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Voorwoord

Een proefschrift wordt in het algemeen aan de naam van de auteur gekoppeld. De auteur
brengt een proefschrift echter niet in een ‘'vacuum' tot stand, maar in een omgeving van coliega's.

Op de eerste plaats is dit een omgeving die de auteur stimuleert, corrigeert en met hem dis-
cussieert. In dit kader wil ik met name noemen Kees Smolders en Marcel Mulder, die ik hierbij
dank voor de plezierige begeleiding in de afgelopen 4 jaren.

Bovendien is dit een omgeving die hem ondersteuning biedt op velerlei praktisch gebied.
Het met name noemen van alle personen die mij op dergelijke wijze hebben geholpen, zou resul-
teren in een te lange opsomming, met het gevaar dat ik namen zou vergeten. Ik bedank dan ook
een ieder die in de afgelopen 4 jaar, op welke wijze dan ook, heeft bijgedragen aan het onder-
zoek dat in dit proefschrift is beschreven.

En "last but not least', in deze omgeving moeten het werkklimaat en de sfeer goed zijn. In de
werkgroep Membraanfiltratie kwam dit met name tot uiting in de koffie- en lunchpauzes, de
voetbal- en volleybalcompetitie en de jaarlijkse fietstochten en andere uitstapjes.

Wanneer ik terug kijk op deze ‘promotie-jaren’ dan doe ik dat met veel vreugde, .... en met

een beetje weemoed.
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Chapter 1

Chapter 1

Introduction.

1.1 The role of separation processes in the chemical industry

In the chemical industry the ultimate goal of all efforts can be formulated as ‘the production of
centain desired chemiéals, that are demanded by potential and existing markets, on the basis of a
number of basic materials or intermediate products'. Aithough the basic process to obtain the
desired products from some other chemicals is of course a chemical reaction, the overall pro-
duction process can be divided into three main steps:
® the pre-treatment of the basic materials: before the basic materials can be used optimally in the

chemical reactions, usually they need purification, control of physical state (solid/liquid/gas),
pressure, concentration, temperature.

the chemical reaction(s): taking place at the optimal reaction conditions.

® the post-treatment of the reaction products: after the essential chemical reactions have taken
place (or after a certain conversion is obtained) the desired reaction products have to be sepa-
rated from the unreacted materials and from the by-products: The unreacted materials usually
can be recycled to the reactor, and the desired products generally have to be separated from
each other, purified, and set to the desired physical state (solid/liquid/gas), pressure, concen-
tration, temperature, and put into the desired product dimensions.

The sequence of these processes is given schematically in figure 1.1 [1.1] (for completeness

storage and transport of materials and products should be added).

waste

recirculation

P = Pre-treatment

R = Chemical reaction

A = Post-treatment

)

mixing separation

Figure 1.1: Schematic representation of a production process in the chemical industry.
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Chapiler 1

The shaded areas represent ihe intermediate processes between the treatments P and R,
respectively R and A, and are usually refated to mixing or separation of materials. The recirculation
of the unreacted materials is taking place between these two shaded areas. ’

From this scheme & can be concluded that the actual chemical reactions, although essential,
represent only a small part in production processes in the chemical industry. Because purification
can also be considered as a éeparaﬁon process, it is clear that separation processes are very
important in the total production processes in the chemical industry.

Separation processes generally are based on differences in physical and/or chemical nature
of the components to be separatéd, and can be divided in phase separation techniques and
componert separation techniques.

Inthe case of a phése separation process the feed consists of two (or more) separate phases.
These processes generally make use of differences in physical properties of the components in
the two phases, such as differences in mass or density (filtration, centrifugation, flotation, dust
collection, particle separation, liquid-liquid phase separation), or in particle size (sieving, filtration,
pressing).

In component separation processes the feed is mixed at a molecular level, and separation into
the separate components is more difficult compared to phase separation. In these cases general-
ly differences in chemical properties are used, such as differences in vapour pressure (distillation,
stripping, evaporation, drying), chemical nature (leaching, complexation, chromatography), affini-
ty (adsorption, absorption, exiraction, perstraction), freezing point (crystallization), or charge (ion
exchange).

Although the existing industrial separation techniques are still being optimized, a lot of re-
search is focussed at the development of new separation techniques énd to the commerciali-
zation of promising techniques, aiming at a decrease of energy consumption and of investment

costs.

1.2 Membrane filtration

A new separation technique that has only recently been developed for technical applications
and is under commercialization, is membrane fittration. Actually, membrane filtration is the name of
a class of separation processes, in which the separation of a mixture of components is obtained
by means of a membrane. A membrane can be defined as a selective barrier between two
phases. A schematic representation of a membrane is given in figure 1.2. Separation is based on
differences in transport rates of the componenis through the membrane matrix. Membranes cén

12



Chapter 1

be prepared from organic and inorganic materials, and can in priniciple consist of a sofid, a liquid or
a gaseous phase. Until now most membranes are solid based, liquid membranes are under
development, whereas no examples of gaseous membranes do exist yet.

I—} membrane

Figure 1.2: Schematic representation of a semi-permeable membrane, separating the feed from the
permeate.

Although classical filtration is a rather common and old separation technique, the use of mem-
branes provides some interesting new features and possibilities. Classical filtration makes use of
the differences in size of the separating components, but only at a super-macromolecular level,

- and thus can be considered as a phase separation technique. It is mainly used to separate solids
from liquids or gases. The separation characteristics of the process are only determined by the
size of the pores or the mesh of the filter medium. )

In contrast to classical filtration, most membrane filtration processes can be considered asa
component separation technique. Mixtures of components that are mixed at a molecular level can
be separated. Therefore membrane separation processes can compete with existing component
separation techniques.

The main advantages of membrane separation processes, compared to existing techniques, are:
1. membrane filtration is a relatively simple technique.

. membrane processes can be operated continuously.

. membrane processes can easily be combined with other separation techniques (flexibility).

HWON

. most membrane processes can be operated at low or moderate temperatures (important for
biological applications). ‘ ‘

. the energy consumption is low (compared to distillation).

. vapour-liquid equilibria generally do not influence membrane properties.

. no additional chemicals are needed (no pollution).

0 N O O

. up-scaling is relatively easy to perform.

13



Chapler 1

Some disadvantages and problems are:

1. the low transport rates through membranes.

2. the short life time of membranes.

3. the low chemical and/or thermal stabiiity.

4. fouling and concentration polarization, reducing transport rate and separation characieristics.

History of membrane techrology

Although membrane separation processes are only recently commercialized, membranes are
actually not so very new. In all types of life on earth (plants, animals and humans) cells are sur-
rounded by biological merbranes, which form selective barriers for transport of specific materials,
and control transport of heat and mass in fiving species. The first experiments with semi-
permeable membranes were performed using membranes of animal origin. According to Daubner
[1.2] these experiments were periormed by Reamur in 1714 [1.3]. In 1748 a study by Nollet was
recorded [1.3], who observed the osmiotic permeaﬁén of water into a vessel of wine, which was
sealed with an animal bladder and was immersed in water. In 1803 Reuss was probably the first
who periormed systematic research on membrane phenomena [1.4]. A great contribution to
membrane phenomena can be accounted to Fick, who published in 1855 [1.5] the phenomeno-
legical laws of difiusion (which are still being used nowadays to describe diffusional transport in
membranes). Most research and observations on membrane phenomena in these early years
concemed nafural and biclogical membranes, usually originating from animals (bladders and skin).
Because the membrane properties, such as pore size and porosity, of these membranes could
hardly be influenced, artificial (man-made) membranes were developed. Actually, Fick was prob-
ably the first who prepared and studied some of the eariiest artificial membranes, prepared from
cellulose nitrate [1.3], also in 1855. Most research in those years concemed membranes based
on celiulose nitrate; it was carried out on aboratory scale only, and was mainly aimed at biological
applications. .

A great step forward in membrane development becarne possible through the development
of synthetic polymers, in the beginning of this century; especially from about 1240 on rany new
polymer membrane materials have been investigated. Examples of widely used syntfietic polymer
membranes are: poly(amides), poly(tetrafluoroethylene) (PTFE), poly(vinylidenefiuoride}-(PVDF),
acrylic copolymers and cellulose acetate (CA). Although these new polymers provided better
possibilities to influence the membrane formation properties (and thus the ultimate membrang
properties), growth of already developed membrane separation processes te industrial scale was
hindered by several factors: the low transport rates of the membrane processes (often diffusion
controlled), compared to conventional separation processes; insufficient separation propetties;
fack of good membrane modules; low energy prices, favouring existing separation processes. It

14
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took until the development of asymmetric (skinned) cellulose acetate membranes (Loeb and
Soerirajan [1.6]) before the first membrane separation process, desalination of brackish and sea-
water by reverse osmosis, could be commercialized on a large scale. The major breakthrough of
this type of membrane is caused by the increase of transport rate through the membrane, without
loss of selectivity. This new type of membrane consisted of a very thin, dense toplayer (<1 pm),
supported by a relatively thick porous substructure (=150 pm). The thin toplayer (‘skin') deter-
mines the transport rate and the separation characteristics of the membrane, whereas the support
is responsible for mechanical strength and should have no resistance for the permeating compo-
nents. The preparation procedure applied by Loeb and Soerirajan was modified later to influence
membrane properties, and membranes with different structures could be prepared for ultrafiltra-
tion and microfiltration processes. Because of better knowledge of the membrane formation
process also other membrane processes, such as ultrafiliration, microfiltration and dialysis could
be commercialized on a large scale. Some other, new membrane processes are being developed
and commercialized at this moment, such as pewapo:atipn and gas separation.

More complete reviews about the history of membrane technology have been published by
Ferry [1.7], Teorell [1.8], Lakshminarayanaiah [1.9], Perry [1.10], Michaels [1.11] and Lonsdale
(1.3l '

Applications of membrane separation processes

The field in which membrane processes can be used is quite large, and is still expanding. The
applications can be divided in /arge scale applications (industrial scale) and small scale applica-
tions. Examples of large scale applications are: the desalination of brackish and sea water, con-
centration of fruit juices, waste water treatment, oil/water separation, concentration processes in
the diary industry, sterile filtration, recovery of helium from natural gas and dehydration of alcohols
(pervaporation). Examples of small scale applications are: artificial kidneys, membrane lungs (oxy-
aenators) and lab scale filtration. There are also some examples in which separation is not the
main goal of the process: controlled drug release, applications in analytical chemistry, membrane
sensors, pH-electrodes, battery separators, chlor-alkali cells and fuel cells. Intable 1.1 a survey is
given of most membrane processes now in use.

Membranes
Membranes can be classified in various ways, e.g. classification according to the kind of
membrane (natural or artificial), the membrane material (polymeric or ceramic), the membrane

structure (porous or dense}, the cross section (symmetrical or asymmetrical, homogeneous or
heterogeneous) or the method of preparation.

15
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Table 1.1: Different typss of membrane processes (L= liquid, V= vapour, G= gas).

membrane phases applied applications
process - (feed/permeate)  driving force
microfiltration v pressure sterile filtration and
removal of small particles from liquids
ultrafiliration u pressure separation of macromolecular components
{from liquids
feverse Osmosis |8 . pressure separation of low molecular weight
components from liquids
thermo osmosis (VR temperature separation of low molecular weight components
from liquids and separation of liquids
dialysis L caoncentration separation of macromolecular components
i from low molecular weight components (liquids)
electrodialysis tmn electric potential removal of ions from liquids
piezodialysis Lt pressure removal of ions from liquids

membrane distillation
pervaporation
gas permeation

vapour permeation

(¥ temperature
w activity
G/G pressure
VNV activity

separation of inorganic components from water
sepatration of fiquids
separation of gases

separation of vapour mixtures and
removal of arganic vapaours from air

liquid membranes

Lt orG/G  concentration

removal of ions from liquids or
separation of gases

A survey of these classifications is given in table 1.2, with some specific examples of commer-

cial membranes. More details about the preparation techniques can be found in literature (see

table 1.2 and [1.4]). For commercial applications generally asymmetric and composite membranes

are preferred, because transport rates can be much higher compared to symmetric (porous and

dense) membranes. Because for both types of membranes the membrane is partly or totally pre-

pared by the phase inversion process, a great research effort in membrane research is devoted

to the mechanism of membrane formation during the phase inversion process.

In laboratory studies however, dense membranes and symmetrical porous membranes are

used as well, to investigate more fundamenial aspects, such as the transport mechanism of mem-

brane processes or the relation between the polymer structure and membrane properties.
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Table 1.2: Schematic represeniation of different membrane types.

cross section  structure preparation technique commercial membranes
symmetrical track etching Nucleopore
[1.12-1.14] (polycarbonate)
cylindrical pores

symmetrical sintering GoreTex (PTFE)
stretching Amicon
[1.15-1.18] Celgard (PP)
symmetrical casting
[1.19]
dense
asymmetrical phase inversion Accurel (PP)
[1.20-1.26] Millipore
Sartorius
asymmetrical phase inversion Cellulose acetate
[1.7,1.24-1.28]
) . NS-100, RC-100,
asymmetrical coating FT-30, PA-300,
[1.29-1.40] PEC-1000
Monsanto, GFT

Transport through membranes

Separation processes generally are characterized by transport rate (or production rate) and
the separation characteristics of the process. Transport through the membrane is achieved by
applying a driving force over the membrane: this is the thermodynamic potential difference of one
or more components over the membrane. This gradient in thermodynamic potential can be
caused by gradients in pressure, temperature, concentration (or activity) or electrical potential, as

17
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given in table 1.1. Separation is achieved by differences in transport rates of the components
through the membrane (for liquids and gases), or by rejection of one or more components by the
membrane (for dissolved solids in fiquids).

To describe transport through membranes, generally three mechanisms are censidered: con-
vective flow, diffusional fiow and facilitated transport. Which type of mechanism should be used
depends on the type of membrane. in some intermediate cases a combination of mechanisms
could be cperative.

Transport in porous membranes (see table 1.2) is generally described by convective flow
{liquids or gases). Transpori rates and separation are determined by melecular size, molecular
weight and shape of the compenents (sieving), compared to the dimensions of the pores in the
membrane. The separation properiies are generally not influenced by the chermical nature of the
membrane material. This pore modei was developed by Schmid [1.41] and has later been im-
proved by Mackay [1.42] and Meares [1.43]. Transport models for charged porous membranes
were developed by Teorell [1.44] and Meyer et al [1.45].

In dense symmetrical membranes, dense skinned membranes and composite mermbranes
transport is determined by solution and diffusion aspects of the components in the membrane.
Transport rate and separation are determined by afiinity and physico-chemical nature of the com-
ponents, in relation to the polymer material. This so-called solution-diffusion modef originates
from Lonsdale et al [1.46].

In figuid membranes, which generally consist of a fiquid immobilized in a porous membrane,
transport of components is described by a facilifated transport mechanism. Transport rates and
separation are determined by complexation of the components with a carier, which is present in
the liquid membrane phase.

Future perspectives of membrane separation processes

At thig moment some membrane processes can compete with existing separation techniques.
Although in principle membrane processes can replace conventional separation precesses in
some cases, a combination of conventional and membrane processes will generally lead fo an
optimized process design. The number of commercial applications is still increasing, and the
prospecis for the near future are quite good. in 1984 Drioli [1.47] estimated the average growth
of the membrane market (in Europe) at about 12% per year. In many countries all over the world
(USA, Japan and Europe) large research programs are initiated and supporied by governments,
mainly aiming at development and improvement of new membranes and processes. it can be ex-
pected that in the near future existing membrane processes will be optimized by availability of
beiter membranes. The development of new membranes will be strongly directed at tailor-made
membranes, for special separation problems. While unti! now mainly aqueous systems have been
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investigated, new membranes have to be developed for the separation of non-aqueous systems.

In the near future commercialization of some membrane processes, e.g. in the field of bio-
techniology (membrane reaciors) and for liquid membranes can be expected, whereas commer-
cial applications of gas separation and pervaporation will increase.

When the research described in this thesis was started in 1984, pervaporation was hardly
commercialized. Akhough pervaporation already was explored about 25 years ago, the mem-
branes showed insufficient properiies to make the process commercially attractive. This thesis
deals with the development of new pervaporation membranes, and with investigations on the
transport mechanism; also some factors influencing the pervaporation performance of homoge-
neous mermbranes will be discussed.

1.3 Pervaporation
1.3.1 Introduction

Pervaporation is a membrane separation process that can be used to separate liquid mixtures.
The liquid feed is brought into contact with a semi-permeable membrane, the permeate is re-
moved as a vapour, but is usually condensed afterwards to obtain a permeate in liquid form.

Because liquids can not be separated using porous membranes, except for membrane distil-
lation, pervaporation membranes have to be either fully dense membranes, or membranes that
contain a dense toplayer (skinned or composite). The driving force for pervaporation is an activity
gradient over the mermbrane, that is created by applying a low partial pressure of the permeating
compornents at the permeate side of the membrane. This low partial pressure or loﬁv activity can
be obtained by several methods:

1. using a vacuum pump and a condensor (creating a low total permeate pressure). The per-
meate is condensed before or after the vacuum pump. Whereas on laboratory scale the low
partial pressure is determined by the vacuum pump, in commercial installations the tempera-
ture of the condensor (cooled by a cryostat) determines the downstream pressure. Thi's‘pe'r-
vaporation performance can be called: ‘vacuum pervaporation'. ' '

2. applying an inert sweep gas (e.g. N, [1.99] or air [1.49]). The permeate can be condensed,
after which the inert gas is recirculated; the permeate containing sweep gas can also be
vented. The name of this pervaporation performance is: 'sweeping gas pervaporation'.

