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I

INTRODUCTION

In the chemical industry, in the pharmaceutical industry, and in a
number of other industries separation processes are necessary t o separate
and purify products and raw materials[1,2].Separation processes are also
widely used in other applications such as in recycling valuable materials
fiom waste streams.
Unit operations for separation processes can be classified in phase
separation techniques and component separation techniques based o n the
nature of the feed mixtures t o be separated. The former techniques are
used for the separation of heterogeneous mixtures, in which the feed is
already present in two o r more separated phases on a micro-scale. The
latter are suitable for theseparation of homogeneous mixtures such as
gaseous mixtures and mixtures of completely miscible liquids. In these
cases the separation into individual components is generally achieved by
utilizing the differences in physico-chemical properties of components,
and is much more difficult compared t o phase separation techniques.
Separation processes such as distillation,evaporation,liquid-liquid
extraction, and crystallization belong t o this class.
For the separation of a homogeneous liquid mixture in the chemical
industry, distillation is generally the preferred technique [3,4]. The basic
principle in distillation is the difference in composition between a liquid
phase and a vapor phase. The composition difference between two phases
is due t o differences in vapor pressures, or volatilities, of the components
of the liquid mixture. In this process thermal energy is the driving force
for separation. No additives are required here, which might cause a
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pollution problem of the final products o r generate a need for dhgp extra
separation step t o avoid this problem, The simplicity in operation is
mother advantage of this technique. However m adequate separation can
not be per€ormed by conventional distillation if the volatility differences
are very small or do n o t exist at all. This is the case with close-boiling
hydrocarbons, azeokopic mixtures, arad VEK~OUS isomers. The separation
of these mixtures is nowadays performed by other, generally energyconsuming, processes like extractive o r azeotropic distillation and liguidliquid extraction.

The characteristic' of distiIlation is the requirement of energy in the
for& o€ heat t o accomplish a separation, and this can represent a
significant cost factor. It is estimated that 40 % of the t o t d energy
consumed by the chemical processing industry is used in distillation
operations. Especially since the Arab oil embargo in 1973 which caused a
rapid increase in energy costs, there has been an emphasis o n enerbTeficient separation methods. Existing separation methods have been
reviewed in terms of energy efficiency, and also there have been research
efforts in developing new separationtechniques with a IOWenergy
consumption. One outcome of this search is the membrane separation
process. Membrane processes offer good prospectssince the energy
consumption is generdly much lower compared t o the conventional
separation methods.
Pervaporation is a membrane process which can be used t o separate
liquid mixtures. h this process a semi-permeable membrane through
which permeation occurs separates the pervaporation unit into two parts.
At the upstream compartment the liquid mixture t o be separated is
brought i n t o direct contact with the membrane. The permeated product is
removed as a vapor phase at the other compartment by applying a low
partial vapor pressure usuallyby means of vacuum o r a carrier gas.
F o r the separation of liquid mixtures pervaporation c a n replace dl
distilIation units in the chemieal processing industries. But this option is
not economically feasible for most applications. h pervaporatiom a part of
the processed liquid mixture (the permeate) undergoes a phase change
from Piquid t o vapor during transport through the membrane. Therefore
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the heat of vaporization of the permeate must be supplied.From this point
not offer so muchbenefit over the
of view pervaporationmight
conventional distillationtechniques. However pervaporation is very
attractive in removing minor components from liquidmixtures for
purification o r recovery purposes. This is definitely the case for the
separation of azeotropic and close-boiling mixtures. Therefore the best
utilization of pervaporation can be made by integrating this membrane
process with distillation in a hybrid system, where pervaporation is used
t o replace energy-intensive separationtechniquessuch
as azeotropic
distillation and liquid-liquid extraction.
Until now a number of studies have been reported t o integrate
pervaporation with distillation, particularly for the dehydration of organic
solvents. In such cases the comparison of production cost has been
performed t o illustrate the advantage
of the pervaporation process.
Recently, for example, Pearce has carried out a study t o compare the cost
of production of 99 and 99.9 wt.% ethanol by distillation starting from a 50
wt.% ethanol feed mixture with water [5]. The separation costs were
evaluated for two procedures: conventional distillation technology and
distillation combined with pervaporation by using a composite membrane
produced by Kalsep, UK. In the former case the normal distillation was
used t o produce the azeotrope, which was subsequently broken with a
benzene entrainer. In the latter case the feed was dehydrated t o an
optimum sub-azeotropic composition of 92.6 wt.% ethanol by distillation.
This product was then further dehydrated by pervaporation t o 99 o r 99.9
wt.% ethanol. From his study it was concluded that a hybrid system
combining distillationwithpervaporation
could reduce the overall
production cost for 99 wt.% ethanol by more than 30 %, with energy
savings of 60 %. In the production of 99.9 wt.% ethanol the production cost
could be reduced by 10 %. Besides the above mentioned example, there
have been many other studies comparing the production cost of organic
solvents [6-91. All the cost comparisons have shown that pervaporation is
far more economical than the conventional separationtechniques in
removing the lastsmall amounts of water from the organic solvents. Thus
pervaporation is nowadays accepted as a unit operation in the chemical
industry for this application: the dehydration of organic solvents.

The pervaporation process is a potential option for the separation of
liquid mixtures. h principle this process can be applied t o separate &H
Ends of organic liquid mixtures in the chemica1 industry. It c a n d s o be
used in other areas such as the concentration of heat-sensitive products in
the pharmaceutical ancl food industries and the removal of vollatile
organic contaminants &om waste water. Such possible appHications can
be classified as intermediates in betweenaqueous and non-aqueous
mixtures. The former category includes liquid mixtures containing water
as one component,wMe the latterrefers to organic-organic mixtures.

3.1. Separation of aqueous mixtures
The pervaporation application in the separation of aqueous mixtures
J. A well
can be represented by the dehydration of organic solvents [IQ-13
known example is the dehydration of ethyl alcoho1. The aqueous solution
of ethanol has satisfied human needs for a beverage €or thousands of
years. It also has been used as solvent and medicine. h addition, there is
an increasing interest in anhydrous ethanol as motor fuel produced by
fermentation o€ biomass. Distillation techniques are WrideIy used t o
concentrate the fermentationethanol. In order t o obtainanhydrous
ethanol, a n additionalseparationstep
is necessarybecause of an
azeotropic composition at 4.43 wt.% water at 760 mmHg. Azeotrspic or
extractive distillation are generally used for this purpose. However the
high energy consumption and operational complexity of these processes
make pervaporation optional as an alternative. h this case pervaporation
can be used to break the azeotzope and to remove the last part
of the water
presence in ethanol. During the last two decades this area has been
studied intensively. As a result pervaporation is now applied for the
dehydrati011 Q€ organic solvents o n technical scales with capacities of up t o
120,000.lof99.8 % ethanoUday [12,13J.
Besides the dehydration purpose, pervaporation cap1 also be used t o
remove organic solvents fkom their dilute aqueoussolutions [14,15J.
Alcohols can be removed fkom fermentation broths, and traces of volatile
organiccontaminants
c a n be
removed
from wastewater.The
pervaporation application in this area is expected t o reach the c o m e r c i d
stage in the nearfuture.

Chapter 1

3.2. Separation of organic-organic mixtures

In the chemical and petro-chemical industries the separation
of
organic-organic mixtures is a major separation problem. In measures of
. bulk quantity it is much more important than theaqueous systems. In the
early 1960s when systematic studies o n pervaporation were started, the
separation of non-aqueous liquid mixtures was a major target t o solve.
Binning and his colleagues carried out a series of investigations for the
separation of hydrocarbon mixtures [16-1S]. Since then a number of
studies have been reported in this area. Despite these research efforts the
commercial application of pervaporation for the separation of organicorganic mixtures is still in an embryonic stage. This is mainly due t o the
fact that membranes developed for this purposehave shown rather
unsatisfactory results. Also the lack of membrane modules which can
withstand the relatively severe conditions required for this separation is
hindering the commercial application of pervaporation in this sector.

In recentyears,
however, thepervaporation
process for this
separation area is actively studied. This is partially encouraged by the
successful application of pervaporation in dehydrating organic solvents.
Separation problems related t o newly emerging processes in the chemical
industry, recycling of organics, and moresevere
restrictions o n
environmental protection are also stimulating the use of pervaporation. If
problems associated with membrane and module stability can be solved,
the organic-organic mixture separation by pervaporation will be a major
membrane application around the year 2000 [19].

4. Survey ofpervaporation research in orgddorganic separation

The separation of organic-organic mixtures is potentially a major
application area of pervaporation in the chemical processing industries.
The number of possible applications is very large. It may be roughly
classified as follows:

- separation of polarhon-polar solvent mixtures
- separation of aromatidaliphatic mixtures
- separation of aliphatic hydrocarbons
- separation of aromatic isomers
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The research wbich is carried o u t until now is surveyed and discussed
following the classification given above.

4.1. Separation of polarhon-polar solvent mixtures
Interactions between poEymen-ic membranes and penetrants play a n
important role in liquid separation. If there is a large diEerence in
chemical nature between mixture components, a satisfactory separation
will beobtained
by using polymer membraneswhichinteract
preferentia’lly with one of the m i x t u r e components. This is the case with
polarhon-polar solvent mixtures. This type of mixture was intensively
studied by Aptel et al. by using poly(tetra&oro ethylene) membranes
grafted with Lewis base groups: poly(N-viny1 pyrrolidone) [ZS-ZZ] and
poly(4-vinyl pyridine) [20,23] (table 1).Because a Lewis base is a protonacceptor, the membranes can possess nucleophilie groups. It implies that
these membranes can preferentially interact with electrophilic molecules
such as alcohols, but n o t with non-polar hydrocarbons. With these
membranes a number of liquid mixtureshavebeentested
for
pervaporation.The component of a mixture which is able t 0 form
hydrogen bonds with the polymer showed a higher permeation rate than
the other component. The best separation was obtained for the azeotropic
mixtures of alcohols with aliphatic hydrocarbons; for instance, a
selectivity value of 24 for the azeotrope of propanol and cyclolnexane. And
relatively good selectivities were observed for the chloroforhydrocarbon
systems. In contrast, the azeotropÌc mixtures of the type a%cohoI/ester,
alcoholketone, and carboxylic acid/pyri&ne showed a poor separation
performance. This may be due t o the hydrogen bondingability between the
components of these mixtures. Moreover it appeared that the weak
interaction force between the hydroxyl hctionality of an diphatic alcohol
with the E electrons of an aromatic ring was sufficient t o hinder the
efficiency of separation of aliphatic alcohol/aromatichydrocarbon
mixtures by these gra€ted membranes.
Besides the above mentioned studies, a number of investigations have
been reported which were maÏdy applied t o the pervaporation of mixtures
of aliphatic alcohols with hydrocarbons(table
2). Fromthese
investigations it was observed that generally polar molecules permeated
faster through polar membranes
than non-polar mollecdes, and vice
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versa. Polar polymers such as poly(viny1 alcohol), Nafion, and cellulose
acetate werefound
t o be selectively permeablefor
alcohols over
hydrocarbons. Butaliphaticandaromatic
hydrocarbons
always
permeated preferentially through polyethylene, polypropylene and natural
rubber with respect t o alcohols.

Table 1. Pervaporationthroughpoly(tetrafluor0ethylene)
membranes grafted with Lewis base.
Membrane

(PTFE)

Liquid mixture

PTFE p-rafted with aolv(N-vinvl avrrolidone) [ZO-221
rnethanolhenzene, methanol/acetone, methanollmethyl acetate,
methanol/ethyl acetate, methanollmethyl acrylate,
ethanol/hexane, ethanol/cyclohexane, ethanolhenzene,
ethanol/toluene,
ethanollchloroform, ethanol/l,2-dichloroethane, ethanol/ethyl'acetate,
ethanoyethy1 acrylate, ethanolltriethylamine,
propanol/cyclohexane, propanolhenzene, propanOVdiethyl ketone,
iso-propanol/cyclohexane, iso-propanol/ethyl acetate,
butanol/cyclohexane, butanol/pyridine,
acetic acid/l ,2-dichloroethane,acetic

aciadioxane, acetic.acid/pyridine,

acetic acid/N,N-dimethyl formamide,
formic acid/pyridine, propionic aciapyridine,
chloroform/pentane, chloroformkexane, chloroform/cyclohexane,
chloroform/benzene,chloroform/acetone,chloroform/methyl
ethylketone
PTFE grafted with ~olv(4-vinvlDvridine) [ZO,231

chloroform/pentane, chloroform/hexane,
chloroform/cyclohexane,
chloroform/ethyl ether
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Table 2. Pervaporation ofpolar/nzon-polar solvent mixtures.
Liquid mixture

Membrane material

methanol/aliphatic hvdrocarbon
poly(viny1 alcohol) [24, 251; poly(pheny1ene oxide) [%l; Nafíon* 124,261;
polyether sulphone [24]; blend of poly(acrylic acid) with NyIon 6 124, 271;
alloy of phosphonate polymer with cellulose acetate C261;
methanol/aromatic hvdrocarbon
cellulose triacetate ClSI; polyethylene Cl6, 28,291; polypropylene C291;
Nitrile rubber C301; perfluorosulfonic acid C311
methanoYmethv1tert-butyl ether
cellulose acetate C32,331; Nafion [24, 341; poly(ay1 alcohol) C341;
celldose base material MT C241
methanoIldimethv1 carbonate

Nafion C341; poly(viny1 alcohol) C34,351
ethanoI/aliQhatichvdrocarbon
poly(viny1 alcohol) [251; cellulose acetate C36,371; cellophane E37, 411;
peduorosulfonic acid C311; poly(hexamethy1ene adipamide) C361;
polyethylene, polypropylene, and rubber hydrochloride E371;
polyester, natural rubber, ethylene-vinyl acetate copolymer,
ethyl acrylate-chloroethylvin$l ether copolymer,
and natural rubber-methyl methacrylate graft copolymer C381
ethanol/aromatic hvdrocarbon
polyethylene C391; polyphenylquïnoxaline 1401;
perfiuorosulfonic acid 1311; natural rubber and polyester C381;
iso-QroDanolhvdrocarbon
poly(viny1 alcohol) C251; perfhorosulfonic acid 1313;
polyethylene C28,421; polypropylene C431
butanol/toluene
polypropylene C441
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Table 2. (continued)
aromatic alcoholhenzene
polyethylene and modified polyethylene C451
acetic acid/aromatic hvdrocarbon
polypropylene C431
*'

acetonekexane
polyethylene, polypropylene, poly(viny1 chloride), cellophane,
and vinylidene chloride-vinyl chloride copolymer C371
anilinehenzene
polyethylene and modified polyethylene C451
~~~

