ot - e T P
i ELs e
“»‘{—‘w h fof ;L
! hE
A
w, L

o _- at fodrd i T ey byl el
LI U SR L . PR AL 53R 1 ?
kN i 1 Al - - ¢ v
Ay i A\
Wi . . 1
e AR e
o | i R
e 3 ol
i vy f CIER RS
T LL e
8 1 N ¥
, T : - *”‘”‘1‘,“‘ LE, - s HH.‘ \;“‘TE”W‘U% e g
! ' P, 0 i k= o] Y
Wi e N ! w AT TR A FLtiee el







SEPARATION OF ALCOHOLS
FROM ORGANIC LIQUID MIXTURES
BY PERVAPORATION

PROEFSCHRIFT

ter verkrijging van
de graad van doctor aan de Universiteit Twente,
op gezag van de rector magnificus,
prof. dr. Th.J.A. Popma,
volgens besluit van het College van Dekanen
in het openbaar te verdedigen
op donderdag 7 januari 1993 te 15.00 uur

door
Hyun-Chae Park

geboren op 29 december 1959
te Kimhae, Korea



Dit proefschrift is goedgekeurd door de promotor prof. dr. C.A. Smolders
en de assistent-promotor dr. ing. M.H.V. Mulder.



To Hye-Jin, So-Yun and Jae-Wan

(Papa by So-Yun)




The Dutch Ministry of Economic Affairs and DSM are gratefully
acknowledged for their financial support of this work.

CIP-DATA KONINKLIJKE BIBLIOTHEEK, DEN HAAG
Park, Hyun-Chae

Separation of alcohols from organic liquid mixtures by pervaporation /
Hyun-Chae Park. -[S.1. : s.n.]. - 1.

Thesis Enschede. - With ref.

ISBN 90-9005749-8

Subject headings: pervaporation / membranes.

© Hyun-Chae Park, Enschede, The Netherlands, 1993
All rights reserved.
Printed by: FEBO, Enschede, The Netherlands




PREFACE

My four year study at the 'Universiteit Twente' ends up with this thesis.
The last four years were very valuable to my academic experience. It
seems even more valuable for me to see and understand a bit of the daily
life of Europeans. I am very grateful to Prof. C.A. Smolders and Marcel
Mulder for giving me an opportunity to study here, and also for their kind
supervision of my research work.

I was very lucky that I had good colleagues and room mates. They helped
me very much and I'd like to thank them for their help. Especially Robert
Meertens. I'd like to thank him very much, more than very much, for his
help, both private and experimental. Niels Ramaker also added up much
on the chapter 5 of this thesis. I also express my special thanks to my
room mates Geert-Henk, Harry, Petrus, Gert, Matthias, Richard, Ingo,
Erik and Emile for their kind help and discussion; probably they
sometimes got tired on translating Dutch to English for me. And equally
to all other people, particularly the ‘Klaverjassen’ partners, Zandrie,
Herman, etc.

My best thanks go to my wife Hye-Jin and my lovely kids So-Yun and Jae-
Wan as well. The last four year period was a very hard time for her. The
only thing she could do was 'being patient'. Everything here was new and
strange to her and it was very difficult for her to find close friends. I also
appreciate my parents very much for their kind support by encouraging
me.

Finally I as well as my family would like to express our special thanks to
Prof. and Mrs. Smolders. We enjoyed Christmas parties at their home,
special home-made cookies, etc. The same thanks to Marcel and his wife.
They were very helpful in making arrangements for our flat and
furniture. Furthermore when I as well as my family had any problem
Marcel was always a good discussion partner. ’

4 7 2

Hyun-Chae Park




CONTENTS

Chapter L. Introduction

1. Liquid mixture separation in the chemical industry
2. Pervaporation as an alternative separation technique
3. Liquid mixture separation by pervaporation
3.1. Separation of aqueous mixtures
3.2. Separation of organic-organic mixtures
4. Survey of pervaporation research in organic/organic separation
41. Separation of polar/non-polar solvent mixtures
42. Separation of aromatic/aliphatic mixtures
43. Separation of aliphatic hydrocarbons
44  Separation of aromatic isomers
5. Structure of the thesis
References

Chapter2.  Pervaporation of Polar-Nonpolar Liquid Mixtures
— Membrane Material Screening

Summary

1. Introduction

2. Experimental
21. Materials
2.2. Membrane preparation
2.3. Pervaporation experiments

3. Results and discussion
31. Selection of membrane material
3.2. Pervaporation of ethanol-toluene liquid mixture
3.3. Polymer blend membrane

4. Conclusions

References

10
12

RBREIRERLER

G REREBBBBER




Chapter3. Pervaporation of Alcohol-Toluene Mixtures through

Polymer Blend Membranes of Poly(Acrylic Acid) and
Poly(Vinyl Alcohol)

Summary

1.
2.

4.

Introduction

Experimental

21. Materials

2.2, Membrane preparation

2.3. Glass transition temperature measurements
24. Density measurements

25. Pervaporation experiments

Results and discussion

31. Physical properties of the PAA-PVA blend

3.2. Pervaporation characteristics of the PAA-PVA blend
3.3. Influence of the feed composition

34. Pervaporation of methanol-toluene mixtures
Conclusions

References

Chapter4.  Sorption of Alcohol-Toluene Mixtures in PAA-PVA

Blend Membranes and Its Role on Pervaporation

Summary

1.
2.

4.

Introduction

Experimental

21. Materials

2.2. Preparation of polymer films

2.3. Sorption experiments

Results and discussion

3.1. Single liquid sorption

3.2. Influence of the blend composition
3.3. Influence of the liquid mixture composition
34. Prediction of the preferential sorption
3.5. Sorption versus pervaporation
Conclusions

References
Appendix: Thermodynamic Analysis of Preferential Sorption

ARXRBABT2AZ IS E N

H338889

gIRB/IISA




Chapter 5.  Separation of MTBE-Methanol Mixtures by
Pervaporation

Summary
1. Introduction
2. Experimental
21. Materials
2.2. Membrane preparation
2.3. Pervaporation experiments
3. Results and discussion
31. Pervaporation through PAA-PVA blend membranes
32. Imfluence of the feed temperature
3.3. Crosslinked membranes
4. Conclusions
References
Appendix: Effect of Membrane Pre-conditioning

Summary

Curriculum Vitae

SESIBEEERSB

RE8

107
108

111

113




Chapter 1

INTRODUCTION

L Liquid mixture separation in the chemical industry

In the chemical industry, in the pharmaceutical industry, and in a
number of other industries separation processes are necessary to separate
and purify products and raw materials [1,2]. Separation processes are also
widely used in other applications such as in recycling valuable materials
from waste streams.

Unit operations for separation processes can be classified in phase
separation techniques and component separation techniques based on the
nature of the feed mixtures to be separated. The former techniques are
used for the separation of heterogeneous mixtures, in which the feed is
already present in two or more separated phases on a micro-scale. The
latter are suitable for the separation 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 to phase separation techniques.
Separation processes such as distillation, evaporation, liquid-liquid
extraction, and crystallization belong to 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 to 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 or generate a need for an extra
separation step to avoid this problem. The simplicity in operation is
another advantage of this technique. However an adequate separation can
not be performed by conventional distillation if the volatility differences
are very small or do not exist at all. This is the case with close-boiling
hydrocarbons, azeotropic mixtures, and various isomers. The separation
of these mixtures is nowadays performed by other, generally energy-
consuming, processes like extractive or azeotropic distillation and liquid-
liquid extraction.

2. Pervaporation as an alternative separation technique

The characteristic of distillation is the requirement of energy in the
form of heat to accomplish a separation, and this can represent a
significant cost factor. It is estimated that 40 % of the total 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 on energy-
efficient separation methods. Existing separation methods have been
reviewed in terms of energy efficiency, and also there have been research
efforts in developing new separation techniques with a low energy
consumption. One outcome of this search is the membrane separation
process. Membrane processes offer good prospects since the energy
consumption is generally much lower compared to the conventional
separation methods.

Pervaporation is a membrane process which can be used to separate

" liquid mixtures. In this process a semi-permeable membrane through

which permeation occurs separates the pervaporation unit into two parts.

At the upstream compartment the liquid mixture to be separated is

brought into 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 usually by means of vacuum or a carrier gas.

For the separation of liquid mixtures pervaporation can replace all
distillation units in the chemical processing industries. But this option is
not economically feasible for most applications. In pervaporation a part of
the processed liquid mixture (the permeate) undergoes a phase change
from liquid to vapor during transport through the membrane. Therefore

10
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the heat of vaporization of the permeate must be supplied. From this point
of view pervaporation might not offer so much benefit over the
conventional distillation techniques. However pervaporation is very
attractive in removing minor components from liquid mixtures for
purification or 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
to replace energy-intensive separation techniques such as azeotropic
distillation and liquid-liquid extraction. '

Until now a number of studies have been reported to integrate
pervaporation with distillation, particularly for the dehydration of organic
solvents. In such cases the comparison of production cost has been
performed to illustrate the advantage of the pervaporation process.
Recently, for example, Pearce has carried out a study to 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 to produce the azeotrope, which was subsequently broken with a
benzene entrainer. In the latter case the feed was dehydrated to an
optimum sub-azeotropic composition of 92.6 wt.% ethanol by distillation.
This product was then further dehydrated by pervaporation to 99 or 99.9
wt.% ethanol. From his study it was concluded that a hybrid system
combining distillation with pervaporation 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 [6-9]. All the cost comparisons have shown that pervaporation is
far more economical than the conventional separation techniques in
removing the last small 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.

11
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3. Liquid mixture separation by pervaporation

The pervaporation process is a potential option for the separation of
liquid mixtures. In principle this process can be applied to separate all
kinds of organic liquid mixtures in the chemical industry. It can also be
used in other areas such as the concentration of heat-sensitive products in
the pharmaceutical and food industries and the removal of volatile
organic contaminants from waste water. Such possible applications can
be classified as intermediates in between aqueous and non-agueous
mixtures. The former category includes liquid mixtures containing water
as one component, while the latter refers to organic-organic mixtures.

3.1. Separation of aqueous mixtures

The pervaporation application in the separation of aqueous mixtures
can be represented by the dehydration of organic solvents [10-13]. A well
known example is the dehydration of ethyl alcohol. The aqueous solution
of ethanol has satisfied human needs for a beverage for thousands of
years. It also has been used as solvent and medicine. In addition, there is
an increasing interest in anhydrous ethanol as motor fuel produced by
fermentation of biomass. Distillation techniques are widely used to
concentrate the fermentation ethanol. In order to obtain anhydrous
ethanol, an additional separation step is necessary because of an
azeotropic composition at 4.43 wt.% water at 760 mmHg. Azeotropic 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. In this case pervaporation
can be used to break the azeotrope 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
dehydration of organic solvents on technical scales with capacities of up to
120,000-7 of 99.8 % ethanol/day [12,13].

Besides the dehydration purpose, pervaporation can also be used to
remove organic solvents from their dilute aqueous solutions [14,15].
Alcohols can be removed from fermentation broths, and traces of volatile
organic contaminants can be removed from waste water. The
pervaporation application in this area is expected to reach the commercial
stage in the near future.
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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 the aqueous systems. In the
early 1960s when systematic studies on pervaporation were started, the
separation of non-aqueous liquid mixtures was a major target to solve.
Binning and his colleagues carried out a series of investigations for the
separation of hydrocarbon mixtures [16-18]. 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 organic-
organic mixtures is still in an embryonic stage. This is mainly due to the
fact that membranes developed for this purpose have 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 recent years, however, the pervaporation 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 to newly emerging processes in the chemical
industry, recycling of organics, and more severe restrictions on
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 of pervaporation research in organic/organic 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 polar/non-polar solvent mixtures
— separation of aromatic/aliphatic mixtures

— separation of aliphatic hydrocarbons

— separation of aromatic isomers

13
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The research which is carried out until now is surveyed and discussed
following the classification given above.