3. applying an inert liquid [1.50]. The permeating components are diluted at the permeate side
by an inert liquid. Because the inert liquid generally has to be recircuiated, the permeate has
to be separated from the permeate in a separate process, e.g. distillation. Although Cabasso
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€t al [1.50] called this process ‘osmotic distiliation’, it can also be considered as ‘persiraciion’.

4. direct condensation of the permeate in the membrane cell: ‘thermo-pervaporation’ [1.51]. This
is achisved by applying a low temperature interface near the permeate side of the membrane.
The permeate is condensed against this cold wall, and has to be removed from the cell by
gravitation. .

5. using the permeate as a sweeping gas: ‘continusus membrane column' [1.52].

6. using a non-wetted micro-porous membrane at the permeate side of the membrane and a cold
liquid permeate [1.53]. After permeating through the dense membrane, the vapour per-
meates through the micro-porous membrane, and is condensed at the permeate side, which
is kept at a fower temperature than the feed. The lower partial pressure of the permeating com-
ponents is determined by the permeate temperaturé. in this case part of the fiquid permeate
can be recycled into the process directly, in contrast to method 3. The process can be called
‘thermally driven pervaporation’. Whereas in this configuration a cold non-wetting liquid is
applied to create a lower partial pressure, also direct vacuum or a sweeping gas can be used.

These different configurations of pervaporation are represented schematically in figure 1.3.

Pervaporation distinguishes itself from other membrane processes because of a phiase transi-
tion, taking place during transport through the membrane. This means that at least the heat of
evaporation of the permeate has to be supplied to the process. As a consequence pervaporation
requires a higher energy input compared-to other membrane separation processes, such as
microfiltration, ulirafiltration and reverse osrmosis. Therefore peivappration will especially be atirac-
tive when the amount of the component that has to be removed is relatively small. Interesting
possible applications are e.g. the separation of azeotropic or isomeric mixtures at a concentration
near one of the pure components, the removal of small amounts of water from organic solvents
[1.54] and the removal of relatively smail amounts of organic contaminants from waste water
streams. '

Pervaporation has to compete with conventional liquid separation techniques, such as distil-
iation, adsorption and extraction, or with other membrane separation processes, such as reverse
osmosis. Because conventional techniques are difficult to replace, pervaporation will only be
commercially applied on a large technical scale if it provides some very clear advantages com-
pared to the conventional techniques. These advantages can be of technical, economical, or
environmental nature. Pervaporation can compete with distilfation in the case of the removal of
the last small amount of one component, on the basis of a lower energy input of the process and
lower investment costs. An additional advantage of pervaporation compared to azeotropic distilia-
tion is that no third component (entrainer) has to be added, which in azeotropic distillation has to
be removed afterwards in a subsequent separation step.
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Figure 1.3: Schematic representation of different pervaporation configurations;
1=vacuum pervaporation; 2=sweeping gas pervaporation; 3=perstraction;
4=thermopervaporation; 5=continuous membrane column; 6=thermally driven pervaporation.

Another advantage of pervaporatibn is the flexibility and adjustability with respect to feed concen- -
tration and varying throughput. Because pervaporation is a continuous process, it can also pro- -
vide advantages compared to extraction, which is usually processed batch wise: furthermore,

extraction processes always needs two additional separation steps, for the purification of the raffi-
‘nate phase and the extract phase (usually by distillation). Compared to reverse osmosis, pervapo-
ration has the advantage that the osmotic pressure of the feed does not influence the process,
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which means that pervaporation can also be used at high concentrations of organic components
in water; furthermore, generally higher separation characteristics are obtained using pervapora-
tion. However, the required energy input for reverse osmosis can be lower, because no phase
transitions cccurs during permeation. When at fow concentrations of the partly rejected drgamc

components in water the osmotic pressure of the feed is relatively small, the fluxes in reverse
osmaosis generally are higher compared {o pervaporation.

1.3.2 Historical development of pervaporation

The name of the process, which originéies from permeation and evaporation, was first intro-
duced by Kober [1.55] in 1917. This name however is somewhat confusing, because the proper-
ties of the membrane in pervaporation processes are not determined or influenced by the
vapour-liquid equilibrium, as could be expecied by the term ‘evaporation’. In pervaporation it is
even possible that a less volatile component permeates faster through a membrane compared to
a more volatile component; a good example of this phenomenon is the preferential permeation of
(the less volatile) water through hydrophilic polymer membranes from mixtures of water with (more
volatile) methanol or ethanol. Another commonly used name in these early years was ‘liquid per-
meation’.

it took until around 1960 before pervaporation became a subject of interest for many research
groups. Especially the group of Binning and coworkers [1.56-1.59] reported on a number of pos-
sible chemical and petrochemical applications for this process. During these early years always
homogeneous '(mn-pomus) membranes were used. Unforiunately these membranes showed
insufficient properties {permeability and selectivity) to compete with the usual separation tech-
niques such as distillation and extraction; furthermore, the stability of the membranes needed im-
provemnents, and module design and materials were inadequate.

In the early seventies oil- and energy-prices suddenly raised to such an extent that alterna-
tives for less energy-consuming separation techniques became of interest. Pervaporation turned
out to be advantageous in two aspects. First, it could be used for the production of pure alcohol
(from aqueous mixtures) as an alternative (renewable) liquid fuel. in the second place, it could be
expected that, if betier membranes were developed, pervaporation could also compete with dis-
tillation for other separation processes, regarding the energy-consumption of the separation
process. This resulted in an increase in research for better membranes, and asymmetric [1.60]
and composite [1.40] membranes were developed with thin dense toplayers. Although great
effort was concentrated on the development of these asymmetric and composite membranes,
homogeneous membranes are still being used to investigate transport phenomena (sorption and
diffusion) for fundamental membrane research.

Uptill now a large part of the published work on pervaporation concemns the separation of etha-
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nol/water mixtures. It took untif 1982 before a commercial (composite) membrane was developed
by the German firm GFT [1.40,1.61], for the dehydration of ethanol. These 'GFT membranes'
consist of three layers: on top of a non-woven support a poly(acrylonitrile) ultrafiltration membrane
is made, on which a very thin layer of crosslinked poly(vinylalcohol) is deposited by a coating tech-
nique. Later also other membranes of the same kind were developed, that could also be used for
the dehydration of other organic liquids [1.62]. In the first commercial pervaporation installation in
Brasil [1.61] this type of composite membranes was assembled in a plate-and-frame module. The
pervaporation installation was combined with a distillation plant for the production absolute etha-
nol from a fermentation broth.

Another type of membranes that tumed out to have excellent dehydration properties are ion-
exchange membranes [1.63-1.66]. Especially by changing the posﬂive' counter-ion the proper-
ties could be improved to a large extent. A general drawback of this type of membranes is the
(long term) instability, due to washing out of the counter-ion. After some time the positive ion is .
exchanged by a proton (from the aqueous feed), in which case the separation properties general-
ly decrease ‘strongly. In that case the membranes have to be regenerated periodically.

At this moment pervaporation is used on a small scale in analytical chemistry for the removal of
traces of water from organic solutions [1.67] and for the determination of alcohols in fermentation
broths [1.68]. A large scale application {1.61,1.62] is the dehydration of organic liquids (azeo-
tropic mixtures in some cases). Other possible separation problems that can be encountered by
pervaporation at this moment are [1.69]:

- final dewatering of organic solvents (e.g. methylene chloride; chloroform),

dehydration of solutions (e.g. fruit juices; kerosene),

- dehydration of multi-component mixtures (e.g. ethanol/toluene/fisopropanol/water;
ethanol/ethyl ester/methyl ester/water), - , .

- removal of organics from aqueous streams (e.g. phenols; chlorinated hydrocarbons; solvents),

removal of alcohols from fermentation broths and de-alcoholization of beer and wine.
1.3.3 Mass transfer during pervaporation

As for most membrane processes, pervaporation membranes are characterized by the trans-
port rate through the membrane and the separation performance. For pervaporation usually the
transport rate is represented by the flux J: the amount of fiquid that is transported through the
membrane per unit membrane area per unit of time. Until now no standardization of the unit of flux
is proposed, which leads to a large variety of units reported in literature: cnvh (cm®/cm?h), Vm?2h,
kg/m?h, g/cm?s, kg/m?d, mole/m?s, gfd (gallons per square feet per day). Because the permeate

. Is a vapour, and the permeate density is dependent on temperature, mass or molar fluxes should
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be preferred. Other investigators use permeabilities (mole.m/mas.Pa) to characterize the trans-
port rate, or the product of flux and membrane thickness: J. (cm®.cm/cm?.s; pm.Vm2h).

Also for the separation performance of pervaporation membranes dffferent parameters are
used. In fact all parameters are mathematically calculated from the concentrations of the compo-
nents (A and B) in the feed (c,’ and cg') and in the permeate (c,P and cgP). Unforiunately no
standardization of nomenclature for the separation parameters is proposed yet, leading to con-
fusing terms in literature, such as ‘selectivity’, 'separation factor' and ‘enrichment factor’. These
terms are not always used consistently; the most common combinations of nomenclature and de-
finition are given bebw.

The most commonly used parameter is the selectivity a; it is defined by equation (1) [1.70-
1.72]. In some cases this parameter is denoted by S g [1.72].

o 5= (caPregP)calicg) (1)

Another parameter is the separation factor, which is calculated according to equation (2) [1.74,
1.75]:

Bam=caP/ cAf (2)

In both cases component A is the preferentially permeating component from the A/B mixture.

Finally, some investigators [1.75,1.76] separate the pervaporation selectivity o into an evap-
oration selectivity i®VeP (relative volatility) and a ‘membrane selectivity' o™:

oP=o®VeP oM (3)

Although this can be useful for the comparison between distillation and pervaporation, it is
somewhat misleading, because it suggests that the pervaporation selectivity is influenced by the

relative volatility of the components.

Transport of low molecular weight compounds in dense (non-porous) polymer membranes is
generally described by the so-called solution-diffusion model. This model, developed for trans-
port of water and salt in reverse osmosis membranes [1.46,1.77] is also widely accepted to
describe transport of liquids in dense polymer membranes (or in dense toplayers of skinned and
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composite membranes) during pervaporation.

According to this model the pervapération selectivity is obtained by a combination of selective
sorption of the components in the membrane and selective diffusion through the membrane; the
desorption of the components out of the membrane is so relatively fast, that it does not influence
the flux and selectivity. The overall permeation rate (flux) is assumed to be determined by diffu-
sion in the polymer only. Because sorption and desorption can be considered and described by
the same process, for fundamental studies usually only diffusion and sorption phenomena are
considered. For asymmetric membranes capillary condensation of the permeate in the porous
support can influence the desorption step.

Diffusion

Diffusion of low molecular weight components in polymers is generally described by the diffu-
sion law of Fick. Although this law has been developed for diffusion in elastomeric polymers, it is
also widely used to describe transport in glassy polymer membranes during pervaporation. Diffu-
sion in glassy polymers is actually very complicated, due to phenomena such as stress relaxation,
and time and concentration dependency of diffusion coefficients. Because the resulis obtained
by using Fick's law are quite satisfactory for the description of permeation through glassy polymer
- membranes as far as single component transport is concerned, this simple relation is still being
used now. According to this relation the transport rate of a component i (J;) is proportional to the
gradient of the concentration (ci"‘) of this component in the polymer (in chapter 2 another ap-
proach is used, finally leading to the same equation):

Ji= - Dl . dclm/dx (4)

The proportionality coefficient is the diffusion coefficient, which in many cases is dependent
on the concentration of the components in the membrane. In literature many mathematical func-
tions have been proposed for this concentration dependence, which in some cases are based
on a physical or mathematical model. Because in the case of a binary liquid mixture of compo-
nents i and j the diffusion rate of component i can be dependent on the concentrations of both i
and j, so-called 'thermodynamic coupling coefficients' can be introduced (A;;, Aij)-

a) Constant diffusion coefficient: D; = D°.
This is the most simple equation, that can only be used in the case of extremely low concen-
trations in the membrane. This description was used by Lee [1.78].

b) Linearly dependent diffusion coefficient: D; = D°. (A;.¢™ + Aij.c-'“)‘
This type of relation was used by Albrecht [1.73] and Greenlaw et al [1.79,1.80]. In most cases
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Ay; was taken equal to 1; for Aﬁ—o this relation describes non-coupled diffusion.
Shelden et al [1.81] also used a somewhat more complicated form of this equation, which can
be transformed into: D; = D+ (A ™ + Ay )K- Kiwas taken 0.5, 1 or 2.

¢) Exponentially dependent diffusion coefficient: D D °.exp (g ¢y Am i )
This is probably the only relation based on a physical background (the ‘free volume theory’
[1.82-1.85]) and it is used by most investigators [1.86-1.92].

d) D;=DP.(1-Ac™2
This relation [1.93] has never been used for description of permeation experiments.

Whereas according to most relations the diffusion coefficient increase with increasing con-
centration, it is also possible that the diffusion coefficient decreases. This can be the case when
the diffusing component can form clusters due 1o strong intermolecular hydrogen bonding {(e.g.
water {1.94])).

If the concentrations in the membrane can be related to the concentration in the bulk feed and
to the permeate pressure, integration of equation (4) results in an equation for the pervaporation
flux; the pervaporation selectivity can be obtained from the ratio of the component fluxes [1.73,
1.78,1.86-1.92].

The approach given here, to take into account the effect of mutual interactions of the compo-
nents on the diffusion of a given component, is a very general one, which is used by many inves-
tigators. Another approach originates from irreversible thermodynamics. According to this theory
the flux of a component i through a membrane is a result of the driving force for the component i
itself, and of the driving force for the other component:

=Ly - day™ax + Ly - d e (5)

In this equation Lij represents a ‘flow coupling coefficient. To distinguish between coupling of
flows (according to equation (5)), and the coupling phenomena expressed by equation (4) when
D; and cim depend on> the concentration of all components present, we use the term ‘thermody-
namic coupling' for coupling phenomena in diffusion or sorption.

Sorption

Sorplion of liquids in polymers can be divided in sorption of pure liquids and sorption of liquid

mixiures. In the solution-diffusion model it is assumed that sorption of the components at the
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membrane interface at the feed side can be considered as a thermodynamic equilibrium. There-
fore, in the case. of a pure liquid the concentration in the membrane can be calculated from a
single swelling experiment. The solubility in the membrane can be predicted using Flory-Huggins
thermodynamics [1.95] (see chapter 2 of this thesis).

In the case of sorption of a liquid mixture, the description is more complicated. Although most .
investigators [1.72,1.78,1.96] assumed that both components absorb independently (i.e. only
dependent on the pertinent concentration in the feed), the somtion of component i in the poly-
mer will generally be dependent on both the concentrations of the components in the feed and
the concentration of component j in the polymer. This thermodynamic coupling effect will espe-
cially occur for a mixture of two strongly interacting components, such as ethanol and water.

Whereas most investigators [1.97,1.98] used empirical mathematical expressions to take into
account the thermodynamic coupling, Mulder et al [1.99] used relations derived from Flory-
Huggins thermodynamics, to describe sorption of ethanol/water mixtures in homogeneous cellu-
lose acetate, poly(acrylonitrile) and poly(sulfone) membranes. Although the agreement between
experiments and theoretical results could only be obtained by introducing additional parameters,
this approach is preferred for the prediction of sorption properties of liquid mixtures in polymers.

Permeation

Due to thermodynamic coupling phenomena (both in sorption and in diffusion) membrane
properties for binary mixtures can not be predicted on the basis of pure component data. The
membrane properties have to be described by a mathematical combination of relations for diffu-
sion and sorption of liquid mixtures in the polymer material. According to the solution-diffusion
model the diffusion step is the rate determining step in the transport mechanism (sorption-
diffusion-desorption); the fluxes of the components will then be proportional to the reciprocal
thickness of the membrane (see equation 3). This implies that fluxes through homogeneous
membranes can be increased by decreasing the membrane thickness. The selectivity is inde-
pendent of membrane thickness, because the fluxes of both components depend on the thick-
ness in the same way. This expected behaviour (according to the solution-diffusion model) of flux
and selectivity as a function of membrane thickness is presented schematically in figure 1.4.

Although in some cases this model seems to be appropriate, deviations from this model have
been reported in literature.
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Figure 1.4: Flux and selectivity for homogeneous membranes, as a function of the membrane thickness,
as predicted by the solution-diffusion model.

1.3.4 Influence of different parameters on pervaporation performance

In the previous paragraph the commonly used solution-diffusion model was described. Be-
cause experimental deviations from this model have been found, there must be some more fac-
tors determining the performance of pervaporation membranes. In this subparagraph a general
overview will be given of factors that influence the-pervaporation performance using hiomoge-
neous membranes. Some of these factors can explain deviations from the solution-diffusion
model, some caused by the membrane, and some others caused by the process conditions.

1.3.4.1 Factors determined by the membrane
Polymer material

The starting point of the development of pervaporation membranes is the polymer material,
because this is the most important factor, determining the final membrane properties. A polymer
material must be selected on the basis of the following aspects:

1. The polyr'nér material must be resistent to the cbmponents of the feed that have to be sepa-
rated.

2. The polymer must be suitable for the desired membrane preparation methods (see table 1.2).

3. The polymer membrane must provide appropriate chemical, thermal and mechanical stability.

4. The expectation for permeation properties must be good, on the basis of solution and diffu-
sion aspecis. -
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Whereas in this paragraph a summary will be given of the factors that can influence the pervap- -
oration properties of homogeneous membranes, the most important factor is the choice of the
polymer material. To demonstrate the great variety of pervaporation properties that can be ob-
tained for a given separation problem using different polymers as a membrane material, in table
1.3 the normalized flux (to 10 pm membrane thickness) and the selectivity (for water) for the se-
paration of ethanol/water mixtures are given.

