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Pervaporation of chloroform-acetone mixtures through DCP crosslinked
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Membranes of poly (ethylene-co-vinyl acetate) crosslinked with dicumyl peroxide (DCP) were prepared. The
permeation characteristics in the pervaporation process were examined using chloroform-acetone mixtures. The DCP
modified membranes exhibited chloroform permselectivity. The sorption characteristics, effects of feed concentration and
crosslinking density on pervaporation were also examined. The separation was found to be maximum at high concentrations
of chloroform in the feed mixture. The maximum separation and flux were found to be associated with a moderate amount
of crosslinking agent in the membrane. As the crosslinking density was increased, flux and selectivity were found to
decrease.
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In 1970s and 1980s, membrane methods of separating
liquids and gases became an exceedingly important
and dynamically developing field1. Even today, the
membrane separation processes are getting more and
more importance in chemical industries because of
low cost, easy maintenance, stability in hostile
environments2, low energy and material consumption,
the continuous nature of the process, simplicity and
flexibility of control. The ability of polymers to
selectively solubilise and transport the molecules of
gas, vapour, liquid and sometimes solute through its
solid phase has made them the most preferable
material for membrane separation process.
Pervaporation is the most developed membrane
separation method which is widely in use today. This
method could attract the attention of specialists in
chemical and related fields like biochemical and
petrochemical industries as an energy saving and
environmentally friendly technology. The main
advantage that makes this method an outstanding one
is that it can be used to separate any liquid mixture in
all concentration ranges3-7. Pervaporation is the
selective evaporation of a component from a liquid
mixture through a membrane. Pervaporation differs
from other membrane separation methods in the fact
that the material transported through the membrane
undergoes a phase change. The method is basically a
________________
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solution-diffusion process. The driving force for the
transport is the concentration difference across the
membrane due to pressure difference. When in
contact with the feed mixture, the membranes swell
and work as a pseudo liquid immobilised layer. At
first, the component molecules get adsorbed at the
upperside of the membrane and then diffuse to the
other side. On the other side, utilising a minimum
energy of enthalpy of vaporisation, a phase change
occurs and the vapour is removed and then
condensed. Fig. 1 shows the schematic representation
of the pervaporation process.
Pervaporation can be used for dehydration of
organic solvents and removal of organics from
aqueous streams. Additionally, pervaporation has
emerged as a good choice for the separation of heat
sensitive products.
Many works have been reported on the separation
of binary liquid mixtures by this technique. Huang
and Lin8 studied the separation of binary liquid
mixtures of aqueous alcohol solution and established
some characteristics of permeation. Yoshikawa et al.9
separated lower alcohol-water mixtures using both
cross linked and uncrosslinked polybutadiene
membranes. They found that cross linked polymer
permeated lower alcohols in preference to water.
Mulder et al.10 prepared a blend of poly (acrylic acid)
and poly (vinyl alcohol) and used it as membrane.
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They established that the selectivity depends on both
blend composition and feed composition. Kumar et al.2
studied the effect of cross links on pervaporation by
cross linking poly (ethylene-co-vinyl acetate) with
dicumyl peroxide (DCP) and benzoyl peroxide (BP)2.
They established that, for maximum flux and
selectivity, there should be an optimum amount of
cross linking agent. Rajagopalan et al.11 used
pervaporation for the separation of methyl anthranilate
from grape essences with poly dimethoxyl siloxanepolycarbonate membranes and followed the effect of
the process parameters on separation. Cox and Baker12
used pervaporation for the treatment of wastewater
contaminated with organics and found it more costeffective than other treatment options. Pervaporation is
well suited for the recovery of VOCs with medium to
high volatility, from small to medium sized aqueous
streams containing 200 to 50,000 ppm dissolved
organic compounds. Since the feed water is typically
heated to relatively low temperatures (40 to 60°C),
pervaporation is ideal for the recovery of high value,
thermally labile compounds such as flavour and aroma
chemicals from water13. An et al.14 used membranes of
PVC/EVA blends for the separation of benzenecyclohexane mixtures. Matsui and Paul15 used ionically
crosslinked poly(n-alkyl acrylate) membranes for the
separation of toluene/i-octane mixtures.
In this article the pervaporation of chloroformacetone mixtures through poly(ethylene-co-vinyl
acetate) membranes is reported. This membrane was
selected because of the close solubility parameter of
chloroform and poly (ethylene-co-vinyl acetate), easy
preparation of the membranes, and good mechanical
properties.
Experimental Procedure
Materials and methods