4.1. Separation of polar/non-polar sclvent mixtures

Interactions between polymeric membranes and penetrants play an
important role in liquid separation. If there is a large difference in
chemical nature between mixture components, a satisfactory separation
will be obtained by using polymer membranes which interact
preferentially with one of the mixture components. This is the case with
polar/non-polar solvent mixtures. This type of mixture was intensively
studied by Aptel et al. by using poly(tetrafluoro ethylene) membranes
grafted with Lewis base groups: poly(N-vinyl pyrrolidone) [20-22] and
poly(4-vinyl pyridine) [20,23] (table 1). Because a Lewis base is a proton-
acceptor, the membranes can possess nucleophilic groups. It implies that
these membranes can preferentially interact with electrophilic molecules
such as alcohols, but not with non-polar hydrocarbons. With these
membranes a number of liquid mixtures have been tested for
pervaporation. The component of a mixture which is able to 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 cyclohexane. And
relatively good selectivities were observed for the chloroform/hydrocarbon
systems. In contrast, the azeotropic mixtures of the type alcohol/ester,
alcohol/ketone, and carboxylic acid/pyridine showed a poor separation
performance. This may be due to the hydrogen bonding ability between the
components of these mixtures. Moreover it appeared that the weak
interaction force between the hydroxyl functionality of an aliphatic alcohol
with the = electrons of an aromatic ring was sufficient to hinder the
efficiency of separation of aliphatic alcohol/aromatic hydrocarbon
mixtures by these grafted membranes.

Besides the above mentioned studies, a number of investigations have
been reported which were mainly applied to the pervaporation of mixtures
of aliphatic alcohols with hydrocarbons (table 2). From these
investigations it was observed that generally polar molecules permeated
faster through polar membranes than non-polar molecules, and vice

14
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versa. Polar polymers such as poly(vinyl alcohol), Nafion, and cellulose
acetate were found to be selectively permeable for alcohols over
hydrocarbons. But aliphatic and aromatic hydrocarbons always
permeated preferentially through polyethylene, polypropylene and natural
rubber with respect to alcohols.

Table 1. Pervaporation through poly(tetrafluoro ethylene) (PTFE)
membranes grafted with Lewis base.

Membrane Liquid mixture

PTFE grafted with poly(N-vinyl pyrrolidone) [20-22]
methanol/benzene, methanol/acetone, methanol/methyl acetate,
methanol/ethyl acetate, methanol/methyl acrylate,

ethanol/hexane, ethanol/cyclohexane, ethanol/benzene, ethanol/toluene,
ethanol/chloroform, ethanol/1,2-dichloroethane, ethanol/ethyl acetate,

ethanolethyl acrylate, ethanol/triethylamine,

propanol/cyclohexane, propanol/benzene, propanol/diethyl ketone,

iso-propanol/cyclohexane, iso-propanol/ethyl acetate,
butanol/cyclohexane, butanol/pyridine,

acetic acid/1,2-dichloroethane, acetic acid/dioxane, acetic acid/pyridine,
acetic acid/N,N-dimethyl formamide,

formic acid/pyridine, propionic acid/pyridine,

chloroform/pentane, chloroform/hexane, chloroform/cyclohexane,
chloroform/benzene, chloroform/acetone, chloroform/methyl ethyl ketone

PTFE grafted with poly(4-vinyl pyridine) [20, 23]

chloroform/pentane, chloroform/hexane, chloroform/cyclohexane,
chloroform/ethyl ether

15
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Table 2. Pervaporation of polar[non-polar solvent mixtures.

Liquid mixture Membrane material

methanol/aliphatic hvdrocarbon
poly(vinyl alcohol) [24, 25]; poly(phenylene oxide) [26]; Nafion* [24, 26];
polyether sulphone [24]; blend of poly(acrylic acid) with Nylon 6 [24, 27];
alloy of phosphonate polymer with cellulose acetate [26];
methanol/aromatic hydrocarbon
cellulose triacetate [16]; polyethylene [16, 28, 29]; polypropylene [29];
Nitrile rubber [30]; perfluorosulfonic acid [31]

methanol/methyl fert-butyl ether
cellulose acetate [32, 33]; Nafion [24, 34]; poly(vinyl alcohol) [34];
cellulose base material MT [24]

methanol/dimethyl carbonate
Nafion [34]; poly(vinyl alcchol) [34, 35]

ethanol/aliphatic_hvdrocarbon
poly(vinyl alcohol) [25]; cellulose acetate [36, 371; cellophane [37, 41];
perfluorosulfonic acid [31]; polythexamethylene adipamide) [36];
polyethylene, polypropylene, and rubber hydrochloride [37];
polyester, natural rubber, ethylene—vinyl acetate copolymer,
ethyl acrylate—chloroethylvinj}l ether copolymer,
and natural rubber-methyl methacrylate graft copolymer [381
ethanol/aromatic hydrocarbon
polyethylene [39]; polyphenylquinoxaline [40];
perfluorosulfonic acid [31]; natural rubber and polyester [38];
iso-propano rocarbon
poly(vinyl aleohol) [25]; perfluorosulfonic acid [31];
polyethylene [28, 42]; polypropylene [43]

butanol/toluene

polypropylene [44]

(continued)
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Table 2. (continued)

aromatic_alcohol/benzene
polyethylene and modified polyethylene [45]

acetic acid/aromatic hydrocarbon
polypropylene [43]

acetone/hexan ’
polyethylene, polypropylene, poly(vinyl chloride), cellophane,
and vinylidene chloride~vinyl chloride copolymer [37]

aniline/benzene

polyethylene and modified polyethylene [45]

* Nafion: copolymer of polysulfonyl fluoride vinyl ether and poly(tetraflucro
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 to separate by conventional separation techniques
such as distillation. Therefore much attention has been given to 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 to 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, polar membranes such 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

17
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of this mixture. These include graft copolymer of methacrylate with
2-hydroxyethyl methacrylate, copolymer of 2-hydroxy-3-(diethylamine)
propyl methacrylate with styrene, and , alloys of phosphonate and

Table 3. Pervaporation of aromatic [ aliphatic liquid mixtures.

Liquid mixture

Membrane material

benzene/

cyclohexane

benzene/

other paraffins

benzene/olefins

toluene/paraffins

ethsrl benzene/
ethyl cyclohexane

polyethylene [29, 46-48]; polypropylene [29, 43, 48, 49T;
Neoprene rubber [30]; polyphenylquinoxaline [40];

cellulose ester and ether [25]; cellulose acetate [26];
cellulose acetate butyrate and modified cellulose acetate
butyrate [18, 501; poly(ymethyl L-glutamate) [51];
poly(bis(2,2,2-triflucroethoxy)phosphazene) [562];

modified poly(vinylidene fluoride) [53, 54];

graft copolymer of methacrylate and 2-hydroxyethyl
methacrylate [55]; ethylene—carboxylic acid copolymer [48];
copolymer of 2-hydroxy-3-(diethylamine)propyl methacrylate
with styrene [56]; alloys of phosphonate and phosphate
polymers with cellulose acetate [26, 57-59]

NBR and SBR [62]; polyethylene [43, 47, 60, 61];
polyethylene grafted with polystyrene [61];

cellulose acetate butyrate [63]; Membrane F XII [25];
ethylene—carboxylic acid copolymer [48]

alloy of phosphonate polymer with cellulose acetate [58]

Neoprene rubber [30]; polyethylene [61, 64, 65];

polyethylene grafted with polystyrene [61]; polyurethane [67];
modified poly(vinylidene fluoride) [53];

cellulose acetate butyrate [63, 66]; cellulose ester and ether [25];
ethyl cellulose [66]; modified ethyl cellulose [18]

modified poly(vinylidene fluoride) [53]
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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 very similar physical properties of benzene and
cyclohexane, a low selectivity was obtained through chemically inert
membranes such as polyethylene and polypropylene. However both
components exhibit different chemical properties. Benzene, the principal
representative of aromatic hydrocarbons, has n electrons which to a
certain extent endows benzene with hydrogen bonding ability and polarity.
However cyclohexane is totally non-polar. Therefore higher separation
factors could be achieved through polar polymer membranes than
through non-polar ones. Furthermore specific membranes could be
designed based on the difference in properties like the one mentioned.

Pervaporation was also investigated for the separation of other
aromatic/aliphatic hydrocarbon mixtures (table 3). In all cases reported
the aromatic hydrocarbon permeated faster than the aliphatic
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 hexane/heptane mixture
there is no apparent difference in the nature and strength of interactions
between a membrane and individual permeants. Therefore
permselectivity is largely governed by the steric effects of permeants:
diffusional cross section and molecular length. A sﬁrvey of pervaporation
studies for this class of liquid mixtures is given in table 4.

In the pervaporation of the binary mixtures 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
permeates preferentially although it has a larger diffusional cross
section. This discrepancy may be caused by the abnormally long
molecular length of iso-octane compared with cyclohexane. This suggests
that diffusion occurs by a snake-like motion preferentially along the
direction of the greatest length of permeating molecule.
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In the binary mixtures of olefins with paraffins, however, there is a

relatively large difference in chemical nature of both components.
Therefore good separation results may be expected if there is any
specifically designed membrane material. This had been proved by
copolymerizing 2-hydroxy-3-(diethylamine)propyl methacrylate with
styrene. This copolymer was highly selective for olefins over paraffins. For

instance, a complete rejection of cyclohexane was observed in the

pervaporation of cyclohexene/cyclohexane mixture.

Table 4. Pervaporation of mixtures of aliphatic hydrocarbons.

Membrane material

Ligquid mixture

polyethylene

polypropylene

cellulose acetate butyrate [63]

ethyl cellulose and
modified ethyl cellulose
cellulose ester and ether [25]

alloy of phosphonate polymer
with cellulose acetate [26]

P(AA-St)* [56]
NBR [71, 72]

aromatic polyimide [73]

hexane/heptane [39, 68]; hexane/octane [43];
hexane/neohexane [47]; cyclohexane/heptane [64];
cyclohexane/neohexane [47]; heptane/iso-octane [69]

heptane/iso-octane [69]

3-methyl pentane/2,3-dimethyl pentane,
heptane/iso-octane, methyl cyclochexane/iso-octane,
1-hexene/hexane, 2-heptene/heptane,
cyclohexene/cyclohexane

heptane/iso-octane [18, 70];

methyl cyclohexane/iso-octane [18]

hexane/isc-octane, hexene/hexane

cyclohexene/cyclohexane

cyclohexene/cyclohexane

1,3-butadiene/iso-butene

1,3-butadiene/trans-2-butene

* P(AA-St): copolymer of 2-hydroxy-3-(diethylamine)propyl methacrylate with

styrene
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4.4, Separation of aromatic isomers

This class of mixtures is one of the most difficult to separate. The
industrial separation of Cg-aromatics (o-xylene, m-xylene, p-xylene and
ethyl benzene) is now performed by super-fractionation, fractional
crystallization, adsorption, or 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 been reported (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 and tested. 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, all tested 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 Cg isomers through commercial
polymer films [74].

Liguid mixture:

p-xylene/o-xylene, p-xylene/m-xylene, p-xylene/ethyl benzene

Membrane:
Polyethylene, 125A101, DuPont
Polypropylené, Clysar® 350P-1A3, DﬁPont
Saran Wrap®, Dow
Teflon® FEP, 200A, DuPont
Polyimide, Kapton®, 100H, DuPont
Poly(vinyl fluoride), Tedlar®, 100AG30UT, DuPont
Parylene C and N, Union Carbide
Cellulose acetate, 100CA-43, DuPont
Nylon, Allied Chemical, Capron® 77C
Poly(vinylidene fluoride), Kynar®, Pennwalt
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Table 6. Pervaporation of aromatic isomers.