Table 1.3: Pervaporation properties of homogeneous membranes from different polymer materials.
Feed: ethanol/water mixture, 20-30°C.

polymer type interaction Co Jq ozh o) reference
' (wiceth)  (kg/m“h)
Poly(acrylonitrile) glassy hydrophilic 50 0.012 €50 this work
Poly(vinylalcohol)-100% glassy®  hydrophilic 90 0021 440 f1.101]
Poly(acrylamide) glassy® hydrophitic 90 055 190 this work
Cellulose acstate glassya) hydrophilic 50 1.36 42 [1.100]
Poly(sulfone) glassy hydrophobic 50 0.008 330 [1.100]
Poly(phenylens oxide) glassy hydrophobic 50 0.08 23 this work
Poly(dimethylsiloxane)  rubber hydrophobic 50 0.17 03?  [1.100]
PTMSP©) glassy hydrophobic 50 03 0250 [i.102]
'a}plobaby in the rubbety state during pervaporation; Plpreferential permeation of ethanol:
C)pTMSP= poly[1-(trimethylsilyl)-1-propyne]

By variation of the polymer the membrane permeates water or ethanol preferentially, extremely
high or low selectivities, and low or high fluxes are found. It is clear that the pervaporation proper-
ties are strongly related to the physico-chemical properties of the polymer, such as hydrophilicity,
possibilities for hydrogen bonding, polar interactions or other specific interactions between the
polymer and the permeating components. However, these structure-property relationships are
not always very clear: an illustrative example is that although both PSf and PPO are hydrophobic
polymers (preferential permeation of ethanol is expected), water permeates preferentially.

Membrane thickness

From the solution-diffusion model it can be concluded that the pervaporation flux is propor-
tional to the reciprocal membrane thickness (see equation (4)), assuming that diffusion is the
rate-determining step. This has been confirmed by several investigators [1.58,1.103]. Deviations
of this reciprocal relationship can be expected, if diffusion through the polymer membrane is not
the rate-determining step. Some experimental results of these deviations have been published
in literature ([1.104]; [1.105], assigned to concentration polarization); also an increase of selecti-
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vity with increasing thickness has been found [1.103,1.104]. In figure 1.5 an example is given, 1o
fllustrate the decrease of selectivily as a function of the membrane thickness, for an exiremely
selective polymer membrane for the dehydration of ethanol/water mixiures.
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Figure 1.5: Pervaporation selectivity for hFomogeneous poly{acrylamide) membranes for the deliydration of
ethanclwater mixiures, as a function of the membrane thickness.
Feed: 80 w% ethanci, 70°C.

Deviations of the expecied reciprocal relationship between flux and membrane thickness can al-
so be due to some of the other aspecis discussed in this subparagraph; some of these aspecis
will be discussed in imore detail in chapier 4.

Ariefacts

Ariefacts originating from membrane manufacture can also have an influence on pervapo-
ration resulis. These effects will be more likely to occur and will be stronger for thin membranes,
leading to a strong decrease of the seleclivily and an increase of flux. Artefacts in membranes can
be due to contaminants in the basic polymer material (dust particles, poliutants) or can originate
from the evaporation step of the solvenit during the membrane preparation. The effect of ariefacis
can be decreased if the casting solution is fiitered before use, and the evaporation step is carried
out in a clean environment (‘clean roomt’).

Sorption resistance

If the sorption of ihe components into the membrane at the feed side is not in thermodynamic
equilibrium, a sorption resistance can be defined. In the solution-diffusion model the diffusion
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step is assumed to be the rate-determining step. For high diffusion rates (e.g. for decreasing
membrane thicknesses) the sorption of the components {independent of thickness) into the
membrane can also influence the transport rate through the membrane. This means that the sorp-
fion in the steady-state during pervaporation is lower than in equilibrium, and a step function in
activity at the membrane interface occurs. This results in deviations from the linear relationship
between flux and reciprocal membrane thickness.

A mathematical model that takes into account a sofption resistance at the membrane interface
was reported by Sieh et al [1.106], and was tested by dialysis experiments.

The phenomenon of a sorption resistance has generally been neglected, because no physi-
cal interpretation is found yet. A concentration step has been found experimentally [1.86,1.91,
1.107], in which cases the equilibrium sorption value for the components in the polymer was
higher than the concentration at the membrane interiace at the feed side during pervaporation.
This sorplion resistance will generally lead to lower fluxes, especially for thinner membranes; the
selectivity can both increase or decrease in case of a sorption resistance.

Membrane morphology

The morphology of polymer membranes is mainly determined by the choice of the polymer
material and by the membrane preparation method. Although for a given polymer the most pro-
nounced difference in morphology is the difference between porous and dense (non-porous)
membranes, even in the case of the preparation of homogeneous dense membranes the mor-
phology can be dependent on the preparation method.

Homogeneous membranes are generally prepared by casting a viscous polymer solution on a
solid support, followed by evaporation of the solvent, usually in an inert atmosphere. An impor-
tant factor is whether the polymer used is amorphous or semi-crystalline.

For amorphous polymers the rate of evaporation of the solvent determines to a large extent
the permeation properties of the membrane. This rate of evaporation can be influenced by the
evaporation temperature, the type of solvent (volatility), and can be adjusted further by partial sat-
uration of the atmosphere by solvent vapour. It can be expected that higher evaporation rates re-
sult in a less dense structure of the membrane, leading to higher fluxes. Also the arrangement of
the functional groups (interacting with the permeating components) can be dependent on the
evaporation rate, resulting in a change of selectivity. These aspects are discussed in more detail,
in relation to a specific problem, in chapter 4.

For a semi-crystalline polymer the rate of evaporation can also infiuence the crystallinity of the
membrane [1.108]. Because crystallization is a time-dependent process the rate of evaporation
determines the growth of the crystallites. Not only the total amount of crystallinity can be in-
fluenced, but also the size and shape of the crystallites can depend on the evaporation rate.
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Because crystallites can be considered as physical crosslinks and are impermeable to Fquids,
both diffusion and sorption will depend on crysiallinity [1.87,1.109-1.113]. it can be expected .
ihat high crystaliinily (small crystaliites) leads fo higher seleclivity and smaller fitixes. if the crystal-
lites become too large, or the overall crystallinity too high, ariefacis can occur, leading to a de-
crease in selectivity. ‘ '

Because the morphology of a membrane can be dependent of the evaporation rate (or time),
it is expected that thin membranes have a different morphology compared to thick membranes. it
is even possible that the morphology of thick membranes is dependent on the place in the mem-
brane: during evaporation a concerniration profile of the solvent will occur in the casled film. The
conceriration of the solvent at the film surface in contact with the air or nitrogen atmosphere is
relatively low, whereas the opposite suriace (in contact with the solid support) remains longer in
the totally solvent-swollen state, resulting in a different morphology. These effects can lead to
deviations from the solution-diffusion model: selectivities depending on the thickness, and
fluxes being not proportional to the reciprocal membrane thickness.

Once a membrane has been prepared (by evaporation of the solvent), the morphiology can
still be influenced by some factors. The first factor is time. Time-effects can be divided inio short
term and long term effects. The short term effects originate from the build-up of the concen-
tration-profile in the membrane afier stariing a pervaporation experiment. If started with a dry mem-
brane, the membrane will swell (mainly at the feed side) during the pervaporation process, leading
to an increase of flux. If the membrane was pre-swollen before the experiment, the membrane
deswells (mainly at the permeate side), leading to a decrease of the flux. The time needed {o
reach steady-state generally increases with decreasing permeation rate of the components.
Relaxation phenomena are long term efiects, generally taking place in glassy polymers. Relaxa-
tion of the polymer can take place during the pervaporation process, and will iead to a more dense
structure, resulting in a decrease of fiux (see chapter 4). In a semi-crystalline polyrmer ihe crystal-
lization can be a function of time, also leading to a decrease of fiux.

Finaily, the morphology can also be influenced by a pre-treatment of the membrane. The most
common pre-treatments are: heat-treatmenis (curing) [1.114,1.115] or the use of swelling
agents. Elyassini et al [1.74] showed the influenice of the nature of the swelling agent (concen-
tration of emahoEMater mixtures) on the uliimate pervaporation characteristics of poly(vinyl-
alcohol) membranes for the dehydration of ethanolwater mixiures.

1.3.4.2 Factors determined by the process conditions
Feed concentration

According to the solution-diifusion model the properties of pervaporation membranes are
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determined by sorplion and diffusion of the componenis in the membrane. Because generally
both sorption and diffusion pheromena of a liquid in polymers are dependent on the composi-
tion of the liquid mixiure, also the permeation characteristics will be dependent on the feed con-
centration.

Feed pressure

In most membrane processes (microfiliration, ultrafiliration, reverse osmosis and gas permea-
tion) the membrane characteristics are strongly dependent on the feed pressure: generally the
flux increases with increasing feed pressure, because of an increased driving force over the
membranss. For pervaporation the main contribution to the driving force (gradient of the thermo-
dynamic potential) is caused by the activily gradient of the components in the membrane, as can
easily be demonstrated by thermmodynamic considerations [1.78]. The maximum gradient is ob-
{ained for zero permeate pressure: Pp—>0; this can be compared wrlh reverse osmosis (RO) at infi-
nite feed pressure: Py—oo. Lee [1.78] showed theoretlically that unrealistic high transmembrane
pressures in RO have to be applied, to get the same flux and selectivity compared to pervap-
oration (at moderate permeate vacuum pressures). This was confirmed by experimental results
reporied by Thompson et al [1.79-1.81, 1.116-1.118]. Also their mathematical model predicted
that in case of low penmeate pressure the feed pressure has only a relatively very small effect on
the pervaporation performance. Only for higher permeate pressures (pressures approaching the
saturation pressure of the permeate Pp°=2'.'yi.xi.Pi°) the feed pressure influences the pervapora-
tion characteristics significantly.

Permeate pressure

Because the permeate pressure is directly related to the activity of the components at the per-
meate side of the membrane, the permeate pressure has a strong influence on the pervaporation
characteristics. The maximum driving force is obtained at zero permeate pressure; increase of
permeate pressure results in a decrease of driving force, and the flux will decrease. This was
described mathematically and confirmed by experiments from Thompson et al [1.79-1.81,
1.116-1.118] and from Spitzen [1.97]. If the permeate pressure is equal to the saturation pres-
sure of the permeate (at the temperature of the feed), the activilty gradient is zero, leading to a
strong decrease in flux, according to only a small pressure gradient over the membrane. Also the
selectivity is dependent on the permeate pressure. The selectivity can increase or decrease at in-
creasing permeate pressure, depending on the relative volatility of the permeating components.
At the saturation pressure of the permeate (Pp°=2‘:yixi.Pi°) the pervaporation selectivity will only
be determined by the relative volatility of the permeating cornponents.
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So, in general the overall pervaporation characteristics decrease with increasing pemmeate
pressure. This is a very imporiant aspect for praciical applications, because in large technical in-
stallations the permeate pressure usually will be higher than in faboratory set-ups; it is mainly
dstermined by the lemperature of the condenser. Another facior, that determines the effective
permeate pressure, is the perosily of the membrane support. Because the membrane characler-
istics are determined by the local pressure at the surface of the active layer of the membrare, a
pressure drop over the porous support will fead to smaller activity gradients of the components in
the active membrane, resufiing in a deterioration of pervaporation characteristics [1.119], espe-
cially for asymmetric and composite membranes .

Concentration polarization

Due to permeation of the feed components through the membrane, the fiquid composition in
the boundary fayer af the membrane surface may change. Because one component is preferen-
tially transported through the membrane, a concentration gradient will occur near the membrane
wall: the concentration of the preferentially permeating component i drops from ¢y —¢, (see
figure 1.6). This phenomenor is called concentration polarization; and & is described in more
detail in chapter 6 of this thesis. Conceniration polarization can be influenced by the mixing con-
ditions in the feed. Althcugh most investigators generally neglect this phenomenon, experimen-
tal evidence of the influence of mixing conditions has been reported in fterature [1.120-1.123].

Additives to the feed

The pervaperation characteristics can strongly be influenced by addition of ceriain compo-
nents to the feed mixture. Heisler et al [1.124] studied the addition of sclutes on the separation
performance of etharol/water mixtures by cellophane membranes. By addition of different
solutes to the feed the pervaporation selectivily for water could be either increased or decreased,
while the fiux was inffuenced in the oppostie direction.

Temperature effects

Because sompiion and diffusion of low molecular weight components in polymers are generaﬂliy
dependent on temperature, also the permeation characteristics are dependent on temperature.
Since diffusion rates in polymers are increasing with increasing temperature, aiso permeation
rates increase with increasing temperature. The selectivity is not so strongly dependent on the
temperature: in most cases a small decrease of selectivity is found at increasing temperature. -

The temperature that determines the permeation characteristics is the temperature of the
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membrane itself, which is mainly determined by the temperature of the liquid feed mixiure. In per-
vaporation a phase transition occurs during transpon of the compornents through the membrane:
the feed is a liquid, whereas the permeate is removed as a vapour. The heat of evaporation of the
permeate has to be supplied to the membrane, mostly from the feed. Two heat transfer steps can
be distinguished, generally ieading to a ternperature drop from the buk feed to the bulk per-
meate. The first step is convective heat transport from the buk feed towards the membrane sur-
face at the feed side. This leads to a temperature gradient in @ boundary layer at the feed side of
the membrane, and is called “temperature polarization’. This heat transport is determined by the
heat transfer coefficient at the feed side. An increase of the convective feed fiow parallel to the
membrane suriace, or stirring of the feed mixture, will reduce the temperature drop in the bound-
ary layer.

The second step is conductive heat transport through the membrane. This leads to a tem-
perature gradient in the membrane, which determines the actual membrane properties. This heat
transport is determined by the heat conductivity of the (parily swollen) membrane. The tem-
perature level in the membrane is also determined by the convective heat transport in the bound-
ary layer at the feed side of the membrane.

The overall heat transport required is determined by the fiux and the heat of evaporation of
the permeate. V

_ Both effects mentioned before (temperature polarization and temperature gradient in the
membrane) lead to a lower average mermbrane temperature, resufting ina change of flux and
selectivity. Nagy et al [1.115] and Rautenbach et al [1.119] have reporied on experimental tem-
perature drops from the bulk feed to the bulk permeate. Gooding [1.125] showed by calculations
that it is possible that the overall temperature drop from the bulk feed to the permeate side of the
membrane is only determined by the temperature drop in the boundary layer at the feed side.

1.3.4.3 Overall transport mechanism for pervaporation

If the solution-diffusion model is combined with the factors described above, several steps
can be distinguished in the overall transport mechanism. These steps can be demonstrated by
the concentration profile (and the activity profile) of one component transported from the bulk
feed to the bulk permeate, as is given in figure 1.6.

1. Concentration polarization on the feed side of the membrane. This process is described by
- diffusion of the components in the boundary layer near the membrane. The concentration of
the preferentially permeating component drops from ¢,—¢, ( a;—ay).
2. The componenis are absorbed into the polymer membrane. This process is described by a
thermodynamic equilibrium: 6,—3C4 ( 8,=ag).
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3. If equilibrium sorption is not reached, a sorption resistance can be defined. This resuits ina
concentration step at the membrane interface: Cp—C,4 (8538 4)-

4. The components diffuse through the membrane according to a concentration gradient in the
membrane: ¢4—Cs (actually an aclivily gradient: a4—8g).

5. The components descrd outof the membrane, according to a thermodynamic equilibrium:
¢53Cg ( 85=2g)-

6. [f in the desorption step a mennodynamxc equilibrium is not reached, a desorption resistance
can be defined. A conceniration {or activily) drop at the membrane interface occurs: Cg—C;
(ag—ay). This can be consndered as a slow evaporation of the components inle a vapour
phase.

7. Finally it is possile that, due to pressure losses at the permeate side of the membrane or
hindered removal of the permeate (piping; membrane support), the conceniration {or activily)
&t the membrane surface is higher than the concentration (or activity) that is determined by the

applied driving force: €;-Cg (@733g)-

feed membrane permeate feed membrane permeate
c N\ a
1 1 \
i > I >
. |
L 4 v L 2 v
o
% %
c, - .
(3 .
S ] a=ag

Figure 1.6: Conceniration and activily profile of the preferentially permeating comporent, during transport
from the bulk feed to the buk permeale for pervaporation membranes (not on scale).

This fotal transport mechanism is a very general one. Whereas in practical applications step 1
generally can be of some importance (because of non-ideal mixing conditions), during laboratory
experiments this step can easily be avoided or neglected. In the case of permeation of pure
liquids, this step does not exist. Only a temperature gradient remains in that case. Furthermore,
steps 3 and 6 are generally neglected also, although some indications for the presence of a sorp-
tion resistance (step 3) have been reporied in literature [1.86,1.91,1.107]. The effect of step 7
generally can be decreased by & betier module design.

The three remaining steps (2, 4 and 5) represent the commonly used transport mechanism for
pervaporation: solution, diffusion and desorption (sofution-diffusion rmiodel).
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If all factors influencing the performance of pervaporation are considered, it is clear that it is
provocative to speak about intrinsic properties of polymer membranes (flux and selectivity).
Because membrane manufacturing is influenced by so many factors, it is rather difficult to prepare
reproducible membranes. If the influence of one parameter on the membrane characteristics is to
be investigated, it can be expected that also some other factors are influenced, which makes
comparison of the membrane properties extremely difficult.