~~~~

* Naflon: copolymer

~

~

~

_

_

_

_
~

~~~~

~~

of polysulfonyl fluoride vinyl ether and poly(tetrafluor0

ethylene)

4.2. Separation of aromatic/aliphatic mixtures

The mixture of benzene with cyclohexane is a representative of this
class of liquid mixtures. The difference in boiling points between benzene
and cyclohexane is only 0.6 "C. The vapor liquid equilibrium curve of this
mixture shows the typical feature of close-boiling mixture system.
Furthermore they form an azeotrope at 52.2 wt.% benzene. This means
that it is very difficult t o separate by conventional separation techniques
such as distillation. Therefore much attention has been given t o the
separation by pervaporation (table 3).
Commercially available polymers were first tested as membrane
materials, and new polymers were carefully designed and tested for this
separation problem. For all membranes reported in published works,
benzene permeated preferentially over cyclohexane, but t o a different
extent. For a 1/1 by wt mixture, high fluxes were obtained by using
polyethylene and polypropylene, but selectivities were very low,
less than 2.
On the other hand,
polarmembranessuch
as cellulose acetate and
cellulose acetate butyrate showed higher selectivities although fluxes.
were much lower than in the case of polyethylene and polypropylene.
Some new polymeric materials were finely designed for the separation
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of this mixture. These include graft copolymer of methacrylate with
2-hydroxyethyl methacrylate, copolymer of 2 - h y r d r o x y - 3 - ( ~ e t a ~ ~ ~ )
propyl methacrylatewith styrene, and alloys of phosphcmate and

Table 3. Pervaporation of aromatic laliphatic liquid mixtures.
Liquid
mixture
Membrane
material
benzene/
cyclohexane

polyethylene [29,46-481; polypropyleneC29,43,48,491;
Neoprene rubber E301; polyphenylquinoxaline [401;
cellulose ester and ether1251; cellulose acetate 1263;
cellulose acetate butyrate and modified cellulose acetate
butyrate 118, 501; poly(y-methy1 L-glutamate) C511;
poly(bis(2,2,2-trifluoroethoxy)phosphazene) C523;
modified poly(vinyIidene fluoride) t53, 541;
graft copolymer of methacrylate and 2-hydroxyethyl
methacrylate C551; ethyIenHarboxylic acid copolymer C481;
copolymer of Z-hydroxy-3-(diethylamine)propylmethacryIate
with styrene[SS]; alloys of phosphonate and phosphate
polymers with celIulose acetate [26, 57-591

benzene/
other p a r f i n s

NBR and SBR C6.21; polyethylene [43,47, 60,611;
poIyethyIene grafted with polystyrene C6ll;
cellulose acetate butyrate[SS]; Membrane F XI1 II251;
ethylene-carboxyIic acid copolymer 14481

benzene/olefÍns

alloy of phosphonate polymer with cellulose acetate C581

toluene/par&ns

Neoprene rubber C301; polyethylene [6l, 64,651;
polyethyIene grafted with polystyrene [SU; polyurethane 1671;
modified poIy(viny1idene fluoride) [53];
cellulose acetate butyrate [63, 661; celhlose ester and etherC25I;
ethyl cellulose 1661; modified ethyl cellulose C181

ethyl benzene/
modified poly(viny1idene fluoride) 1531
ethyl cyclohexane
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phosphate polymers with cellulose acetate.These new membranes
showed a large enhancement both in permeation rate and selectivity.
Because of the verysimilar physical properties of benzene and
cyclohexane, a low selectivity was obtained through chemically inert
membranessuch as polyethylene and polypropylene. However both
components exhibit different chemical properties. Benzene, the principal
representative of aromatic hydrocarbons, has x electrons which t o a
certain extent endows benzenewith hydrogen bondingability and polarity.
However cyclohexane is totally non-polar. Therefore higher separation
factors could be achieved throughpolar polymer membranes than
through non-polar ones. Furthermore specific membranes could be
designed based o n the difference in properties like the one mentioned.
Pervaporation was also investigated for theseparation of other
aromatic/aliphatic hydrocarbon mixtures' (table 3). In all cases reported
thearomatichydrocarbonpermeatedfasterthanthealiphatic
hydrocarbon, but low selectivities were obtained.

4.3. Separation of aliphatic hydrocarbons
This type of mixture consists of molecules being very similar in
chemical nature. For instance, in the case of a hexaneheptane mixture
there is no apparent difference in the nature and strength
of interactions
and
individual
permeants.
Therefore
between a membrane
permselectivity is largely governed by the steric effects of permeants:
diffusional cross section and molecular length. A survey of pervaporation
studies for this class of liquid mixtures is given in table 4.

In the pervaporation of thebinarymixtures
of paraffins,the
component with the smaller molecular weight permeates faster than the
other one because of a smaller diffusional cross section. In the case of
methyl cyclohexane/iso-octane mixture, however, methyl cyclohexane
permeatespreferentiallyalthough
it has a larger diffusional cross
section.Thisdiscrepancymay
be caused by the abnormally long
molecular length of iso-octane compared with cyclohexane. This suggests
that diffusion occursby a snake-like motion preferentially along the
direction of the greatest length of permeating molecule.
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In the binary mixtures of ollehs with paraffins, however, there is a
relatively large difference in chemicd nature of both components.
expected if there is any
Therefore good separationresultsmaybe
speciffcally designedmembranematerial.This
had been proved by
copolymerizing 2-hydroxy-3-(diethylamine)propylmethacrylatewith
styrene. This copolymer was highly selective for olefins over p a r f i s . For
instance, a complete rejection of cyclohexane was observed in the
pervaporation of cyclohexendcyclohexane mixture.

Table 4. Pervaporation of mixtures of aliphatic hydrocarbons.

hexanehptane C39, 681; hexandoctane C431;

polyethylene

hexane/neohexane C47I; cyclohexaneheptane C641;
cyclohexane/neohexaneC471; heptane/iso-octane C691
heptane/iso-octane C691

polypropylene
-

-

cellulose acetate butyrateE631

3-methyl pentane/2,3-&methyl pentane,
heptane/iso-octane,methylcyclohexandiso-octane,
l-hexenehxane, 2-heptene(heptane,
cyclohexene/cyclohexane

ethyl cellulose and

heptane/iso-octane E18, 701;

modified ethyl cellulose

methyl cyclohexadiso-octane C181

cellulose ester and ether C251

hexane/iso-octane, hexenekexane

alloy of phosghonate polymer

cyclohexene/cyclohexane

with cellulose acetate C261
P(M-St)* C561

cyclohexene/cyclohexane

NBR C71,721

1,3-butadiene/iso-butene

aromatic polyimide C731

* K U - S t ) : copoIymer of
styrene

2-Eydroxy-3-(diethylamine)propyl methacrylate with

i3
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4-4. Separation of aromatic isomers

This class of mixtures is one of the most difficult t o separate. The
industrial separation of Cg-aromatics (o-xylene, m-xylene, p-xylene and
ethylbenzene) is now performed by super-fractionation,fractional
crystallization, adsorption, o r a combination of these methods. These
processes are very complex and, in general, energy intensive. Therefore
this mixture system has been considered as one of the most interesting
mixtures for which the pervaporation process could be applied, and many
investigations have beenreported (table 5 and 6).
Pervaporation separation through commercially available polymeric
films and polymers was first carried out, and new polymers such as
polymer alloys were synthesized andtested. As was expected, the
separation was very poor because of very similar size, shape and chemical
nature of the aromatic isomers. Although xylene isomers have almost
the same molecular volume, alltested membranes showed the order
of selective permeation of p-xylene > m -xylene > o-xylene. This is
consistent with the order of decreasing diffusional cross-section area

Table 5. Pervaporation of aromatic C, isomers through commercial
polymer films [74].

Liauid mixture:
p-xylenelo-xylene, p-xylenelm-xylene, p-xylenelethyl benzene
Membrane:
Polyethylene, 125Al01, DuPont
Polypropylene, Clysar63 350P-1A3, DuPont
Saran Wrap@, Dow
Teflon63 FEP, 200A, DuPont
Polyimide, KaptonB, 100H, DuPont
Poly(viny1 fluoride), TedlarB, 100AG30UTYDuPont
Parylene C and N, Union Carbide
Cellulose acetate, 1OOCA-43, DuPont
Nylon, Allied Chemical,

CapronGD77C

Poly(viny1idene fluoride), KynarB, Pennwalt
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Membrane
mixture Liquid
C8-isomers*

polyethylene [75, 761; cellulose tripropionate and
celldoseacetatebutyrate

C771; Methocel

@01;

modified poly(vinylidene ffuoride) t781;
P(HEA-HEMA)* and modified P(MEA-HEMA) C791;
dichlorobenzene isomers

Methocel HGt CS01

nitrochlorobenzene isomers

Methocel HGt [SO]

nitrotoluene isomers

Methocel HG? [SO]

benzene/toluene

poly(ethy1ene terephthalate) [S11

toluenebxylene

Nitrile rubberC301

styrendethyl benzene

ethylene-carboxylic acid copolymer C481;
alloy of phosphonate polymer with cellulose acetate,
poly(pkeny1ene oxide), and N d o n t261

* binary or ternary mixtures of O-, m-, andp-xylene

and ethyl benzene

i hydroxypropylmetyl cellulose membranes containing Schardinger

cyclodextrin

$ copolymer of 2-hydrolryethyl acrylate and 2-hydroxyethyl methacrylate

of these isomers [751. However polymers containing specific h c t i o n a l
groups showed a differentorder of permeationrate, The order of
permeation rate of m-xylene > o-xylene > p-xylene was observed
a copolymer of 2-Plydroxyethyl
throughmembranespreparedfrom
acrylate with 2-hydroxyethyl methacrylate modified by 3,4- o r 3,sdinitro.benzoy3. chloride.

The main objective of research described in thisthesisisthe
development of new pervaporation membrane materials suitable for the
separation of poladnon-polar liquid mixtures, particularly aimed op1 the
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selective removal of alcohols from their mixtures with aromatics and
ethers. In order t o investigate the relation of membrane material and the
separation performance, the effect of chemical interactions of penetrantpenetrantandpenetrant-membraneisstudiedwith
respect t o the
transport mechanism.
In chapter 2 potential polymers have been selected for comparing the
separation performance towards the mixtures studied. Since the aim is t o
remove selectively the polar alcohols from the non-polar species, only
polar polymers have been chosen. The separation performance of these
polymers has been evaluated by the pervaporation of ethanol-toluene
mixtures.
In chapter 3 the polymer blend concept is studied with respect t o the
development of pervaporation membrane materials for alcohol-toluene
liquid mixtures. Poly(acry1ic acid) is chosen due t o its very high solubility
for the alcohols. To improve permselectivity and mechanical stability,
poly(viny1 alcohol) has been chosen as the second polymer. This polymer
showed very high permselectivities for alcohols over hydrocarbons
[Z].
In chapter 4 the solution part of the solution-diffusion mechanism is
described. The overall sorption and the preferential sorption of methanoltoluene and ethanol-toluene liquid mixtures in the blends of poly(acry1ic
acid) and poly(viny1 alcohol) are determined and compared with the
pervaporation results. In addition, the preferential sorption is predicted by
a model which is derived from Flory-Huggins thermodynamics.
In chapter 5 the separation of methanol from methyl tert-butyl ether
by pervaporation is discussed. Methyl tert-butyl ether is produced by a
reaction of methanol with iso-butene. Because this is an equilibrium
reaction, methanol is fed in excess up t o about 20 % of the stoichiometric,
amount into the reactor in order t o improve the conversions. The excessof
methanol in the effluent exhibits a difficult separation problem in the
conventional distillation process since it forms an azeotrope with methyl
tert-butyl ether. This separation problem can be accomplished by the
incorporation of a pervaporation unit.
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PERVAPORATION OF

POLlhR-NONPOLAR LIQUID MIXTURES

- MEMBRANE MATERILAL S

C m m G

The pervaporation process can be applied to separate all kinds of polarlnonpolar
organic mixtures. To accomplish a wide field of application, a more systematic
study seems to be necessary, particularly focussed on developing proper
membranematerials.
Ethanol-toluene was chosen as a model mixture for the material screening.
Comparison of the physicalproperties of ethanol andtoluene showed that the
difference in polarity and hydrogen bonding ability seemed to be the most
significant ones. Based on these characteristics a number of commercially
available polar polymers were selected and tested for their separation behavior.
These polymers contain functional groups which can form hydrogen bonds with
alcohols.
Among membranes made by single polymers cellulose type of materials showed
a good pervaporation performance. I n order to improve the permselectivity of
materials the concept of polymer blending was used. From the pervaporation
experiments it was observed that polymer blending could give optimal
membranes for this type of separation.

29

Special interest for the pervaporation process t o replace &stiHation for
the separation of organic mixtures in the chemical processing industries
is mainly caused by a reduced energy consumption and equipment cost.
Some liquidmixturessuch
as azeotropic mixtures, close-boiling
hydrocarbons, and various isomers are difficult t 0 separate by a simple
distillation technique,Often other energy-consuming processes like
azeotrogic distillation, pressure distillation and liquid-liquid extraction
are used. The relatively high ener,T consumption for these processes has
encouraged the development of new, less energy-consuming separation
processes such as pervaporation.
Binningand
his coworkers
were
pioneers
in studyingthe
pervaporation process [1-3]. In the early 1960s, they investigated the
separation of various mixtures, especidy the separation of hydrocarbons
which were of interestforthepetro-chemicalindustry.
Some
commercially available polymers and polymer films were also tested by
Carter et al. [4,5] and Sweeny et al. [ S ] . Since then a number of
pervaporation studies have been reported. Nowadays the pervaporation
process has been accepted as a unit operation in the chemical industry for
the dehydration o€ organic solvents. This can be visualized by the number
of commercial plants which have been installed [7,8]. However the Iargescale Separation of organic-organic mixtures is still in an embryonic
stage. This is mainlydue t o the lack ofgood membrane materials.
Membranes tested so € a r for the separation of organic-or&nic mixtures by
pervaporation have shown rather unsatisfactory results t o compete with
other existing separation techniques. Therefore a lot of research effort is
still focussed o n the development of new membrane materials for specific
separation problems.

In the case of pervaporation the permeation of molecules through a
membrane is generally described by a solution-diffusion mechanism [S].
According t o this model the permselectivity of a membrane tokards a
binary mixture is determined by the differences in either solubility o r
diffusivity of the components in the membrane. Until now especially the
solubility term has been studied extensively for materid screening.
The solubility of a solute in a polymer is strongly related to the mutual
interaction. Three different approaches have been proposed t o correlate
the separation properties of a membrane with the interactions between
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the permeating molecules and the membrane.

- three-dimensional solubility parameter approach [lO-141
- surface thermodynamic approach [13-151
- Dimroth's solvent polarity value [l6-191
These methods are helpful as a first estimate of interaction phenomena
between permeating molecules and membrane materials, and can be
used as a qualitative guide forthe material selection.
In this study the three-dimensional solubility parameter approach
has beenused t o select feasible polymer materials. The interaction
between a permeating molecule and amembrane, which is directly
related t o the solubility of a penetrant in a membrane, can be described
qualitatively by means of the solubility parameter theory. The three
component solubility parameter can be considered as a vector lying in a
three dimensional (6d, 6,, 6&-space.Each solvent and each polymer can be
located in this three dimensional space being the end-point of the radius
vector. F o r a binary system consisting of a polymer and a solvent, the
distance A,, between the end-points of the radius-vectors can be expressed
as [20]:

where subscripts 1 and 2 denote polymer and solvent, respectively.
Subscripts d, p, and h refer t o dispersive, polar, and hydrogen bonding
forces, respectively. This Al, is ameasure for the affinity between
penetrant and polymer, and a very simple and a useful parameter t o
obtain qualitative information o n interaction phenomena. When A,
decreases, the affinity between penetrant and polymer increases, and in
this way polymers may be selected.

,

Our investigations were particularly aimed t o separate polar solvents
from nonpolar ones. The mixtures of low molecular weight aliphatic
alcohols with toluene were chosen as a model mixture system. For the
selective removal of alcohols by pervaporation, the membrane materials
must preferentially interact with the alcohols. Therefore polymers which
are polar and can form hydrogen bonds with alcohols were selected. This
may result in a preferential sorption of alcohols over toluene due t o the