Liquid mixture Membrane

Cg—isomers™ polyethylene [75, 76]; cellulose tripropionate and
cellulose acetate butyrate [77]; Methocel HGT [801;
modified poly(vinylidene fluoride) [78];
P(HEA-HEMA)¥ and modified P(HEA-HEMA) [79];

dichlorobenzene isomers Methocel HGT [80]

nitrochlorobenzene isomers Methocel HGT [80]

nitrotoluene isomers Methocel HGT [80]

benzene/toluene poly(ethylene terephthalate) [81]
toluene/o-xylene Nitrile rubber [30]

styrene/ethyl benzene ethylene—carboxylic acid copolymer [48];

alloy of phosphonate polymer with cellulose acetate,
poly(phenylene oxide), and Nafion [26]

* binary or ternary mixtures of 0-, m-, and p-xylene and ethyl benzene
T hydroxypropylmetyl cellulose membranes containing Schardinger cyclodextrin

T copolymer of 2-hydroxyethyl acrylate and 2-hydroxyethyl methacrylate

of these isomers [75]. However polymers containing specific functional
groups showed a different order of permeation rate. The order of
permeation rate of m-xylene > o-xylene > p-xylene was observed
through membranes prepared from a copolymer of 2-hydroxyethyl
acrylate with 2-hydroxyethyl methacrylate modified by 3,4- or 3,5-
dinitrobenzoyl. chloride.

5. Structure of the thesis

The main objective of research described in this thesis is the
development of new pervaporation membrane materials suitable for the
separation of polar/non-polar liquid mixtures, particularly aimed on the
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selective removal of alcohols from their mixtures with aromatics and
ethers. In order to investigate the relation of membrane material and the
separation performance, the effect of chemical interactions of penetrant-
penetrant and penetrant-membrane is studied with respect to the
transport mechanism.

In chapter 2 potential polymers have been selected for comparing the
separation performance towards the mixtures studied. Since the aim is to
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 to the
development of pervaporation membrane materials for alcohol-toluene
liquid mixtures. Poly(acrylic acid) is chosen due to its very high solubility
for the alcohols. To improve permselectivity and mechanical stability,
poly(vinyl alcohol) has been chosen as the second polymer. This polymer
showed very high permselectivities for alcohols over hydrocarbons [25].

In chapter 4 the solution part of the solution-diffusion mechanism is
described. The overall sorption and the preferential sorption of methanol-
toluene and ethanol-toluene liquid mixtures in the blends of poly(acrylic
acid) and poly(vinyl 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 teri-butyl ether
by pervaporation is discussed. Methyl feri-butyl ether is produced by a
reaction of methanol with iso-butene. Because this is an equilibrium
reaction, methanol is fed in excess up to about 20 % of the stoichiometric
amount into the reactor in order to improve the conversions. The excess of
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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Chapter 2

PERVAPORATION OF
POLAR-NONPOLAR LIQUID MIXTURES

— MEMBRANE MATERIAL SCREENING

Summary

The pervaporation process can be applied to separate all kinds of polar/nonpolar
organic mixtures. To accomplish a wide field of application, a more systematic
study seems to be necessary, particularly focussed on developing proper
membrane materials.

Ethanol-toluene was chosen as a model mixture for the material screening.
Comparison of the physical properties of ethanol and toluene 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. In 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.
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1. INTRODUCTION

Special interest for the pervaporation process to replace distillation for
the separation of organic mixtures in the chemical processing industries
is mainly caused by a reduced energy consumption and equipment cost.
Some liquid mixtures such as azeotropic mixtures, close-boiling
hydrocarbons, and various isomers are difficult to separate by a simple
distillation technique. Often other energy-consuming processes like
azeotropic distillation, pressure 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. ’

Binning and his coworkers were pioneers in studying the
pervaporation process [1-3]. In the early 1960s, they investigated the
separation of various mixtures, especially the separation of hydrocarbons
which were of interest for the petro-chemical industry. Some
commercially available polymers and polymer films were also tested by
Carter et al. [4,5] and Sweeny et al. [6]. 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 of organic solvents. This can be visualized by the number
of commercial plants which have been installed [7,8]. However the large-
scale separation of organic-organic mixtures is still in an embryonic
stage. This is mainly due to the lack of good membrane materials.
Membranes tested so far for the separation of organic-organic mixtures by
pervaporation have shown rather unsatisfactory results to compete with
other existing separation techniques. Therefore a lot of research effort is
still focussed on 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 [9].
According to this model the permselectivity of a membrane towards a
binary mixture is determined by the differences in either solubility or
diffusivity of the components in the membrane. Until now especially the
solubility term has been studied extensively for material 5creening.

The solubility of a solute in a polymer is strongly related to the mutual

. interaction. Three different approaches have been proposed to 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 [10-14]
— surface thermodynamic approach [13-15]
— Dimroth’s solvent polarity value [16-19]

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 for the material selection.

In this study the three-dimensional solubility parameter approach
has been used to select feasible polymer materials. The interaction
between a permeating molecule and a membrane, which is directly
related to 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 (34, 8, 3}, )-space. Each solvent and each polymer can be
located in this three dimensional space being the end-point of the radius
vector. For a binary system consisting of a polymer and a solvent, the
distance A;9 between the end-points of the radius-vectors can be expressed
as [20]:

Ayg =gy - 83902 + (1 - 8,902 + By - &y, 22 W

where subscripts 1 and 2 denote polymer and solvent, respectively.
Subscripts d, p, and h refer to dispersive, polar, and hydrogen bonding
forces, respectively. This A 5 is a measure for the affinity between
penetrant and polymer, and a very simple and a useful parameter to
obtain qualitative information on 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 to 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 to the
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polar-polar and hydrogen bonding interactions with alcohols. The
separation ability of these polymers for ethanol-toluene mixtures was
evaluated.

2. EXPERIMENTAL
2.1. Materials

Ethyl alcohol and toluene (analytical grade) were obtained from Merck
Co. The polymers used in this study are summarized in table 1 together
with their suppliers and solvents used for preparing the homogeneous
membranes. All 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. In the case of a two-component polymer blend membrane,
both component polymers were first separately dissolved in a common
solvent, and then the resulting two solutions were mixed together in
various proportions to obtain the proper composition. Homogeneous
membranes were prepared by casting a polymer solution on 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.

2.3. Pervaporation exp.eriments

The pervaporation experiments were performed on a laboratory test
apparatus, which is schematically represented in figure 1. Membranes
were installed in stainless steel pervaporation cells. The effective
membrane area in each cell was 28 cm2. The feed was circulated through
the cells from a feed reservoir at a constant temperature. The pressure at
the downstream side was kept below 5 mmHg by a vacuum pump. The

32
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permeate was collected in cold traps cooled by liquid nitrogen, 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 Mw casting supplier
(g/mol)  solvent* ’
Poly(vinyl alcohol)
100% hydrolyzed 115,000 water Aldrich Chemical
96% hydrolyzed 85,000~146,000  water Aldrich Chemical
88% hydrolyzed 80,000~100,000  water Aldrich Chemical
Poly(acrylonitrile) DMF Aldrich Chemical
Poly(acrylic acid) 250,000  water Aldrich Chemical
Poly(acryl amide) ~5,500,000  water Aldrich Chemical
Poly(acryl amide), carboxyl modified
low carboxyl content 200,000  water Aldrich Chemical
high carboxyl content 200,000  water Aldrich Chemical
Poly(vinyl acetate) 33,000 DMF British Drug Houses
Poly(methyl methacrylate) medium Mw  chloroform  Aldrich Chemical
Poly(N-vinyl pyrrolidone) 360,000 water Janssen Chimica
Cellulose acetate (acetyl 39.8 %) 30,000  acetone Aldrich Chemical
Cellulose triacetate chloroform  Aldrich Chemical
Cellulose nitrate acetone Polyscience
Cellulose propionate 200,000 DCE Aldrich Chemical
Ethylene—vinyl alcohol copolymer
of 56 mol % vinyl alcohol content DMAc Polyscience
Clarene L4t 90,000 DMAc Solvay
Clarene R20% 50,000 DMAc Solvay
Levapren 400% chloroform  Bayer

* DMF: dimethyl formamide; DCE: dichloroethane; DMAc: dimethyl acetamide

t Clarene: ethylene—vinyl alcohol copolymer

¥ Levapren: ethylene—vinyl acetate copolymer
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feed reservoir

feed circulating pump
pervaporation cell
pirani gauge
thermometer

cold trap

vacuum pump

Figure 1. Schematic representation of a laboratory test apparatus for the
pervaporation experiments.

time at steady state conditions. The fluxes of different membranes were
normalized to a membrane thickness of 20 pm, assuming a
proportionality between the flux and the reciprocal membrane thickness.
The pervaporation selectivity ap is defined by:

op = (y,/79) / (1/%5) (2)

where x and y represent the concentration in the feed and in the
permeate, respectively. Indices 1 and 2 refer respectively to the more
permeable component, ethanol in this study, and the less permeable one,
toluene.

3. RESULTS AND DISCUSSION
3.1. Selection of membrane material

In the case of liquid separation there is generally a strong interaction
between penetrants and the polymeric membrane. The performance of a
membrane is very much dependent on the properties of the feed mixture
to be separated. Binning et al. [2] have already pointed out that the
molecular shape factor of penetrants will govern the permselectivity of the
pervaporation process when the difference in chemical nature of the
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penetrants is not large. However, when the difference in chemical nature
or solubility character is very large, the interaction of the specific
penetrants with the polymer will determine predominantly the
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 to be investigated may 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 to hydrogen bonding forces, 3, 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 or ethanol are
about half of those of toluene or methyl teri-butyl ether. Therefore it is

Table 2. Physical properties of solvents.

solvent Mw molar bp vapor lubili rameter
volumet pressuret ) 33 8p 3,
(g/mol) (cm3mol) (°C) (mmHg) (call’2/cm3/2)
Methanol 32.04 40.7 65.2 164.0 145 74 6.0 109
Ethanol 46.07 58.7 78.5 784 13.0 7.7 4.3 95
Propanol 60.11 75.2 974 28.3 120 78 33 85
Butanol 7412 92.0 1172 9.3 113 7.8 2.8 7.7
Benzene 78.12 894 80.1 119.3 91 9.0 00 10
Toluene 9215 106.9 110.6 36.7 8.9 8.8 07 1.0
MTBE* 88.15 119.0 55.2 306.6 81 176 17 24

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

1 at 25 °C

fat 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 sclvents like
toluene, resulting in high permselectivity for alcohols. This constituted
the basis for our first choice of polymeric materials.

3.2. Pervaporation of ethanol-toluene liquid mixture

First some commercially available polar polymers were chosen and
their pervaporation characteristics were investigated by using an ethanol-
toluene (1/1 by wt) liquid mixture. The pervaporation measurements were
conducted at 30 °C. Results are given in table 3. Some polymers such as
100 % hydrolyzed poly(vinyl alcohol) or polyacrylonitrile showed extremely
low fluxes. It was practically impossible to collect a large enough quantity
of permeate to analyze the results accurately by gas chromatography.
Only the 88 % hydrolyzed poly(vinyl alcohol) showed a measurable flux of
22.4 g/m2h, but the selectivity was rather low being 4.0 for ethanol. Some
other polymers, such as poly(acrylic acid) or poly(N-vinyl pyrrolidone),
were too highly swollen or dissolved in an ethanol-toluene (1/1 by wt)
mixture. Therefore it was impossible to carry out pervaporation
experiments for these materials. Membranes made of poly(acryl amide)
and carboxyl modified poly(acryl amide) with low and high carboxyl
contents were very brittle in a dry state; i.e., it was not possible to use them
in a thin film form. Therefore these polymers were omitted from the
pervaporation test. Although poly(vinyl acetate) and poly(methyl
methacrylate) contain a hydrogen bonding functionality, an ester group,
and are classified as polar polymers, they dissolved in toluene. This
means that they may not 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 of 40 %. This polymer was selective
for toluene with the selectivity value for toluene of 4.0.

Cellulosic type materials seem to be good candidates for the selective
permeation of alcohols due to their hydrophilic character. They are widely
used as a reverse osmosis membrane material for the desalination of
brackish water. Some of these materials were subjected to the
pervaporation test. The results are given in table 4. Cellulose acetate,
cellulose triacetate, and cellulose nitrate showed high flux values of 810 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 to 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 showed rather good separation
characteristics (table 4). Although the fluxes were lower, the selectivity
values were almost one order of magnitude higher compared to the
cellulosic membranes.