1.3.5 Pervaporation of ethanol/water mixtures

Although the separation of various liquid mixtures by pervaporation has been investigated
[1.126,1.127], most research efforts concentrate on the separation of azeotropic liquid mixtures,
especially aqueous alcohols (iso-propanol and ethanol). The main interest in these latter sepa-
ration problems originates from a possible replacement of the energy-consumptive azeotropic
distillation. Whereas iso-propanol and ethanol are important basic chemicals in the chemical in-
dustry, they can also be used as an alternative, renewable energy source. For instance, by fer-
mentation of biomass aqueous ethanol (about 5%) can be obtained, which for practical applica-
tions haé to be concentrated. Although in the first concentration step (up to about 70-80%
ethanol) pervaporation can not compete with distiflation yet, in the last dehydration step azeo-
tropic distillation can be replaced by pervaporation {1.61]. After an intensive research was started
for the development of membranes for dehydration ;Surposes, later also membranes were devel-
oped for the preferential permeation of ethanol (mainly silicone-based membranes). At this
moment these last types of membranes show insufficient flux and selectivity to make the process
competitive with normal distillation, although some real improvements have been made recently
by using alcohol selective zeolites in silicone rubber membranes [1.128]. In this thesis only mem-
branes for dehydration of ethanol/water mixtures will be considered.

Also other membrane processes have been investigated for the separation of ethanol/water
mixtures: membrane distillation [1.129-1.131], reverse osmosis [1.132-1.134] and vapour per-
meation [1.135]. Membrane distillation can only be used at low ethanol concentrations in the
feed, because the microporous membrane should not be wetted by the feed solution. The sepa-
ration that can be obtained is only determined by the relative volatility of the feed mixture; hence,
ethanol permeates preferentially. In reverse osmosis of ethanol/water mixtures ethanol is partly
rejected by the membrane. It can only be used at low ethanol concentrations in the feed; at
higher ethanol concentrations the high osmotic pressures of the feed solution will decrease the
driving force for transport. Furthermore, the experimental retention values for ethanot are rather
low. Vapour permeation is a relatively new technique, that can provide advantages compared to
pervaporation if the feed is already in the vapour phase, like it is when distillation is used as a first
concentration step.
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For the dehydration of ethanolfwater mixtures a lot of polymers have been screened as a
membrane material. Generally 2 membrane with a high flux gives a low selectivity, and vice versa.
To develop membranes with an optimal combination of flux and selectivity two strategies can be
followed. If one staris with a highly selective membrane material, the flux can be improved by de-
creasing the effective membrane thickness and by increasing the feed temperature. If a highly
permeable polymer material is selected, the selectivity can be increased e.g. by chemical modifi-
cation or by crosslinking.

The best results for dehydration of ethanoliwater mixtures have been obtained with mem-
branes preprared from hydrophific polymers (usually water soluble) [1.66], such as poly(vinyi-
alcohol) membranes [1.40,1.101,1.136,1.137] and by charged membranes U .63,1.64,1.66]. As
mentioned before, the main problem with this fast type of membranes are the long term flux and
selectivity, due to washing out of the counter-ion (which give these membranes the good sepa-
ration properties).

In table 1.4 some pervaporation resulis are giveri for some polymers that were screened as a
membrane material. This table shows that the best membranes (combining a high selectivity with a
reasonable flux) are obtained with water-soluble polymers.

Tabls 1.4: [Pervaporation resulls for ethancliwater mixtures with homogeneous membranes;
flusces normalized to 10 um thickness. Fesd: 80 w ethanof, 70°C.

polymer membrane thickness (um}) Jio (k'glmzh) a )
Poly(acrylonitrile) 56 0.036 12500
Poly(acrylonitrile) 22 0.022 3000
Poly(acrylonitrile-co-methacrylate) 18 0.020 4100
PVA (98%) (aftsr heat-treatment) 65 0.182 350
PVA (98%) (crosslinked) 41 0402 108
PVA (100%) (crosslinked] &) 0.30 140
Poly(acrylic acid) - HY 38 8.74 6.2
Poly(acrylic acid) - Cs* 33 1.29 56
Poly(ether imide) 15 0.12 52
Poly(ether sulfone) 24 0.36 52
Poly(hydrazide) 20 0.66 19
Poly(acrylamide) 50 0.055 4080
Poly(acrylamide} low carboxyl content 50 0.1 2850
Poly(acrylamide) high carboxyi content 60 0.50 2200

1.3.6 Future perspectives of pervaporation

The future perspectives for pervaporation are quite promising. Since the development of the

38



Chapter 1\

first commercially available membrane in 1982 the market for pervaporation has increased strong-
ly. This is demonstrated in figure 1.7, in which the total capacity of installed pervaporation installa-
tions is given since 1982 [1.138]. According to some estimations the total market potential for
pervaporation will reach about US $ 100 million per year in 1990, with an increase of 20%-30%
per year [1.69]. According to other (non-official) rough estimations the expected market poten-
tials in 1995 are between US $ 800 and $1000 million.

6

10

total
installed

capacity s
(liter/day) 10

1983 1984 1985 1986 1987 1988

Figure 1.7: Worldwide total installed capacily of pervaporation plants [1.138];
(the numbers indicate the number of installed plants).
The results for 1988 are updated to May 1988.

The commerciallization of pervaporation started in Europe: GFT (Germany), SETEC (The
Netherlands), Lurgi (Austria) and Vogelbusch (Austria), and more recently Carbone Lorraine
(France). At this moment also in the USA (Bakish Materials Corp. and MTR Inc.) and in Japan
(Mitsui Engineering Co.) pervaporation installations are available.

It is expected that in the near future membrane development will aim at moré difficult separa-
tion systems, such as the separation of non-aqueous liquids (e.g. aliphatic/aromatic and isomeric
mixtures) and the dehydration of aliphatic organic acids (e.g. acetic acid, formic acid). Another in-
teresting application that is under investigation now, is the removal of small amounts of volatile or-
ganic contaminants from ground water or waste water. A more complete review on possible appli-
cations for pervaporation in the next 10 years has been reported by Tusel [1.69].

Whereas nowadays the commercial membranes can be used for more than one system (e.g.
the GFT membrane for the dehydration of different organic liquids) these more difficuft separation
problems will probably lead to the development of tailor-made membranes. Because these appli-
catiqns concem more aggressive feed solutions, new membrane preparation methods or modifi-
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cations will be needed, such as crosslinking, grafting, copolymerization, plasma pofymerization,
polymer blending or polymer modification, leading to more thermally and chemically stable mem-
branes. For commercialization of new membranes asymmetric and thin-film composite mem-
branes have to be developed.

Another important field that still has to be develobed furiher is the aspect of membrane mod-
ules. Until now mainly plate-and-frame modules are used in commercial plants, but for large scale
applications in the chemical industry these modules require to much volume (vacuum). Hollow
fiber technology, which is under development for gas separation applications now, and spiral-
wound module technology (which has recently be developed for pervaporation by MTRY), can also
provide important advantages for pervaporation.

1.4 Structure of this thesls

This thesis describes research that was aimed at studying two aspects of membrane perfor-
mance in pervaporation:

1. development of highly selective dense {non-porous) pervaporation membranes for the dehy-
dration of ethanol. '
2. understanding the transport mechanism of pervaporation.

Since the development of new membranes is strongly related to understanding the funda-
mental aspects of the process, like sorption and diffusion of liquids in polymers, these two as-
pects usually are investigated simultaneously and interactively.

To study the transport mechanism for pervaporation only dense (non-porous) membranes
have been investigated. It should be mentioned that in this thesis we always used the term
‘homogeneous’ membranes for these dense and non-porous membranes. To compare mem-
branes of different thicknesses we generally normalized the fluxes to a thickness of 10 pm (un-
less stated otherwise), using a proportional refationship between the flux and the reciprocal thick-
ness of the dry membranes. All membranes prepared showed a preferential permeation and a
preferential somption of water from ethanolwater mixtures. Hence, the selectivities of the mem-

branes (pervaporation or equilibrium sorption), always mean the selectivity for water.

In this chapter 1 an introduction was given on membrane filtration in general, and more specific
on pervaporation. It is shown that the properties of pervaporation membranes are determined by
a great number of factors, which makes a study on transport phenomena of these membranes
quite difficult.

In chapter 2 the solution-diffusion model is considered with respect to pervaporation, and it is
applied to the separation of ethanol/water mixtures at 25°C using homogeneous poly(vinyl-
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alcohol) (PVA) membranes. The influence of sorption and diffusion on the total separation mech-
anism is investigated. ‘

In chapter 3 more results are presented about pervaporation experiments using homoge-
neous PVA membranes for the dehydration of ethanolwater mixtures. The permeation results
are compared with equilibrium sorption experiments using the same membranes. The influence
of the crystallinity of the membranes is investigated by varying the degree of hydrolysis of the
PVA or by applying a heat-treatment.

In chapter 4 results are presented about pervaporation experiments using homogeneous
poly(acrylonitrile) membranes. These membranes are known to be extremely selective for the de-
hydration of ethanoliwater mixtures. The influence of membrane thickness on flux and selectivity
is studied.

In chapter 5 membranes of homogeneous blends of very selective polymers. (poly(acryloni-
trile) and poly(sulfone)) with hydrophiiic polymers are studied, in order to increase the low fluxes
of the selective polymer membranes.

In chapter 6 the effects of concentration polarization on pervaporation results are shown, by
using numerical examples.
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Chapter 2

Solution-diffusion aspects in the separation of ethanol/water
mixtures using homogeneous poly(vinylalcohol) membranes.

J.W.F. Spitzen, E.J.A. Elsinghorst, M.H.V. Mulder, C.A. Smolders

Summary

Transpori of kquids and liquid mixiures through homogeneous membranes is described by the solution-
diffusion model. From this model the influence of soiption and diffusion on the total transport properties
during pervaporation can be deduced. While diffusion is_the rate-defermining step, separation of a liquid
mixture is usually determined by the selective sorption of one of the components into the polymer. The
influence of selective difiusion through the membrane can be derived from the sorption selectivity and the
pervaporation selectivily.

The preferontial sofption model, based on Floty-Huggins thermodynamics, describes total and preferen-
tiaf soiption of a liquid mixture in amoiphous polymers in the equilibrium state. The effect of crosslinking and
ciystalkinily of the polymer on the soiption charactsristics is described, and demonstrated by some numeri-
cal examples.

Expenimental sorption and pervaporation results of ethanolwater mixtures using homogeneous poly-
(vinylakcohol) (PVA) membranes are presented. For all feed concentrations water is absorbed preferentially
and waler permeates preferentially. From these resulis the infiuence of both sorption and diffusion on the
separation mechanism is discussed. Finally the preferential sorption of ethanol/water mixtures in these
membranes is predicted by a model. The agreement betwsen the model and the experiments is qualitatively

good.

2.1 Introduction

Although a commercial membrane [2.1] is presently available (manufactured by GFT), research
on the dehydration of ethanol (or in general on the dehydration of organic solvents) is still con-
tinuing. Generally speaking, from a more fundamental point of view it is very interesting to under-
stand why certain polymers show better membrane performance, or which criteria could be im-
portant in selecting a polymer for a specific separation problem. Therefore, more information is

This chapter has been presented in a revised form at the Second Intermational Conference on
Pervaporation Processes in the Chemical Industry; San Antonio (USA), March 8-11, 1987 [2.37].
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needed about the separaﬁbn process iiself. The model most commonly used to describe the per-
vaporation process is the solution-difiusion model.

This model is generally used to describe transpori for membrane processes, where dense
(non-porous) membranes are used. Hence, it can be applied to various membrane separation
processes, such as reverse osmosis, gas separation and pervaporation. According to this model
the selectivity of the separation process is determined by differences in serption and in diffusicn
rates of the éomponems in the polymer. Because sorption and diffusion phenomena are mainly
determined by the molecular structure of the polymer material, these considerations can give an
indication which fype of polymers should be used as a membrane materia! for a specific separation
problem. High selectivities for the separation of binary mixtures can be expected when the difiu-
sivities and the solubilities of the componerts in the membrane differ to a large extent.

Iri the case of gas separation the polymer generally absorbs only a small amount of both com-
ponenis, and the components will permeate more or less independently from each cther. This
means that the transport rate for a large part is determined by the diffusivities of the components
in the membrane, and the difference in diffusion coefficienis then contributes imponiantly to the
overall sélectivily. As a result, the choice of a polymer for gas separation problems will strongly be
determined by the diffusivities of the compornents in the polymer material.

In liquid separation processes the absorption of the components in the polymer membrane
generally is much higher. As a result, during transpori through the membrane coupling phenom-
ena will occuy, both in the solution part as well as in ifie diffusion part. The presence of one com-
ponent in the membrane will generally increase both the sorption and the difiusion of the ofher
component. As a result the difiusion rates of both components will riot differ to a large e)dém, and
the selectivity for permeation will mainly be dominated by the sorption properties of both compo-
nents. This was confirmed by experimental resulis [2.2-2.7], from which it was conciuded that pre-
ferential sorplion of a component from a liquid mixture results in preferential permeation of that
component during permeation. )

Foliowing these considerations, in the case of dehydration of ethanol/water mixiures by per-
vaporation, a polyrmer malerial has to be selected on the basis of differences in sorption capacities
for ethano! and water. The polymer should provide high water sorption in comparison with etha-
riol, which might suggest the selection of hydrophilic polymers. However, the affinity of the poly-
mer towards water must not be to high, because this leads to extensive swelling, resulting in an
increased sorption of ethanol. Furthermore, generally ethanol can also form hydrogen bonds with
hydrophilic polymers. Hence, a subtile balance between the hydrophilicity of the polymer and
swelling must be found; this can be influenced by crosslinking or by increasing the crysiallinity.

In the theoretical part of this chapter the solution-diffusion model will be discussed, and the
sorpiion of iguids and fiquid mixtures in amorphous, semi-crystalline and crosslinked polymers will
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be described.

In the experimental part results will be shown on the sorption of ethanol/water mixtures in ho-
mogeneous poly(vinylalcohol) (PVA) membranes. These resulis can be compared with results
published eariier about sorption in PVA powder [2.8]. Also pervaporation experiments are per-
formed, from which the influence of diffusion on the separation mechanism can be deduced, by

comparing the pervaporation resulis with the sorption results.

2.2 Theory

In this theoretical part the solution-diffusion model will be presented, describing transport
through homogeneous membranes. By this model the influence of sorption and of diffusion on
the total transport rate and on the separation characteristics during pervaporation can be evalu-
ated. The sorption part is assumed to determine the overall selectivity of the pervaporation pro-
cess [2.9]. Because the sorption of liquids in polymers can be influenced easily by crosslinking or
by changing the crystallinity of the polymer, these factors also should have a strong influence on
the overall pervaporation characteristics. In this paragraph the influence of crosslinking and crys-
tallinity on the total and the preferential sorption is discussed and illustrated by some numerical
examples.

2.2.1 The solution-diffusion model

Transport through dense (non-porous) homogeneous membranes is usually described by a
solution-diffusion model [2.10-2.12]. According to this model each component of a mixture dis-
solves into the membrane and diffuses through the membrane due to a driving force. The driving

force generally is the gradient in the chemical potential across the membrane. Hence, the fiux of a
component i is given by:

For isothermal conditions the chemical potential is given by:

d(w;"/RT) = d(in 3™) + (V/RT).dP (2)
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For pervaporafion the pressure gradient across the membrane can be neglected in comparison
with the activity gradient, as can easily be shown by simple calculations. Equation (1) can be re-

witien as:
J=- Dy dl(in &)k !

From this equation it can be seen that the two imporiant factors determining the transport
properties of a membrane are the diffusion coefficient and the concentration (or activity) of the
components in the membrane. Hence, the separation of a fiquid mixture is caused by differences

_in diffusion rates and by differences in sorption. When selecting a polymer for a ceriain separation
problem both sorption and diffusion should be considered.

Because sorption and diffusion take place at the same fime, it is imposshle fo investigaie
experimenially both processes separately. Because the solution-diffusion model assumes that
the sorption process is fast compared to diffusion through the membrane during permeation,
according to this model equilibrium sorption expsriments can be used to obtain the concentration
of the components in the membrane at the feed side. From the pervaporation results and the
equilibrium sorption results information can be deduced about the diffusion of the components
through the membrane.

The pervaporation selectivity o is calculated from the liquid composition of the feed (f) and
the permeate (p):

Py = (cPiePYciiel) (P> 1) (4)

In the sams way an equilibrium sorption selectivity o° can be defined as a function of the liquid
composition of the feed (f) and the liquid composition in the swollen membrane (m):

oSy = (ci‘“/c{“)/(c{/cg) (5)

Because the pervaporation selectivily is only determined by differences in sorption and dif-
fusion, the difference between 0P and o must be caused by differences in diffusion (a similar
approach was used by Bell [2.13] and Larchet et al [2.3]). Hence, a diffusion selectivity can be de-
fined as the ratio between the pervaporation selectivity and the equilibrium sorption selectivity:
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od=0P/as (6)
Combination of equations (4)-(6) resultsin :
od= (ciplc]P)/(ci“‘/cjm) = (JiIJI-)l(cimlcjm) (7)

By substituting a;=7;.c; and for constant activity coefficients 1; (d¥;/dx=0) equation (3) can be con-
verted into:

J;=-D;d ¢Max : : (8)

In case of constant diffusion coefficients (independent of concentration) and zero concentration
of the components at the permeate side of the membrane the ratio of the component fluxes can
be obtained by integration of equation (8):

Substitution of equation (9) in (7) gives:
od= D/, (10)

Equation (10) still holds for concentration dependent ditfusion coefficients, if D; and D; are con-

|
sidered as the mean or effective diffusion coefficients.

It should be kept in mind that equation (10) is derived using the following assumptions:

- isothermal conditions of the process. Because due to the phase transition during permeation a
temperature gradient will be present across the membrane, also an entropy effect can contri-
bute to the overall driving force.

- sorption during pervaporation is an equilibrium process.