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polar-polar and hydrogenbonding interactions with alcohols. The
separation ability of these polymers for ethanol-toluene mixtures was
evaluated.

2. ExPE

2.1 Materials
D

Ethyl alcohol and toluene (analytical grade) were obtained from Merck
Co. The polymers used in this study are s r l a r i z e d in table 1together
with their suppliers and solvents used for preparing the homogeneous
membranes, NP chemicals were used without any further purification.
Water was demineralized before use.

2.2. Membrane preparation

Membrane casting solutions were prepared by dissolving polymers in
proper solvents. h the case of a two-component polymerblend membrane,
both component, polymers were first separateIy dissolved in a CQIIUIIO~
solvent, and then the resulting two solutions were mixed together in
variousproportions t o obtainthe proper composition. Homogeneous
membranes were prepared by casting a polymer solutïon o n a Perspex
plate or a glass plate with a casting knife. The solvent was slowly removed
by evaporation in a flowing nitrogen atmosphere at room temperature.
The thickness of resulting homogeneous membranes was approximately
20 pm.

The pervaporation experiments were performed o n a laboratory test
apparatus, which is schematically represented in figure 1. Membranes
cells. The effective
were installed in stainlesssteelpervaporation
membrane area in each cell was 28 c d . The feed was circdated through
the cells from a feed reservoir at a constant temperature. The pressure at
the downstream side was kept below 5 m.m.Hg by a vacuum pump. .The
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permeate was collected in cold traps cooledby liquidnitrogen, and
analyzed by gas chromatography equipped with a thermal conductivity
detector.
The pervaporation properties are characterized by the pervaporation
flux J and the pervaporation selectivity ap.Fluxes were determined by
measuring the weight of liquid collected in the cold traps during a certain

Table 1. Polymers and their suppliers.
polymer

supplier

MW

casting

(g/mol)
solvent*
Poly(viny1alcohol)
water

Aldrich Chemical

85,000-146,000

water

Aldrich Chemical

80,000-100,000

water
DMF

Aldrich Chemical
Aldrich Chemical

water
water

Aldrich Chemical
Aldrich Chemical

water
water
DMF

Aldrich Chemical

100% hydrolyzed
96% hydrolyzed
88% hydrolyzed

115,000

Poly(acrylonitri1e)
Poly(acry1ic acid)

250,000

Poly(acry1 amide)
-5,500,000
Poly(acry1 amide), carboxylmodified
carboxyl
low
content
high carboxyl content
Poly(viny1 acetate)
Poly(methy1 methacrylate)
medium
Poly(N-vinyl pyrrolidone)

200,000
200,000
33,000
MW
360,000

Aldrich Chemical
British Drug Houses

chloroform

Aldrich Chemical

water

Janssen Chimica

acetone

Aldrich Chemical

Cellulose triacetate

chloroform

Aldrich Chemical

Cellulose nitrate

acetone
DCE

Polyscience
Aldrich Chemical

Cellulose acetate (acetyl 39.8 %)

Cellulose propionate

30,000

200,000

Ethylene-vinyl alcohol copolymer
of 56 mol % vinyl alcohol content

DMAc

Polyscience

Clarene ~ 4 t

90,000

DMAc

Solvay

Clarene R20t

50,000

DMAc

Solvay

chloroform

Bayer

Levapren 400$

* DMF: dimethyl formamide; DCE: dichloroethane;
t Clarene: ethylene-vinyl alcohol copolymer
2 Levapren: ethylene-vinyl acetate copolymer

33

DMAc: dimethyl acetamide
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C

1
f

(a) feed reservoir
(b) feed circulatingpump
(c) pervaporation cell
(d) pirani gauge
(e) thermometer
(0 cold trap
(g>vacuum pump

Figure 1. Sehematic representation of a laboratory test apparatusfor the
pervaporation experiments.

time at steady state conditions. The fluxes of different membranes were
normalized t o a membrane
thickness
of ZO pm, assuming a
proportionality between the flux and the reciprocal membrane thickness.
The pervaporation selectivity apis defined by:

where x and y represent the Concentration in the feed and in the
permeate, respectively. Indices 1 and Z refer respectively t o the more
permeable component, ethanol in this study, and the Bess permeable one,
toluene.

In the case of liquid separation there is generaIly a strong interaction
between penetrants and the polymeric membrme, The performance of a
membrme is very much dependent, CKL the properties of the feed mixture
t o be separated. inning
et d-[z]have already pointed o u t khat the
molecular shape factor of penetrants Tjgill govern the pernazseHectivity of the
pervaporation process when the difference int chemical nature of the
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penetrants is not large. However, when the difference in chemical nature
o r solubilitycharacter is very large,theinteraction
of the specific
penetrantswiththe
polymer will determinepredominantlythe
permeability properties. Size and shape factors may have very little
influence on the permeability in that case. Therefore the physical and
chemical properties of solvents t o beinvestigatedmay
give some
information for the first selection of membrane materials.
Our investigations were particularly aimed to separate low molecular
weight alcohols from nonpolar solvents, such as benzene, toluene, and
methyl tert-butyl ether. Some physical properties of these chemicals are
given in table 2. As the two groups of organics, alcohols and nonpolar
solvents, are compared, the differences in polarity and hydrogen bonding
ability is very significant. For example, the solubility parameter value of
ethanol due t o hydrogen bonding forces,&h, is about 10 times higher than
that of toluene. The molecular size is also quite different and may affect
the separation as well. The molar volumes of methanol o r ethanol are
about half of those of toluene o r methyl tert-butyl ether. Therefore it is

Table 2. Physical properties of solvents.
solvent

MW

molar

bpDararneter
solubilitv
vapor

volume?
(g/mol)

(cm3/mol)

pressure8

("C)

(mmHg)

apa

sd

sh

(caP/cm3/2)

Methanol

32.04

40.7

65.2

164.0

14.5

7.4

6.0

10.9

Ethanol

46.07

58.7

78.5

78.4

13.0

7.7

4.3

9.5

Propanol
Butanol

60.11

75.2

97.4

28.3

12.0

7.8

3.3

8.5

74.12

92.0

117.2

9.3

11.3

7.8

2.8

7.7

119.3

9.0 9.1

0.0

1.0

t

Benzene

78.12

89.4

80.1

Toluene
MTBE*

92.15

106.9

110.6

36.7

8.8 8.9

88.15

119.0

55.2

306.6

8.1

* Solubility parameters

7.6

0.7

1.0

1.7

2.4

of MTBE (methyl tert-butyl ether): calculated by the group
contribution method proposed by Hoftyzer and van Krevelen [21]

t at 25 "C
$ at 30 "C
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expected that polar polymers possessing hydrogen bonding ability will
show a much better affinity for alcohols than for the nonpolar solvents like
s . constituted
toluene, resulting in high permselectivity for a l c ~ h ~ lThis
the basis for OUT first choice of polymeric materials.

3.2. Pervaporation of ethanol-toluene piquid mixture

First some commercially available polar polymers were chosen and
their pervaporation characteristics were investigated by using an ethanoltoluene (l/l by wt) liquid mixture. The pervaporation measurements were
conducted at 30 "C. Results are given in table 3. Some poPymers such as
100 % PaydroHyzed poly(viny1 alcohol)or polyacrylonitde showed extremely
low fluxes. It was practically impossibIe t o collect a large enough quantity
of permeate t o analyze the results accurately by gas chromatography.
Only the 88 % hydrolyzed poly(viny1alcohol) showed a measurable flux of
22.4 g/m2h9but the selectivity was rather low being 4.0 for ethanol. Some
other polymers, such as poly(acry1ic acid) o r poly(N-vinyl pyrrolidone),
were too highly swollen o r dissolved in a n ethanol-toluene (l/l by wt)
mixture- Therefore it wasimpossible
t o carry o u t pervaporation
experiments for these materials. Membranes made of poly(aery1 amide)
and carhoxyl modified poly(acry1&de)
with low and high carboxyl
contents were very brittle in a dry state; i.e., it was not possiblet o use them
in a thin film form. Therefore these polymers were omitted from the
pervaporationtest,
Although poly(viny1 acetate)and
poly(methy1l
methacrylate) contain a hydrogen bonding functionality, an ester group,
and are classified as polar polymers, they dissolved in toluene. Tbis
means that they may n o t be preferentially permeable for alcohols, or, if so,
then the pervaporation selectivity may be very low. Another polymer with
an ester linkage is Levapren 400 which is an ethylene-vinyl acetate
copolymer with a vinyl acetate content o f 4 0 %. This polymer was selective
for toluene with the selectivity value for toluene of 4.0.
Celhlosie type materials seem t o be good candidates for the selective
permeation of alcohols due t o their hydropKPic character- They are widely
used as a reverse osmosis membrane material for the desalination of
brackishwater.
Some of thesematerials
weresubjected
t o the
pervaporation test. The results are given in table 4. Gelllulose acetate,
cellulose triacetate, and cellulose nitrate showed high flux vdues of 310 t o
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1350 g/m2h, and all were preferentially permeable for ethanol. However,
the selectivity values for ethanol over toluene were very low; in the range
of 1.3 t o 2.6. Cellulose propionate showed a two times higher solubility of
toluene over ethanol. This means that this polymer membrane might be
preferentially permeable for toluene.
Collagen has a similar molecular structure as cellulosic materials.
Therefore it may be also a good candidate for the selective pervaporation of
alcohols. Collagen membranes, both uncrosslinked and crosslinked, were
obtained from Naturin-Werk Becker & Co., Weinheim, Germany, and
tested without any further treatment.They showedrather good separation
characteristics (table 4). Although the fluxes were lower, the selectivity
values were almost one order of magnitudehigher compared t o the
cellulosic membranes.

Table 3. Pervaporation of a n ethanol-toluene (1f 1 by wt) mixture at30 "C
using commercial polymers with a polar character.
flux?

membrane

(g/m2h)

'

Poly(viny1alcohol)
100%hydrolyzed

Q

96% hydrolyzed

Q

-

22.4

4.0

88%hydrolyzed

Levapren 400*

4000
0.25
8
too highly swollen in the feed mixture
too brittle

Poly(acrylonitri1e)
Poly(acry1ic acid)
Poly(acry1 amide)
Poly(acry1 amide), carboxylmodified
low carboxyl content

too brittle

high carboxyl content
Poly(methy1 methacrylate)

too highly
swollen inthe
dissolves in toluene
dissolves in toluene

Poly(N-vinyl pyrrolidone)

dissolves in the feed mixture

Poly(viny1 acetate)

t flux normalized to

a membrane thickness of 20 pm

$ crosslinked with dicumyl peroxide (4wt.%)
@ insufficient amount of permeate t o be analyzed
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Table 4. Pervaporation of an ethanol-toluene (1f l by wt) mixture through
cellulose type polymers and through Collagen membranes.

Cellulose acetate

30
30
30

Cellulose triacetate

Cellulose nitrate
Cellulose propionate
Collagen membrane
axncrossMed

30
30
30
30
30

602
597

3.4
2.3
26
3.4
1.6
1.7

6%
1350

1.3
1.9

1%
314
310

183

two times higher toluene solubilitythan ethanol

30
3
40

crosslinked

3
40

* flux normalized t o a membrane thickness of 20 pm

Polymers with a sulfonyl group are also hydrophilic and are able t o
form hydrogen bonas. In the case of dtrafiltration andmicrsdiltration, the
sdfonation of polymers like polysulfone was studied t o increase the
hydropklicity of membranes. In this study poly(ether ether ketone) was
chosen and sdfonated with concentrated sulfonic acid. The detailed
experimental procedure of snlfonation Î s described elsewhere [22]. The
degree of sdfonation, i.e., number of sdfonyl groups per repeating unit of
polymer backbone, ranged fiom 0.5 to 0.6. The sdfonated poly(ether ether
ketone) membrane with a sulfination degree of 0.5 showed a high flux of
1.4 kg/m2h for an ethanobtoluene (1/Iby wt) liquid mixture. However the
selectivity was very low, less than 3. To improve the selectivity, the
membranes were sdfinated t o a higher degree mld crosslinked. Mowever
the obtained selectivity wasstill IOW,less than 9 (table 5).
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Table 5. Pervaporation of ethanol-toluene mixtures through sulfonated
poly(ether ether ketone) membranes at 30 "C.
2

feed

degree?
0.5 68.6

0 3
0.6*

flux2

wt.% ethanol

sulfonation

permeate

(g/mW

66.6
69.3
66.1

1432
1358
1386
1432

47.6

82.4

26

50.4

50.4

a

82.6
86.9
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aEtOHiToluene

2.4
2.2
2.5
2.1
4.6
4.7
6.5

t number of sulfonyl groups per repeating unit
2 flux normalized to a membrane thickness of 20 pm

* crosslinked with 1,4-phenylene diamine (5 wt.%)
Ethylene-vinyl alcohol copolymers possess the possibility of
controlling the balance between hydrophilic and hydrophobic character by
varying the ratio of ethylene and vinyl alcohol moieties.As the portion of
the vinyl alcohol moiety increases,the number of hydroxyl groups
increases and the copolymer becomes more hydrophilic. Therefore this
class of materials might be of interest to investigate the effect of chemical
interactions between permeants and membranes. Furthermore the glass
transition temperatures of these copolymers are rather low. For example,
the glass transition temperatures of Clarene R20 and Clarene L4, which
are ethylene-vinyl alcohol copolymerswith vinyl alcohol contents of 60 and
71 mol %, are 54 "C and 64 "C, respectively. In addition, in a swollen state
the glass transition temperature may be even much lower. Therefore it is
possible t o carry out the pervaporation experiments with these polar
polymer membranes in the elastomeric state. The pervaporation results
are given in table 6. Ethylene-vinyl alcohol copolymermembranes of three
different compositions, i.e. vinyl alcohol contents of 56, 60, and 71 mol %,
respectively, were tested. All tested membranes were permselective for
ethanol, and the selectivity values increased as the vinyl alcohol content
increased. However the pervaporation flux decreased with increasing
vinyl alcohol content. The flux of an ethanol-toluene liquid mixture (1/1by
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"C decreased gradually, and reached a very low value of around
2 g / d h as the vinyl alcohol content increased up t o 71 ~ Q %.
H The
copolymer of this composition seems t o have the same flux range as a
100 % hydrolyaed poly(viny1 alc~hol)which is an extreme case of the
ethylene-vinyl alcohol copolymer, The totalfluxthrough
all three
membranes at 30 "C wasvery POW.Withincreasingpervaporation
temperature, however, thefluxincreased
by almost one order of
magnitude with a temperature increase of 10 "C, but the selectivity
decreased.
wt) at 30

Table 6- Pervaporation of ethanol-toluene mixtures through
ethylene-vinyl alcohol copolymer membranes.
vinyl alcohol
content (mol %)

60 %Z

56 %

T
("C)

wt.% ethanol

feed

permeate

49.3
49.3
49.3
49.9
49.9
50.0

99.9
99.6
99.9
90.5
92.3
85.3

49.9
49.9
49.9

OeEtOWToluene

1.1
1.9
2.3

12.9
11.5
828

48.5
48.5
48.5
50.0

49.5
15.5
116.9

3.7
89.8
85.1
$2.2

* flux normalized t o a membrane thickness of
t Clarene E4

8.8

5-7
4.6

4.7

10.0

$ Clarene R20

flux"
(g/m%)

20 pm

82.8
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3.3. Polymer blend membrane

In developing a polymeric membrane material for pervaporation,
commercially available polymers and polymer films are tested first.
However, theseparation properties arequite often unsatisfactory.
Therefore much research effort is aimed o n the development of new
'tailor-made' materials by synthesis of new polymers o r by modification of
existing polymers. Another method is the blending of polymers. This
technology is very interesting due t o the low development costs and the
capability t o develop new membranematerials [23-271.
Polymer blends of Rolv(viny1 alcohol)with polvOV-vinvl pyrrolidone)
The polymer blend concept can be utilized t o improve the permeation
rate of a polymer membrane whichis very selective for one componentof a
mixture to be separated but with a low permeation rate. By combining this
polymer with a suitable second polymer with a higher sorption capability
for the feed mixture than the former, a range of different materials with
an improved permeationrate can be developed.
Poly(viny1 alcohol) is chosen as a basic selective polymer because this
polymer is very selective for alcohols over hydrocarbons[B]. For example,
in the separation of a liquid mixture of ethanolh-hexane (U9 by wt)
poly(viny1 alcohol) membranes showed a permeate composition of 99 %
ethanol.
Theethanol-toluene separation through the blendmembranes of
poly(viny1 alcohol) and poly(N-vinyl pyrrolidone) has been evaluated. The
results arepresented in table 7. For the blend of 88 % hydrolyzed poly(viny1
alcohol), it was observed that with increasing poly(N-vinyl pyrrolidone)
content fromO t o 50 wt.% the flux of an ethanol-toluene (U1 by wt) mixture
increased exponentially from 22 t o 3900g/m2h at 30 "C, whereas the
selectivity decreased from 4 t o 1 (nonselective). For the same mixture with
the same composition the blend membrane of 96 % hydrolyzed poly(viny1
alcohol)showed also a drastic flux increase up t o 2120g/m2h as the
poly(N-vinyl pyrrolidone) content reached a concentration of 50 wt.%,
while the membrane became also nonselective.

Table 7- P e ~ ~ a p o r ~ tof
i oethanol-toluene
~t
mixtures through membranes
made from polymer blends
of poly(uiny1 alcohol) and poly(N-vinyl
pyrrolidom) (PW).

km2 of88 96 hydmlpedpoly(vin.yt
O
30
50.0
I0
30
50.6
25
30
50.0
50
50.930
50.0

hol)

79.9
77.2
70.6

15

40

10.4
50.8
50.8
50.8

30

49.3
49.3

30
30
87.5
30

50.5
51.2

50

30

15

50
.

20

* flux normalized t o