Table 3. Pervaporation of an ethanol-toluene (1/1 by wt) mixture at 30 °C
using commercial polymers with a polar character.

membrane fluxt YBtOM/Toluene
(g/m?h)

Poly(vinyl alcohol)

100% hydrolyzed , @ —_

96% hydrolyzed @ —_

88% hydrolyzed 22.4 4.0
Levapren 400% 4000 025
Poly(acrylonitrile) @ —
Poly(acrylic acid) too highly swollen in the feed mixture
Poly(acryl amide) too brittle
Poly(acryl amide), carboxyl modified

low carboxyl content too brittle

high carboxyl content too highly swollen in the feed mixture
Poly(vinyl acetate) dissolves in toluene
Poly(methyl methacrylate) dissolves in toluene
Poly(W-vinyl pyrrolidone) dissolves in the feed mixture

T flux normalized to a membrane thickness of 20 pm
f crosslinked with dicumyl peroxide (4 wt.%)

@ insufficient amount of permeate to be analyzed
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Table 4. Pervaporation of an ethanol-toluene (1/1 by wt) mixture through
cellulose type polymers and through Collagen membranes.

membrane temperature flux* ORtOH/Toluene
(°C) (g/m2?h)
Cellulose acetate 30 186 34
30 314 2.3
30 310 2.6
30 183 34
Cellulose triacetate 30 602 1.6
30 597 1.7
30 656 1.3
Cellulose nitrate 30 1350 19
Cellulose propionate two times higher toluene solubility than ethanol
Collagen membrane
uncrosslinked 30 & 284
30 73 36.0
40 156 20.7
crosslinked 30 21 1.7
49 58 24.0

* flux normalized to a membrane thickness of 20 pm

Polymers with a sulfonyl group are also hydrophilic and are able to
form hydrogen bonds. In the case of ultrafiltration and microfiltration, the
sulfonation of polymers like polysulfone was studied to increase the
hydrophilicity of membranes. In this study poly(ether ether ketone) was
chosen and sulfonated with concentrated sulfonic acid. The detailed
experimental procedure of sulfonation is described elsewhere [22]. The
degree of sulfonation, i.e., number of sulfonyl groups per repeating unit of
polymer backbone, ranged from 0.5 to 0.6. The sulfonated poly(ether ether
ketone) membrane with a sulfonation degree of 0.5 showed a high flux of
1.4 kg/m?2h for an ethanol-toluene (1/1 by wt) liquid mixture. However the
selectivity was very low, less than 3. To improve the selectivity, the
membranes were sulfonated to a higher degree and crosslinked. However
the obtained selectivity was still low, less than 7 (table 5).
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Table 5. Pervaporation of ethanol-toluene mixtures through sulfonated
poly(ether ether ketone) membranes at 30 °C.

sulfonation wt.% ethanol flux+ QRO Toluene
degreef feed  permeate (g/m2h)
0.5 476 68.6 1432 24
66.6 1358 22
69.3 1386 25
661 1432 21
0.5% 504 824 26 46
82.6 21 47
0.6* 504 86.9 36 65

T number of sulfonyl groups per repeating unit
t 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 copolymers with 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 to 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 copolymer membranes 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 (1/1 by
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wt) at 30 °C decreased gradually, and reached a very low value of around
2 g/m2h as the vinyl alcohol content increased up to 71 mol %. The
copolymer of this composition seems to have the same flux range as a
100 % hydrolyzed poly(vinyl alcohol) which is an extreme case of the
ethylene—vinyl alcohol copolymer. The total flux through all three
membranes at 30 °C was very low. With increasing pervaporation
temperature, however, the flux increased by almost one order of
magnitude with a temperature increase of 10 °C, but the selectivity
decreased.

Table 6. Pervaporation of ethanol-toluene mixtures through
ethylene—vinyl alcohol copolymer membranes.

vinyl alcohol T wt.% ethanol flux* O'BtO/Toluene
content (mol %) (°C) feed permeate (g/m2h)

71 %% 30 493 99.9 11 10274
493 99.6 19 2561

493 99.9 2.3 10274

40 499 9.5 129 96

499 92.3 115 120

50 50.0 85.3 828 58

60 %+ 30 485 979 47 495
485 936 37 155

485 991 6.3 1169

50 50.0 786 2814 37

56 % 30 499 89.8 108 88
40 499 851 440 5.7

499 822 543 46

30 100 90.2 47 828

* flux normalized to a membrane thickness of 20 um
1 Clarene 14
% Clarene R20
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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, the separation properties are quite often unsatisfactory.
Therefore much research effort is aimed on the development of new
‘tailor-made’ materials by synthesis of new polymers or by modification of
existing polymers. Another method is the blending of polymers. This
technology is very interesting due to the low development costs and the
capability to develop new membrane materials [23-27].

Polymer blends of poly(vinyl alechol) with poly(N-vinyl olidone

The polymer blend concept can be utilized to improve the permeation
rate of a polymer membrane which is very selective for one component of 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 permeation rate can be developed.

Poly(vinyl alcohol) is chosen as a basic selective polymer because this
polymer is very selective for alcohols over hydrocarbons [28]. For example,
in the separation of a liquid mixture of ethanol/n-hexane (1/9 by wt)
poly(vinyl alcohol) membranes showed a permeate composition of 99 %
ethanol.

The ethanol-toluene separation through the blend membranes of
poly(vinyl alcohol) and poly(N-vinyl pyrrolidone) has been evaluated. The
results are presented in table 7. For the blend of 88 % hydrolyzed poly(vinyl
alcohol), it was observed that with increasing poly(ZV-vinyl pyrrolidone)
content from 0 to 50 wt.% the flux of an ethanol-toluene (1/1 by wt) mixture
increased exponentially from 22 to 3900 g/m2h at 30 °C, whereas the
selectivity decreased from 4 to 1 (nonselective). For the same mixture with
the same composition the blend membrane of 96 % hydrolyzed poly(vinyl
alcohol) showed also a drastic flux increase up to 2120 g/m2h as the
poly(N-vinyl pyrrolidone) content reached a concentration of 50 wt.%,
while the membrane became also nonselective.
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Table 7. Pervaporation of ethanol-toluene mixtures through membranes
made from polymer blends of poly(vinyl alcohol) and poly(N-vinyl
pyrrolidone) (PVP).

PVP wt.% T wt.% ethanol flux* OEtOH/Toluene
in the blend (°C) feed  permeate (g/m2h)

Blend of 88 % hydrolyzed poly(vinyl alcohol)

0 30 50.0 79.9 22 490
10 30 50.6 772 al 33
25 30 50.0 70.6 680 24
50 30 500 509 3900 1.0

Blend of 96 % hydrolyzed poly(vinyl alcohol)

30 30 104 831 31 423
104 - 841 35 45.6
104 82.6 39 409
40 30 104 444 740 69
104 45.7 699 .13
15 30 508 91.2 30 100
50.8 854 3L 5.7
50.8 89.7 3 84
493 70.6 49 25
20 30 493 914 9 109
25 30 50.5 875 18 6.9
40 30 512 66.6 1316 19
51.2 67.0 1244 19
50 30 50.2 499 2120 1.0
15 50 50.2 90.3 43 92
50.2 919 43 113
20 50 504 86.9 8L 6.5
504 86.5 69 6.3

* flux normalized to a membrane thickness of 20 pm
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Polyvmer blends of poly(acrvlic acid) with poly(vinyl aleohol

Poly(acrylic acid) is extremely swollen in an ethanol-toluene (1/1 by
wt) liquid mixture. For this reason, the pervaporation test with this pure
polymer could not be performed. If the extent of swelling could be reduced,
poly(acrylic acid) is expected to 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(acrylic acid)
can easily be crosslinked by di-epoxides or metal ions. However,
membranes crosslinked by these crosslinking agents were very brittle.
Reduction of swelling can also be achieved by blending with other
polymers which show a low sorption for the mixtures to be separated.
Poly(vinyl alcohol) was chosen as the other component polymer of the
blend because of its very high selectivity for alcohols over hydrocarbons
[28]. Furthermore this blend membrane can easily be crosslinked
covalently through an ester linkage formation between a hydroxyl group
of poly(vinyl alcohol) and a carboxyl group of poly(acrylic acid).

Poly(acrylic acid) was blended in various proportions with 96 %
hydrolyzed poly(vinyl alcohol). The poly(vinyl alcohol) content ranged from
10 to 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(acrylic acid). The pervaporation results of these mixtures
through the poly(acrylic acid)}-poly(vinyl alcohol) blend membranes are
presented in table 8. Ethanol permeated preferentially through all tested
membranes, and the selectivity increased as the poly(vinyl alcohol)
content in the blends increased. However the flux decreased with the
poly(vinyl alcohol) content, which might be due to the reduction of
swelling of the blends.

4. CONCLUSIONS

Some commercially available polar polymers were screened based on
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. Pervaporation of ethanol-toluene mixtures through membranes
made from a polymer blend of poly(acrylic acid) and 96 % hydrolyzed
poly(vinyl alcohol) (PVA) at 30 °C.

PVA wt.% wt.% _ethanol flux* OEtOH/Toluene
in the blend feed permeate (g/mZ2h)
10 104 969 28 269
9.8 94.2 47 149

116 939 66 17
10 50.0 95.6 510 2.7
15 49.7 976 680 412
492 96.8 461 312
20 485 984 430 65.3
514 96.9 436 296
493 974 665 385
498 971 688 338
30 50.0 917 292 425
. 50.0 98.7 151 759
35 49,7 955 175 215
489 96.9 1% 32.7
489 96.2 174 264

* flux normalized to a membrane thickness of 20 pm

From the pervaporation experiments it was generally observed that
polar polymers were selectively permeable for ethanol. For instance,
cellulose acetate membranes showed a selectivity range of 2.3 to 3.4 for
ethanol in the pervaporation of an ethanol-toluene (1/1 by wt) mixture at
30 °C. Poly(vinyl alcohol) with a degree of hydrolysis of 88 % was selective
for ethanol as well, showing a selectivity value of about 4.0 for the same
mixture. However, some polymers were selective for toluene although they
were considered to be polar. For example, the membrane prepared from
Levapren 400, an ethylene—vinyl acetate copolymer, showed a selectivity
value of 4.0 for toluene.

Polymers like poly(vinyl alcohol) and polyacrylonitrile were selected
and tested because they were éxpected to be highly selective for ethanol.
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However, they showed extremely low permeation rates for an ethanol-
toluene (1/1 by wt) mixture. It was impossible to collect a minimal quantity
of permeate to 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(acrylic acid) and
poly(N-vinyl pyrrolidone) were not suitable as membrane because of
extremely high swelling in the test liquid mixture. However, by blending
poly(acrylic acid) with poly(vinyl alcohol) a feasible membrane material
was obtained. As the poly(vinyl alcohol) content in the blend increased
from 10 to 35 wt.%, the flux values decreased from 0.5 to 0.15 kg/m2h with
increasing selectivity from 22 to 76 for an ethanol-toluene (1/1 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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PERVAPORATION OF ALCOHOL-TOLUENE MIXTURES
THROUGH POLYMER BLEND MEMBRANES OF
POLY(ACRYLIC ACID) AND POLY(VINYL ALCOHOL)

Summary

Homogeneous membranes were prepared by blending poly(acrylic acid) with
poly(vinyl 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 poly(vinyl 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(vinyl 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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1. INTRODUCTION

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 [1-4]. Since then much research has been carried out and
reported [5,6]. Despite these studies no large-scale application for the
organic-organic mixture separation in the chemical industry can be
found so far. This is mainly due to the lack of good membranes for specific
applications. Either the permeation rate or the selectivity were found to be
too low or unsatisfactory for an economical industrial application.

Commercially available polymers and polymer films were first tested
to investigate the potential as a membrane material. Because of
unsatisfactory separation properties, much research effort has been
aimed on 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 (¢) polymer blending.
The synthesis of new polymers or copolymers is the first way to prepare
‘tailor-made’ materials. Based on the knowledge of permeation and
separation mechanism specific membrane materials can be designed and
synthesized for a given separation problem. For the pervaporation of
organic liquid mixtures many new polymers and copolymers were
synthesized and tested [7-10]. These polymers generally showed an
improved permselectivity when they contained specific groups which
could 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 for the development of pervaporation
membranes [11-13]. The modification of polymers can be done through a
chemical reaction, a radiation or plasma treatment, or a combination of
these methods. In this way specific groups are introduced to the polymer
bulk [14,15] or only to the surface of polymer membranes [16]. A third
method is the blending of existing polymers to produce materials with
new properties. It is possible to produce a range of materials with
properties in between or completely different from those of the blend
constituents. An obvious advantage of this polymer blending approach is
the low development costs. It usually requires little or 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 [17-21].