Poly (ethylene-co-vinyl acetate), EVA (Pilene
1802), used was supplied by Polyolefin Industries
Limited, Chennai, India. The basic characteristics of

the co-polymer are given in Table 1. The cross linking
agent used was dicumyl peroxide (DCP) (40%
activated). The solvents used were chloroform and
acetone. All the solvents used were distilled twice
before use.
Preparation of membranes

Cross linked poly (ethylene-co-vinyl acetate)
(EVA) membranes were prepared. EVA was
crosslinked by peroxide technique16 using dicumyl
peroxide (DCP) as the cross linking agent. Samples
with different loadings of DCP were also prepared.
The formulations of mixtures are given in Table 2.
EVA granules were sheeted out in a two roll
mixing mill having friction ratio 1:1.4. During
mixing, dicumyl peroxide was added. The cure
characteristics of the samples were studied in a
Goettfert
rheometer.
Knowing
their
cure
characteristics, the samples were cured to their
optimum cure time at 170 °C in a hydraulic press
under a pressure of 25 tonnes. The thickness of each
membrane was ~ 120 μm. The membranes are
designated as D1, D2 , D4 and D6 according to the DCP
content where the subscript numbers represents the
grams of DCP used per 100 g polymer.
Solvent uptake experiments

Solvent uptake experiments were carried out to
find the solubility parameters of chloroform and
acetone. Samples of previously weighed dry EVA
membranes (D1) were kept soaked in equal volumes
of chloroform and acetone for 48 h. Then membranes
Table 1⎯Characteristics of Poly(ethylene-co-vinyl acetate)
(EVA)
Properties
Molecular weight(Mw)
Vinyl acetate (Wt. %)
Meltflow index
(g/10min)
Vicat softening point (oC)
Tensile strength at break (MPa)
Elongation at break (%)
Density (g/cc)
Intrinsic viscosity (dL/g)
Tg

20,000
18.0
2.0
59.0
14.0
750.0
0.937
0.170
-10oC

Table 2⎯Composition of the membranes
Wt. of
polymer(g)

Fig. 1⎯Schematic representation of the pervaporation process.

100
100
100
100

Wt. of DCP(g)
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1
2
4
6
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0.0030
0.0060
0.0090

D1
D2
D4
D6
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were taken out and weighed within 25 s. The weight
differences between the dry and soaked samples were
calculated for both the solvents to find in which
solvent polymer swells more. The experiment was
repeated for the mixture of the two solvents in
different compositions with D1, D2, D4 and D6
membranes.
The solvent uptake ratios of the polymer samples
(D1, D2, D4 and D6) in different compositions of
chloroform-acetone mixture were calculated using the
equation
S = (Ws – Wd)/Wd
where Wd denotes weight of dry membrane and Ws
denotes weight of solvent swollen membrane.

Fig. 2⎯Schematic diagram of pervaporation apparatus (a) Stirrer,
(B) Permeation cell, (C) Membrane, (D) Collection traps, (E)
Dewar flask, (F) R B flask, (G) Pressure gauge, (H) Moisture trap
and (I) Vacuum pump.