50

91.2
85.4
89.7
70.6

91.4
66.6

50.2

67.0
49.9

51.2

3.3
2.4

1.0

B h d o f 9 6 96hydmtpedpty(uiny1&obl)
30
30
10.4
83.1
10.4
84.1
10.4
82.6
40
30
10.4
44.4
45.7

4.8

50.2

90.3

50.2

91.9

50.4
50.4

86.9
86.5

a membrane thickness of 20 pm
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42.3
45.6
40.9
6.9
7.3

10.8
5.7

8.4
25
10.9
6.9
1.9
1.9
1.0
9.2
11.3
6.5
6.3
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Polymer blends of polv(acry1ic acid)with polv(vinv1 alcohol)
Poly(acry1ic acid) is extremely swollen in an ethanol-toluene (U1 by
wt) liquid mixture. For this reason, the pervaporation test with this pure
polymer couldnot be performed. Ifthe extent of swelling could be reduced,
poly(acry1ic acid) is expected t o have a high permeation rate for alcohols
such as methanol and ethanol because of the high affinity towards these
alcohols.
Swelling can be reduced by means of crosslinking. Poly(acry1ic acid)
However,
caneasily be crosslinkedby
di-epoxides o r metalions.
membranes crosslinked by these crosslinking agents were very brittle.
Reduction of swelling can also be achieved byblending with other
polymers which show a low sorption for the mixtures t o be separated.
Poly(viny1 alcohol) was chosen as the other component polymer of the
blend because of its very high selectivity for alcohols over hydrocarbons
[28]. Furthermorethisblendmembrane
can easilybecrosslinked
covalently through an ester linkage formation between a hydroxyl group
of poly(viny1 alcohol)and a carboxyl group of poly(acry1icacid).
Poly(acry1ic acid) was blended in various proportions with 96 %
hydrolyzed poly(viny1 alcohol).The poly(viny1 alcohol) content ranged from
10 t o 35 wt.%. As it was expected, membranes made of the blend were
much less swollen in ethanol-toluene liquid mixtures than in the case of
pure poly(acry1ic acid). The pervaporation results of these mixtures
through the poly(acry1icacid)-poly(viny1 alcohol) blend membranes are
presented in table 8. Ethanol permeated preferentially through all tested
membranes, and the selectivityincreased as the poly(viny1alcohol)
content in the blends increased. However the flux decreased with the
poly(viny1alcohol) content, which might be due t o the reduction of
swelling of the blends.

4. CONCLUSIONS

Some commercially available polar polymers were screened based o n
the difference in physical properties between ethanol and toluene. To
evaluate their separation ability pervaporation tests were carried out
using ethanol-toluene liquid mixtures.
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Table 8. Pernaporation of ethanol-toluene mixtures through membranes
made from a polymer blend of poly(acry1ic acid) and96 % hydrdyzed
poly(viizy1 alcohol) PVA) at 30 "C.

10

10
l5

10.4
9.8
11.6

96.9
94.2
93.9

50.0
49.7
49.2
48.5

95.6
97.6
96.8
98.4
96.9
97.4
971
97.7
98.7
95.5
96.9

51.4
49.3
49.8
50.0
50.0
49.7
48.9
48.9

* flux normdized

28
47
66

269

149
117

'

962

t o a membrane thickness of 20 pm

From the pervaporation experiments it was generally observed that
polar polymers were selectively permeable for ethanol. F o r instance,
cellulose acetate membranes showed a selectivity range of 2.3 t o 3.4 for
ethanol in the pervaporation of an ethanol-toluene (UI by wt) mixture at
30 "C. Poly(vinyl alcohol) with a degree of hydrolysis of 88 96 was selective
for ethanol as well, showing a selectivity vdue of about 4.0 for the same
mixture. However, somep o l p e r s were selective for toluene although they
were considered t o be polar. F o r example, the membrane prepared from
Levapren 400, an ethylene-vinyl acetate copslper, showed a selectivity
vdue o f 4 0 for toluene.
Polymers like poly(viny1 alcohol) and polyaerylonnitrile were selected
and tested because they were expected t 0 be highly selective for ethanol.
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However, they showed extremely low permeation rates for an ethanoltoluene (U1 by wt) mixture. It was impossiblet o collect a minimal quantity
of permeate t o analyze the performance accurately. Ethylene-vinyl alcohol
copolymer membranes also showed very low flux values of less than
10 g/m2h at 30 “C. Some other polymers such as poly(acry1ic acid) and
poly(N-vinyl pyrrolidone) were n o t suitable as membrane because of
extremely high swelling in the testliquid mixture. However, by blending
poly(acry1ic acid) with poly(viny1 alcohol) a feasible membrane material
was obtained. As the poly(viny1 alcohol) content in the blend increased
from 10 t o 35 wt.%, the flux values decreased from 0.5 t o 0.15 kg/m2h with
increasing selectivity from 22 t o 76 for an ethanol-toluene (l/l by wt)
mixture. This implies that the polymer blend concept can be.well utilized
for the design of new membrane materials.
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3

PERVAPORATION OF ALCOHOL-TQLUENEMIXTURES
THROUGHPOLYMER

BLEND MEMBRANES OF

POLY(ACRYL1C ACID) AND POLY(VINYLALCOHOL)

Homogeneous membranes were prepared by blending poly(acry1ic acid) with
poly(viny1 alcohol). These blend membranes were evaluated for the selective
separation of alcohols from toluene by pervaporation. The, flux and selectivity of
the membranes were determined both as a function of the blend composition and
of the feed mixture composition. The results showed that a polymer blending
method could be very useful to develop new membranes with improved
permselectivity. The pervaporation properties could be optimized by adjusting
the blend composition. All the blend membranes tested showed a decrease in
flux with increasing polylvinyl alcohol) content for both methanol-toluene and
ethanol-toluene liquid mixtures. The alcohols permeated preferentially through
all tested blend membranes, and the selectivity values increased with
increasing poly(viny1 alcohol) content.
The pervaporation characteristics of the blend membranes were also strongly
influenced by the feed mixture composition. The fluxes increased exponentially
with increasing alcohol concentration in the feed mixtures, whereas the
selectivities decreased for both liquid mixtures.
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L IJYI’RODUC~ON
At the very early stage of pervaporation research it was recognized
that this process possesses a high potential for the separation of organic
liquid mixtures [l-41.
Since then much research has been carried out and
reported [5,6], Despite these studies n o large-scale application for the
organic-organic mixture separation in the chemica1 industry c a n be
found so far. This is mainly due to the lack of good membranes for specif%
applications. Either the permeation rate o r the selectivity were f o p d to be
too low or unsatisfactory for an economical industrial application.
Commercially available polymers and polymer films were first tested
t o investigatethepotentialas
a membranematerial.
unsatisfactory separation properties, much research
effort has been
aimed o n the development of new ‘tailor-made’ materials for specific
applications. Three approaches are often followed: (a) synthesis of new
polymers, (b) modification of existing polymers, and (c) polymer blending.
The synthesis of new polymers o r copolymers is the first way t o prepare
‘tailor-made’ materials.Based o n the knowledge of permeation and
separation mechanism specific membrane materials can be designed and
synthesized for a given separation problem. For the pervaporation of
organicliquid mixturesmany new polymers and copolymers were
synthesized and tested [7’-lO]. These polymers generally showed an
improved permselectivity when they contained specific groups which
c o d d preferentially interact with one component of a liquid mixture. In
recent years new polymerization techniques such as radiation grafting
and plasma grafting are also studied €or the deveIoprnent of pervaporation
membranes -[11-131.The modification of polymers can be done though a
chemical reaction, a radiation o r plasma treatment, o r a combination of
these methods. In this way specific groups are introduced t o the polymer
bulk [14,15] o r only t o the surface of polymer membranes [IS]. A third
method is the blending of existing polymers t o produce materials with
new properties. It is possible t o produce a range of materials with
properties in between o r cornpletely different &om those of the blend
constituents. An obvious advantage of this polymer blending approach is
the low development costs. It usuallyrequireslittle
o r no capital
expenditure in comparison with the production of new polymers, This
approach has been tested for the development of membrane materials
for the pervaporation of liquid mixtures, and promising results were
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observed [l
7-21].
The objective of material study is to develop membranes with both a
high flux and a high selectivity. However,in most cases a so-called 'tradeOR trend can be found. This means that as a flux increases, then a
selectivitydecreases,
o r vice versa. For thisreasonmembrane
development is often characterized by an optimization procedure: the
performance of membranes has t o be adjusted for a given separation
problem in order t o achieve an optimal performance. For this purpose a
polymer blend can offer a convenient tool. The aim of polymer.blending is
normally t o create a new polymeric material that combines the properties
of two (or more) homo-polymers. In a homogeneous blend made of two
polymers, the component polymers are mixed on a molecular €evel.In this
case, the properties of the blend is generally in between those of two
component polymers being related t o the composition of the blend. This
means that the physical and mechanicalproperties as well as the
permeation properties of the blend can be influenced by changing the
blend composition.
The main objective of this work is t o develop new polymer membranes
for the selective separation of alcohols from aromatic hydrocarbons by
pervaporation. For this purpose a polymer blend concept was applied; in
this study a blend of poly(acry1ic acid) and poly(viny1 alcohol). The
pervaporation property of this blend was evaluated for ethanol-toluene and
methanol-toluene liquid mixtures.

2.1. Materials
Poly(acry1ic acid) ( P M ) (MW= 250,000 g/mol) and poly(viny1 alcohol)
(PVA) (96% hydrolyzed, MW= 85,000 146,000g/mol) werepurchased from
Aldrich Chemical Co. Methyl alcohol, ethyl alcohol, toluene,and isooctane (analytical grade) were obtained from Merck Co. They were used
without any furtherpurification. Water was dernineralized beforeuse.

-
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2.2. Membrane preparation

Polymerblendingwasperformedby
a solutionmethod.Both
component polymers, poly(acry1ic acid) and poly(vinyl alcohol), were
separately dissolved in water. Two solutions were mixed together n
in
various proportions t o obtain the desired polymer solutions. Homogeneous
membranes were prepared by casf5ng the polymer solution o n a Perspex
plate with a casting knife. The solvent, water, was slowly removed by
evaporation in a flowing nitrogen gas stream at room temperature, The
thickness of the resulting membranes was in the range of 15 to 68 p.m.

2.3. Glass transition temperature measurements
The glass transition temperature
of poly(acrylic acid), psly(vinyl
alcohd), and blends of these two polymers was measured calorimetricdly
with a Perkin Elmer Differential Scanning Calorimetry (DSc 4). The
sample size ranged from 18 t o 20 mg. DSC curves were recorded at a
constant heating rate o f 1 0 Wmin. The temperatures at the midpoint of the
heat capacity transition in the DSC curves were taken as the glass
transition temperatures.

2.4. Density measurements

with a buoyancy
Thedensity of the membraneswasmeasured
technique. A well dried membrane sample was first weighed in air.
Thereafter it was held in iso-octane at 22.5 "C and its weight was
measured in that medium. The volume of the sample c a n be calculated
from the weight difference of both measurements; dividing it by the
density of iso-octane. From the weight in air and the voPume, the density
can be calculated.

2.5. Pervaporafion experiments

Thepervaporationexperiments
were performed using the same
laboratorytestapparatus
as described in chapter 2 of this thesis.
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Membranes which were immersed and swollen in the respective feed
mixtures at room temperature were installed in the stainless steel
pervaporation cells. The effective membrane area in each cell was 50 cm2.
The feed was circulated through the pervaporation cells from a feed
reservoir kept at 30 "C. The pressure at the downstream side was kept
below 2 mmHg by a vacuum pump. The permeate was collected in cold
traps cooled by liquid nitrogen. The composition of the collected permeate
wasdetermined by gas chromatographyequipped with a thermal
conductivity detector.
The pervaporation properties are characterized by the flux J and the
selectivity ap.Fluxes were determined by measuring the weight of liquid
collected in the cold traps during a certain time at steady state conditions.
The fluxes of different membranes were normalized t o a membrane
thickness of 20 pm, assuming a proportionality between the flux and the
reciprocal membranethickness.Thepervaporationselectivity
a p is
defined by:

where x and y represent the concentrations in the feed and in the
permeate, respectively. Indices l and 2 refer t o the more permeable
component (methanol or ethanol in thisstudy) and theless permeable one
(toluene), respectively.

3. RJ3SULW AND DISCUSSION
3.1. Physical properties of the PAA-PVA blend
The properties of a polymer blend are particularly determined by the
fact whether it is a homogeneous or heterogeneous blend. Although it can
be argued how t o characterize homogeneity, the existence of only one glass
transition temperature (Tg) is often a clear indication [22]. A miscible
blend of two homo-polymers shows a single T, which is generally in
between the T, values of the individual polymers.
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The polymer samples were eareMy dried to remove completely the
casting so1vent, water. The presence of any solvent in a polymer sample
c a n Hower the measured Tgvalue due t o a plasticizing effect. The samples
were first d r i e d byblowing dry nitrogen gas for 2-4 days at room
temperature, and then dried for another day in a v a c u m Q V ~ a
Pt~ room
temperature,
The measured glass transition temperatures of poly(aery1ic acid),
poly(viny1 alcohol) and their blends are given i n figure 1. The glass
transition temperature decreases gradually from 129 "C t o 84 "C with an
increase of the poly(viny1 alcohol) content from O t o 50 wt.%, Over this
composition range eachblend shows onlyone Tgvalue, indicating that the
blend is homogeneous. This was also cor~firmedby the transparencyof the
membranes.

120

l O0

80

0.0

0.2

0.4

0.6

0.8

1 .o

PVAarnass eaetion

Figure 1. Glass transition temperatures (Tg.)
of the PM-PVA blend ces a
function of the blend composition.

The density of the blends was measured t o determine the presence of
crystdfite. Since poHy(vhy1 alcohol) is a semi-crystalline p o I p e r , it may
aggregate into smd1 crystalline domains. The measured densi@ values
are plotted against the poly(viny1 alcohol) content (see figure 2). This
figrzre shows that all measured densities are lying o n a straight Pine
connecting the densities of pure poly(acry1ic acid) and amorphous
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poly(viny1 alcohol). From this figure it appears that in the composition
range of 10 t o 50 wt.% poly(viny1alcohol) there is no o r a negligible
crystalline fraction in theblends.

0.0
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0.6

0.8

1 .o

PVA mass fraction

Figure 2. Density of the PAA-PVA blend at 22.5 "C, as a function of the
blend composition: density of amorphous PVA= 1.27g/cm3 [23].

3.2. Pervaporation characteristics of the PAA-PVA blend

'

The separation of alcohol-toluene mixtures through poly(acry1ic acid)-poly(viny1 alcohol) blend membranes was evaluated t o investigate the
polymer blend concept in developing membrane materials. Since this
study was focussed on the selective removal of alcohols from organic
mixtures, poly(acry1ic acid) ( P M ) was selected as a polymer material
based o n its high affinity for alcohols. PAA is highly swollen o r even
soluble in the low molecular weight aliphatic alcoh.ols like methanol and
ethanol. In addition, PAA canpreferentiallyinteractwith
alcohols
through hydrogen bond formation. To improve both mechanical stability
and permselectivity towards alcohol-toluene liquid mixtures, PAA has
been blended with poly(viny1 alcohol) (PVA) which is hardly swollen in
alcohols. PVA is reported t o be veryselectivefor
alcohols over
hydrocarbons [24]. The pervaporation characteristics of the PAA-PVA
blend membranes for the ethanol-toluene and the methanol-toluene liquid
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Figure 4. Pervaporation characteristics of P U - P V A blend membranes
for methanol-toluene liquid mixtures, as a function of the blend
composition.
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d u r e s are presented in figures 3 and 4,respectively. In these figures
the flux and theselectivity are given as a function of the poIy(vinny1 alcohol)
concentration in the blend. The fluxes of differentmembranes are
normalized t o a membrane thickness of 20 pm, and the selectivity is
calculated according t o equation (l). It c a n be observed, as expected, that
the transport properties of the PAA-PVA blends depend strongly o n the
P M V A ratio in the blend. The pervaporation flux decreases gradually
