent pressures. 

Figure 6. Vinyl acetate conversion as a function of time at dif-

ferent pressures.

Figure 7. Effect of scale-up (1.8 L to 7.5 L) on ethylene

weight percent of copolymers.
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acetate if the condition of agitation and mixing would
not be proper. This is probably the case of 1.8 L reactor
in which variation of ethylene weight percent is more
sensitive to the changes in the operational conditions.

It seems that in a 7.5 L reactor by increasing turbu-
lency and ethylene solubilization, minor operational
changes have little effect on the ethylene weight per-
cent of the copolymers. 

Glass Transition Temperature
In order to investigate the effect of ethylene on copoly-
mer properties, glass transition temperatures, Tg of the
copolymers were determined. Since the aim of this
copolymerization is to reduce the Tg of poly(vinyl
acetate) through internal plastification of vinyl acetate
homopolymer, this measurement will be very useful. 

Nevertheless, Tg is affected by polymer molecular
weight, chain structure, branching, crystallinity, polarity,
etc. In our study some of these parameters control the
Tg of the synthesized copolymers. As a matter of fact
all copolymers show significant decrease in Tg regard-
less of different conversion, temperature, and initiator
concentration. This is due to the incorporation of ethyl-
ene in the samples. Note that the Tg of poly(vinyl
acetate) is about 38oC [15]. However, the differences in
Tg arise from different molecular weights and structure,
for instance, branching in the copolymers.

Figure 9 shows the plots of viscosity data for
VAE2, VAE3, and VAE5 reactions. In these three
experiments, parameters such as pressure and initiator
concentration which control the kinetic of polymeriza-
tion are kept constant. These parameters affect the rate
of reaction, molecular weights, conversion, branching,

and ethylene content of the copolymers, while agitation
rate has only indirect effect on the kinetic of the reac-
tion. It is noticed in Figure 9 that, different intrinsic vis-
cosities are obtained. By plotting the viscometry data of
the copolymers against their corresponding Tg and VAc
conversion a logical relation can be retrieved.

Figure 10 shows the variation of Tg with VAc con-
version and intrinsic viscosity of the copolymers
obtained in the reactions at different agitation rates. It
is noticed in Figure 10 that with increasing conversion,
intrinsic viscosity [η] increases and Tg of the copoly-
mers decreases. This shows clearly that with increasing
vinyl acetate conversion, branching occurs which in

Figure 8. Effect of scale-up (1.8 L. to 7.5 L.) on vinyl acetate

conversion.

Figure 9. Viscosity of VAE2 , VAE3 , VAE5 in MEK at 30°C.

Figure 10. Effect of vinyl acetate conversion on Tg and intrin-

sic viscosity.



586

Effect of Different Parameters in Emulsion ... Salehi Mobarakeh H. et al.

Iranian Polymer Journal / Volume 14 Number 6 (2005)

turn increases the intrinsic viscosity values. As a result,
Tg of the copolymers has decreased. Scott et al. have
reported that above 55% conversion Mn remains
unchanged while Mw increases with the reaction time.
This is attributed to branching during the copolymer-
ization [11].

The remaining experiments that we have performed
are those with variable pressure or initiator concentra-
tion and therefore having different kinetics which are
needed to be interpreted separately.

It can be said that the produced copolymers show
different glass transition temperatures relating to their
structures. For example, in comparison to VAE1 and
VAE6, experiments of higher pressure, produce higher
ethylene content and lower branched structure which in
turn result to a copolymer with higher Tg. On the other
hand, higher initiator concentration produced lower
molecular weight and higher branched copolymer so that
with equal [η] and ethylene weight percent, lower Tg is
obtained by comparing VAE4 and VAE7 experiments.

CONCLUSION   

By increasing the agitation rate, ethylene solubilization
and its presence in the reaction sites was increased
which caused an increase of ethylene weight percent in
the copolymers. Similar behaviour was found for vinyl
acetate resulting to an increase in vinyl acetate conver-
sion during the copolymerization. Decreasing agitation
rate was led to the decrease in mass transfer and pres-
ence of ethylene and vinyl acetate monomers in the
reaction sites which in turn lowered vinyl acetate con-
version. Furthermore, a decreasing trend in the ethyl-
ene percent was observed.

At constant agitation rate of 300 rpm, we used three
level, of initiator concentration and found that succes-
sive increase of the initiator concentration does not
increase the conversion simultaneously. This is attrib-
uted to the higher ethylene partitioning in the copoly-
mer in the highest initiator level which in turn reduces
vinyl acetate conversion. Among reactions with differ-
ent initiator concentration those of 0.5 and 0.75 wt%
showed the more uniform composition. It is deduced
from the fact that lower variation of ethylene content in
copolymer samples occurred during the reaction.

Considerable increase in ethylene content of the

copolymers is observed by increasing pressure from
2.33 MPa to 2.84 MPa. At the same time the vinyl
acetate  conversion decreased. 

Increasing reactor volume from 1.8 to 7.5 L result-
ed in similar vinyl acetate conversion trend for both
reactions while, higher conversion rates are obtained in
a 1.8 L reactor. This higher conversion rates cause a
lower uniform participation of monomers in the reac-
tion and consequently less uniform copolymer compo-
sition was achieved. On the other hand, ethylene
weight percent in copolymers of reactions in a 7.5 L
reactor show no significant variation compared to a 1.8
L reactor and thus, increasing the reactor volume result-
ed in copolymer with uniform composition.

The glass transition temperature of the samples
showed direct relationship with molecular weight and
branching which is in good agreement with the results
of intrinsic viscosity measurements.   
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