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 ‘trade-
off trend can be found. This means that as a flux increases, then a
selectivity decreases, or vice versa. For this reason membrane
development is often characterized by an optimization procedure: the
performance of membranes has to be adjusted for a given separation
problem in order to achieve an optimal performance. For this purpose a
polymer blend can offer a convenient tool. The aim of polymer blending is
normally to 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 level. In this
case, the properties of the blend is generally in between those of two
component polymers being related to the composition of the blend. This
means that the physical and mechanical properties as well as the
permeation properties of the blend can be influenced by changing the
blend composition.

The main objective of this work is to 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(acrylic acid) and poly(vinyl alcohol). The
pervaporation property of this blend was evaluated for ethanol-toluene and
methanol-toluene liquid mixtures.

2. EXPERIMENTAL
2.1. Materials

Poly(acrylic acid) (PAA) (Mw = 250,000 g/mol) and poly(vinyl alcohol)
(PVA) (96% hydrolyzed, Mw = 85,000 ~ 146,000 g/mol) were purchased from
Aldrich Chemical Co. Methyl alcohol, ethyl alcohol, toluene, and iso-
octane (analytical grade) were obtained from Merck Co. They were used
without any further purification. Water was demineralized before use.
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2.2. Membrane preparation

Polymer blendihg was performed by a solution method. Both
component polymers, poly(acrylic acid) and poly(vinyl alcohol), were
separately dissolved in water. Two solutions were mixed together in
various proportions to obtain the desired polymer solutions. Homogeneous
membranes were prepared by casting the polymer solution on 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 60 pm.

2.3. Glass transition temperature measurements

The glass transition temperature of poly(acrylic acid), poly(vinyl
alcohol), and blends of these two polymers was measured calorimetrically
with a Perkin Elmer Differential Scanning Calorimetry (DSC 4). The
sample size ranged from 10 to 20 mg. DSC curves were recorded at a
constant heating rate of 10 K/min. 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

The density of the membranes was measured with a buoyancy
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 can be calculated
from the weight difference of both measurements; dividing it by the
density of iso-octane. From the weight in air and the volume, the density
can be calculated.

2.5. Pervaporation experiments

The pervaporation experiments were performed using the same
laboratory test apparatus 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 cm?2.
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
was determined by gas chromatography equipped with a thermal
conductivity detector.

The pervaporation properties are characterized by the flux J and the
selectivity op. 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 to a membrane
thickness of 20 um, assuming a proportionality between the flux and the
reciprocal membrane thickness. The pervaporation selectivity op is
defined by:

op = (y1/¥9) / (%/%5) @®

where x and y represent the concentrations in the feed and in the
permeate, respectively. Indices 1 and 2 refer to the more permeable
component (methanol or ethanol in this study) and the less permeable one
(toluene), respectively.

3. RESULTS 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 to 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 Ty which is generally in
between the Tg values of the individual polymers.
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The polymer samples were carefully dried to remove completely the
casting solvent, water. The presence of any solvent in a polymer sample
can lower the measured T, value due to a plasticizing effect. The samples
were first dried by blowing dry nitrogen gas for 2~4 days at room
temperature, and then dried for another day in a vacuum oven at room
temperature.

The measured glass transition temperatures of poly(acrylic acid),
poly(vinyl alcohol) and their blends are given in figure 1. The glass
transition temperature decreases gradually from 129 °C to 84 °C with an
increase of the poly(vinyl alcohol) content from 0 to 50 wt.%. Over this
composition range each blend shows only one Tg value, indicating that the
blend is homogeneous. This was also confirmed by the transparency of the
membranes.

140
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Figure 1. Glass transition temperatures (° Tg ) of the PAA-PVA blend as a
funciion of the blend composition.

The density of the blends was measured to determine the presence of
crystallite. Since poly(vinyl alcohol) is a semi-crystalline polymer, it may
aggregate into small crystalline domains. The measured density values
are plotted against the poly(vinyl alcohol) content (see figure 2). This
figure shows that all measured densities are lying on a straight line
connecting the densities of pure poly(acrylic acid) and amorphous
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poly(vinyl alcohol). From this figure it appears that in the composition
range of 10 to 50 wt.% poly(vinyl alcohol) there is no or a negligible
crystalline fraction in the blends.
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Figure 2. Density of the PAA-PVA blend at 22.5 °C, as a function of the
blend composition: density of amorphous PVA = 1.27 g/cm3 [23].

3.2. Pervaporation characteristics of the PAA—PVA blend

The separation of alcohol-toluene mixtures through poly(acrylic acid)-
poly(vinyl alcohol) blend membranes was evaluated to investigate the
polymer blend concept in developing membrane materials. Since this
study was focussed on the selective removal of alcohols from organic
mixtures, poly(acrylic acid) (PAA) was selected as a polymer material
based on its high affinity for alcohols. PAA is highly swollen or even
soluble in the low molecular weight aliphatic alcohols like methanol and
- ethanol. In addition, PAA can preferentially interact with alcohols
through hydrogen bond formation. To improve both mechanical stability
and permselectivity towards alcohol-toluene liquid mixtures, PAA has
been blended with poly(vinyl alcohol) (PVA) which is hardly swollen in
alcohols. PVA is reported to be very selective for 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 3. Pervaporation characteristics of PAA-PVA blend membranes
for ethanol-toluene liquid mixtures, as a function of the blend
composition. (Note the different scale on the ordinates in figure 3a)
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Figure 4. Pervaporation characteristics of PAA-PVA blend membranes
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composition.
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mixtures are presented in figures 3 and 4, respectively. In these figures
the flux and the selectivity are given as a function of the poly(vinyl alcohol)
concentration in the blend. The fluxes of different membranes are
 normalized to a membrane thickness of 20 um, and the selectivity is
calculated according to equation (1). It can be observed, as expected, that
? the transport properties of the PAA-PVA blends depend strongly on the
PAA/PVA 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 to 40 wt.%. These figures show that by
" controlling the PVA amount in the blend a great variety of fluxes can be
obtained for any feed mixture. In the case of a feed mixture of ethanol-
toluene (1/1 by wt), for example, a flux decline from 0.51 to 0.07 kg/m2h,
about one order of magnitude, can be observed as the PVA content
increases from 10 to 40 wt.%. The reason for this behavior is probably the
reduced swelling of the blend membranes. Poly(acrylic acid) is soluble in
ethanol, whilst poly(vinyl alcohol) is very little swollen in ethanol [25].
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 of poly(vinyl alcohol) in the membrane has a
- favorable effect on the selectivity. All membranes are selective to methanol
- and ethanol, and the selectivity increases with increasing PVA content in
* the blend.
The total flux J can be divided into the component flux of alcohol
Jalconor @and that of toluene Jy ... by using the permeate composition
data:

Jalcohol =9 * Yaleohol ()
Jtoluene =d = Ytoluene A 3)

where ¥,1.0n01 @04 Yigluene are the concentrations of alcohol and toluene in
- the permeate, respectively. As an example, the component fluxes of a
ethanol-toluene (1/1 by wt) mixture calculated from these equations are
given in figure 5 as a function of the blend composition. This figure clearly
indicates that for this system the increase in selectivity is attributed to a
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more rapid decrease in the toluene component flux compared to 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 function of the blend
composition.

3.3. Influence of the feed composition

The permeation of molecules through a nonporous 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
are dependent on the composition of the liquid mixture, 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 ethanol-
toluene mixtures. Figure 6 represents the effect of the feed composition on
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the pervaporation fluxes. Although low fluxes are cbtained when the
ethanol content in the feed is low, the fluxes increase strongly for all blend
membranes as the ethanol concentration increases. For instance, in the
case of a blend membrane containing 10 wt.% poly(vinyl alcohol) the flux
for the ethanol-toluene liquid mixture increases exponentially from 0.025
to 4.8 kg/m2h, i.e. more than two orders of magnitude, as the ethanol
concentration increases from 10 to 90 wt.%. For all the other blends the
same trend is observed, which indicates a strong interaction between the
membrane and the feed mixture components.

Figure 7 shows the ethanol concentration in the permeate as a
function of the feed composition together with the vapor-liquid equilibrium
curve of the ethanol-toluene mixtures at 30 °C for comparison. The vapor-
liquid equilibrium data were calculated from the Wilson equation with
parameters obtained from the literature [26]. For all 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 separation problem of the
azeotrope could easily be overcome.
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Figure 6. Influence of the feed composition on the pervaporation flux of
ethanol-toluene mixtures through various PAA-PVA blend membranes.
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Figure 7. Permeate composition in the pervaporation of ethanol-toluene
mixtures through various PAA-PVA blend membranes, as a function of
the feed composition. The vapor-liquid equiltbrium curve is also given.

The selectivity values are presented in figure 8. The selectivity first
decreases with increasing ethanol content up to 70 wt.%, and then
remains more or less constant. This seems to 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 compositions follows 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
exponentially as the ethanol concentration increases up to 70 wt.%.
However as the ethanol concentration increases from 70 to 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 to
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 remains constant.

The initial increase in the toluene component fluxes might be related
to the swelling of the membranes. When a penetrant i diffuses through a
membrane, the flux J; is the product of the concentration C; and the
linear velocity v; of the penetrant inside the membrane. The velocity is the
product of mobility B; and driving force. In the case of pervaporation the .
driving force is a gradient in the chemical potential across the membrane,
i.e., - du/dx. Therefore the following relation expresses the flux in a

pervaporation process:

According to this relation the flux should decrease as the activity, i.e. the
chemical potential, 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 10 to 70 wt.%
the toluene permeability increases despite the decreasing activity. A
possible explanation for this contradicting phenomenon might be the
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Figure 8. Influence of the feed composition on the pervaporation
selectivity of ethanol-toluene mixtures through various PAA-PVA blend
membranes.
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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. In 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 swollen membrane the toluene 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 to 70
wt.%, the effect of the plasticization of the polymer matrix seems to prevail
over the decreasing driving force 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 might be predominant, which results in a decreasing toluene
permeability.

3.4. Pervaporation of methanol-toluene mixtures

The pervaporation results for the methanol-toluene mixtures are
given in figure 10. Here again the trend of the dependence of flux and
selectivity on the feed composition is almost the same as that for the
ethanol-toluene mixture. With increasing methanol concentration in the
feed, the flux increases exponentially, while the selectivity first decreases
and then remains constant.

From the comparison of the pervaporation characteristics 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 to a different degree of interaction.
Methanol shows a stronger affinity for the blend of poly(acrylic acid) and
poly(vinyl alcohol) than ethanol since methanol is more polar and has a
higher ability of hydrogen bonding. This stronger interaction results in a
higher sorption, and thereby in a higher permeation rate of the methanol
mixture than the ethanol mixture (the experimental evidence for the
higher sorption of the methanol mixture is given in chapter 4 of this
thesis). In addition, the difference in molecular size favors the
permeability of methanol as well. The molar volume of methanol is about
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Figure 10. Pervaporation flux and selectivity of methanol-toluene liquid
mixtures through various PAA-PVA blend membranes, as a function of
the feed composition.
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two thirds of that of ethancl, which implies that methanol, the smaller
molecule, will permeate faster through 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 methanol in a
methanol-toluene mixture at 10 wt.% methanol is 0.76, while the ethanol
activity in an ethanol-toluene mixture at the same concentration is 0.62.
Such a difference in activity results in a difference in driving force, and
consequently in a difference in the pervaporation flux.

Despite the higher flux with the methanol mixture, the selectivities 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 compensated by a higher permeation of toluene with
roughly the same factor.