for all feed mixtures with different compositions as the PVA content in
the blends increases from 10 t o 40 wt.%, These figures show that by
controlling the PVA a m o u n t in the blend a great variety of fluxes c a n be
obtained for any feed mixture. In the case of a feed mixture of ethanoltoluene (UI by wt), for example, a flux decline from 0.51 t o 0.07 kg/m2hg
about one order of magnitude, can be observed as the PTA content
increases from l0 t o 40 wt.%, The reason for this behavior is probably the
reduced swelling of the blend membranes. Poly(acry1ic acid) is soluble in
ethanol, whilst poly(viny1 alcohol) is very little swollen in ethanol C25-J.
Therefore the higher the PVA content is, the less the membrane is
swollen. This decreasing sorption ability results in a decreasing penetrant
concentration in the membrane, and consequently results in a decreasing
permeation rate.
The increasing content ofspoly(viny1 alcohol) in the membrane has a
favorable effecto n the selectivity. AH membranes are selective t o methanol
and ethanol, and theselectivity increases with increasing PVA content in
the blend.
The t o t a l flux J can be divided into the component flux of alcohol
Jalcohol
and that of toluene Jtoluene
by using the permeate composition
data:
Jalcohol = J
Jtoluene

J

* Ydcohol
* ytoluene

where ydcoholand ytoIueneare theconcentrations of alcohol and toluene in
the permeate, respectively. As a n example, the component fluxes of a
ethanol-toluene (UI by wt) mixture calculated from these equations are
given in Egure 5 as a function of the blend composition. This figure clearly
indicates that for this system the increase in selectivity is attributed t o a
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more rapid decrease in the toluene component flux compared t o ethanol
with increasing PVA content. For all other mixtures the same trend is
observed.
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Figure 5. Total and component fluxes of an ethanol-toluene (1/ 1 by wt)
mixture through PAA-PVA blend membranes, as 'a functionof the blend
composition.

3.3. Influence of the feed composition

Thepermeation
of molecules through nonporous
a
polymer
membrane is generally described by a solution-diffusion mechanism in a
sequence of three steps; sorption, diffusion, and evaporation. According to
this model the permselective properties of pervaporation membranes are
determined by solubility and diffusivity of the permeating components in
the membrane. Because generally both sorption and diffusion phenomena
aredependent o n the composition of the liquidmixture, also the
permeation characteristics of membranes are usually strongly influenced
by the feed composition.
The effect of the feed composition on the flux and selectivity was
investigated over the whole mixture concentration range for ethanoltoluene mixtures. Figure 6 represents the effect of the feed composition o n
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the pervaporation f l u e s . Although IOW fluxesare obtained when the
ethanol content in the feed is low, the fluxes increase stronglyfor ap% blend
membranes as the ethanol concentration increases. For instance, in the
case of a blend membrane containing 10 wt.% pcdy(vinyI dcoknd) the flux
€or the ethanol-toluene liquid mixture increases
exponentidy fr01118.025
t 0 4.8 kg/m%, i.e. more
than t w o orders of magnitude, as the ethanol
concentration increases from PO t o 90 wt.%. For all the other blends the
same trend is observed, which indicates a strong interactionbetween the
membrane and thefeed mixture components.
Figure 7 shows theethanolconcentration
in the permeateas a
h e t i o n of the feed compositiontogether with thevapor-liqyid equilibrium
curve ofthe ethanol-toluene mixtaxres at 30 "C for COI.Y.I~~I-~SQT.I.The vaporliquid equilibrium data were calculated from the Wilson equation with
parameters obtained from the literature [26]. For d1 blends tested the
ethanol concentration in the permeate was higher than 95 wt.%. This is
much higher than the ethanol concentration in the vapor which is in
equilibrium with the liquid. Furthermore the separationproblem of the
azeotrope could easily be overcome.

10 -2

Figure 6, Influence of the feed composition on the pervaporation flux of
ethanol-toluene mixtures through various P U - R L A blend membranes.
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Figure 7. Permeate composition ìn the pervaporation of ethanol-toluene
mixtures through various. PAA-PVA blend membranes, as a function of
the feed composition. The vapor-liquid equilibriumcurue is also given.

The selectivity values are presented in figure 8. The selectivity first
t o 70 wt.%, and then
decreases with increasingethanolcontentup
remains more o r less constant. This seems t o be related to the variation in
the component flux of toluene. Figure 9 represents the component fluxes
of ethanol and toluene for the ethanol-toluene liquid mixtures. It is clearly
seen from this figure that the component flux of ethanol for the blends of
various compositionsfollows practically the same trend and the same
degree of variation as the total flux with increasing ethanol content in the
feed mixture (compare figure 9a with figure 6). However the toluene flux
shows a different dependency (see figure 9b). These fluxes first increase
t o 70 wt.%.
exponentially as the ethanol concentrationincreasesup
However as the ethanol concentration increases fkom 70 t o 90 wt.%, the
toluene fluxes decrease. In the concentration range below 70 wt.% ethanol,
the slope of the increase in the toluene fluxes is steeper compared t o
ethanol. This more rapid increase of the toluene fluxes causes a loss in
selectivity. However in the ethanol concentration range between 70 and 90
wt.%, the ratio of component fluxes of ethanol and toluene is equal to the
concentration ratio of ethanol and toluene in the feed mixture. Hence the
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selectivity rezmhs constant.
The initid increase in the toluene component fluxes might be related
t o the sweUing of the membranes, When a penetrant i d.ifkses through a
membrane, the flux Ji is the product of the concentration Ci and the
b e a r velo~ityui of the penetrant insidethe membrane. The velocity is the
product of mobility Bi and driving force. h the case of pervaporation the
driving force is a gradlient in the chemical potential across the membrane,
i.e., - dyi/dx. Therefore the fo4lowing relation expresses the flux in a
pervaporation process:

According t o this relation the flLux should decrease as the actbity, i.e. the
chemical potentid, of a mixture component in the feed decreases because
the activity in the permeate side is kept constant by a continuous
evacuation, However in the concentration range of ethanol 18 t o %O wt.%
the toluene permeability increases despite the decreasing activity. A
possible explanation for this contradicting phenomenon might be the
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Figure 9. Component fluxes of ethanol (figure 9a) and toluene (figure 9b)
through various PAR-PVA blend membranes as a function of the
ethanol concentration in a n ethanol-toluene liquid mixture.
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plasticization of the polymer matrix by the sorbed ethanol molecules. As
liquid molecules are more sorbed into a polymer, then the polymer matrix
becomes looser, h chapter 4 of this thesis experimental evidence will be
given from sorption measurements showing an increasing sorption of
ethanol-toluene liquid mixtures with increasing ethanol content in the
mixtures. In a more swollenmembranethetoluene
molecules can
permeate faster. At the same time, however, the driving force for the
toluene permeation is continuously decreasing. These two opposing terms
are compensating each other. Until an ethanol concentration up t o 70
Bvt.%, the. effect of the plasticization of the polymer matrix seems t o prevail
over the deereasing drivingforce for the toluene permeation.Both effects
should be of the same magnitude at around 70 wt.% ethanol in the feed.
At higher ethanol concentrations the effect of the decreasing driving
force mightbepredominant,
which results in a decreasingtoluene
permeability.

3.4, Pervaporation of methanol-toluene mixtures
The pervaporation results for the
methanol-tolaxene mixtures are
given i
n figme 10. Here again the trend of the dependence of flux and
selectivity o n the feed composition is almost the same as that for the
ethanol-toluene mixture. With increasing methanol concentration in the
feed, the flwc increases exponentidy, while the selectivity first decreases
and thenremains constant.
From the comparison of thepervaporationcharacteristics
of a
methanol-toluene versus an ethanol-toluene mixture, it is observed that in
the case of methanol-toluene the fluxes are much higher, about one order
of magnitude, than in the case of ethanol-toluene for the same feed
composition. This might be due t o a different degree of interaction.
Methanol shows a stronger &nity for the blend of poly(acrylic acid) and
poly(viny1 alcohol) than ethanol since methanol is more polar and has a
higher ability of hydrogen bonding. This stronger interactionresdts in a
higher sorption, and therebyin a higher permeationrate of the methanol
mixture than the ethanol mixture (the experimental
evidence for the
Egher sorption of the methanol mixture is given in chapter 4 of this
thesis). In addition,thediEerence
i n molecular size favors the
permeability of methanol as well. The molarv o l m e of methanol is about

,
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Figure 10. Pervaporation flux and selectivity of methanol-toluene liquid
mixtures through various P U - P V A blend membranes, as a function of
the feed composition.
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two thirds 0f that of ethanol, which implies that methanol, the smdler
molecule, will permeatefasterthrough
a membrane than ethanol,
Another reason is the difference in the activities of methanol and ethanol
in a mixture with toluene. For example, the activity of methan01 in a
methanol-toluene mixture at 10 wt.% methanol is 0.76, while the ethanol
activity in an ethanol-toluene m i x t u r e at the same concentration is 0.62.
Such a difference in activity results in a dzerence in driving force, and
consequently in a difference in &e pervaporation flux.
Despite the higher flux with the methanol mixture, the sdectivities for
both mixtures at lower alcohol content are about equal. This may be
explained in terms of coupling phenomena. The higher permeation of
methanol seems to be compensatedby a higher permeation of toluene with
roughly the same factor.

Transparent homogeneous membranes could be prepared from a
polymer blend of poly( acrylic acid) with poly(vi~~yl akohol). Their
pervaporation properties were investigated by using methanol-toluene
and ethanol-toluene liquid mixtures. F o r b0th mixtures high fluxes and
high selectivities were observed, which were strongly dependent o n the
blend composition. The flux decreased gradually as the PVA content in
the blends increased, whereas the selectivity increased. It implies that
such a p o l p e r blend can offer a convenient way t o opti~laizethe
separation characteristics of a membrane for a particdar separation
task. This means that the separation characteristics of a blend membrane
can easily be adjusted by varying the blend composition.
It was also observed that the membrane performance was strongly
influenced by the feed mixture composition. For both mixtures the flux
increased exponentially, but the selectivity decreased with increasing
alcohol concentration in the feed.
In the case q€ methanol-toluene mixtures the fluxes a.re much higher,
about one order of magnitude, compared t o ethanoI-toluheae mixtures for
the same feed composition (9%by weight)*This is due t0 a stronger
of methanol for the PM-PVA. blends than ethanol. This stronger
interaction results in a higher s o q t i o n , and thereby in a higher flux of the
I
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methanol mixtures. In addition, the difference in the molecular size
between methanol and ethanol favors the permeability of the smaller
methanol as well.
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SORPTION OF ALCOHOL-TOLUENE MIXTURES

IN PU-PVA BLEND MEMBRANES
AND ITS ROLE ONPERVAPORATION

I n order to obtain more information on the separation mechanism in
pervaporation, equilibrium sorption experiments were carried out. The overall
and preferential sorption of alcohol-toluene mixtures in homogeneous blends of
poly(acrylic acid) and poly(viny1 alcohol) were determined to investigate the
influence of blend composition and of liquid mixture composition. Both the
overall solubility and the equilibrium sorption
selectivity were strongly
dependent on the composition of the blend and of the liquid feed mixture. The
swelling of the blends increased with increasing poly(acry1ic acid) content, and
with increasing alcohol content in the liquid mixtures. Alcohols were sorbed
preferentially over toluene in all cases tested. The equilibrium sorption
selectivity increased with increasing poly(viny1 alcohol) content in the blends,
and with decreasing alcohol content in the liquid mixtures.
The equilibrium sorption selectivity was predicted by a model which was
derived from Flory-Huggins thermodynamics. The agreement between
predicted and the experimental results was very good.
I n addition the equilibrium sorption results were compared with the

the

pervaporation results to evaluate the influence of sorption and difFLsion on the
overall pervaporation process. It can be concluded from this comparison that
preferential sorption dominates the pervaporation selectiuity in the systems
studied.
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The unique feature of pervaporation is themass transfer from a liquid
phase t o a vapor phase though a non-porous polymeric membrane. When
a liquid m i x t u r e is brought into contact with a membrane at one side, it is
sorbed into the membrane. Due t o a driving force a p p h d across the
membrane, the sorbed liquid molecules permeate through the membrane
and evaporate at the downstream side of the membrane. " b i s three step
mechanism of transport c a n be described by a solution-diffixsion model,
and it is generalIyacceptedfordescribing
themasstransferin
pervaporation. In this model the diffusion step is assumed t o be slow
compared t o the other two steps, and consequently the ratedetermining
step. The swelling state of the membrane at both interfaces is assumed to
be equivalent with the thermodynamicequilibriumswelling
of the
membrane being in contact with the feed liquid and the downstream
vapor phase, respectively. In pervaporation the permeated species are
usually removed from the downstream side under a relatively low vapor
pressure, for example by evacuation with a vacuum pump As far as this
condition is fulfilled, the evaporation step can be considered t o be mueh
faster than sorptican o r diffusion. Hence evaporation does n o t contribute to
permselectivity. Therefore the separation by pervaporation results from
the .differences in the preferential s o q t i o n of the individual components of
a mixture into the membrane together with the diffusion rates through
the membrane. This postulation implies that both sorption and &&sion
phenomena have to be accounted for t o understand the physico-chemical
nature of the pervaporation separation process.

It is impossible t o investigate experimentally sorption apld cWfusion
processes separately because they takeplace simultaneously.
above consideration, however, the results of thermodynamic equilibrium
sorption experiments can be used t o obtain information o n the sorption
process during pervaporation. The sorption of a binary Iiquid m i x t w e in a
polymer is characterized by two parameters; (i) overall sorption and (ii)
preferential sorption. The overall sorption represents the total m o m t of
liquid inside the polymer. The preferential sorption is a measure f ~ the
r
difference of the liquid compositions in the binary liquid phase compared
to that in the polymer phase.
When a polymer is in contact with a binary liquid mixture, normally
one of the mixture components is preferentially ssrbed i n t o the polymer.
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Thispreferentialsorption
phenomenon is of special interest in the
pervaporation process. Many authors have assumed an ideal additive
behavior for component solubilities [l-41.In this case, the amount of each
component sorbed in the polymeric membrane Qim is assumed t o be
proportional t o its activity ai in the liquid mixture and the single liquid
solubility Qio in the membrane: Qim = ai Qio. This equation implies that
idealpreferentialsorption
occurs, which can be derived from pure
component sorption data. However deviations from an ideal sorption are
usually observed experimentally for the sorption of variousliquid
mixtures in polymers [5-91.Furthermore it is quite often observed that the
component that is sorbed preferentially also permeates preferentially. In
other words, preferentialsorptionistheleadingfactor
in selective
transport. A good overview of literature sources which confirm this
observation has been given by Mulder[lol.

In this study equilibrium sorption experiments were carried out in
order t o obtain more information o n the separation mechanism. The
overall and preferential sorption characteristics of alcohol-toluene liquid
mixtures in the poly(acry1ic acid) and poly(viny1 alcohol) blend
membranes were studied as a .function of the blend composition and the