- constant activity coefficients (dy;/dx=(dY/dc).(dc/dx)=0). For some liquid mixtures activity coef-
ficients strongly depend on the composition of the mixture (dY/dc0). '

~ zero concentration of the components at the permeate side of the membrane.
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Hence, the approach given above to deduce information about diffusivities, must be con-
sidered qualitatively as a first approach only to this problem.

It should be kept in mind that sorption experiments are equilibrium experiments, whereas per-
vaporation experiments are non-equﬁibrium experiments. Mulder et al [2.14] performed equilib-
rium sorption experiments with water and ethanol separately, and with an ethanol/water mixture in
homogeneous CA membranes. Using the same membranes, concentration profiles for the pure
components as well as for the mixture were measured during pervaporation. In table 2.1 the
equilibrium sorption results are compared with the concentrations in the membrane at the feed
side during pervaporation. From this table it can be seen that only in the case of pure water the
equilibrium sorption value is equal to the sorption value during pervaporation. In all other cases
the sorption during pervaporation is lower than the equilibrium sorption values, which is an indica-
tion for the fact that sorption of the components is not infinitely fast compared to diffusion
through the membrane. This phenomenon of lower total sorption in the case of permeation com-
pared to equilibrium sorption has also been reporied for some other systems [2.15-2.186]. If from
the sorption results of table 2.1 the binary liquid composition in the membrane is calculated, the
results are quite the same for both equilibrium sorption and sorption during pervaporation. So,
although the total sorption in both cases is not the same, the preferential sorption is comparable.
However, it is obvious that this can not be generalized to apply to other systems likewise; for such

a conclusion more information is needed.

Table 2.1: Comparison between equilibrium sorption data and sorption data during pervaporation, for an
sthanoliwater mixture (65 w% ethanol) in homogeneous CA membranes, at 20°C [2.14];
Q= grams of absorbed liquid/gram diy polymer.

equilibrium sorption - soption during pervaporation
(at the feed side in the membrane)
component W% Q w% ethanol w% Q w% ethanol
liquid (gfg) (liquid fraction)  liquid (g/g) (liquid fraction)
pure liquids: water 125 . 0.143 125 0.143
ethanol 17.7 0.215 10.9 0.122
liquid mixture water 147 0.197 10.0 0.120
(65 w% ethanol,  ethanol 106 0.142 - 6.9 0.083
35 w% water) total 25.3 0.338 409 16.9 0.203 40.0

Hence, the pervaporation characteristics of dense, homogeneous membranes are deter-
mined by the sorption and diffusion phenomena of liquids in the polymer. While sorption and
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diffusion properties are mainly determined by the choice of the polymer, both sorption [2.17-
2.20] and diffusion [2.21-2.24] (and thus permeation) of components can strongly be influenced
by the crystallinity (of semi-crystalline polymers) or crosslinking. The influence of crystallinity and
crosslinking on the sorption of low molecular weight components in polymers will be described
mathematically in this section. Experimental results concerning the influence of crystallinity on the
pervaporation characteristics of homogeneous PVA membranes will be presented in the next
chapter.

2.2.2 Sorption of liquids In amorphous polymers

When a liquid is brought into contact with a dry polymer, it will be absorbed into the polymer as
a result of the activity gradient over the contact surface. This swelling is due to the possible inter-
actions between the liquid molecules and the polymer. After a certain period of time an equilib-
rium is reached: the activity of the liquid in the bo|ymér is equal to the activity of the bulk liquid. If a
pure liquid is considered, the sorption process is characterized by the amount of liquid absorbed:
total sorption. If the polymer is brought into contact with a liquid mixture, both components of the
liquid tend to penetrate the polymer. Since usually the interactions between the individual com-
ponents and the polymer are different, the fiquids will not be absorbed to the same extent and
preferential sorption occurs. Hence, sorption of a liquid mixture in a polymer is characterized by
both fotal sorption and preferential sorption.

The sorption process is considered as ideal, if the sorption of a component i from a mixture is
proportional to the concentration of this component x; in the feed mixture: cim=xi.ci°, where ¢ is
the sorption of the pure component i in the polymer. As a result the total sorption of the mixture is
a linear function of the feed composition of tl;e liquid mixture; the sorption selectivity (as defined
by equation (5)) for such a system is independent of the liquid composition. Ideal sorption can be
expected for systems where the interactions between the liquid components are weak, and the
total sorption is very small due to a weak interaction between the polymer and penetrants, e.g. in
case of sorption of gases in polymers. Many authors have assumed that ideal sorption takes place
during pervaporation [2.10,2.25-2.28]. In pervaporation however, the interactions between the
polymer and the penetrants (liquids) are stronger, generally resulting in higher sorption values of
the components in the polymer. In that case the sorption of a component is not only dependent
on its own concentration in the feed, but will also be influenced by the presence (absorption) of
the other component. Hence, experimental deviations from ideal sorption are usually found for
sorption of liquid mixtures in polymers {2.2,2.4,2.14,2.29-2.30], although exceptions are possi-
ble [2.31].
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Total somption

Relations describing equilibrium sorption of low molecular weight components in polymers are
usually derived from Flory-Huggins thermodynamics [2.17].

in the case of sorption of a pure fiquid iin a polymer the following equation can be derived for
the binary system:

af(RT) =lng=ln (1 - ) + 1 -mi)ﬂpxb%%o (11)

{amorphous polymer; one liquid component)

The swelling of the polymer, denoted by 1-% {where ¢p is the volume fraction of polymer) can be
calculated from this equation when the interaction parameter Xip is known. This binary interac-
tion parameter is characterizing the difference in energy of a penetrant molecule absorbed in a
pure (amomhous) polymer compared with the energy of a molecule in the pure penetrant. Al-
though in the original Flory theory the interaction parameter is considered as an enthalpy parame-
ter, from a physical point of view it is more convenient to consider it as a free enthalpy paramster,
taking into account all the non-ideality of the system, including both the non-ideal enthalpy and
entrapy of mixing. In polymer solutions ¥ values are less than 0.5; in swollen polymers ¥ is usually
higher than 0.5, and genéa‘a!ﬁy increases when the affinity between penetrant and polymer de-
creases. Whereas the enthalpy contribution of the interaction parameter usually can be predicted
by the solubility parameter theory [2.32-2.34], the difficully in predicting interaction parameters
originates from the contribution of the entropy term, which cannot be estimated from theory yet.

Preferential sorption

When a polymer is immersed in a binary fiquid mixture, two parameters are needed fo charac-
terize the ternary system: the fotal soiption (denoted by 1—€[>p) and the preferential sorption. The
preferential sorption is a measure for the difference of the liquid compositions in the binary liquid
feed and in the binary liquid fraction in the swollen polymer (ternary system).

For the separation of liquid mixtures by pervaporation this preferential somption is a very impor-
tant parameter [2.9]. The preferential sormption in the equilibrium state can also be described by re-
lations derived from Flory-Huggins thermodynamics. The preferential sorption can be charac-
terized by the sorption selectivity 0.5, as detfined by equation (5). When the volume fractions of
the liquids 1 and 2 in the terary system are denoted by ¢, and ¢, respectively (§; +q>2+¢p=1) and
the volume fractions in the binary fiquid feed by v, and v,, the foliowing equation can be derived
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for the preferential sorption [2.2]:

|n(‘x,s= ln(—%/—é—):
= (L-1) ln(—-)- ,2((v v,) (¢ ¢2)) ¢3( . 23) (12)

(amorphous polymer; two liquid components)

In this equation three constant (concentration independent) interaction parameters are used,
characterizing the interaction energy of liquid 1/liquid 2 (¥4,), liquid 1/polymer ()43) _and liquid 2/
polymer (X53)- For calculating the preferential sorption (or ¢, and ¢,) these three interaction
parameters and the total sorption (or ¢p=¢3) must be known.

In the most simple case the interaction parameters are constant and can be obfained from
swelling data of the polymer in the pure liquids using equation (11) (in case of ;3 and ¥»3), or
from literature. But generally the interaction parameters have to be chosen to be concentration
dependent, in order to obtain good quantitative agreement between experiments and the theo-
retical model [2.2]. '

2.2.3 Sorption of liquids In crosslinked and In semi-crystalline polymers

The equations used above were derived for sorption of liquids in amorphous polymers. But
many polymers are semi-crystalline or can be crosslinked. Crbsslinking and crystallinity both can
influence the total and preferential sorption of liquids in polymers.

Because sorption is an important factor in the transport mechanism of pervaporation, also flux
and pervaporation selectivity of a-membrane will be influenced by crystallinity and crosslinking.
Crosslinking restricts swelling of the polymer and therefore the concentration of the liquid in the
polymer is decreased. Because in most cases the diffusion coefficient is concentration depend-
ent, also the diffusion coefficient of the components in the membrane will decrease. In the case
of crystallinity, transport rates of the components will also decrease: the crystallites can be consid-
ered as physical crosslinks, resulting.in the same effects as chemical crosslinking. Furthermore,
crystallites are lmpermeab!e to penetrants leading to hindered diffusion (tortuosity effect); this
also results in smaller fluxes. '
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Total sorption

Following the literature, the effect of crosslinking and crystallinity on the sorption of low mo-
lecular weight components in polymers can be taken into account. '

A method that is followed by many authors, is o use equation (11) (sorption in amorphous
polymers), and to consider Xip in that equation as an overall interaction parameter for the cross-
linked or semi-crystalline polymer; the interaction parameter calculated in this way can be consid-
ered as an empirical fit-parameter. This method can be used when no quantitative information is
present about the crosslinking density or the crystallinity of thé polymer of interest.

Followihg a more fundamental approach, the fotal sorption (characterized by 1 —¢p) of a pure
liquid i in a crosslinked or semi-crystalline polymer can be described by the following equations
(from [2.17] and [2.35] respectively):

P
1 2 1/3
Infi-¢) +0,(1- ) + X8, +viMl(¢p -2¢p/f) =0 | (13)

c

(crosslinked polymer; one liquid component)

- and:
i1
P AHf/R(7'T_"
-6+ -5 28 Y — ) <o 2
1 u ——1)
27L¢p

(semi-crystalline polymer; one liquid component)

In these equations M, (molecular weight between two crosslinks) and A (fraction of non-crystal-
line polymer that is elastically effective) represent the influence of crosslinking or crystallinity re-
spectively.

As an example, the effect of crosslinking on the fotal sorption will be given here for two pure
liquids 1 and 2. The volume fraction of polymer q;p is calculated using equation (13). In order to
calcuiate ) p and X2p from the sorption of the pure liquids 1 and 2 in the amorphous polymer
using equation (11), volume fractions ¢p1=0.60 and ¢p2=0.80 have been used. The molar
volumes V;of the liquid components 1 and 2, and of the polymer (component 3) are 20
cm®/mole, 50 cm®/mole, and 108 cm>/mole respeciively. The density of the polymer is 1.3 g/cmd,
the crosslinks are tetra-functional (f=4). The results are given in figure 2.1; the figure indeed
shows that, when decreasing the molecular weight between crosslinks (higher degree of cross-
~ linking), the volume fraction of polymer increases strongly (i.e. the swelling decreases).
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¢p 1 pure components

0.6 -

0.5

I —
107 102 103 104 105 108

~—>» M, (g/mole)

Figure 2.1: Swelling of a crosslinked polymer in pure liquids 1 and 2, as a function of the crosslinking
density (M= molecular weight between crosslinks); for numerical data see text.

Preferential sorption

Crosslinking and crystallinity will also influence the preferential sorption of a liquid mixture in a
polymer. The preferential sorption can still be calculated using equation (12); this equation does
not show any direct effects of crosslinking and/or crystallinity parameters. Two situations can be
distinguished:

- the prediction of the sorption selectivity of a crosslinked or semi-crystalline polymer on basis of
sorption data of the same amorphous polymer; or

- the description of an experimentally determined sorption selectivity of the crosslinked or semi-
crystalline polymer, treating it either as an amorphous, as a crosslinked or as a semi-crystalline
polymer. ‘

If equation (12) is used to predict the preferential sorption, and if it is assumed that the inter-
action parameters )45 and X4 for the penetrants and the polymer are not changéd by introduc-
tion of crosslinks or crystalfinity in the polymer, the total sorption of the pure components as well
as that of the liquid mixture in the polymer will be smaller compared to sorption in an amorphous
polymer {see equations (13) and (14) compared to (11)). Due to this decrease in ¢p the preferen-
tial sorption will change too. Hence, in this case the solution of equation (12) is influenced due to
achange in ¢p. -

The effect of the degree of crosslinking on the preferential sorption is demonstrated in figure
2.2. For a 50/50 (voi%) feed the sorption selectivity oS is given as a function of M, as calculated

‘by equation (12), using the same data as for computing figure 2.1. The interaction parameter for
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the liquid mixture was taken as ),=1.0. Figure 2.2 shows that upon increasing the degree of
crosslinking the sorption selectivity increases. It is clear that the sorpﬁon selectivity shoutd in-
crease strongly when the crosslinking density reaches the level, at which the molar volume
between the crosslinks Vpc is of the same order of magnitude as the molar volume of the Jargest’
component ¥, i.e. Vpc=MclpP=V2, or Mc=V2-Pp- For the parameters chosen in this example the
‘critical’ molecular weight between crosslinks is M <501 .3=65 g/mole, which is in agreemant with
the strong increase of the sorption selectivity in figure 2.2. it should be recognized that in many
polymers the molecular weight of & monomeric unit is larger than this value of 65 a/mole, which
means that in practical cases, for the numerical data used in this example, the effect of cross-
linking at more realistic crosslinking densities is only very small.

It can be shown by calculations that the effect of crosslinking on the preferential sorption in-
creases when the difference in solubilities of the two pure components is greater.

9 fiquid mixture
147 50/50 vol%

12‘_‘
10

R —
101 102 103 104 105 10®
—> M, (@mole)

Figure 2.2: Preferential sorption of a fiquid mixture of compeonents 1 and 2 in a crosslinked polymer,
as afunction of the crosslinking density (M = molecular weight between crosslinks);
for numerical data ses text.

On the other hand, equation (12) can also be used to describe the preferential sorption in a
polymer for which the preferential sorption is measured experimentally. It can be investigated
whether the prediction of the sorption selectivity is improved when the polymer is treated either
as amorphous, semi-crystalline or crosslinked. In that case the interaction parameters ¥, and X3
fo be used in equation (12) must be different when calculating these from the experimental ({»3 by
equation (11) for amorphous polymers, by equation (13) for crosslinked or i)y equation (14) for
semi-crystalline polymers. Hence, in this case the preferential sorption is influenced by changing
the interaction parameters ¥ and ¥4, While 5 is given by experiment.
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2.3 Experimental
2.3.1 Materials

Poly(vinylalcohol) (M,,=115,000 Dalton; 100% hydrolyzed) was obtained from Janssen Chimi-
ca. Dimethyisulfoxide (DMSO) (reagent grade) and ethanol (analytical grade) were used without
further purification; water was ultrafiltrated before use.

2.3.2 Membrane preparation

Casting solutions were prepared by dissolving PVA in DMSO (10 or 20 w%). Upon heating to
about 55°C a clear solution was obtained. Homogeneous membranes were prepared by casting
the solution on a glass or perspex plate. The solvent was removed by evaporation in a nitrogen at-
mosphere at room temperature. The membranes were used without post-treatments.

2.3.3 Sorption experiments

Strips of PVA membranes (thickness of about 50 pm, dry weight of about 0.4 g.) were dried in
vacuo urtil no significant weight decrease was observed anymore. The strips were immersed in
conical flasks containing water, ethanol or a mixture of both. The flasks were placed in a thermo-
stated bath at 25°C. The weight of the membranes was measured until no significant weight in-
crease could be observed. After equilibrium was reached the membranes were removed, blotted
between tissue papers and put into a closed tube. The sorbed liquid was distilled out of the mem-
brane, by a method described by Mulder et al [2.2]. From the wet weight (after equilibrium sorp-
tion) and dry weight (after distiliation) of the membranes and the composition of the absorbed
liquid, the total sorption and the preferential sorption were calculated. All experiments were per-
formed in triplo, and the results were averaged. The total sorption is represented by Q: grams of
absorbed liquid per g.ram dry polymer. The preferential sorption is represented by the equilibrium
sorption selectivity o, which is calculated from the liquid composition of the feed (f) and the com-
position of the absorbed liquid in the membrane (m}, according to equation (5) (taking i=water and
j=ethanol). The composition of the liquids was determined by gas chromatography.

2.3.4 Pervaporation experiments
The pervaporation experiments were performed employing three stainless steel pervapora-

tion cells. The effective membrane area in each cell is 79 cm?. From the feed tank, which is kept at
a constant temperature of 25°C, the feed is circulated through the three cells. The pressure at
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the downsiream side was kept below 500 Pa by a vacuum pump. The permeate was collected in
cold traps, which were cooled by liquid nitrogen. Fluxes were determined every hour during eight
hours by determination of the weight increase of the cold traps. During the night pervaporation
continued, the permeate then being collected in a large condenser (cooled by a cryostat at
-30°C). Experiments for each run were performed for at least 2 days. A schematic representation
of the experimental setup is given in figure 2.3. The pervaporation properties are characterized
by the flux J and the pervaporation selectivity oP.

vacuum
. "y pump
condenser \¥

Figure 2.3: Schematic representation of the experimental pervaporation apparatus.

The fluxes of the different membranes were normalized to a membrane thickness of 10 pum,
assuming a proportionality between the flux J and the reciprocal membrane thickness 1/d:
J,=J.9/10 (kg/m?h).

The pervaporation selectivity 0P was calculated from the liquid composition of the feed (f) and
the permeate (p) according to equation (4) (taking i=water and j=ethanol). o is assumed to be in-
dependent of membrane thickness within the range of thicknesses used (dry thickness between
i0and 15 wh). The composition of the liquids was determined by gas chromatography.