4. CONCLUSIONS

Transparent homogeneous membranes could be prepared from a
polymer blend of: poly(acrylic acid) with poly(vinyl alcohol). Their
pervaporation properties were investigated by using methanol-toluene
and ethanol-toluene liquid mixtures. For both mixtures high fluxes and
high selectivities were observed, which were strongly dependent on the
blend composition. The flux decreased gradually as the PVA content in
the blends increased, whereas the selectivity increased. It implies that
such a polymer blend can offer a convenient way to optimize the
separation characteristics of a membrane for a particular 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 of methanol-toluene mixtures the fluxes are much higher,
about one order of magnitude, compared to ethanol-toluene mixtures for
the same feed composition (% by weight). This is due to a stronger affinity
of methanol for the PAA-PVA blends than ethanol. This stronger
interaction results in a higher sorption, and thereby in a higher flux of the
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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 PAA-PVA BLEND MEMBRANES
AND ITS ROLE ON PERVAPORATION

Summary

In 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(vinyl alcohol) were determined to investigate the
influence of blend composition and of liguid 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(acrylic acid) content, and
with increasing alcohol content in the liguid mixtures. Alcohols were sorbed
preferentially over toluene in all cases tested. The equilibrium sorpiion
selectivity increased with increasing poly(vinyl 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 the
predicted and the experimental results was very good.

In addition the equilibrium sorption results were compared with the
pervaporation results to evaluate the influence of sorption and diffusion on the
overall pervaporation process. It can be concluded from this comparison that
preferential sorption dominates the pervaporation selectivity in the systems
studied.
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1L INTRODUCTION

The unique feature of pervaporation is the mass transfer from a liquid
phase to a vapor phase through a non-porous polymeric membrane. When
a liquid mixture is brought into contact with a membrane at one side, it is
sorbed into the membrane. Due to a driving force applied across the
membrane, the sorbed liquid molecules permeate through the membrane
and evaporate at the downstream side of the membrane. This three step
mechanism of transport can be described by a solution-diffusion model,
and it is generally accepted for describing the mass transfer in
pervaporation. In this model the diffusion step is assumed to be slow
compared to the other two steps, and consequently the rate-determining
step. The swelling state of the membrane at both interfaces is assumed to
be equivalent with the thermodynamic equilibrium swelling 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 to be much
faster than sorption or diffusion. Hence evaporation does not contribute to
permselectivity. Therefore the separation by pervaporation results from
the differences in the preferential sorption 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 diffusion
phenomena have to be accounted for to understand the physico-chemical
nature of the pervaporation separation process.

It is impossible to investigate experimentally sorption and diffusion
processes separately because they take place simultaneously. Based on the
above consideration, however, the results of thermodynamic equilibrium
sorption experiments can be used to obtain information on the sorption
process during pervaporation. The sorption of a binary liquid mixture in a
polymer is characterized by two parameters; (i) overall sorption and (ii)
preferential sorption. The overall sorption represents the total amount of
liquid inside the polymer. The preferential sorption is a measure for the
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 sorbed into the polymer.
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This preferential sorption phenomenon is of special interest in the
pervaporation process. Many authors have assumed an ideal additive
behavior for component solubilities [1-4]. In this case, the amount of each
component sorbed in the polymeric membrane Q;™ is assumed to be
proportional to its activity a; in the liquid mixture and the single liquid
solubility Q;° in the membrane: Q;™ = a; Q;°. This equation implies that
ideal preferential sorption occurs, which can be derived from pure
component sorption data. However deviations from an ideal sorption are
usually observed experimentally for the sorption of various liquid
mixtures in polymers [5-9]. Furthermore it is quite often observed that the
component that is sorbed preferentially also permeates preferentially. In
other words, preferential sorption is the leading factor in selective
transport. A good overview of literature sources which confirm this
observation has been given by Mulder [10].

In this study equilibrium sorption experiments were carried out in
order to obtain more information on the separation mechanism. The
overall and preferential sorption characteristics of alcohol-toluene liquid
mixtures in the poly(acrylic acid) and poly(vinyl 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 to evaluate
the influence of sorption on the overall pervaporation process.

2. EXPERIMENTAL

2.1. Materials

Poly(acrylic acid) (PAA) (Mw = 250,000 g/mol) and poly(vinyl alcohol)
(PVA) (96% hydrolyzed, Mw = 85,000 ~ 146,000 g/mol) were supplied by
Aldrich. Chemical Co. Methyl alcohol, ethyl alcochol and toluene
(analytical grade) were purchased from Merck Co. They were used
without any further purification. Water was demineralized before use.
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2.2. Preparation of polymer films

Poly(acrylic acid) and poly(vinyl alcchol) were separately dissolved in
water. The two solutions were mixed together in various proportions to
obtain the proper casting solutions. Homogeneous polymer films were
prepared by casting the polymer solution on a Perspex plate with a casting
knife. The solvent, water, was slowly removed by evaporation under a
flowing nitrogen stream at room temperature. The thickness of the
resulting polymer films was about 100 pm.

2.3. Sorption experiments

Strips of polymer films were first dried for 2~4 days 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, or a mixture of these
solvents. The bottle was placed in a thermostated bath at 30 °C. After the
swelling equilibrium state was reached, the strip was removed from the
bottle and put into a closed tube after the surface liquid was quickly
removed with tissue papers. The sorbed liquid was distilled out of the
sample by a laboratory vacuum apparatus described by Mulder et. al [8].
The composition of the distilled sorbate was analyzed by gas
chromatography equipped with a thermal conductivity detector.

The overall solubility Q is calculated from the weight of the swollen
and the dry polymer sample, and is expressed in units of grams of sorbed
liquid per 1 gram of dry polymer. The sorption selectivity oig is determined
from the composition of the distilled liquid, and defined in the same way
as the pervaporation selectivity:

og = (y1/y2) / (%1/%9) @

where x and y represent the concentrations in the binary liquid mixture
and in the sorbed liquid, respectively. Index 1 refers to the preferentially
soluble component, methanol or ethanol in this study, and index 2 refers
to toluene.

70
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3. RESULTS AND DISCUSSION
3.1. Single liquid sorption

The sorption results for pure methanol and ethanol in the blend
membranes of poly(acrylic acid) and poly(vinyl alcohol) are given in figure
1. From this figure it can be observed that the solubilities 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 the case of equilibrium sorption of a
pure solvent in a polymer, the binary interaction paranqeter Aip can be
calculated from the following equation, which is derived from the Flory-
Rehner theory [11] by omitting the elastic free energy contribution:

A/RT =1In(1 - 6} + 6, + Y3, 8,2 = 0 @)

Here, s is the volume fraction of the polymer, and can be determined from
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 the blend increases. This means that the affinity of the blends
towards both alcohols decreases. In addition, methanol shows lower
interaction parameter values, so a better affinity, than ethanol over the
whole blend composition tested.

The decreasing affinity 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 theproperties of a two-component
homogeneous blend is in between those of the two component polymers
being related to 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




Chapter 4

resulted in a decreasing solubility.
Contrary to the high alcohol solubility, all the tested blends showed

hardly any sorption for toluene. The absolute value of toluene solubility
was found to be less than 0.001 g/g dry polymer, which is in the range of
the experimental error.

9.0
Q . ® Methanol
(&) ] A Ethanol
6.0 4
3.0 4
0.0 . T r T

0.0 0.2 0.4 0.6 0.8 1.0
PVA mass fraction in the blend

Figure 1. Pure solvent solubility @ of methanol and ethanol in PAA-PVA
blends at 30 °C.
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Figure 2. Interaction parameters of PAA-PVA blends at varying
compositions 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 composition range of PVA 10 to 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 PAA—
PVA blend is hardly swollen in toluene, the overall solubility behavior of
the ethanol-toluene liquid mixture is to a large extent governed by the
solubility characteristics of ethanol. Therefore the decreasing overall
solubility can be explained on 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 to a rapid decrease of the component solubility of
toluene. Component solubilities of both ethanol and toluene are given in
figures 5 and 6, respectively. These figures clearly show that with
increasing PVA content the component solubility of toluene decreases
more rapidly than that of ethanol. For instance, in the sorption of an
ethanol-toluene (1/1 by wt) mixture a decrease from 1.42 to 0.37 g/g dry
polymer is observed for ethanol, but from 0.11 to 0.005 g/g dry polymer for
toluene with increasing PVA content from 10 to 40 %.

3.3. Influence of the liquid mixture composition

The influence of the liquid mixture composition on the sorption
characteristics was investigated for methanol-toluene and ethanol-
toluene liquid mixtures over the whole mixture composition range.

In figures 7 and 8 the overall solubilities of these liquid mixtures in
various poly(acrylic acid)-poly(vinyl alcohol) blends are given as a
function of the liquid mixture composition, respectively. These figures
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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blend membranes, as a function of the blend composition.
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can be explained by the much better affinity of these alcohols towards the
PAA-PVA blend compared to toluene. As the alcohol content in the liquid
mixtares increases, the affinity of the liquid mixtures towards the blend
increases, and as a consequence the overall solubilities increase. In
addition, the mass uptake of the methanol mixtures is about twice of that
of the ethanol mixtures over the whole mixture composition range. This
indicates that the methanol mixtures have a higher affinity.

The influence of liquid mixture composition on the preferential
sorption of both liquid mixtures is presented in figures 9 and 10. From
figures 9a and 10a it can be seen that both alcohols are preferentially
sorbed over the whole feed composition range with alcohol concentrations
of more than 80 wt.% in the sorbed liquids. The equilibrium sorption
selectivity values are given in figures 9b and 10b. All tested blends show
high sorption selectivities for the liquid mixtures containing small
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
liquid mixtures are almost equal. However, for the alcohol-lean feed
compositions the methanol mixtures show a much higher selectivity than
the ethanol mixtures. The selectivity values for the methanol mixture at
10 wt.% methanol range from 400 to 2000, while in the case of the ethanol
mixture values of 200 to 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 following expression which has been
derived from Flory-Huggins thermodynamics by Mulder et al. [8]:

ln[?_l_) _m[v_l) - (z_l)m(i—ﬂ)—gm (V) (U, —0y) + 812 (1, ) (¢, — ¢2)

2 Uy >

e o
— 03 (X1s — 2o ) 14,02 aguu 2 Ly 3

The indices 1 and 2 refer to the binary liquid components (taking 1 for the
preferentially soluble liquid), and the index 3 to the polymer membrane.
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Figure 7. Overall solubility @ of methanol-toluene liquid mixtures.in
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v; represents the volume fraction of the liquid i in the binary liquid
mixture. The volume fraction of the component i in the ternary polymeric
phase is denoted by ¢; with g; + g5 + g3 = 1. The volume fraction of the
liquid i of the liquid mixture in the polymeric phase is denoted by u; =
g; / (61 + 89). [ is the ratio of molar volumes of liquids 1 and 2. This
equation is very useful for understanding the influence of governing
factors for the preferential sorption, as discussed in the appendix.

Equation (3) was used to predict the preferential sorption of ethanol-
toluene mixtures in PAA-PVA blend membranes. In this case the indices
1 and 2 refer to ethanol and toluene, respectively. Their physical properties
are given in table 1. The binary interaction parameter g;5 between
ethanol and toluene at 30 °C was calculated from the Wilson equation
using vapor-liquid equilibrium data taken from the literature [13]. The
dependency of g;5 on the volume fraction of toluene was fitted to a fourth
grade polynomial relation: :

g19 %) =1.059 - 0.997 x + 9.298 x2 - 17.688 x3 +11.459 x* 4

This relation was used not only for the liquid feed, but also for the sorbed
liquid under the assumption that g;, is only dependent on the liquid
composition.

The binary interaction parameters between the liquid components and
the polymer, x;3 and X553, were assumed to be concentration independent
and were calculated from the single liquid sorption data using equation
(2). The sorption values of pure ethanol in the blend membranes and the
calculated ;4 values are given in table 2. In this calculation the linear
additivity of partial molar volumes was assumed.

Table 1. Physical properties of ethanol and toluene.

Liquid Mw molar volume molar volume ratio
(g/mol) (em3/mol, 25 °C) ethanol/toluene

Ethanel 46.07 58.69 0.5493
Toluene 9215 106.85 —
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Unfortunately it was impossible to obtain very precise data of the pure
toluene sorption into the blend membranes because they were extremely
low; less than 0.1 g/100 g dry membrane for all tested blends. Therefore the
values of pure toluene sorption were assumed as 0.1 and 0.01 g/100 g dry
membrane in order to obtain ¥o3 values. The calculated o5 values are
given in table 2.