binary liquid mixture composition as well. In addition the equilibrium
sorption results were compared with the pervaporation results t o evaluate
the influence of sorption on the overall pervaporation process.

2.1. Materials
Poly(acry1ic acid) (PM) (MW= 250,000 g/mol) and poly(viny1 alcohol)
(PVA) (96% hydrolyzed, MW = 85,000 146,000 g/mol) were supplied by
AldrichChemical
Co. Methyl alcohol, ethyl alcohol and toluene
(analyticalgrade) were purchased from Merck Co. They were used
without any furtherpurification. Water was demineralized before use.

-
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2.2. Preparation of polymer filrlas
Foky(acryEc acid) and poly(viny1 alcohol) were separately dissolved in
water. The two s o h t i o n s were mixed together in various proportions t 0
obtain the proper casting SOPU~~OIE. Homogeneous polymer films were
prepared by casting the polymer solution o n a Perspex plate with a casting
knife- The solvent, water, was sbwIy removed by evaporation under a
flowing nitrogen stream at room temperature. The thickness of the
resulting polymer films was about 100 p m -

2.3. Sorption experiments
Strips of polymer films were first dried for 2-4 days n
in a flowing
nitrogen atmosphere and then for 2 days in a vacuum oven at room
temperature. The dried sample strip (about 1 g) was immersed in a closed
bottle containing either methanol, ethanol, toluene, o r a mixture of these
solvents. The bottle was placed in a thermostated bath at, 38 "C. &er the
swelling equilibrium state was reached, the strip was removed from the
bottle and put i n t o a closed tube after the surface Iiquid was quickly
removed with tissue papers. The sorbed Iïquid was distilled o u t of the
sample by a laboratory vacuum apparatus described by Mulder et, al E$].
Thecomposition
of thedistilledsorbate
was analyzedby
gas
chromatography equipped with a thermal conductivity detector.

The overall solubility Q is calculated f b m the weight of the swollen
and the dry polymer sample, arad is expressed in m i t s of grams of sorbed
liquid per 1gram of dry polymer. The s o q t i o n selectivity as is determined
from the composition of the distilled liquid, and defined in the same way
as the pervaporatiom selectivity:

where x and y represent the concentrations in the binary liquid mixture
and in the sorbed liquid, respectively. Index 1 refers t o the preferemtidy
~ o h b l ecomponent, methanol o r ethanol in this study, and index P: refers
to toluene.
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3. R;ESULTSAND DISCUSSION
3.1. Single liquid sorption

The sorption results for pure methanol and ethanol in the blend
membranes of poly(acry1ic acid) and poly(viny1 alcohol)are given in figure
1. From this figure it can be observedthat thesolubilities of both methanol
and ethanol decrease strongly with increasing PVA content in the blend.
This can be related to the affinity of the PAA-PVA blend towards these
alcohols which decreases with increasing PVA content.
The affinity between a polymer and a solvent can be expressed in
terms of an interaction parameter. In thecase of equilibrium sorption of a
pure solvent in a polymer, the binary interaction parameter xi, can be
calculated from the following equation, which is derived'from the FloryRehner theory [l11 by omitting the elastic free energy contribution:
ApiET = ln(1 - gjp) + gjP + xi,

gjp2

=O

Here, flp is the volume fraction of the polymer, and can be determined &om
an equilibrium sorption experiment.
The calculated interaction parameters
are given in figure 2. This
figure shows that the binary interaction parameters between methanol
and the blend and between ethanol and the blend increase as the PVA
content in theblend increases. This means that the affinity of the blends
towardsboth alcohols decreases. In addition,methanol shows lower
interaction parameter values, so a better affinity, than ethanol over the
whole blend composition tested.
The decreasing aEnity of the blends towards methanol and ethanol
with increasing PVA content can be explained in terms of the difference
in affinity of the individual polymers for these alcohols. PAA is soluble in
methanol and ethanol, while PVA shows a very low solubility for these
alcohols [9,12]. For instance, the ethanol sorption value in PVA is about
0.08 g/g dry polymer. Since generally thedproperties of a two-component
homogeneous blend is in between those of the two component polymers
being related t o the composition of the blend, the overall affinity of the
PAA-PVA blend for the alcohols should decrease with increasing PVA
content in the blend. This was confirmed from the measurements of
single liquid solubilities of methanol and ethanol: a decreasing affinity

n
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Figure 2. Interaction parameters of PM-PVA blends at varying
eomposifions with methanol and ethanol at 30 '
C
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3.2. Influence of the blend composition
The influence of the blend composition on the overall and preferential
sorption was investigated over the blend compositionrange of PVA 10 t o 40
wt.%. The results for ethanol-toluene liquid mixtures are presented in
figures 3 and 4.
In figure 3 the overall solubility Q is given as a function of the blend
composition. This figure shows that as the PVA content in the blend
increases, the overall solubility decreases exponentially. Since the PAAPVA blend is hardly swollen in toluene, the overall solubility behavior of
the ethanol-toluene liquid mixture is t o a large extent governed by the
solubility characteristics of ethanol. Therefore the decreasing overall
solubility can be explained o n the basis of the affinity of individual
polymers for these alcoholic mixtures in a similar way as the sorption of
pure ethanol.
The sorption selectivity increases gradually with increasing PVA
content in the blends for all liquid mixtures with different compositions
(figure 4). This is due t o a rapid decrease of the component solubility of
toluene. Component solubilities of both ethanol and toluene are given in
show that with
figures 5 and 6 , respectively. Thesefiguresclearly
increasing PVA content the component solubility of toluene decreases
more rapidly than that of ethanol. For instance, in the sorption of an
ethanol-toluene (U1 by wt) mixture a decrease from 1.42 t o 0.37 g/g dry
polylner is observed for ethanol, but from 0.11 t o 0.005 g/g dry polymer for
toluene with increasingPVA content from 10 t o 40 %.

3.3. Influence of the liquid mixture composition

Theinfluence of the liquidmixture composition on the sorption
characteristicswasinvestigated
for rnethanol-toluene andethanoltoluene liquid mixtures over the whole mixture composition range.
In figures 7 and 8 the overall solubilities of these liquid mixtures in
various poly(acry1icacid)-poly(viny1
alcohol) blends are given as a
function of the liquid mixture composition, respectively. These figmes
show that all the tested blends have a parallel swelling behavior for the
methanol and the ethanol mixtures. The overall solubilities of both liquid
mixtures increase exponentially with increasing alcohol content. This
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Figure 3. Efect of the blend composition on the overall solubility Q of
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Figure 5. The component solubility of ethanol Q(ethanol) in PAA-PVA
blend membranes, as a function of the blend composition.'
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Figure 6. The component solubility of toluene Q(toluene) in P ! - P V A
blend membranes, as a function of the blend composition.
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can be explained by the much better affinity of these dccshoIs towards the
PM-PVA blend compared t o toluene. As the alcohol content in the liquid
mixtures increases, the affinity of the Iiquid mixtures towards the blend
increases, and as a consequence the overall solubilitiesincrease. h
addition, the mass uptake0f the methanol mixtures is about twice of that
0f the ethanol mixtures over the whole m i x t r e composition range. This
indicates that the methanol mixtures have a higher affinity.

The influence of liquid mixture composition 0n the preferential
sorption of both liquid mixtures is presented in figures 9 and 10. F r o m
figures 9a and l0a it c a n be seen that both alcohok are preferentially
sorbed over the whole feed composition range with aHc0Plol concentrations
of m0re than 80 wt.% in the sorbed liquids. The eqdibriunrm s0rption
selectivity values are given in figures 9b and IQb. All tested blends show
highsorption sellectivities for theliquidmixturescontainingsmall
amounts of alcohol. However the sorption selectivity decreases drastically
with increasing alcohol content in the liquid mixtures. At alcohol
concentrations higher than 50 wt.%, the sorption selectivity values of both
Iiquid mixtures are almost equal. However, fOr the alcohol-lean feed
C O I I ~ O S ~ ~ ~ I Sthe methanol mixtures show a much higher selectivity than
the ethanol mixtures. The selectivity values for the methanol mixture at
1 0 wt.% methm01 rangefrom 400 t o 2000, while in the ease of the ethanol
mixture vdues of 200 t o 500 are obtained for the same composition.

3.4. Prediction of the preferential sorption

The preferential sorption of a binary liquid mixture into a polymer
membrane can be described by the fdlowing expression which has been
derived from E’lory-Huggins thermodymamics by Mulderet al- [S]:
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Figure 10. Composition of thesorbed liquid (a) and sorption selectivity (6)
of ethanol-toluene liquid mixtures in PM-PVA blend membranes as a
function of liquid mixture composition.
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ui represents the volume fraction of the liquid i in the binary liquid
mixture. The volume fraction of the component i in the ternarypolymeric
+ + 83 = 1. The volume fraction of the
phase-is denoted by with
liquid i of the liquid mixture in the polymeric phase is denoted by ui =
oi / + g2). I is the ratio of molar volumes of liquids 1 and 2. This
equation is very useful €or understanding the influence of governing
factors for the Preferential smption,as discussed in the appendix.
Equation (3)was used t o predict the preferentialsorption of ethanoltoluene m i x t u r e s in PM-PVA blend membranes. In this case the indices
1and 2 refer t o ethanol andtoluene, respectively. Their physical properties
are given i n table 1. The binary interaction parameter
g I 2 between
ethanol and toluene at 30 "C was calculated from the Wilson equation
using vapor-liquid equilibrium data taken from the literature [13J.The
dependency dgl2 o n the volume &action of toluene was fitted t o a fourth
grade polynomial relation:
g12 (X)

1.059 - 0.997

X -F

9.298 X'

- 17.688 X' + 11.459 X?

(4)

This relation was used not only for the liquid feed, but also for the sorbed
liquid under the assumption that g12 is only dependent on the liquid
composition.
The bina-ry interaction parametersbetween the liquid components and
the polymer, x13 and xZ3,were assumed t o be concentration independent
and were calculated &om the single liquid sorption data using equation
(2)- The sorption values of pure ethanol in the blend membranes and the
calculated x13 values are given in table 2. In this calculation the linear
additivity of partial molar volumes wasassumed.

Table d. Physical properties of ethanol and toluene.
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Unfortunately it was impossible to obtain very precisedata of the pure
toluene sorption into the blend membranes because they were extremely
low; less than 0.1 g/lOO g dry membrane for all tested blends. Thereforethe
values of pure toluene sorption were assumed as 0.1 and 0.01 g/100 g dry
membrane in order to obtain x 2 3 values. The calculated x23 values are
given in table 2.
To predict the preferential sorption by equation (3) one composition
valueshould be known. For practicalreasons g3 is used, since this
parameter is obtained from overall sorption measurements.
Thepredictedandtheexperimentallydeterminedpreferential
sorption results are presented in figure I1 for the blend membranes
containing 1 0 t o 40 wt.% PVA. Here the ethanol fraction in the sorbed
liquid Clm is plotted as a function of the ethanol fraction in the feed
mixture Clf. When the pure toluene solubility was assumed to be 0.1 g/lOO
g dry polymer, the predictedethanolconcentrationsinsidethe
membranes were lower than the experimentally measured ones in all
cases tested. However the liquid compositions in the membranes could be
quantitatively predicted using a pure toluene solubility of 0.01 g000 g dry
polymer.

Table 2. The solubìlìtìes of pure ethanol and toluene ìn PAA-PVA blend
membranes and the calculated interaction parameter values.

PVA content
in the blend
(wt.%)

ethanol

density
of the blend

solubility

(g/cm3)

( g m 0 g)

toluene
x13

10

1.404

20214

1.388

30

1.376

128

0.634

40

l .358

80.3
0.01

0.706

442

solubility*

0.541

0.01

0.583

0.01
0.1
0.01
0.1

o.l

0.1

* assumed values

xZ3

( f l 0 0 g)

7.73
5.44
7.74
5.45
7.75
5.46
7.76
5.47
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Figure ll. Ethanol concentrations in the sorbed liquid C," as a function
of the ethanol contentin ethanol f toluene feed mixtures C,f for various
PM-PVA 6lend membranes: (O) experimentally measured, and
(-) predicted with assumed puretoluene solubilitìes of 8.01 g (curve a)
end O. 1g f 100 g dry polymer(curve b).

3.5. S o q t i o n versus pervaporation
When a penetrant i diffuses through a membrane, the flwc Ji is the
product of the concentration Ci and the h e a r velocity ki ofthe penetrant
inside the membrane. The velocity is the product of mobility E$ and driving
force. Ins the case of pervaporation the driving force is a gradient in the
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chemical potential across the membrane, i.e., - dpi/dx. Therefore the
following relation expresses the flux in a pervaporation process:

Taking ideal conditions and an empirical exponential relationship for the
concentration dependence of the diffusion coefficient, equation (5) can be
transformed into a Fickian equation [IO];

Ji = - Di(Ci)
dCi/dx

= - D, exp(yCi)
dCi/dx

(64

Here, D, is the diffusion coefficient at zero concentration, and y is an
exponential constant.
In a vacuumpervaporationthepenetrant
concentration at the
downstreamsidemembraneinterfacecanbe
considered t o be zero.
Integration of equation (6a) with boundary conditions (Ci = Cio at x = O and
Ci = O at x = L) gives;

Here, L is the thickness of the membrane. From equation (6b) it can be
seen that thepermeation rate of a penetrant is afunction of the penetrant
concentration in the membrane, and increases with increasing penetrant
concentration. In other words, the permeation rate of a penetrant is
strongly dependent o n the sorption ability of the penetrant into a polymer
membrane.
In figure 12, the pervaporation fluxes are plotted versus the overall
sorption values for methanol-toluene and ethanol-toluene mixtures. This
figure includes all the experimental results obtained from poly(acry1ic
acid)-poly(viny1 alcohol) blend membranes containing 10 t o 40 wt.% PVA.
Although the spreadingaround the curves is substantial, a relation
between flux and overall solubilitycan be observed for bothliquid
mixtures.Thepervaporationfluxincreasesexponentiallywiththe
concentration of penetrants in the
membrane. This may indicatea
general observation in the pervaporation process that diffusivity is an
exponential function of penetrant concentration in a membrane [IO]. In
addition, a higher permeation rate of the methanol mixtures compared to
the ethanol mixtures is observed over the whole penetrant concentration
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range. This might be caused by the difference in molecular size between
methanol and ethanol. The flux and solubility of these alcoholic mixtures
are t o a Page extent governed by the properties of the corresponding
alcohols since the permeate and the
sorbed liquid C O S Z S ~ S ~mainly
;
of
methanol o r ethanol.Therefore the methanol mixture can permeate
faster since the molar volume of methanol is about two thirds compared t o
ethanol. It should be kept in mind that the penetrantconcentration in the
membrane is obtained
the
equilibrium
sorptÍon
experiments,
whereas permeation is a non-equilibrium process. It is assumed that the
sorption process is fast compared t o the difision process implying that
the concentration at the feed side of the membrane interface during
permeation is equal t o the eqdibrium concentration. This may not
always be the case. Some examples are known where the penetrant
concentration in the membrane at the feed side during pervaporation is
lower than the equiPibn5u.m sorption value [14-161.

l0 -1

10 -2

0.0

0.2

0.4

0.6

0.8

1.0

Cm (mass fraction)

Figure 12. The relation between theprvaporation fluxJ and the overall
equilibrium concentration C" of the sorbed liquids in P U - P V A blend
?7W7lbP-cen@S.

and thesorption selectivity as the influence of diffusion can be deduced in
terms of a difision selectivity aD defined by [7,12]:

The diffusion selectivityvaluecalculated
in this way can giveonly
qualitative information of the diffusion contribution t o the separation in
pervaporation.
Tables 3 and 4 summarizethethree
differentselectivities for
methanol-toluene and ethanol-toluenemixtures, respectively, for the
blendmembranescontaining
poly(viny1 alcohol) 1 0 t o 40 wt.%. The
diffusion selectivityvalues calculated from equation (7) are very small and