2.4 Resutts and discussion
2.4.1 Sorption

The results of the sorption experiments of ethanol/water mixtures in the PVA membranes are
given in the figures 2.4-2.5.
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In figure 2.4 the total sorption Q is given as a function of the feed composition. It shows that
the swelling of the membranes increases with increasing water content of the feed. Using pure
water, the liquid uptake is about twice of the original polymer weight, whereas for pure ethanol
the liquid uptake is only a few percent.

Figure 2.4 also includes results from literature [2.8], where PVA powder was used instead of
homogeneous membranes, as in our case. Although the trend for both systems is the same, the
powder generally absorbs more liquid than the membrane. Only at high water concentrations in
the feed the sorption of the membrane was higher. The discrepancy between the results might
be due to differences in crystallinity between the PVA samples. Unfortunately no quantitative
considerations can be given, because information on the crystallinity of both samples was not
available.

3
Q PVA
(9/9) | 1-osec

membrane

e e e —
0 20 40 60 80 100
—> C1f (W% water)

Figure 2.4: Total sorption Q (grams of absorbed liquid/gram dry polymer) for PYA powder (from [2.8]) and
for homogeneous PVA membranes (M ), as a function of the water content in ethanol/water
mixtures.

Another uncertainty is the difference between the experimental methods used for the deter-
mination of the sorption properties. Whereas we used vacuum distillation to examine the sorption
of the swollen membranes, Neel et al {2.8] used a depletion method to calculate the concentra-
tions inside the PVA powder. From this reference it could not be concluded how exactly the total
sorption was determined. It should be mentioned that a depletion method is an indirect method,
which can be very sensitive to small experimental errors.

In figure 2.5a the composition of the absorbed liquid in the polymer is plotted as a function of
the feed concentration, both for the powder (data taken from [2.8]) and for the homogeneous
membranes. In both cases water is absorbed preferentially over the whole composition range, but
the preferential sorption for the membrane is much higher than for the powder. This can be ex-
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plained from the lower total sorption in the membranes (as can be deduced from equation (12)):
the higher the polymer fraction in a swollen system, the greater the preferential sorption for the
smaller component (water).

In figure 2.5b also the preferential sorption resuits are shown, in which the sorption selectivity
is given as a function of the feed concentration. For all feed concentrations water is absorbed
pre-ferentially. At very low water concentrations a rather high sorption seleclivity was found
{a®=72, for 0.2 w% water in the feed), but with increasing water concentration this value de-
creased rapidly to a value of about 3. The sormption selectivity for the powder is not plotted in
figure 2.5b, because this value is very low, being between 0.°=1.2 and °=1.5 over the com-

plete feed composition range.

m
ireva
i T=25°C
&
5
2
o~
=z
{a)
o $———7—r—T——1——77
o 20 40 6 8 100 6 20 40 60 80 100
—> ¢ (woswaten —> o we%waten)

Figure 2.5: Composition of the absorbed fiquid in the swollen polymer c,m (a) and sorption selectivity
& (b), for PVA gowder (from [2.8]) and for homogsneous PVYA membranes (M ), as a
function of the water content in sthanol/water mixtures.

Prediction of preferential sorption

The preferential sorption of ethanol/water mixtures in the PVA membranes can be predicted
from equation (12}, using constant interaction parameters. However, generally a better agree-
ment between experiments and the model is found if concentration dependent interaction pa-
rameters are used. Because for binary liquid mixtures the concentration dependence of %12 (912)
can be deduced from literature sources, a modified form of equation (12) is used, in which only

%13 and X4 are kept constant [2.2]:
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dg, (U, dg, ,(v,)
+U 2di2 2 1 2d312 (15)
where Uy=0,/($;+$5).

The concentration dependent binary interaction parameter for ethanol/water mixtures (taking
1=water and 2=ethanol) g,, at 25°C was calculated from excess free energy of mixing data [2.36
The data were interpolated and the dependence of g4, on the volume fraction of ethanol was fit-
ted to a third grade polynomial function:

040 (x) = 0.7879 + 0.2026 x + 0.6080 x> - 0.2101 X3 (T=25°C) (16)

Because it is assumed that g, is only dependent on the liquid composition, this equation is used
both for the fliquid feed and for the Iiduid in the swollen ternary system; so equation (16) is used
both when x=v,, and when x=u,.

The interaction parameters X4 and X, are assumed to be constant, and are calculated from
the sorption of the pure components in the polymer. From the experimental resulis weight frac-
tions are transformed into volume fractions, assuming additivity of molar volumes. In this case it is
assumed that PVA acts as an amorphous polymer, so equation (11) is used to calculate X3 and
Xo3- Because a high molecular weight PVA was used, the factor 1Ini=ViNp has been neglected.
The final parameters obtained are given in table 2.2.

Table 2.2: Parameters used to predict preferential sorption of ethanol/water mixtures in homogeneous

PVA membranes, at 25°C.
propetty water ethanol PVA-115-100
index i 1 2 3
MW (Dalton) 18.02 46.07 115,000
o (gfem3) 0.99708 0.78506 13
v, {cm/mole) 18.073 58.683 89,000
swelling: Q (a/g dry polymer) 1.9317 0.0814 -
¢p {cm /cm®) 0.284 0.884 -
Xia ) 0.62 1.63 -
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To predict the preferential sorption by equation (15) one composition parameter should be
known. For practical reasons mostly ¢3 is used. This means that ¢4 should be determined experi-
mentally as a function of the feed concentration:

$a= ¢3, from experiment (17a)

If no experimental data on sorption of the mixture are available, the fotal sorption can be esti-
mated from swelling data of the pure components. As a first approximation it can be assumed that
the ftotal sorption in the ternary system is a linear function of the composition of the feed mixture,

according fo:
Gg =V Pa(vo=0) +Vo5(vy=0) (17b)

Another approach is to define an 'average’ interaction parameter .. for the liquid mixiure and
the polymer, which is linearly dependent on the composition of the feed mixiure, according to:

Xz = Y1X13(v2=0) + V5Xo3(v{=0) (17c)
Substitution of ¥4 in equation (11) leads to ¢4.

The composition of the liquid in the swollen PVA was calculated by using equa.tion (15), taking
experimental total sorption values (17a), and predicted total sorption values from equations (17b)
and (17c¢). The predicted results and the experimental data obtained for the preferential sorption
(of water) are given in figure 2.6. From this figure it can be seen that the best fit is obtained for the
case in which the experimental ¢, values are used. The agreement between experimental and
predicted liquid composition in the membrane is qualitatively reasonable‘. If also the total swelling
has to be predicted from the swelling values in the pure components by equation (17b) or (17c),
the agreement is worse. These equations generally predict a higher preferential sorption at low
water content of the feed.

In conclusion, a reasonable good agreement can be found between the model and the ex-
periments, using constant interaction parameters (X;3), and using the experimental total sorption

values (¢g).
2.4.2 Pervaporation

The pervaporation results using the PVA membranes are shown in figure 2.7.
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(W% water) -
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P ¢ exparimental results
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Figure 2.6: Experimental and predicted values of the composition of the liquid in homogeneous PVA
membranes, as a function of the water content in sthanol/water mixtures.
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Figure 2.7: Normalized pervaporation flux through homogeneous PVA membranes dJ, (a) and
pervaporation selectivity of (b), as a function of the water content in ethanol/water feed
mixtures, Membrane thickness: 10-15 um.

In figure 2.7a the flux is given as a function of the feed concentration. At low water concentration
small fluxes were measured, due to the poor swelling of the membrane. For increasing water con-
centration in the feed the flux increases rapidly. At concentrations higher than 31 w% water in the
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feed the swelling of the membrane became so high that due o loss of mechanical strength no
pervaporation experiments could be performed anymore. The pervaporation selectivity is given in
figure 2.7b. For increasing water concentration the selectivily first increases, but then decreases
again. The decrease in pervaporation selectivity is mainly due to the low sorption selectivity at
these higher water concentrations.

2.4.3 Sorptlon versus pervaporation

In figure 2.8 the ratio of the pervaporation selectivity and the equilibrium sorplion selectivity is
given as a function of the feed concentration. This ratio is called the diffusion selectivity ad, as
defined in equation (7). The diffusion selectivily is equivalent to the ratio of the effective (or
mean) diffusion coefficients of water and ethanol (see equation (10)). Interpolation between feed
concenirations was used to calculate pervaporation selectivities and sorption selectivities at the

same conceniration.

a I PVA
T=25°C

Q 20 40 80 80 100
—> ¢ whwaen

Figuns 2.8: Diffusion selectivity ad for homogeneous PVA membranes, as a function of the water content
in ethanol/waler feed mixtures {calculatad from interpolated values of the equilibrium sorption
selectivity and the pervaporation selsctivity).

From figure 2.8 it can be seen that the diffusion selectivity increases with increasing water con-
tent in the feed. This is probably due to a stronger increase of the diffusion rate of water com-
pared to ethanol, because the membrane mainly absorbs water. At low water content (< 5 w%
water) in the ethanoliwater mixtures the diffusion selectivity is smaller than the sorption selectivity
(actually, the diffusion selectivity is lower than 1), which means that at low water concentrations

the preferential permeation of water is malinly determined by the preferertial sorption of water
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from the mixiures; at higher water concentrations the preferential permeation of water is more
strongly influenced by the selective diffusion of water. It should be realized that the diffusion
selectivity has been derived from equilibrium sorption results in combination with steady-state
pervaporation results. If during pervaporation ro thermodynamic equilibrium takes place at the
feed-membrane interface, the diffusion selectivity, as considered here, has no sound basis.

2.5 Conclusions

In the theoretical part it is shown that, if it can be assumed that preferential sorption during per-
vaporation is comparable to preferential ecjuihbrium sorption, information about the diffusivities
during pervaporation can be obtained by comparing the sorption results and the pervaporation
results. By a numerical example it is shown that the preferential sorption of a liquid mixture in a
polymer can be influenced by crosslinking. At increasing degree of crosslinking the preferential
sorption increases, due to the decrease of the total sorption. The effect of crosslinking on the
sorption selectivity is strongly dependent on the molar volumes of the components. If the mo-
lecular weight between crosslinks is of the same order of magnitude or smaller than Mc=V2.pp
(Vo= molar volurne of the largest component), the sorption selectivity increases strongly.

In the experimental part it is shown that water is preferentially absorbed in homogeneous PVA
membranes, for all ethanol/water compositions. At decreasing water concentrations in the feed
the sorption selectivity increases strongly. Water also permeates preferentially through these
homogeneous PVA membranes, for all ethanol/water mixtures measured. By comparing the
equilibrium sorption selectivity and the pervaporation selectivity, it is concluded that diffusion also
affects the separation mechanism.

2.6 List of symbols

g = activity of component i in the liquid (feed, permeate, membrane) o)

¢; = weightfraction of component i in the liquid (feed, permeate, membrane) (a/a)

d = membrane thickness . (m)

D, = diffusion coefficient of component i in the membrane {m2/m)

f = functionality of the crosslinks )

g; = ooncentration dependent interaction parameter for components i and j A

Ak'—i, = heat of fusion of the polymer (J/mole)
J = total pervaporation flux {(kg/m?h)
J; = pervaporation flux of component i (kg/mzh)
J, = total pervaporation flux, normalized to 10 pm membrane thickness (kg/mzh)
m = ratio of molar volumes of component 2 and component 1: m= V,/V, O]

M. = molecular weight between two crosslinks . (Dalton)

M, = molecular weight of the monomeric unit of the polymer (Dalton)

M, = weight average molecular weight of the polymer (Dalton)
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ratio of molar volumes of the polymer and component i = Vga/V; &)

n =
d = fotal sorption in the polymer grams of absorbed liquid/gram dry polymer g
R = gasconstant - (J/moleK)
T = temperature {°C, K)
T, = ~melting temperature of the crystallites in the polymer (K)
y; = volume fraction of component i in the binary fiquid in the swollen polymer (c 3)
v; = volume fraction of component i in the liquid feed (cm3/cm3)
V; = molar volume of component i (cm~/mole)
¥; = mole fraction of component i (mole/mole)
a = selectivity (equilibrium sorption, pervaporation, diffusion) )
X = concentration independent interaction parameter for componentsiandj ()
Xma= concentration independent interaction parameter for & liquid mixture

and a polymer Q)
¢, = volume fraction of component i in the ternary system - “(cm/emd)
A = fraction of non-crystalline polymer that is elastically effective (cmfemd)
1 = chemical potential (J/mole)
p = density (g/cm )

ri

1 = preferentially permeating component
2 = less permeable component
3 = polymer
p = polymer
superscripfs
d = diffusion
f = feed
m = membrane
p = permeate, pervaporation
s = sorption
° = related to the pure component
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Chapter 3

Pervaporation of ethanol/water mixtures using homogeneous
poly(vinylalcohol) membranes.

J.W.F. Spitzen, M.H.V. Mulder, C.A. Smolders

Summary

Ethanolwater mixtures were dehydrated by pervaporation using homogeneous poly(vinylalcohol) (PVA)
membranes. The pervaporation flux and selectivity were determined at 25°C as a function of the feed com-
position, using four types of PVA with different degrees of hydrolysis. With the same membranes equilib-
rium sorption experiments were performed, from which information about the separation mechanism was ob-
tained. In all cases both pervaporation flux and total swelling of the membranes increased with increasing .
water content in the ethanol/water mixtures. At high ethanol concentrations the fluxes were extremely small
(except for 88% hydrolyzed PVA), due to the fact that the solubility of pure ethanol in these membranes is
extremely small. Ethanol was only absorbed in the membranes in the presence of water.

Homogeneous PVA membrarnes with a high degree of hydrolysis were also tested at 90 w¥% ethanol and
70°C. The flux and selectivity were determined as a function of membrane thickness, for different prepara-
tion methods. Whereas the fluxes of the membranes were rather reproducible, the selectivities varied to a
large extent. The influence of crosslinking of the membranes with maleic acid on the pervaporation proper-
ties was invesligate&.

All PVYA membranes prepared were semi—ctyszalline. The crystallinity of the membranes was dspendent
on the degree of hydrolysis of the PVA used, and was increased by a heat-treatment. The presence of crys-

tallites determines to a large extent the sorption and pervaporation properties of PVA membranes.

3.1 Introduction

Pervaporation is a membrane separation technique, that can be used to separate liquid mix-
tures. In the beginning of the research on pervaporation in the early sixties [3.1-3.5] mostly mix-
tures of organic liquids were investigated, but both the separation efficiency and the permeability
were too low to compete with conventional liquid separation techniques, such as distillation and
extraction. Furthermore, in that time the energy prices were rather low, so there was littie need for
alternative, less energy consuming separation techniques. The dehydration of water/organic
liquid mixtures seemed to be more promising, in which case generally hydrophilic polymers have
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to be used as a membrane material. Especially the separation of ethanoliwater mixtures has been
the subject of many investigations, mainly due to the search for altemative energy sources (etha-
nol). In the past decade a lot of polymers have been screened as a membrane material for this
separation problem. Very promising results were obtained using poly(vinylalcohol) (PVA) as the

membrane material.

PVA is a polymer that has been investigated intensively as membrane material for various
processes, such as dialysis [3.7-3.9], controlled drug release {3.10-3.13,3.30] and reverse os-
mosis [3.15-3.30]; in the case of reverse osmosis also the separation of ethanoliwater has been
investigated [3.17,3.18]. Recently PVA was studied for the separation of gases [3.31,3.32]. A
great advantage of PVA is the chemical stability with respect to organic liquids, especiaily when
PVA membranes are crossfinked [3.19-3.21].

Already in 1961 Schrodt et al [3.33] reported on the separation of organic liquid mixtures by
pervaporation using PVYA membranes. In 1962 Binning et al [3.5] patented the use of homoge-
neous PVA membranes fo_rthe dehydration of organic liquids by pervaporation. Later also Huang
et al [3.6,3.7] presented resulis on the dehydration of ethanol using homogeneous (modified)
PVA membranes. In 1983 the Japanese company Kuraray patented a combination of disillation
and the pervaporation process for the dehydration of ethanol, using PVA hollow fiber mem-
branes [3.34], alihough nothing has been published afterwards on the preparation and proper-
ties of these membranes. '

it took until 1983 before a membrane [3.14] was developed that could be used in a commer-
cial installation [3.36]. This membrane is a composite membrane, with a selective toplayer of
crosslinked PVA. Because the mechanism for transport in this membrane was not clearly under-
stood, a large part of the effort in pervaporation research was shifted to the investigation and pos-
sible applications of homogeneous PVA membranes, as seen from the numerous presentations
on this subject during pervaporation conferences in Atlanta (1986) and San Antonio (1987) and
publications in literature [3.37-3.41].

In the previous chapter the solution-diffusion model has been discussed, which is generally
used to describe transport'of liquids through dense pol'ymér’membranes during pervaporation. It
was shown by model calculations that the pervaporation properiies of the membranes can be
influenced by crosslinking or by changing the crystallinity of the membrane, because both sorp-
tion and diffusion are influenced. In fiterature the effect of crosslinking on sorption in PVA mem-
branes has been reported [3.21,3.42]. In this chapter the influence of crystallinity on pervapo-
ration properties of homogeneous PVA membranes will be investigated.

The crystallinity of PVA membranes, prepared by evaporation of a solvent from a casted film,
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can be influenced in several ways.

The crystallinity is strongly dependent-on the degree of hydrolysis of PVA. PVA is usually pre-
pared by hydrolysis of poly(vinylacetate) (PVAc). By partial hydrolyzation (co-)polymers are ob-
tained with both hydroxyl and acetate groups. Because the chain structure of fully hydrolyzed
PVA is very regular, this polymer is semi-crystalline. In partially hydrolyzed polymers the acetate
groups disturb the regular structure, giving less possibility for crystallization. Another effect of an
increasing amount of acetate groups is a decrease of hydrophilicity of the polymer. Whereas the
hydroxyl groups in PVA can act as donor to hydrogen bonds, the acetate groups do not have that
possibility.