To predict the preferential sorption by equation (3) one composition
value should be known. For practical reasons g3 is used, since this
parameter is obtained from overall sorption measurements.

The predicted and the experimentally determined preferential
sorption results are presented in figure 11 for the blend membranes
containing 10 to 40 wt.% PVA. Here the ethanol fraction in the sorbed
liquid C;™ is plotted as a function of the ethanol fraction in the feed
mixture le. When the pure toluene solubility was assumed to be 0.1 g/100
g dry polymer, the predicted ethanol concentrations inside the
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 g/100 g dry
polymer.

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

PVA content density ethanol toluene
in the blend of the blend solubility x5 solubility® o3
(wt.%) (g/cm3) (g/100 g) (g100 g)

10 1.404 442 0.541 0.01 7.73
0.1 544
20 1.388 214 0.583 0.01 7.74
0.1 545
30 1.376 128 0.634 0.01 1.75
01 546
40 1.358 80.3 0.706 0.01 7.76
' 01 547

* assumed values
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Figure 11. Ethanol concentrations in the sorbed liquid C;™ as a function

of the ethanol content in ethanol/toluene feed mixtures C 1f for various
PAA-PVA blend membranes: (®) experimentally measured, and
(—) predicted with assumed pure toluene solubilities of 0.01 g (curve a)

and 0.1 g/ 100 g dry polymer (curve b).

3.5. Sorption versus pervaporation

When a penetrant i diffuses through a membrane, the flux J; is the
product of the concentration C; and the linear velocity &; of the penetrant
inside the membrane. The velocity is the product of mobility B; and driving

force. In the case of pervaporation the driving force is a gradient in the
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chemical potential across the membrane, i.e., - dy;/dx. Therefore the
following relation expresses the flux in a pervaporation process:

Ji = ki Cl = - Ci Bi dHI/dX ’ ) (5)
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 [10];

J; = - Dy(C;) dCy/dx = - D, exp(YC;) dC;/dx (6a)

Here, D, is the diffusion coefficient at zero concentration, and ¥ is an
exponential constant.

In a vacuum pervaporation the penetrant concentration at the
downstream side membrane interface can be considered to be zero.
Integration of equation (6a) with boundary conditions (C; = C;° at x = 0 and
C; =0 at x = L) gives;

J = (D L) [exp(y ;) - 1] ©b)

Here, L is the thickness of the membrane. From equation (6b) it can be
seen that the permeation rate of a penetrant is a function 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 on 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(acrylic
acid)-poly(vinyl alcohol) blend membranes containing 10 to 40 wt.% PVA.
Although the spreading around the curves is substantial, a relation
between flux and overall solubility can be observed for both liquid
mixtures. The pervaporation flux increases exponentially with the
concentration of penetrants in the membrane. This may indicate a
general observation in the pervaporation process that diffusivity is an
exponential function of penetrant concentration in a membrane [10]. 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 to a large extent governed by the properties of the corresponding
alcohols since the permeate and the sorbed liquid consist mainly of
methanol or ethanol. Therefore the methanol mixture can permeate
faster since the molar volume of methanol is about two thirds compared to
ethanol. It should be kept in mind that the penetrant concentration in the
membrane is obtained from the equilibrium sorption experiments,
whereas permeation is a non-equilibrium process. It is assumed that the
sorption process is fast compared to the diffusion process implying that
the concentration at the feed side of the membrane interface during
permeation is equal to the equilibrium 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 equilibrium sorption value [14-16]. )

107 5
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Figure 12. The relation between the pervaporation flux J and the overall
equilibrium concentration C™ of the sorbed liquids in PAA-PVA blend
membranes.

According to the solution-diffusion model the pervaporation selectivity
is determined by the differences in solubility and diffusivity of penetrants
in a membrane. Therefore by comparing the pervaporation selectivity Cp
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and the sorption selectivity og the influence of diffusion can be deduced in
terms of a diffusion selectivity oy defined by [7,12]:

The diffusion selectivity value calculated in this way can give only
qualitative information of the diffusion contribution to the separation in
pervaporation.

Tables 3 and 4 summarize the three different selectivities for
methanol-toluene and ethanol-toluene mixtures, respectively, for the
blend membranes containing poly(vinyl alcohol) 10 to 40 wt.%. The
diffusion selectivity values calculated from equation (7) are very small and
can be neglected compared to pervaporation and sorption selectivity values
at least for the low alcohol feed compositions. From this comparison it can
be concluded that the separation of alcohol-toluene mixtures 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.% selectivity methanol wt.% in the feed mixture
in the blend (o) 10% 30% 50% 0% 90%
10 Op 400 51 ;
Og 1038 169 1 2 2
op 04 0.3
20 Op 900 69
og 873 119 % 3 2
op 10 0.6
30 Op 1443 164 83 89 85
Cg 1791 233 102 15 5
o 0.8 0.7 0.8 59 170
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Table 4. Comparison of pervaporation, sorption, and diffusion
selectivities for ethanol-toluene liquid mixtures in PAA-PVA blend
membranes.

PVA wt.% selectivity ethanol wt.% in the feed mixture
in the blend (o) 10% 30% 50% 0% 90%
10 Op 344 73 22 9 10
Og 163 4 13 4 2
ol 21 17 1.7 2.3 50
20 Op 723 116 42 13 19
o 254 59 2% 7 3
ol 2.8 2.0 18 19 6.3
30 Op 180 82 15 23
Og 439 95 27 23 11
o 19 30 0.7 21
40 Op 35 43
Cg 82 29 17
op 1.2 25

4. CONCLUSIONS

From the single liquid sorption experiments it was observed that the
solubility of the poly(acrylic acid)—poly(vinyl alcohol) blend membranes
could be adjusted by controlling the PAA/PVA ratio in the blends. As the
poly(vinyl alcohol) content in the blends increases, the affinity for
methanol and ethanol decreases, and thus the solubility of these alcohols
decreases. The same dependency of the overall solubility on the blend
composition was observed for methanol-toluene and ethanol-toluene
mixtures. In addition, for both liquid mixtures the alcohols were
preferentially sorbed into the blends and the sorption selectivity increased
with increasing amount of poly(vinyl alcohol).
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The sorption measurements with methanol-toluene and ethanol-
toluene liquid mixtures showed that the varying liquid mixture
composition had a strong influence on the overall and preferential
sorption. The overall solubility in the poly(acrylic acid)—poly(vinyl 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 tested blends containing poly(vinyl alcohol) 10 to 40 wt.%.

When the contribution of diffusion 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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Appendix:

Thermodynamic Analysis of Preferential Sorption

Based on the Flory-Huggins thermodynamics of mixing a mathe-
matical 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 of Affinity of Individual Liquids towards the Membrane

The sorption of a binary liquid mixture in a polymer is to 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
(8) 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(acrylic acid)-poly(vinyl alcohol)
(8/2 by wt) blend membrane (see chapter 4). The overall solubility of a
binary mixture was assumed to be proportional to the solubilities of single
components.

First the influence 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 to 5 g/g1), while
that of the less soluble component, liquid 2, was kept constant at 0.05 g/g.
This figure shows that although the liquid 1 solubility increases by up to
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. For instance, a
solubility increase from 0.005 to 0.05 g/g for liquid 2 results in a decrease 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 solubility of the more soluble
component, liquid 1, on the sorption selectivity. The solubility of the less
soluble component is kept constant at 0.05 g[/g dry polymer.
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Figure 2. Influence of the pure liquid solubility of the less soluble
component, liqguid 2, on the sorption selectivity. The solubility of the more
soluble component is kept constant at 0.5 g/g dry polymer.
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From these calculations it can be concluded that with respect to
selectivity it is preferred to decrease the solubility of the less soluble
component rather than to increase the solubility of the preferentially
soluble component.

2. Overall Sorption versus Preferential Sorption

In the sorption of a binary liquid mixture in a polymer it is quite 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(acrylic acid)-poly(vinyl
alcohol) (8/2 by wt) blend membrane, and these parameters were kept
constant. Only B the volume fraction of the polymer membrane, was
varied; the overall solubility of a liquid mixture is represented by the
overall liquid volume fraction ( =1 - ;zip). 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 thls result: when a
membrane is crosslinked the sorption selectivity increases with a
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(?). 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
Ethanol”, Ph.D. thesis, University of Twente, Enschede, The Netherlands (1988).
Chap. 2 '
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SEPARATION OF MTBE-METHANOL MIXTURES
BY PERVAPORATION

Summary

Membranes made of a polymer blend of poly(acrylic acid) and poly(vinyl
alcohol) were 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(vinyl 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 the selectivity is enhanced. This is due to
a more rapid decrease in the component flux of methyl tert-butyl ether compared
to that of methanol.
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1. INTRODUCTION

The problem of environmental pollution has urged the reduction of the
amount of lead permitted in gasoline, which created a problem of
lowering gasoline octane ratings. To maintain the existing quality
specifications, octane boosters such as benzene/toluene/xylene mixtures
and oxygenates have been added to the lead-free or low-leaded gasoline.
Methyl tert-butyl ether (MTBE) has been extensively tested and proved to
be an octane enhancer. In recent years MTBE is also considered as an
oxygenated fuel additive needed to reformulate gasoline which can meet
the requirements of the Clean Air Act amendments of USA government.
For these reasons the demand for MTBE is increasing rapidly. It has been
the fastest growing chemical of the 1980s, and it likely will continue to
hold this growth throughout the 1990s [1,2].

Methyl zert-butyl ether is produced by a reaction of methanol with iso-
butylene in the liquid phase over a strongly acidic ion-exchange resin
catalyst. The reaction is rapid and selective, but is limited by equilibrium
conditions. Therefore it is desired to improve the conversion by using an
excess of methanol. Excess concentrations of methanol up to about 20 % of
the stoichiometric amount is generally used to achieve high conversions.
The use of excess methanol, however, causes a purification problem
because methanol forms minimum-boiling azeotropes with MTBE at a
composition of 14.3 wt.% methanol at 760 mmHg. Presently the reactor
effluent is first separated by a debutanizer column into a bottom MTBE
product and a near-azeotropic mixture of methanol with MTBE at the
overhead of the column. Subsequently methanol is washed out by water,
and the water/methanol mixture is then distilled to recover methanol for
recycle [3,4]. This conventional separation process is both capital and
energy intensive.

As an alternative separation technique pervaporation has been
considered. It may not be practical to separate completely the entire
reactor effluents by pervaporation, but a hybrid distillation-pervaporation
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 hybrid distillation-pervaporation process can be
demonstrated by the Total Recovery Improvement for MTBE (TRIM)
process which has been developed by Air Products & Chemicals using
cellulose 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(vinyl
alcohol) and Nafion have been tested by another research group and also
showed a promising result [8,9].

In order to promote industrial acceptance of the pervaporation
process, research efforts are aimed to develop membranes with better
performance. In this study membranes of a polymer blend of poly(acrylic
acid) and poly(vinyl alcohol) are evaluated for the separation of methanol
from MTBE by pervaporation. The influence of blend composition and of
crosslinking on the permselectivity have been investigated. In addition,
the effect of the feed composition and temperature has also been studied.

2. EXPERIMENTAL

2.1. Materials

Poly(acrylic acid) Mw = 250,000 g/mol) and poly(vinyl 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 tert-
butyl ether, methyl alcohol and ethyl alcohol (analytical grade) were
obtained from Merck Co. They were used without any further purification.
Water was demineralized before use.

2.2. Membrane preparation

Polymer blending was performed by a solution method. Poly(acrylic
acid) and poly(vinyl alcohol) 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 on a Perspex plate with a casting knife. The solvent,
water, was slowly removed by evaporation in a flowing nitrogen
atmosphere at room temperature. The thickness of the resulting
membranes was around 20 pm.

Membrane crosslinking was performed by heat treatment. Membrane
samples were first dried for 1 day at 70 °C and then treated at 120 °C for
various time intervals in a forced nitrogen convection oven.