can be neglected comparedto pervaporation and sorption selectivity values
at least for the low alcohol feed compositions. Fromthis comparison it can
be concluded thattheseparation
of alcohol-toluenemixtures
by
pervaporation is dominated by the preferential sorption, and diffusion is
only of minor importance in this separation process.

Table 3. Comparison of pervaporation, sorption, and diffusion
selectivities for methanol-toluene liquid mixtures in PAA-PVA blend
membranes.

PVA wt.%
in the blend

20

30

selectivity
(a)

methanol wt.% in thefeed mixture
10%
30%
50% 90%
70%
400

n

10%

169

0.4

0.3

900

69

873

l19

1.o

0.6

1443
1791
0.8

11

2

2

25

3

2

164

83

89

85

233
0.7

102

15

5

0.8

5.9

17.0
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Table 4. Comparison of pervaporation, sorption, and diflrusion
selectivities for ethanol-toluene liquid mixtures in P . - P V A blend
membranes.

P V . wt.%
hthe blend

10

20

30

seIectivity

(d

22
73
13
44
1.72.3 1.7

aP

344

US

I63

aD

2.1

aP

723
254

116

2.8
aP

as
al3
40

ethanol wt.% in the feed m i b e
10%
30%
50%
78%
90%

439

aD

4

2

5.0
P9

7

3

1.9

.3

82

1%

27
3.0

Q.l

23
11
2.1

35
29
1.2

4
B7
2.5

2.0
188
95
1.9

aP
US

I0

13

42
24
1.8

59

9

82

23

4. CONCLUSIONS

From the single liquid sorption experiments it was observed that the
solubility of the poly(acrylie acid)-poly(viny1 alcohol) blend membranes
could be adjusted by csntrolIing the P M V A ratis in the blends. As the
poly(vinyl aHcohol) content in the blendsincreases, the affinity fOr
methanol and ethanol decreases, and thus the solubility of these alcoBnoPs
decreases. The same dependency of the overall solubility o n the blend
composition was observed for methanol-toluene and ethanol-toluene
mixtures- Inn addition, for bothliquidmixtures
the dkcoholls were
preferentidy sorbed into the blends and the sorption selectivity increased
with increasing a m o u n t of poly(viny1 alcohol).

Chapter 4

Thesorptionmeasurements
with methanol-toluene and ethanoltolueneliquidmixtures
showed that thevaryingliquidmixture
composition had a strong influence on the overall andpreferential
sorption. The overall solubility in the poly(acry1ic acid)-poly(viny1 alcohol)
blends increased very much with increasing alcohol concentration in the
liquid mixtures. In contrast, although alcohols were preferentially sorbed
over the whole liquid composition range, the sorption selectivity decreased
for all testedblends containing poly(viny1 alcohol)10 t o 40 wt.%.
When the contribution of difhsion was evaluated by comparing the
pervaporation selectivity with the sorption selectivity, it could be deduced
that the preferential sorption dominated the pervaporation selectivity in
the studied membrane-liquid mixture systems.
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ThermodynamicMy&ofPreferential Sorption
Based o n the Flory-Huggins thermodynamics of mixing a mathematical model has been derived by Mulder et. al for the description of the
preferential sorption phenomena (equation (3) in chapter 4). This equation
is very useful for understanding the influence of the factors determining
the preferential sorption.

L Effect ofAflhityof hdividualLiquids towards the Membrane
The sorption of a binary liquid mixture in a polymer is t o a great
extent related to, the affinity of the components towards the polymer
membrane. When the affinity of one liquid is varied while the affinity of
the other liquid is kept constant, the preferential sorption will be changed.
This effect can be demonstrated by numerical calculations using equation
(3) in chapter 4. The results are
given in. figures 1 and 2. In these
calculations all parameters except for the solubility were taken for an
ethanol-toluene liquid mixture and a poly(acry1ic acid)-poly(viny1 alcohol)
(812 by wt) blend membrane (see chapter 4). The overall solubility of a
binary mixture was assumed t o be proportional t o the solubilities of single
components.
First theinfluence of the affinity of the more soluble component, liquid
1,on the preferential sorption was investigated (figure 1).In this example,
the pure liquid solubility of liquid 1 was varied from 0.5 t o 5 g/g(l), while
that of the less soluble component,,liquid 2, was kept constant at 0.05 g/g.
This figure shows that although the liquid l solubility increases by up t o
one order of magnitude the sorption selectivity is hardly influenced. In the
second example, however,the pure liquid solubility of liquid 2 was varied
from 0.005 to 0.05 g/g,while that of liquid 1 was kept constant at 0.5 g/g
(figure 2). From this figure it can be seen that an increasing solubility of
the less soluble component has a much larger effect. F o r instance, a
solubility increase from 0.005 t o 0.05 g/g for liquid2 results in adecrease in
sorption selectivity of roughly one order of magnitude over the whole feed
concentration range.
(1) grams of sorbed liquid per gram of dry polymer
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Figure 1. Influence of the pure liquid solubilityof the more soluble
component, liquid 1, on the sorptìonselectivity. The solubility of the less
soluble component is kept constant at
0.05 g i g dry polymer.
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Figure 2. Influence of the pure liquid solubilityof the less soluble
component, liquid 2, on the sorption selectivity. The solubility of the more
0.5 g/gdry polymer.
soluble component is kept constant at
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From these calculations it can be concluded ’that with respect t o
selectivity it is preferred t o decrease the solubility of the less soluble
component rather than to increase the solubility of the preferentially
soluble component.

In the sorption of a binary liquid mixture in a polymer it is q+te often
observed that as the overall solubility increases the sorption selectivity
decreases, or vice versa. This phenomena can also be predicted from the
same equation. In these calculations all parameters were also taken for
an ethanol-toluene liquid mixture and a poly(acry1icacid)-poly(viny1
alcohol) (8/2 by wt) blend membrane, and these parameters were kept
constant. Only pip, the volume fraction of the polymer membrane, was
varied; the overall solubility of a liquid mixture is represented by the
overall liquid volume fraction ( = l - @p).The results are given in figure 3.
For liquid mixtures with different compositions, the sorption selectivity
decreases as the overall liquid volume fraction increases. This clearly
confirms a so-called ‘trade-off trend between the overall and preferential
sorption. Furthermore a similar phenomenon in permeation, i.e. a
decreasing selectivity with an increasing permeability, or vice versa, can
be predicted from this calculation.
The effect of crosslinking can also be verified from this result: when a
membrane is crosslinked thesorptionselectivityincreaseswitha
decreasing overall solubility. Under the assumption that the interaction
parameter between a solvent and a polymer membrane does not vary with
crosslinking, it can be seen from the Flory-Rehner theory that the polymer
volume fraction decreases with increasing crosslinking density(2). The
experimental evidence for the decreasing swelling of a membrane with
crosslinking is given in chapter 5 of this thesis.

(2) J.W.F. Spitzen, “Pervaporation: Membranes and Models for the Dehydration of

EthanoI”, Ph.D. thesis, University of Twente, Enschede, The Netherlands (1988).
Chap. 2
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Figure 3, Influence of the polymer volume fractionon the sorption
selectiuvity. The binary interaction parameters between the membrane
and the liquid components are kept constant
as x13 = 0.5828 and
x23 = 54526.
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SEPARATION OF MTBE-METWOL MIXTURES
BY PERVAPO€&A!K'ION

Membranes made of a polymer blend of poly(acrylic acid) and poly(viny1
alcohol) Mere evaluated for the separation of methanol from methyl tert-butyl
ether by pervaporation. The influence of the blend composition and the feed
composition on the pervaporation performance were investigated. Methanol
permeates preferentially through all tested blend membranes, and the
selectivity increases with increasing poly(vinyl alcohol) content in the blends.
However a flux decrease is observed with increasing poly(viny1 alcohol)
content. With increasing feed temperature the flux
increases, and the selectivity
remains constant. In addition? the influence of crosslinking on the
permselectivity was investigated. The pervaporation flux
decreases with
increasing crosslinking density, but tfie selectivity is enhanced. This is due to
a more rapid decrease in the component flux of methyl tert-butyl ether compared
to thatof methanol.

Chapter 5

The problyn of environmental pollution has urged the reduction of the
a m o u n t 0% lead permitted in gasoline,
which created a problem of
loweringgasolineoctane
ratings. To maintaintheexistingquality
specifications, octane boosters such as benzene/toluene/xylene mixtures
and oxygenates have been added to the lead-free o r low-leaded gasoline.
Methyl tert-butyl ether (MTBE) has been extensively tested and proved to
be an octane enhancer, In recent years MTBE is SO considered as an
oxygenated fuel additive needed t 0 reformulate gasoline which c a n meet
the requirements of the Clean Air Act amendments of USA government.
For these reasonsthe demand for MTBE is increasing rapidly. It has been
the fastest growing chemical of the 198Qs,and it likely d l continue to
hoId this growth throughout the 1990s [1,21.

Methyl feekt-butyl ether isproduced by a reaction of methanol withisobutylene in the liquid phase over a strongly acidic ion-exchange resin
catalyst. The. reaction is rapid and selective, but is limited by equilibrium
conditions. There€ore it is desired to improve the conversion by using an
excess of methanol. Excess concentrations of methanol up t o about 28 9% of
the stoicEime.t~ca m o u n t is generally used t0 acEeve Egh conversions.
The use of excess methanol, however, causes a purification problem
because methanol forms mjmimm-boiling azeotropes with MTBE at a
composition of 14.3 wt.% methanol at 760 mmHg. Presently the reactor
ernuent is first separated by a debutanizer column into a bottom MTBE
prodnet and a near-azeotropie mixt.hlre Q€ methanol with "]CBE at the
overhead of the column. Subsequently methanolis washed out by water,
and the water/methanol mixtureis then distilled t o recover methanol for
recycle [3,41.This conventional separation process is bohh capital and
energy intensive.
As an alternativeseparationtechniquepervaporationhas
been
considered. It may n o t be practical t o separate completely the entire
reactor effluents by pervaporation, but a hybrid ~ s t i l l a t i o n - ~ e r v a ~ ~ r a ~ ~ ~
process may be very attractive. In .this case pervaporation is used only in a
limited area of separation such as for breaking the azeotrope.The
possibility of a hybriddistillation-pervaporationprocesscan
be
demonstrated by the Total Recovery Improvement for MTBE (TRIM)
process which has been developed by Air Products &k Chemicals using
celhdose acetate membranes. This process has been developed for both
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retrofitting an existing MTBE production plant and replacing the water
washing column in a new plant. Laboratory and field-site tests of this
process have shown significant energy and cost savings proving that
pervaporation is an option to separate methanol from MTBE and light
hydrocarbons [5,6].
Farnand and Noh have tested a series of polymers as pervaporation
membranes. From the material screening experiments, it was observed
that Nafion and a cellulose based material MT showed similar and the
best performance among polymers tested [7]. In addition poly(viny1
alcohol) and Nafion have been tested by another research group and also
showed a promising result [8,9].

In order t o promote industrial acceptance of the pervaporation
process, research efforts are aimed t o develop membranes with better
performance. In this study membranes of a polymer blend of poly(acry1ic
acid) and poly(viny1 alcohol) are evaluated for the separation of methanol
from MTBE by pervaporation. The influence of blend composition and of
crosslinking o n the permselectivity have been investigated. In addition,
the effect of the feed compositionand temperature hasalso been studied.

2.1. Materials
Poly(acry1ic acid) (MW= 250,000 g/mol) and poly(viny1 alcohol) 96%
hydrolyzed (MW= 85,000 146,000 g/mol)and 88 % hydrolyzed (MW= 80,000
100,000 g/mol) were purchased from Aldrich Chemical Co. Methyl tertbutyl ether, methyl alcohol and ethyl alcohol (analytical grade) were
obtained from Merck Co. They were used without any furtherpurification.
Water was demineralized before use.

-

-

2.2. Membrane preparation

Polymer blending was performed by a solution method. Poly(acry1ic
acid) and poly(viny1alcohol) were separately dissolved in water. Two
solutions were mixed together in various proportions to obtain the proper
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casting solutions. Homogeneous membranes were prepared by casting the
polymer solution o n a Perspex plate with a casting knife. The solvent,
watar,was
slowly removed by evaporation in a flowing nitrogen
atmosphere at room temperature.Thethickness
of the resulting
membranes was around 20 p.
Membrane crosslinlning was performed by heat treatment. Membrane
samples were first dried for 1day at 70 "C and then treatedat 120 "C for
various h e intervals in a forced nitrogen convection oven,

2.3. Pervaporation experiments

Thepervaporationexperiments
were performed using the same
laboratory test apparatus as previously described in chapter 2 of this
thesis. Dry membranes were installed in the pervaporation cells. The
effective membrane area in each cell was 50 cmz. The feed was circulated
feed
throughthepervaporation
ceHls from a feedreservoir,The
temperature was kept at 35 "C except for the measurements when
temperature was varied. The pressure at the downstream side was kept
below 2 m.m.Hg by a vacuum pump. The permeate was collected in cold
traps cooled by liquid nitrogen. The composition of the collected permeate
with a thermal
wasdetermined by gaschromatographyequipped
conductivity detector.
Pernaporation flwc was determined by measuring the weight of liquid
collected during a certain time in the cold trap at the steady state. The
fluxes of &.Eerent membranes were normalized t o a membrane thickness
of 20 w, assuming a proportionality between the flux and the reeiprocal
membrane thickness. The pervaporakion selectivity apis defined by:

where x and y represent the concentrations in the feed and in the
permeate, respectively. Indices 1 and 2 refer t o the more permeable
component, methanol in this study, and the less permeable one, methyl
tert-buty1 ether, respectively.
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3. €ZESu%TsANP) DISCUSSION
3.1. Pervaporation through PAA-PVA blend membranes

’

Membranesmade of a polymer blend of poly(acry1ic acid) and
poly(viny1 alcohol) were evaluated for the separation of methanol from
methyl tert-butyl ether (MTBE). In previous studies [lO, chapter 3 of this
thesis], these membranes showed good permselectivities for a similar
separation problem, i.e. the separation of methanol and ethanol &om
mixtureswithtoluene.Therefore
it was expected thatthese blend
membranes would also be good candidates for the separation of methanol
&om MTBE. Two types of poly(viny1 alcohol)with a degree of hydrolysis of
88 % and of 96 % were used t o preparethe polymer blends with
poly(acry1ic acid). In both cases the PVA content in the blends ranged
from 10 t o 30 wt.%. The pervaporation results are given in figures 1 and 2
as a function of the PVA content in the blend. For the feed mixtures
containing 5 to 20 wt.% methanol the blend membranes of both types of
PVA (88 % and 96 % hydrolyzed) showed good separation properties
without many differences. As the PVA content increased, the selectivity
increased but the flux decreased. The decreasing flux with increasing
PVA content is caused by a lower swelling of the blend membranes at a
certain feed liquid composition similaras observed in the case of
methanol-toluene and ethanol-toluene liquid mixtures (chapter 3 of this
thesis).
Figure 3 shows the influence of the feed mixture composition on the
permselectivity of blend membranes containing 10 and 20 wt.% PVA of
various degrees of hydrolysis. In thisfigure the flux and selectivity values
are presented as a fùnction of the methanol concentration in the feed. As
the methanol concentration increases from 5 t o 20 wt.%, the selectivity
decreases slightly but the flux increases drastically. For example, the
blend membrane containing 1 0 % of 96 % hydrolyzed PVA showed a
selectivity decrease from 170 t o 45,but a flux increase from 30 t o 610 g/m2h
with an increase in the methanol concentration from 5 t o 20 wt.%. This
increasing flux can be explained in terms of the plasticizing effect
exhibited by the permeating molecules. As the methanol concentration in
the feed increases, the blend membranes become more swollen due t o a
strong interaction with methanol. As a result the polymer chains become
more flexible, and the resistance for the diffusive transport of penetrants
through the membrane becomes less.
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Figure 1. Pervaporation characteristics of blend membranes Of PAA
with 96 % hydrolyzed PVA for MTBElmethanol liquid mixtures as
a
function of 8he blend composition.