The crystallinity of PVA membranes can also be influenced by variation of the evaporation rate
of the solvent [3.43] or by applying a heat-treatment [3.13,3.44-3.46]. Especially this last method
has widely been used to influence the properties of PVA membranes. The main purpose of a
heat-treatment was to improve the stability of the membranes in aqueous mixtures, or to increase
the rejection in reverse osmosis [3.5,3.26,3.48,3.51]; in most cases the permeability decreased
due to the heat-treatment.

In this chapter the influence of the degree of hydrolysis on the crystallinity, and on the sorp-
tion and pervaporation characteristics of ethanol/water mixtures in homogeneous PVA mem-
branes (without heat-treatment) will be investigated. Furthermore, the influence of a heat-treat-
ment on the pervaporation results will be discussed.

3.2 Preparation of PVA membranes

Due to the regular chain structure of fully hydrolyzed PVA, the polymer caﬁ crystallize easily.
The hydroxyl groups in the polymer can form intermolecular hydrogen bonds. For the preparation
of membranes, PVA has to be dissolved in a solvent that can break these hydrogen bonds, and
dissolve the crystallites. Good solvents for PVA are water and dimethylsulfoxide (DMSO), but the
crystallites only dissolve at elevated temperatures: whereas solutions in DMSQO can be obtained
at 60°C, aqueous solutions have to be heated up to about 90°C. Upon cooling the solutions to
room temperature no recrystallization occurs, due to strong solvatation of the polymer. After cast-
ing the solution on a support (perspex or glass) the solvent can be evaporated for the preparation
of homogeneous membranes. Upon removal of the solvent the polymer recrystallizes again, and
a semi-crystalline membrane is obtained finally.

Although these membranes can be used in aqueous systems at low temperatures without any
post-treatment (due to the presence of crystallites), the stability against water and organic sol-
vents at higher temperatures can be increased by crosslinking. This can be performed by:
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- applying a heat-treatment: etherification of hydroxy! groups in PVA [3.48]. Although this reac-
tion is possible as a resuit of a heat-treatment, crystallization may occur tco.

- using crosslinking agents, such as: (di-)aldehydes [3.10-3.14,3.21,3.22,3.50-3.54], ketones
[3.21,3.52], dicarboxylic acids [3.14,3.17,3.21,3.24,3.52], anhydrides, metal ions {3.19-3.21,
3.24,3.28,3.29,3.47,3.52] and di-isocyanates [3.55].

- reactions induced by radiation [3.25,3.42,3.45,3.56-3.58].

These crosslinking procedures have been applied for the preparation of homogeneous and of

asymmetric membranes [3.13,3.18-3.24,3.52], mostly in a fiat configuration, but also for hollow

fiber membranes [3.8,3.51,3.59].

3.3 Experimental
3.3.1 Materials

Four types of poly(vinylalcohol) with different degrees of hydrolysis have been used: 88%,
96%, 98% and 100%. These types are represented by PVA-96-88, PVA-85-96, PVA-126-98
and PVA-115-100 respectively, and are listed in table 3.1. Maleic acid (general purpose grade)
was obtained from BDH Chemicals Ltd. Ethanol (analytical grade) was used without further purifi-
cation; water was ultrafilirated before use.

Table 3.1:  Typss of poly(vinylalcohol) used for the preparation of hormogeneous merbranes.

polymer M, (Datton) * degree of hydrolysis * supplied by
PVA-96-88 - 96,000 88% Aldrich
PVA-95-96 85,000 96% Aldrich
PVA-126-98 126,000 98% Aldrich
PVA-115-100 - 115,000 100% Aldrich

* given by the manufacturer.

3.3.2 Membrane preparation

Casting solutions were, prepared by diséolving PVA in water (10 w% or 12.5 w%). Upon
heating to about 90°C a clear solution was obtained. For the preparation of crosslinked PVA
membranes 0.05 mole maleic acid per mole monomeric unit of PVA was added {o the cold casting
solution. Homogeneous membranes were prepared by casting the solution on a perspex plate.
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The solvent was removed by evaporation in a nitrogen atmosphere at room temperature. In some
cases the membranes were exposed to a heat-treatment after the evaporation of the solvent was
completed. The membranes, covered in a petri-dish, were placed in an air-vented oven for 10 or
30 minutes, at temperatures of 130°C or 150°C. This heat-treatment was also applied in the case
of crosslinking the membranes with maleic acid. Before the membranes were used in the pervap-
oration experiments, the membranes were pre-swollen in the respective feed mixtures at 25°C.

3.3.3 Difierential Scanning Calorimetry

A Perkin Elmer Differential Scanning Calorimeter (DSC) in combination with a System 4 Micro-
processor Controller and a Thermal Analysis Data Station (TADS) Model 3700 was used for DSC
measurements. Nitrogen gas was purged through the sample chambers. The polymer samples
were placed in aluminium sample pans, which were sealed with perforated covers. The runs were
periormed from 50°C till 260°C, using a constant heating rate of 40°C/min. unless stated other-
wise. The melting enthalpy and the onset of melting of the samples were calculated by the TADS
system. The system was calibrated using Indium.

Table 3.2:  Literature data for the heat of fusion AHzof PVA. Average AH= 1.65 kcal/mole= 37.5 calig.

method * heat of fusion AHg reference
(kcal/mole)
Copolymer 056 [3.62]
Diluent 1.05 [3.63]
Diluent 1.43 [3.62]
Diluent 147 [3.62]
Copolymer 1.57 [3.62]
Diluent 1.64 {3.62]
Copolymer 1.67 [3.62]
Diluent 2.00 [3.62]
Diluent 247 [3.62]
Diluent 2.63 . [3.35]

* In the ‘copolymer method' the melting temperature of a semi-crystalline polymer is determined
as a function of the composition of the copolymer. In the ‘diluent method' the melting tempera-
ture of the polymer is determined as a function of the concentration of an absorbed liquid in the
polymer. For both methods the heat of fusion is calculated using thermodynamic equations.

The enthalpy of melting AH* (latent heat) of a semi-crystalline polymer can be refated fo the
overall crystallinity ¢c of the polymer, if the enthalpy of melting for 100% crystalline material AH;
(heat of fusion) is known: ¢ = AH*/AH;. In literature scattered data (see table 3.2) have been re-
ported for the heat of fusion for PVA, because this parameter can only be determined by indirect
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methods. We used the average value of the heat of fusion from table 3.2 to estimate the crystal-
linity of our samples: AH=1.65 kcal/mole=37.5 cal/g, using the molecular weight of a monomeric
unit of fuily hydrolyzed PVA. The melting enthalpies of PVA powders as well of homogeneous
membranes of PVA with different degrees of hydrolysis have been determined.

3.3.4 Sarption experiments

Equilibrium sorption experiments were performed at 25°C, using thick strips (thickness be-
tween 50 and 200 pm, dry weight of about 0.3 g.) of homogeneous PVA membranes (without
heat-treatment). The total sorption and the preferential sorption of ethanoliwater midures in
these membranes were determined at 50 w%, 90 w% and 100 w% ethanol, for PVA with differ-
ent degrees of hydrolysis. All experiments were performed in triplo, and the three results were
averaged.

The experimental method is described in chapter 2 of this thesis. The total sorption is repre-
sented by Q: grams of absorbed liquid per gram dry polymer. The sorption results can also be pre-
sented by the component sorption data. From the total sorption Q and the composition of the
liquid absorbed in the membrane the component sorption of water {(Q,,) and ethanol (Q,) is cal-
culated: Q,=Q.c,,™ and Q =Q.c,™ (with ¢,,™+c,M=1). The preferential sorption is represented
by the equilibrium sorption selectivity ot%, which is calculated from the liguid composition of the
feed (f) and the composition of the absorbed liquid in the membrane (m), according to:

5= (G ™e M) (cy e (1)

The composition of the liquids was determined by gas chromatography.
3.3.5 Pervaporation experiments

The pervaporation experiments were performed employing two stirred glass cells, as de-
scribed by Mulder et al [3.60]. The effective membrane areas in the cells are 71 cm? and 80 cm.
The pressure at the downstream side was kept below 500 Pa by a vacuum pump. The permeate
was collected in cold traps, which were cooled by liquid nitrogen. Fluxes were determined every
hour during eight hours by determination of the weight increase of the cold traps. The pervapora-
tion properties are characterized by the flux J and the pervaporation selectivity oP.

The fluxes of the different membranes were mostly normalized to a membrane thickness of 10
pm, assuming a proportionality between the flux J and the reciprocal membrane thickness 1/d:
J,=J.d/10 (kg/mh).
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The fluxes can also be presented by the component flux data. From the total flux J, and the
composition of the permeate, the component fluxes of water (Jn'w) and ethanol (Jn'e) are calcu-
lated: ..lnM,=Jn.c‘,‘,p and Jn_e=Jn.cep (with ¢ P+c P=1).

The pervaporation selectivity oP was calculated from the liquid composition of the feed (f) and
the permeate (p) according to equation (2). Unless stated otherwise, oP is assumed to be inde-
pendent of the membrane thickness within the range of thicknesses used.

oP= (¢, PreP)(c, e : (2)

The thickness of the dry membranes varied between 4 and 63 um. The composition of the
liquids was determined by gas chromatography. ’

3.4 Resuits and discussion
3.4.1 Differential Scanning Calotimetry

DSC experiments were performed to obtain information about the extent of crystallinity of the
various PVA membranes that were used for the sorption and pervaporation experiments.

It is known that the crystallinity of PVA can be increased by a heat-treatment at temperatures
roughly above 100°C [3.13,3.44-3.46]. Because during a DSC run the temperature of the sample
is raiged from 50°C till 260°C, crystallization of the sample during the run is possible. As a result
the crystallinity, determined in this way, can be higher than that of the original sample (before the
run). It was investigated whether the crystallinity of PVA powders increased during a DSC run
using a heating rate of 40°C/min., by using a different heating procedure. Whereas in the normal
DSC runs a constant heating rate of 40°C/min. was used, in the second procedure the samples
were heated to a temperature just below the onset of melting, using a maximum heating rate
(200°C/min.); the runs were then completed using the normal heating rate of 40°C/min. The
enthalpies of melting monitored in these two procedures did not differ significantly from each
other. Hence, it is concluded that the crystallinity of the samples does not increase during the
DSC runs, using a heating'rate of 40°C/min.

The thermograms of the DSC runs for the PVA powders are given in figure 3.1. The small ver-
tical lines in the thermograms indicate the integration boundaries. These boundaries were set to
the temperature where the recorded signal deviated significantly from a straight line.
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Figure 8.1: Thermograms of DSC runs for PVA powders, with different degrees of hydrolysis:
8834, 96%, 9855 and 100%. Healing rate: 40°C/min.

The enthalples of meliing AH* of the different samples are given in table 3.3. The enthalpy of
melting decreases with decreasing degree of hydrolysis. Whereas the presence of 2% of acetale
groups in PVA-128-98 does not influence the crystallinity compared to fully hydrolyzed PVA
(PVA-115-100) significantly, the crystaliinity of PVA-95-96 (4% acetate groups) is about 10%
lower, and the crystallinity of PVA-96-88 is about 50% lower. Using the average value from lter-
ature of 37.5 cal/g for the heat of fusion AH;, the crystallinity of the PVA powders varied betwsen

$=23% for PVA-08-88 and §=46% for PVA-115-100.

Table 3.3: Melting enthalpy and onset of melting from DSC expsriments for PYA powders and
homogeneous PVA membranes. Heating rate: 40°C/min.

sample povrder . membrane

AH* (calig) onset (°C) AH* (cal/g) onset (°C)
PVA-115-100 174105 216 13.21+0.1 211
PVA-126-98 172101 202 12.7+086 203
PVA-95-96 15.7+£0.9 198 11.3+04 192
PVA-95-88 8.8+0.1 166 11.2+02 149

In figure 3.2 the thermograms of the DSC runs for the PVA membranes are given; the enthal-
pies of meliing AH* are also given in table 3.3. The same trend is found as for the PVA powders:
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the highest crystaliinity is found for the fully hydrolyzed PVA (¢,=35%), and the crystallinity de-
creases with decreasing degree of hydrolysis. This decrease, however, is much smaller in com-
parison with that for the powders; whereas the crystallinity of the three membrane samples with a
high degree of hydrolysis is smaller compared to the powder, the crystallinity of the PVA-96-88
membrane is higher than that of the powder (¢c=30% and ¢c=23°/o respectively).

endo homogeneous
{mcal/sec) PVA membranes
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50 100 150 200 250
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Figure 3.2: Thermograms of DSC runs for homogeneous PVA membranes, with different degrees of -
hydrolysis: 88%, 96%, 98% and 100%. Heating rate: 40°C/min.

This relatively high crystaliinity of the PVA-96-88 membrane is rather surprising. As can be
seen from the corresponding thermogram in figure 3.2, the high melting enthalpy of this sample
is due to the lower temperature where the crystallites start to melt: whereas in the powder melting
staris roughly at about 160°C, the crystallites in the membrane already melt at about 115°C.

Furthermore, it is surprising that the crystallinities of the membranes are lower than that of the
corresponding powders, except for the 88% hydrolyzed PVA. Crystallization phenomena are de-
termined by nucleation and growth of crystallites. Powders are generally prepared by precipita-
tion from a dilute solution, in which case the molecular structure is frozen within a short period of
time. Afthough many crystallites can be nucleated, there is little time for growth of the crystallites.
Because membranes are prepared by slow evaporation of the solvent, there is more time for
growth of the crystallites, resulting in a higher crystallinity compared to powders. Only in the case
of the 88% hydrolyzed PVA a higher crystallinity was found for the membrane. The lower crystalli¥
nity of the other membranes must be due to other effects.

Summarizing the DSC results, it is concluded that all PVA membranes were semi-crystalline.
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The 100% hydrolyzed PVA contains the largest amount of crystallinity, whereas at decreasing de-
gree of hydrolysis the crystallinity decreased io some extent.

342 Influence of the degree of hydrolysis on pervaporation and sorption
results for PVA membranes

To investigate the mechanism for transport of ethanol/water mixtures in PVA membranes,
equilibrium sorption and pervaporation expériments have been performed at 25°C, using the
same membranes. To take into account the effect of crystallinity, polymers with different degrees

* of hydrolysis weré used: 88%, 96%, 98% and 100%. Becausé PVA rhembranés generatly will be
applied at high ethanol concentration, three ethanol/water mixtures were used as a feed: 50 W%,
90 w% and 100 w% ethanol. The sorption and pervaporation properties of the PVA-96-88 mem-
branes could not be determined in a 50 w% ethanoliwater mixture, because the membranes dis-
solved in this mixiure. ‘

Alihough in some experiments pure ethanol (reagent grade: >99.8 w% ethanol; no water
could be detected with gas chromatography) was used as a feed, both the permeate in the per-
vaporation expen?ments'and the liquid distilled from the membrane in the sorptibn experiments
contained water. The sorption and permeation of water has to be the result of the presence of
traces of water in the 'pure ethanol' in the feed, which is an indication of the high sorption and per-

vaporation seleclivities for water at high ethanol concentrations.
Pervaporation

In figure 3.3 the pervaporation results are given as a function of the feed composition, for
different degrees of hydrolysis of PVA. Figure 3.3a clearly shows that for high ethanol contents in
the feed low fluxes are obtained using the highly hydrolyzed PVA membranes. When the water
content in the feed is increased, fluxes increase strongly for all types of PVA. The selectivities of
all membranes increase with increasing ethanol content in the feed (see ﬁgure 3.3b}). This in-
crease in selectivity is caused by a strong decrease in the component flux of ethanol with in-

' creasing ethanol content in the feed, as can be seen from figure 3.4. Because component fluxes
in pervaporation generally increase if the concentration of the domponent in question in the feed
is increased, this behaviour of the‘cqmponent flux of ethanol must be due to coupling phenom-
ena: for increasing water content in the feed the component flux of ethanol is strongly enhanced
by the increase of the component flux of water. This behavior of the component flux of ethanol as
a function of the concentiration has also been reported by Bakish et al [3.61] for GFT membranes
(crosslinked PVA).
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Figure 3.3: Normalized pervaporation flux J,, (a} and pervaporation selectivity of (b) for homogeneous
PVA membranes, as a function of the ethanol content in ethanoliwater mixtures, for PVA with
different degrees of hydrolysis. Membrane thickness: 22-25 um.
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Figure 3.4: Normalized component flux of ethanol J, , through homogeneous PVA membranes, as a
function of the ethanol content in ethmoWater mixtures, for PVA with different degrees of
hydrolysis. Membrane thickness: 22-25 um.

(Note the difference in vertical scale values, compared to figure 3.3a)

Sorption

In order to obtain more information on the separation mechanism, equilibrium sorption experi-
ments were performed. In figure 3.5 the sorption results are given as a function of the feed com-
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position, for different degrees of hydrolysis of PVA. The decrease in the component sorption of
water Q,,, in figure 3.5a with increasing ethanof confent in the feed will lead to a decrease in com-
ponent flux of water with increasing ethanol content. As can be seen from figure 3.5b the solubi-
lity of ethanol in these membranes is very small, except for the 88% hydrolyzed PVA.

Qy " Treva R
(9/9) 1.2 4] T25°C 9) 124 725°C
T 104 101
o8- 08
0.6 06
0.4- 044
024 024
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Figure 3.5: Comgonent sotption of water Q, (a) and of ethanol Q (b) in homogeneous PVA membranss,
as a function of the ethanol content in ethanoclfwater mixtures, for PYA with different degress of
- hydrolysis.