Pervaporation experiment

A schematic representation of the pervaporation
process is represented in Fig. 2. The permeation cell
assembled from two half cells of column couplers
made of glass, fastened together by bolted clamps.
The capacity of each half cell was about 100 mL and
the effective surface area of the membrane was 19.3
cm2. The membrane was supported on a finely porous
stainless steel plate. Vacuum at the downstream side
was maintained by using Hindhivac (Ed-6). A
pressure of 3.5 to 4 mm of Hg was applied. Such a
lower pressure was maintained because pervaporation
experiments are generally conducted with higher
vacuums in order to attain appropriate flux and
selectivities. The membrane was soaked in the
mixture for 24 h and then kept in the pervaporation
cell for about 2 h for each run to reach equilibrium
conditions before collecting the permeate. The
permeated vapours were completely condensed in a
trap placed in a Dewar flask cooled to –40°C using
ice-calcium chloride mixture. Complete condensation
was effected by placing two traps in series. The
experiments were carried out with membranes having
different DCP loadings. Different feed compositions
were also used. All the experiments were conducted at
room temperature.
The permeate and feed compositions were analysed
by a Gas Liquid Chromatograph (Shimadsu GC14B,
Japan). The column used was BP-1 (Capillary) and
the detector was FID (Flame Ionization Detector).
Helium was used as the carrier gas and hydrogen and
compressed air were used for the flame in FID. The
injection port was maintained at a temperature of
240°C, column temperature at 50°C and detector
temperature was at 250°C.

The performance of the membrane in pervaporation
was characterised by permeation rate or flux (J) and
selectivity αij.
The selectivity is given by
αij = (Yi/Yj) / (Xi/Xj)
where Yi and Yj are weight fractions of the
components in the permeate, XI and Xj are weight
fraction of the components in the feed , i is the more
premeating solvent and j is the less permeating
solvent. The permeation rate or flux is the amount of
component permeated in unit time and per unit cross
section area of the membrane. The flux is expressed
as g/m2h.
Results and Discussion
Solvent uptake characteristics

From the solvent uptake experiments it was found
that the polymer (D1) swells more in chloroform. This
is because the solubility parameter of the polymer is
close to that of chloroform.
The solvent uptake ratios of the polymer samples
(D1, D2, D4 and D6) in different compositions of
chloroform-acetone mixture were calculated. The
degree of solvent uptake of modified poly (ethyleneco-vinyl acetate) membranes with different DCP
loadings in the binary mixtures of chloroform-acetone
used in this study are represented in Fig. 3.
When binary mixtures of chloroform and acetone
with different compositions were used to find the
solvent uptake ratio of D1, D2, D4 and D6 membranes,
it was found that, in all the cases, as the chloroform
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composition increases, the solvent uptake ratio also
increases. It was seen that the solvent uptake ratio
decreases in the order D1 > D2 > D4 > D6 for all
compositions of chloroform. This is because, when
the amount of crosslinking agent increases, the
polymer matrix becomes very rigid and thus the
solvent uptake is decreased. Thus, a lower solvent
uptake ratio is observed for high amounts of
crosslinking agent.
Performance of the membrane

Pervaporation of a binary mixture of chloroform and
acetone containing 50% each was carried out through
DCP crosslinked (D1) EVA membrane. It was expected
acetone to permeate more because of its lower
molecular size. However, from the experiment, it was
observed that DCP modified EVA shows more
selectivity towards chloroform than acetone. The
selectivity factor was greater than unity. This can be
explained by considering two factors, the polarity and
solubility parameters. EVA is polar in nature.
Chloroform is more polar than acetone. Thus, in this
case, it is not the molecular size that accounts for the
permeation of molecules, but the polar-polar
interaction of chloroform and EVA and the
comparability in their solubility parameters enables
chloroform to permeate more freely than acetone
through DCP modified EVA membranes.
The polymer-solvent interaction is the most
important factor that determines the effectiveness of
the membrane. Earlier, it was reported that unmodified
EVA membranes showed acetone selectivity from a
mixture of carbon tetrachloride and acetone2. But in
this study, when EVA was modified with DCP,
membrane showed more selectivity towards
chloroform than acetone. In the case of virgin EVA
which is more crystalline in nature, the compact
crystalline regions does not allow the bigger size
chloroform molecules to pass through even though
there is more interaction. Hence, the smaller size
acetone molecule permeates more. But the flux and
selectivity are very low.
When EVA was crosslinked with DCP, the
crosslinking introduced C-C networks thereby reducing
the crystallinity and increasing the porosity. This is
illustrated schematically in Fig. 4. When the porosity
increased, the bigger size chloroform molecules could
permeate without any hindrance through the polymer
matrix. Thus higher flux and selectivity were observed.
The selectivity and flux were calculated for D1 for
different compositions of chloroform-acetone

Fig. 3⎯Dependence of solvent uptake ratio on the amount of
CHCl3 in the mixture of chloroform-acetone for EVA membranes
with different DCP loadings.