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Figure 2. Pervaporation characteristics of blend membranes of PAA
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with 88 % hydrolyzed PVA for MTBE/methanoL liquid mixtures
function of the blend composition.
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Figure 3. Influence of the feed composition on the pervaporafion
flux (a)
and selectivity (6) of MTBE f methanol liquid mixtures through various
PM-PVA blend membranes.

3.2. Iiduemce ofthe feed temperature
The temperature dependence of pervaporation has been kvestigated
over a temperature rangeof 23 50 “C with a PAA-PV. blend membrane
containing 20 wt.% of 88 % hydrolyzed PVA. In figure 4 the pervaporation

-
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flux and selectivity are given as a function of the feed temperature at a
feed concentration of 20 wt.% methanol. As it can be seen from the figure,
the flux increases gradually with
the feed temperature. This can be
explained by the enhanced diffusivity with temperature. In pervaporation
the dependence of diffusivity o n temperature is generally described by an
Arrhenius-type exponential relation with the apparent activation energy
for diffusion [11,12]. According t o this relation diffusivity will increase
with temperature when the activation energy is of a positive value, which
is mostly observed in the pervaporation of liquid mixtures [13-161. Besides
the enhanced diffusivity, the driving force for the mass transport also
increases with temperature. The driving force is given by the difference in
partial vapor pressure of the permeants between the feed andthe
permeate side. As the feed temperature increases the vapor pressure at
the feed side increases, while the vapor pressure at the permeate side is
not affected. Hence,the driving force increases with temperature.
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Figure 4. Influence of the feed temperature on flux J (&f m2h) and
selectivity of a PAA-PVA blend membrane for a MTBEf methanol liquid
mixture containing 20 wt. % methanol.

Contrary t o the flux, the selectivity was hardly affected by a feed
temperature ranging from 23 to 50 "C. This indicates that the component
fluxes of both methanol and MTBE were influenced t o the same extent by
the temperature, which can beseen in figure 5. In thisfigure the total flux

.

Chapter 5

and the compsnent fluxes of methanol and MTBE are presented as a
function of the feed temperature. One can see that the slopes of the flux
curves are almost equal. In this case the optimalpervaporation
performance of the membrane c a n be obtained a t the highest temperature
possible.

Figure 5- Total flux and componentfluxes of methanol and MTBB
through a PM-PVA blend membrane as a function of the feed
temperature.

3.3. Crosslinked membranes

There is a growing interest in the improvement of the separation
properties of a membrane by crosslinking. As a polymer membrane is
crosslinked, the solubility of a liquid feed in the membrane is reduced, as
can be deduced fkom the Flory-Rehner theory [17], see equation (2). From
the Flory-Huggins thermodynamics for mixing it can be seen that the
sorptionselectivityincreaseswithdecreasing
overal solubility (see
appendix in chapter 4). Crosslinking also reduces the mobility of the
polymer segments and thus reduces the diflksivity of penetrants through
instance, the&€fusion coefficientof nitrogen in natural
a membrane. FOT
rubber is reported to be reduced tenfold upon crosslinking the rubberwith
11 % suzfirr [IS]. The reduced diffusivity as well as the reduced solubility
might cause a decrease in pervaporationfluxbut
a n increase i n
selec~vi&s
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The PAA-PVA blendmembraneswerecrosslinked
by a heat
treatment at 120 "C. This crosslinking temperature was experimentally
determined t o work satisfactorily. When the blend membranes were
treated for two hours at higher temperatures, for example at 140 "C, the
crosslinked membranes showed extremely low fluxes for the methanolMTBE mixtures at 20 wt.% methanol. Therefore it was decided to perform
the heat treatmentsat 120 "C for a better control of crosslinking density.
Although the crosslinking mechanism is not identified, it probably
occurs through a n esterification reaction. The carboxyl functionality of
PAA can react with the hydroxyl functionality of PVA resulting in an
ester linkage by the elimination of water. An esterification reaction has
been used already t o crosslink PVA with diacids; this is comparable with
the PM-PVA system [19].

A blend membrane of poly(acry1ic acid) and 88 % hydrolyzed poly(viny1
alcohol) containing 20 wt.% PVA was heat-treated over various periods of
time. To determine the crosslinking density the equilibrium solubility of
pure ethanol at room temperature was measured. The sorption results
are given in table 1. As the time of the heat treatment increases, the
solubility of ethanol decreases rapidly. When the membrane was treated
for 16 hours it was hardly swollen by ethanol. From this result it appears
that theblend membranes can be crosslinked by
a heat treatment and that
the crosslinking density can be controlled byadjusting the heating time.
The crosslinking density o r molecular weight between two adjacent
crosslinks can be calculated from the Flory-Rehner theory [lSJ. According
to this theory the chemical potential of a solvent A b in a polymer is given
as afùnction of the volume fraction of the polymer flp:

where p and MCare the density of dry polymer and the molecular weight
between two adjacent crosslinks, respectively. Vi is the molar volume of
the solvent. The last term at the right hand side of the above equation
represents the contribution of the elastic effect. At swelling equilibrium
Api/RT = O. The volume fraction Òf the polymer op can be determined from
an equilibrium sorption experiment. Therefore when the M, value is
known the binary interaction parameter
xi, can be calculated from
equation (Z),or vice versa.
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Ipn the case of sorption i n t o the uncrosslinked blend membrane the

elastic term can be neglected comparedt o the first three terms. In such a
situation the bÏnary interaction parameter xi, c a n be calculated from
equation (2) using the experimental volume fiaction of the membrane
A value of 0.5728 was calculated €or the interaction parameterbetween
ethanol and the uncrosslinked
PM-PVA blendmembrane. F o r the
calculation of Me, the molecular weight between two adjacent crosslinks,
it was assumed that the interaction parameterbetween ethanol and the
blend membranes did not vary with crosslinking. This means that the
interaction parameter calculated €or the uncrosslinked membrane is
equally valid for the crosslinked membranes. The calculated Me values
under this assumption are given in table 1. As the crosslinking time
which is also
increases, the ethanolsolubilitydecreasesdrastically
expressed by a smaller Me value indicating a higher crosslinking density.
However the numerical values of MCare unrealisticallylow, which may
be due t o theassumption
of a constantinteractionparameter.
Nevertheless this result confirms clearly that the PM-PVA membrane
can be erossWed by a heat treatment and the
crosslinking density canbe
controlled byadjusting the heating
time.

Table 1, The solubility of ethanol in the crosslinked PM-PVA blend
membranes (PVA content of 20 wt.%) at room temperature and the
molecular weighf between two adjacent crosslinks MC, calculated from
equation (2).
crosslinking

ethanol

time at 120 'C

solubility
(dg)

(J=)

O
2
5
7

16

2.43

1-78
0.26
0.10

O

* density of the blend = 1.40 &m3

polymer
binary
volme
interaction
fraction
parameter

Me

(g/mol)

.
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The influence of crosslinking on the pervaporation flux and selectivity
was investigated using the blend membrane of 88 % hydrolyzed PVA (20
wt.% in the blend). The results are presented in figure 6 for a methanolMTBE mixture containing 20 wt.% methanol. This figure shows that the
flux decreases but the selectivity increases with increasing crosslinking
time. This can be explained by the reduced solubility and diffusivity as
discussed before.
The improvement of the separation factor is caused by a more rapid
decrease of the MTBE flux compared t o methanol (figure 7). In the
crosslinking time interval of O t o 7 hours the methanol component flux
shows a rather linear decrease?but the decrease of MTBE component flux
shows a more concave curve. This can be due t o the different molecular
sizes of the permeants. The molar volumes of methanol and MTBE are
40.73 and 119.04 cms/mol, respectively?at 25 “C. Therefore with even the
same reduction in the polymer chain flexibility, the larger molecule of
MTBE should experience a larger frictional force in diffusion than the
smaller methanol molecule.
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Figure 6. Influence of membrane crosslinking on pervaporation flux and
selectivity of a P&-PVA blend membrane (20 % PVA) for a methanolMTBE liquid mixture containing methanol 20 wt.%, as afunction of the
crosslinking time.
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Figure 7. Total flux and component fluxesof methanol and MTBE
through the crosslinked PU-PVA blend membranes, as a function of
the crosslinking time.

Membranes Q€ a polymer blend of poly(aery1ic acid) and psly(viny1
akohol) were evaluated for theseparation of methanolmethyl
tertbutyl ether. F o r feed mixtures of 5 t o 20 wt.% methanol, the blend
membranes containing 10 to 30 wt.% PVA showed both high fluxes and
high selectivities. Furthermore it was observed that the separation
characteristies of the blend membrane could easily be esntroHPed by
adjusting the blend composition. As the poly(vhyl akshol) eontent in the
blends increased, fluxes decreased gradually but selectivities increased.
In addition, a strong influence of the feed mixture co~lapsitionQII the
separation characteristicswas also observed.
The temperature of the feed liquid showed a favorable effect op1 the
separation performance of the system studied. The flux increased vhrith
temperature, while the selectivity was hardly affected. This implies that
an optimal pervaporation performance can be obtained at the Prighest
temperature possible.
By crosslinkhg the membranes the flux decreases, but the selectivity
increases. From the comparison of the component fluxes it appeared that
the MTBE flux was more reduced compared t o that of methanol.
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The permeation property of a glassy polymer membrane can be
influenced by pre-conditioning. Jordan et. a l have already shorn that the
permeability of a polycarbonate membrane for various gases can be
improved very mueh by pre-conditioning the membrane with CO2 at high
pressure [AIJ. Pre-conditioningmay also strongly affect the pervaporation
property of a glassy polymer membrane for a liquid mixture.

A blendmembrane of poly(acrylic acid) and poly(viny1 alcohol)
containing 30 wt.% PVA waspre-conditioned
in methanol-MTBE
mixtures with various compositions before performing a pervaporation
experiment. The blend is in the glassy state as hasbeen proved from the
glass t~ansitiontemperature measurements (see chapter 3 of this thesis).
The ge-maporationresults of this blend for a methanol-MTBE (1/9 by wt)
mixture at 35 “C are given in figures 1 and 2. A membrane which was
swollen in a liquid mixture containing 1 0 wt.% methano1 showed the
s-e
flux as a membrane which was n o t pre-conditioned, Bowever, when
membranes were swollen in liquid mixtures containing more methanol,
i.e. 30 and 50 wt.%, much higher fluxes were obtained. Furthermore the
flwc increases with increasing methanol content in the pre-conditioning
liquid. The flux decreases with the pervaporation time, but more rapidly
for a more swollen membrane. However, it can be seen from figure P that
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it will take a quite long time until the fluxes of more swollen membranes
approach to that of a dry membrane.
The &€€erent pre-conditioning shows also a strong eEect o n the
permeate composition. When a membrane is swollen h the feed, the
methanol concentration in the permeate is h o s t the same as obtained
with a dry membrane. However membranes which are swollen in liquid
m i x t u r e s containing 30 and %O wt.% methanol show a lower methanol
concentration hthe permeate.
The pre-conditioning effect seemst o be related to subtle 111~rphd0gic~i.l
alterations of a glassy polymer matrix. For more detailed irtformation the
reader is referred t o the literature[m].
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Summary

’

In the chemical industry,distillationisgenerallythepreferred
technique t o separate a liquid mixture. However some liquid mixtures
such as azeotropic mixtures, close-boiling hydrocarbons, and various
isomers are difficult t o separate by simple distillation. For the separation
of thesemixturesnormallytechniqueslikeextractive
o r azeotropic
distillation and liquid-liquid extraction are used. The relatively high
energy consumption for these processes- has encouraged the development of new, less energy-consuming separation processes such as
pervaporation.
In recent years, the pervaporation process was actively studied for
the separation of organic-organic liquid mixtures. This may be considered
as a major application area for pervaporation in the chemical processing
industry.
In this thesis, the separation
of alcohols from non-polar solvents
like toluene and methyl tert-butyl ether by pervaporation is discussed.
The main objective of research is the development of new membrane
materials with a good permselectivity. For the selective removal of
alcohols, the membrane materials must be able to interact preferentially
with alcohols. In the beginning commercially available polymers have
beenselected, which are polar andcan form hydrogen bonds with
alcohols. These polymers were tested o n separation performance for an
ethanol-toluene mixture (chapter 2).
New ‘tailor-made’ materials can be developed for specific applications
by (a) synthesis of new polymers, (b) modification of existing polymers,
and (c) polymer blending. In chapter 3 the polymer blending method is
applied t o develop specific membrane materials. Using this method it is
possible to produce a range of materials with properties in between or
completely different from those of constituting polymers. An obvious
advantage of this approach is the low development costs. Based on this
approacha homogeneous blendmembrane of poly(acry1ic acid) and
poly(viny1 alcohol)has been selected. From the pervaporation experiments
with alcoholltoluene mixtures it is observed that the polymer blending
method can give optimal membranes for this type of separation. The
performance can easily be adjusted by varying the ratio of the twohomopolymers: with increasing poly(viny1 alcohol) content the pervaporation
selectivity increases, but theflux decreases.
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Thefeedmixture
composition shows a strong influence o n the
permselectivity. The flux increases drastically with increasing alcohol
concentration in the feed for all blend membranes tested, whereas the
selectivity decreases. The component flux of toluene is t o a large extent
affected by the presence of alcohol. The toluene flux increases while its
concentration decreases from 90 t o 30 wt.% in the feed. This might be due
to the increased sorption in the membranes which are plasticized by the
alcoholic component.
The solution part of the Solution-diffUsion mechanism is described in
chapter 4. The overall and preferential sorption of methmol-toluene and
ethanol-toluene liquid mixtures in the blends of poly(acry1ic acid) and
poly(vinyl alcohol) weredetermined and compared with the pervaporation
results. As the poly(vinyl alcohol) content in the blend inereases, the
overall solubiIity decreases but the sorption selectivity increases. This
indicates thatthesimilartrend
observed f r o m the pervaporation
experiments; i.e. an increase in flax but a decrease in selectivity with
increasing poly(vinyl alcohol) content, is related t o the sorption
characteristics. In addition, a clear relation between the pervaporation
flux and the overall solubility is observed. A comparison of the pervaporation and sorption selectivity shows that the preferential sorption is a
leading factor for selectivetransport in pervaporation.
The preferential sorption is predicted by a model which is derived
fkom Flory-Huggins thermodynamics. This model is proved t o be very
useful for understanding the influence of governingfactors for the
preferential sorption. Using a pure toluene solubility of 0.01 g/100 g dry
membrane, the composition of the sorbed liquids can be quantitatively
predicted. From numericalcalculations, the importance of a lower
solubility of the less soluble component is illustrated. A n increasing
selectivity with decreasing overall solubiIityc a n also be verified.
In chapter 5 the selective separation of methanol from methyl tertbutyl ether by pervaporation is presented. Since methanol
forms a n
azeotrope with methyl tert-butyl ether, this is difficult to separate by the
conventional distillation process. The pervaporation experiments with a
blend membrane of poly(acrylic acid) and poly(viny1 alcohol) shows that
metharmol permeates preferentially and the selectivity increases with
increasing Ipoly(viny1 alcohol) content. The selectivity can be further
improved by crosshiking, butat the expense of permeability.
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