2.3. Pervaporation experiments

The pervaporation experiments 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 cm2. The feed was circulated
through the pervaporation cells from a feed reservoir. The feed
temperature was kept at 35 °C except for the measurements when
temperature was varied. 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
was determined by gas chromatography equipped with a thermal
conductivity detector.

Pervaporation flux was determined by measuring the weight of liquid
collected during a certain time in the cold trap at the steady state. The
fluxes of different membranes were normalized to a membrane thickness
of 20 pm, assuming a proportionality between the flux and the reciprocal
membrane thickness. The pervaporation selectivity oy is defined by:

Op = (Yny 2) / (XI/ Xg) @

where x and y represent the concentrations in the feed and in the
permeate, respectively. Indices 1 and 2 refer to the more permeable
component, methanol in this study, and the less permeable one, methyl
tert-butyl ether, respectively.
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3. RESULTS AND DISCUSSION
3.1. Pervaporation through PAA-PVA blend membranes

Membranes made of a polymer blend of poly(acrylic acid) and
poly(vinyl alcohol) were evaluated for the separation of methanol from
methyl tert-butyl ether (MTBE). In previous studies [10, chapter 3 of this
thesis], these membranes showed good permselectivities for a similar
separation problem, i.e. the separation of methanol and ethanol from
mixtures with toluene. Therefore it was expected that these blend
membranes would also be good candidates for the separétion of methanol
from MTBE. Two types of poly(vinyl alcohol) with a degree of hydrolysis of
88 % and of 96 % were used to prepare the polymer blends with
poly(acrylic acid). In both cases the PVA content in the blends ranged
from 10 to 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 similar as 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 this figure the flux and selectivity values
are presented as a function of the methanol concentration in the feed. As
the methanol concentration increases from 5 to 20 wt.%, the selectivity
decreases slightly but the flux increases drastically. For example, the
blend membrane containing 10 % of 96 % hydrolyzed PVA showed a
selectivity decrease from 170 to 45, but a flux increase from 30 to 610 g/m2h
with an increase in the methanol concentration from 5 to 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 to 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 3. Influence of the feed composition on the pervaporaiion flux (a)
and selectivity (b) of MTBE [ methanol liquid mixtures through various
PAA-PVA blend membranes.

3.2. Influence of the feed temperature

The temperature dependence of pervaporation has been investigated
over a temperature range of 23 ~ 50 °C with a PAA-PVA 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 on temperature is generally described by an
Arrhenius-type exponential relation with the apparent activation energy
for diffusion [11,12]. According to 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 [13-16]. 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 and the
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 (g/m2h) and
selectivity of @ PAA-PVA blend membrane for a MTBE [ methanol liquid
mixture containing 20 wt.% methanol.

Contrary to 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 to the same extent by
the temperature, which can be seen in figure 5. In this figure the total flux
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and the component 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 optimal pervaporation
performance of the membrane can be obtained at the highest temperature
possible.

1035
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5 T O Total flux
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] O MTBE flux
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20 30 40 50 60
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Figure 5. Total flux and component fluxes of methanol and MTBE
through a PAA-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 from the Flory-Rehner theory [17], see equation (2). From
the Flory-Huggins thermodynamics for mixing it can be seen that the
sorption selectivity increases with decreasing overall solubility (see
appendix in chapter 4). Crosslinking also reduces the mobility of the
polymer segments and thus reduces the diffusivity of penetrants through
a membrane. For instance, the diffusion coefficient of nitrogen in natural
rubber is reported to be reduced tenfold upon crosslinking the rubber with
11 % sulfur [18]. The reduced diffusivity as well as the reduced solubility
might cause a decrease in pervaporation flux but an increase in
selectivity.
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The PAA-PVA blend membranes were crosslinked by a heat
treatment at 120 °C. This crosslinking temperature was experimentally
determined to 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 methanol-
MTBE mixtures at 20 wt.% methanol. Therefore it was decided to perform
the heat treatments at 120 °C for a better control of crosslinking density.

Although the crosslinking mechanism is not identified, it probably
occurs through an 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 to crosslink PVA with diacids; this is comparable with
the PAA-PVA system [19].

A blend membrane of poly(acrylic acid) and 88 % hydrolyzed poly(vinyl
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 the blend membranes can be crosslinked by a heat treatment and that
the crosslinking density can be controlled by adjusting the heating time.

The crosslinking density or molecular weight between two adjacent
crosslinks can be calculated from the Flory-Rehner theory [18]. According
to this theory the chemical potential of a solvent Ay; in a polymer is given
as a function of the volume fraction of the polymer By

Apy/RT =1In(1 - 6) + 8, + X;,8,2 + (PVy/M)(6,1/3 - 9,/2) @

where p and M, are the density of dry polymer and the molecular weight
between two adjacent crosslinks, respectively. V; 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
Apy/RT = 0. The volume fraction of the polymer g, can be determined from
an equilibrium sorption experiment. Therefore when the M, value is
known the binary interaction parameter Xip can be calculated from
equation (2), or vice versa.
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In the case of sorption into the uncrosslinked blend membrane the
elastic term can be neglected compared to the first three terms. In such a
situation the binary interaction parameter Xip can be calculated from
equation (2) using the experimental volume fraction of the membrane ¢,,.
A value of 0.5728 was calculated for the interaction parameter between
ethanol and the uncrosslinked PAA-PVA blend membrane. For the
calculation of M, the molecular weight between two adjacent crosslinks,
it was assumed that the interaction parameter between ethanol and the
blend membranes did not vary with crosslinking. This means that the
interaction parameter calculated for the uncrosslinked membrane is
equally valid for the crosslinked membranes. The calculated M, values
under this assumption are given in table 1. As the crosslinking time
increases, the ethanol solubility decreases drastically which is also
expressed by a smaller M, value indicating a higher crosslinking density.
However the numerical values of M, are unrealistically low, which may
be due to the assumption of a constant interaction parameter.
Nevertheless this result confirms clearly that the PAA-PVA membrane
can be crosslinked by a heat treatment and the crosslinking density can be
controlled by adjusting the heating time.

Table 1. The solubility of ethanol in the crosslinked PAA—-PVA blend
membranes (PVA conient of 20 wi.%) at room temperature and the
molecular weight between two adjacent crosslinks M, calculated from

equation (2).
crosslinking ethanol polymer binary M,
time at 120 °C solubility volume interaction
(hr) (glg) fraction parameter (g/mol)
0 243 01875 0.5728 —
2 1.78 0.2395 — 29,000
5 0.26 0.6832 — 220
7 010 0.8486 — 70
16 0 1 — _

* density of the blend = 1.40 g/em3
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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 methanol-
MTBE 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 to methanol (figure 7). In the
crosslinking time interval of 0 to 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 to the different molecular
sizes of the permeants. The molar volumes of methanol and MTBE are
40.73 and 119.04 cm3/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 PAA-PVA blend membrane (20 % PVA) for a methanol-
MTBE liquid mixture containing methanol 20 wt.%, as a function of the
crosslinking time.
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Figure 7. Total flux and component fluxes of methanol and MTBE
through the crosslinked PAA-PVA blend membranes, as a function of
the crosslinking time.

4. CONCLUSIONS

Membranes of a polymer blend of poly(acrylic acid) and poly(vinyl
alcohol) were evaluated for the separation of methanol from methyl tert-
butyl ether. For feed mixtures of 5 to 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
characteristics of the blend membrane could easily be comntrolied by
adjusting the blend composition. As the poly(vinyl alcohol) content in the
blends increased, fluxes decreased gradually but selectivities increased.
In addition, a strong influence of the feed mixture composition on the
separation characteristics was also observed.

The temperature of the feed liquid showed a favorable effect on the
separation performance of the system studied. The flux increased with
temperature, while the selectivity was hardly affected. This implies that
an optimal pervaporation performance can be obtained at the highest
temperature possible.

By crosslinking 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 to that of methanol.
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Appendix:

Effect of Membrane Pre-conditioning

The permeation property of a glassy polymer membrane can be
influenced by pre-conditioning. Jordan et. al have already shown that the
permeability of a polycarbonate membrane for various gases can be
improved very much by pre-conditioning the membrane with CO, at high
pressure [Al]. Pre-conditioning may also strongly affect the pervaporation
property of a glassy polymer membrane for a liquid mixture.

A blend membrane of poly(acrylic acid) and poly(vinyl alcohol)
containing 30 wt.% PVA was pre-conditioned in methanol-MTBE
mixtures with various compositions before performing a pervaporation
experiment. The blend is in the glassy state as has been proved from the
glass transition temperature measurements (see chapter 3 of this thesis).
The pervaporation results 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 10 wt.% methanol showed the
same flux as a membrane which was not pre-conditioned. However, when
membranes were swollen in liquid mixtures containing more methanol,
i.e. 30 and 50 wt.%, much higher fluxes were obtained. Furthermore the
flux 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 1 that
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Figure Al. Influence of membrane pre-conditioning on the pervapor-
ation flux of a methanol-MTBE (1/9 by wt) mixture through a PAA-PVA
blend (30 % PVA) membrane, as a function of the pervaporation time.
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Figure A2. Influence of membrane pre-conditioning on the methanol
concentration in the permeate for the pervaporation of a methanol-MTBE
(1/9 by wt) mixture through a PAA-PVA blend (30 % PVA) membrane, as
a function of the pervaporation time.

109



Chapter 5

it will take a quite long time until the fluxes of more swollen membranes
approach to that of a dry membrane.

The different pre-conditioning shows also a strong effect on the
permeate composition. When a membrane is swollen in the feed, the
methanol concentration in the permeate is almost the same as obtained
with a dry membrane. However membranes which are swollen in liquid
mixtures containing 30 and 50 wt.% methanol show a lower methanol
concentration in the permeate.

The pre-conditioning effect seems to be related to subtle morphological
alterations of a glassy polymer matrix. For more detailed information the
reader is referred to the literature [A2].
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SUMMARY

In the chemical industry, distillation is generally the preferred
technique to separate a liquid mixture. However some liquid mixtures
such as azeotropic mixtures, close-boiling hydrocarbons, and various
isomers are difficult to separate by simple distillation. For the separation
of these mixtures normally techniques like extractive or azeotropic
distillation and liquid-liquid extraction are used. The relatively high
energy consumption for these processes has encouraged the develop-
ment 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
been selected, which are polar and can form hydrogen bonds with
alcohols. These polymeré were tested on separation performance for an
ethanol-toluene mixture (chapter 2).

New ‘tailor-made’ materials can be developed for spec1ﬁc 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 to 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
approach a homogeneous blend membrane of poly(acrylic acid) and
poly(vinyl alcohol) has been selected. From the pervaporation experiments
with alcohol/toluene 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 two homo-
polymers: with increasing poly(vinyl alcohol) content the pervaporation
selectivity increases, but the flux decreases.
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The feed mixture composition shows a strong influence on 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 to a large extent
affected by the presence of alcohol. The toluene flux increases while its
concentration decreases from 90 to 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 methanol-toluene and
ethanol-toluene liquid mixtures in the blends of poly(acrylic acid) and
poly(vinyl alcohol) were determined and compared with the pervaporation
results. As the poly(vinyl alcohol) content in the blend increases, the
overall solubility decreases but the sorption selectivity increases. This
indicates that the similar trend observed from the pervaporation
experiments; i.e. an increase in flux but a decrease in selectivity with
increasing poly(vinyl alcohol) content, is related to the sorption
characteristics. In addition, a clear relation between the pervaporation
flux and the overall solubility is observed. A comparison of the pervapor-
ation and sorption selectivity shows that the preferential sorption is a
leading factor for selective transport in pervaporation.

The preferential sorption is predicted by a model which is derived
from Flory-Huggins thermodynamics. This model is proved to be very
useful for understanding the influence of governing factors 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 numerical calculations, the importance of a lower
solubility of the less soluble component is illustrated. An increasing
selectivity with decreasing overall solubility can also be verified.

In chapter 5 the selective separation of methanol from methyl tert-
butyl ether by pervaporation is presented. Since methanol forms an
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(vinyl alcchol) shows that
methanol permeates preferentially and the selectivity increases with
increasing poly(vinyl alcohol) content. The selectivity can be further
improved by crosslinking, but at the expense of permeability.
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