Fig. 4⎯Schematic representation of the morphology of (a) neat
(unmodified) and (b) crosslinked (modified) EVA.

mixtures. In all compositions, selectivity was greater
than unity and high values for flux were also
obtained. Thus, the performance of DCP crosslinked
EVA is appreciably good enough for the
pervaporation of chloroform acetone mixtures.
Effect of feed composition

When different feed compositions of chloroform
and acetone were used for the pervaporation through
DCP crosslinked (D1) EVA membrane, it was
observed that, as the chloroform content is increased
in the feed, the percentage composition of chloroform
in the permeate is also increased. From the solvent
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Fig. 6⎯Effect of feed composition on permeation rate for D1
membrane.
Fig. 5⎯Effect of feed composition on pervaporation of
chloroform-acetone mixtures through D1 membrane.

uptake experiments it is seen that, the solvent uptake
is more at high compositions of chloroform due to the
close solubility parameters of chloroform and EVA.
The same reason can be assigned for the more
permeation of chloroform at high proportion of
chloroform in the feed. This trend is represented in
Fig. 5.
The flux and selectivity were calculated for
different feed compositions. The permeation rate
(flux) increased with the increase in chloroform
composition in the feed mixture (Fig. 6). With the
increase in chloroform concentration in the feed
mixture, free volume of the membrane increases due
to plasticization, and hence the rate increases. The
high flux values are quite reproducible.
The D1 membrane exhibited an increasing
selectivity with increasing concentration of
chloroform in the feed mixture (Fig. 7). There was
only a small increase in the selectivity at lower
concentrations but a very large increase at higher
concentrations of chloroform in the feed mixture.

Fig.7⎯Effect of feed composition on selectivity for D1
membrane.

Effect of crosslinks on pervaporation

The influence of number of moles of DCP used in
the membrane on pervaporation of a 70 wt %
chloroform containing mixture was followed using
D1, D2, D4 and D6 membranes. The amount of
chloroform permeated decreased in the order D1> D2>
D4 > D6 (Fig. 8).
The values of flux and selectivity also decreased
with increase in number of moles of crosslinking
agent (DCP) in the membrane (Figs 9 & 10).
The crystallinity of virgin EVA can be reduced by
modifying with DCP thereby making it more flexible
and more permeable to chloroform. But, as the

Fig. 8⎯Effect of number of moles of DCP in the membrane on
pervaporation.

amount of DCP increases, the number of crosslinks in
the polymer matrix also increases. The increased
crosslinking density reduces the flexibility of polymer
and the membrane become more rigid and the
permeation of the molecules become more difficult.
Thus, flux and selectivity decreases. As the amount of
DCP increases the reduction in crystallinity is offset
by the increase in crosslinks. Hence the permeability,
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Fig. 9⎯Effect of number of moles of DCP in the membrane on
permeation rate.

Conclusion
Poly(ethylene-co-vinyl
acetate)
membranes
crosslinked with dicumyl peroxide exhibit chloroform
selectivity from chloroform-acetone mixtures. As the
amount of chloroform in the feed composition
increases, both rate and selectivity increase. The
values of flux and selectivity were found to decrease
with the increase in the amount of crosslinking agent
(DCP) in the membrane. High values for flux and
selectivity were observed for an optimum amount of
crosslinking agent (0.0015 moles of DCP per 100 g of
polymer). The high values for flux and selectivity
assures the effectiveness of DCP modified EVA
membranes in pervaporation separation studies.
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