These results can explain the low flux values for pure ethanol, as given in figure 3.4. When the
ethanol content in the feed mixture is decreased, both the component sorption of water Q,, and
ethanol Q, increase. This increase of Q  with decreasing ethanol concentration can explain the
dependence of the component flux of ethanol as a function of the feed concentration as shown
in figure 3.4; it must be atiributed to the presence (absorption) of water. This can be considered -
as a thermodynamic coupling phenomenon, which is demonstrated more clearly in figure 3.6.
The component sorption of ethanol is plotled here as a function of the component sorption of
water: Q is linearly dependent on Q. From the slope of this figure it can be calculated that the
sorption of 1 gram of ethanol is accompanied by 1.83 gram of water. Substituting the respective
molecular weights, this means that ene molecule of ethanol is absorbed in the presence of about
five (actually 4.67) molecules of water. This value is in close agreement with the value of four mol-
ecules of water that Bakish et al [3.61] obtained for the GFT membrane, from flux data. However, it
should be kept in mind that the properties of the GFT membrane are determined by a PVA top-
layer, which is crosslinked and heai-treated, whereas we used non-treated PVA membranes.
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Figure 3.6: Relation betwsen the component soiption of ethanol Qg and the component sorption of water
Q,,,in homogeneous PVA membranes.

The coupled sorption of water and ethanol, however, can not explain the results at very low
water contents in the feed. In figure 3.7 the component sorption of ethanol and water are given
for sorption of ‘pure* ethanol in PVA mermbranes, as a function of the degree of hydrolysis of the
PVA. Ethanol is not absorbed at all for the 96%, 98% and 100% hydrolyzed PVA membranes,
whereas a significant absorption of water (the ‘pure’ ethanol feed must have contained traces of
water) was found. For the 88% hydrolyzed PVA membrane a rather high component sorption of
ethanol was found. However, the component sorption of water is hardly affected by the degree of
hydrolysis. Hence, the high component sorption of ethanol here can riot be due to the sorption
of water (no coupling at high ethanol content in the feed).
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Figure 3.7: Component sorption of ethanol Q, and of water Q,, from pure’ ethanol in homogensous PVA
membranes, as a function of the degres of hydrolysis of PVA.
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The effect of the degree of hydrolysis on the sorption resuits of the membranes in pure etha-
nol can be due fo two factors:

a For lower degreés of hydrolysis the interaction between (amorphous) PVA and ethanol is

stronger; as a result the ethanol sorption increases in the same direction. 7
b) For lower degrees of hydrolysis the crystallinity of the membranes is Iower,rwhich influences

the sorption of low molecular weight components in semi-crystalline polymers.

If the absorption of pure ethano! in PVA membranes is only determined by the interaction be-
tween amorphous PVA and ethanol, the interaction between ethanol and 100% hydrolyzed PVA
must be extremely weak, because this membrane absorbs no ethanol at all. This is not always the
case, as was shown in the previous chapter. In that case also fully hydrolyzed PVA membranes
were prepared, which absorbed about 8% of pure ethanol. Since the interaction between the
polymer and ethanol must be the same, the difference between the ethanol absorption of the
membranes in this chapter and the membranes in the previous chapter must be due to differ-
ences in crystallinity of the membranes. These possible differences in crystallinity may have origi-
nated from the fact that the membranes were prepared from a diiferent casting solution: in the
previous chapter DMSO was used, whereas water is used in this chapter.

Furthermore, both the interactions between water and PVA, and ethanol and PVA, are based
on the formation of hydrogen bonds. Because ethanol and water do not differ foo much in ability
to form hydrogen bonds, it is unlikely that there is such a large difference between the interaction
of PVA and water, and PVA ard ethanol, respectively. Since strong interactions occur between
water and PVA (amorphous PVA dissolves in water), the absence of ethanol sorption is rather un-
expected if only interaction forces are considered.

Hence, the low sorption of ethanol in highly hydrolyzed PVA membranes should mainly be
determined by the factor crystallinity. Crystallinity can be considered as physical crosslinking. in
chapter 2 of this thesis it has been shown that the effect of crosslinking (and thus crystallinity) is
strongly dependent on the molecular dimensions of the components. For sorption the compo-
nents must have the opportunity to penetrate into the polymer: there must be ‘free volume' avail-
able to penetrate. Whereas in crosslinked polymers this free volume is determined by the cross-
link density, in the case of semi-crystalline polymers this free volume is determined by the total
amount of crystallinity and the number of crystallites. Our DSC experiments indicated that the
PVA membranes with a high degree of hydrolysis are about 35% crystalline. Since water is a
smaller molecule than ethanol (the molar volumes differ by a facior of 3.2 at 25°C), water is less re-
stricted than ethanol to penetrate into the semi-crystalline polymer. It is even possible that in the
case at hand the crystallinity is so high, that pure ethanol can not penetrate at all.

Whereas the low ethanol absorption at high degree of hydrolysis is mainly due to the high
crystallinity, the increase of the ethanol sorption with decreasing degree of hydrolysis can also be
attributed to the decrease of hydrophilicity of the polymer, as a result of an increase of the amount
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of more hydrophobic acetate groups. Thus, the interaction between PVA and ethanof becomes
stronger with decreasing degree of hydrolysis, which results in an increase of the solubility of
pure ethanol in the membranes. Furthermore, the presence of the bulky acetate groups in less
hydrolyzed PVA can also create free volume for absorption of ethano! and water.

Summarizing the results, it is concluded that the component sorption of water in PVA mem-
branes increases with increasing water content in the feed. The extremely low solubility of pure
ethanol in PVA membranes with a high degree of hydrolysis is mainly due to the high crystallinity
of the membranes. Water can be absorbed, mainly because of its smaller molecular size. In aque-
ous feed mixtures ethanol can only be absorbed as a result of the absorption of water. Due to the
absorption of water the membrane swells, and ethanol can then penetrate into the membrane. At
decreasing ethanol content in the feed mixiure the component sorption of ethanol increases due
a coupling effect with the absorption of water.

Sorption versus pervaporation

According to the solution-diffusion model (see chapter 2), the pervaporation proberﬁes of ho-
mogeneous membranes are determined by sorption and diffusion of the components in the
membrane. Hence, the pervaporation selectivity of homogeneous PVA membranes is deter-
mined by differences in sorption and diffusion properties of ethanol and water in these mem-
branes. By comparing the sorption and pervaporation selectivities the influence of diffusion can
be deduced.

o i[pva o4 ifpva
1| =25°C - 3|T=25°C
T 1| 50 w% ethanol T 4 | 90 w% ethanol
1023 1023
101 4 P 1 101 - —r”?‘_‘_—'—‘,
3 3 o
1® i 1®
10 0 L T T T | — 10 0 T L S — v  —
84 88 g2 96 100 84 88 92 96 100
—3 degree of hydrolysis (%) —3 degree of hydrolysis (%)

Figure 3.8: Equilibrium sorption selectivity o and pervaporation selectivity o for homogeneous PVA
membranes, as a function of the degree of hydrolysis of PVA, for two feed compositions:
50 w% ethanol (a) and 90 w% ethanol (b) in water.
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In the figures 3.8a and 3.8b the equilibrium sorption and pervaporation selectivities are given
as a function of the degree of hydrolysis, for two feed compositions. The figures show that, al-
though the pervaporation selectivity is determined to some extent by the sorption selectivity, also
diffusion must play an important role.

As already mentioned in the previous chapter, it should be kept in mind that care has fo be
taken to compare the resulis from sorption experiments with pervaporation experiments directly,
because sorption experiments are equilibrium experiments, whereas pervaporation data are ob-
tained from steady-state experimenis. Therefore, the information on diffusion obtained in this
way, must be interpreted carefully and has only in a qualitative meaning.

3.4.3 Influence of hezt-ireatments

From the experiments at 25°C it was concluded that the most selective PVA membranes are
those with the highest degrees of hydrolysis: 98% and 100%. At lower degrees the polymer ab-
sorbs too much ethanol from the ethanoliwvater mixtures. For that reason these PVA membranes
with high degrees of hydrolysis have been investigated more thoroughly.

Furthermore, it was seen from the experiments at 25°C the properties of PVA membranes de-
pend to a large extent on the crystaliinity of the membranes. It is known from [terature that the
crystallinity of PVA can be increased by applying a heat-treatment. The effect of a heat-treatment
of 30 minutes at 150°C on the crystallinity of PVA membranes is demonstrated in table 3.4. The
melting enthalpies (determined by DSC) are given for membranes of 88% and 100% hydrolyzed
PVA, with and without heat-treatment.

Table 3.4: [nfluence of a heat-treatment (30 min. at 150°C) on the melting enthalpy for homogsensous PVA
membranes, by DSC experiments. Healing rate: 40°C/min.

sample without heat-treatment with heat-treatment (20 min. at 150°C)
&H* (calig) AH" (callg)

PVA-115-100 145+02 177102

PVA-126-98 15.6+£06 17.7+£0.2

The table shows that due fo the heat-treatment the crystallinity of the membranes increased ap-
proximately 14% to 22%. The crystallinity of both types of membranes is similar after the heat-
treatment.

In table 3.5 pervaporation resulls are given for membranes of the same types of PVA (98%
and 100% hydrolyzed) for different heat-treatments; the feed concentration was 90 w% ethanol,
the temperaiure 70°C. From the table it is concluded that the reproducibility of the experiments is
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rather bad: using membranes prepared under the same conditions the fluxes and selectivities
vary considerably. If the resulis are considered qualitatively, it Is concluded that only a heat-treat-
ment of 30 minutes at 150°C may result in a significant change of pervaporation properties: the
flux decreases and selectivity increases due to this heat-treatment. There is no significant differ-
ence between most resuits of the two types of PVA polymers used. This is due to the fact that
the crystallinity of the membranes without heat-treatment is about the same, whereas the effect of
the heat-treatment on the crystallinity of both types of membranes is also roughly the same (see
table 3.4). Only the PVA-115-100 membranes that were heat-treated during 30 minutes at 150°C
gave lower fluxes and higher selectivities compared to the PVA-126-98 membranes with the
same heat-treatment. The discrepancy between the DSC results for the membranes without
heat-freatment in table 3.3 and table 3.4 is in agreement with the bad reproducibility found for the
pervaporation experiments.

Table 3.5: Pervaporation results of homogensous PVA-126-98 and PVA-115-100 membranes,
with different heat-treatments. Membrane thickness: 21-28 um. Feed: 90 w%% ethanol, 70°C.

heat-treatment PVA-126-98 PVA-115-100

time (min) T(C) 4, ka/m?h) of 3, (ka/m?h) oP
- - 0.353 102 0.200 88
- - 0.204 62 0.308 112
- - 0322 103°
10 130 0.193 81 0.200 188
10 130 0.207 190 0.230 125
10 130 0.297 133
30 130 0.154 110 0.132 90
30 130 0.168 73 0.189 160
30 130 0.300 140
10 " 150 0.204 120 o.101 165
10 150 0.191 74 0.158 80
10 150 0.216 80 0252 140
30 150 0.090 125 0.063 200
30 150 0.103 103 0.065 300
30 150 0.159 155 0.099 105

Because the pervaporation results are quite good for these heat-treated membranes (high se-
lectivity and reasonable flux), the influence of membrane thickness was investigated. The casting
thickness was varied between 0.05 and 1.0 mm to obtain membranes with a dry thickness be-
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tween 5 and 65 um. The membranes were exposed to a heat-treatment of 30 minutes at 130°C,
because these membranes have higher fluxes than the membranes heat-treated at 150°C. Two
casting solutions were used: 10 w% and 12.5 w% of PVA-126-98 in water. The resuilts are pre-
sented in the figures 3.9 and 3.10.

From figure 3.9 it can be seen that the reciprocal flux is proportional to the membrane thick-
ness, which is in agreement with the solution-diffusion model. Bui, as in table 3.5 the resulis are
again somewhat scattered. There is also no significant difference between the resuits for the two

concentrations of the casting solutions.
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Figure 3.9: Reciprocal flux 14) for homogeneous PVA membranes, as a function of membrane thickness d,
using two casting solutions: 10 w% and 12.5 w% PVA in water.
Heat-treatment: 30 min. at 130°C.

In figure 3.10 the selectivity is plotted as a function of the membrane thickness. Again, the re-
suits are not very reproducible: for a chosen membrane thickness the selectivity can vary by a fac-
tor of more than 5. Whereas most selectivity values are found between 60 and 150, also much
higher selectivities were found, surprisingly even for thin membranes. Since the fotal flux is main-
ly determined by the component flux of water, these scattered results of the selectivity must be
due to the component flux of ethanol. Because the component flux of ethanol is strongly influ-
enced by the crystallinity of the membranes (as was shown in 3.4.2), the heat-treatment is proba-
bly not very reproducible, and is causing differences in crystallinity of the membranes.
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Figure 3.10: Pervaporation selsctivity oP for homogensous PVA membranes, as a function of membrane
thickness d, using two casting solutions: 10 w% and 12.5 w% PVA in water.
Heat-treatment: 30 min. at 130°C.

Influence of crosslinking

The pervaporation characteristics of the commercial GFT membrane [3.14] are determined by
the PVA toplayer. This toplayer is deposited on a porous support by a coating technique, fol-
lowed by drying and crosslinking. The crosslinking agent generally is maleic acid, which is added
to the coating solution. The crosslinking is achieved by applying a heat-treatment at about 150°C.

In order to investigate the influence of the maleic acid, homogeneous PVA-126-98 mem-
branes have been prepared, where maleic acid was added to the casting solution (10 w% PVA in
water). After casting the solution and evaporation of the solvent (water), the membranes were ex-
posed to a heat-treatment of 30 minutes at 150°C. Because the results with other heat-treated
PVA membranes were obtained with various membrane thicknesses, the flux and selectivity of
the crosslinked membranes were also determined as a function of membrane thickness. The
membranes were tested at 70°C with a feed mixture of 30 w% ethanol. The results are presented
in figures 3.11 and 3.12.

In figure 3.11 the reciprocal flux is plotted as a function of the membrane thickness. For com-
parisop the flux values (which are not normalized in this case, and are represented by the three
open circles) are also shown for comparable PVA membranes (identical heat-treatment) without
maleic acid (data taken from table 3.5). As can be seen higher fluxes (by a factor ~2.5) are ob-
tained when the membranes are crosslinked with maleic acid.
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Figure 3.11: Reciprocal flux 74J for homogeneous PVA membranes, crosslinked with maleic acid (MA), as a
function of membrane thickness d; the three open circles represent the results for ideniically
prepared membranes without maleic acid added. Heat-treatment: 30 min. at 150°C.

In figure 3.12 the selectivity is plotted as a function of the membrane thickness. As in the ex-
periments presented before, the resulis are rather scattered: 45<aiP<125. These values are
comparable to the seleciivities of the membranes without maleic acid (1 03<0P<1585, from table
3.5), which are also plotted in this figure (the three open circles).
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Figure 3.12: Pervaporation selectivity aP for homogeneaus PVA membranes, crosslinked with maleic acid
(MA), as a function of membrana thickness d; the three open circles represent the results for
identically prepared membranes without maleic acid added. Heat-treatment: 30 min. at 150°C.
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Hence, addition of maleic acid to the casting solution results in higher pervaporation fluxes, .
without a significant loss of selectivity. The presence of maleic acid reduces the crystallinity of the
membrane upon evaporation of the solvent. The effect of addition of maleic acid to the casting
solution was also studied by DSC experiments, which results are given in table 3.6. In this table
the melting enthalpies of homogeneous membranes of PVA-126-98 are given, for membranes
with and without maleic acid added, before and afier a heat-treatment of 30 minutes at 150°C.

Table 3.6: Influence of a heat-treatment (30 min. at 150°C) on the melting enthalpy for two homogeneous
PVA membranes, by DSC experiments. Heating rate: 40°C/min.

sample without heat-treatment with heat-treatment (30 min. at 150°C)
AH* (cal/g) AH* (calig)

PVA-126-98 15.6+0.2 17.7x0.2

PVA-126-98 + maleic acid 12.81+03 121101

According to this table, addition of maleic acid to the casting solution reduces the crystallinity of
the membranes after evaporation: AH*=15.6 cal/g decreases to AH*=12.8 cal/g. This can be ex-
plained by the fact that maleic acid is bound to the PVA in the membrane during or after evapora-
tion, either by hydrogen bonding or by a covalent bonding (esterification). This explanation is
supported by the absence of the melting peak of pure maleic acid (T,,=140°C) in the thermo-
grams of the membranes. Whereas the crystallinity of the membrane without maleic acid is in-
creased after the heat-treatment, the crystallinity of the membrane with maleic acid was not influ-
enced significantly by the heat-treatment. The presence of maleic acid, bound to the PVA chains
probably prevents further crystallization of the membrane. As a result of the heat-treatment the
membrane is really crosslinked by maleic acid, as it was concluded from the occurrence of an extra
endothermic peak at 110°C in the thermograms of the membranes that were not exposed to a
heat-treatment. This peak can be the result of the reaction of the second carboxyl group with a
hydroxyl group in PVA, leading to a crosslink. Another indication of crosslinking for the PVA
membranes with maleic acid is the resistance against boiling water. Whereas normal PVA mem-
branes (without maleic acid added) dissolve in boiling water (even after a heat-treatment), the
membranes containing maleic acid did not dissolve.

Concluding, addition of maleic acid to the casting solution results in a lower crystallinity of the
membranes upon evaporation (compared fo membranes without maleic acid). During the heat-
treatment further crystallization is prevented by the presence of bound maleic acid, which cross-
links the PVA covalently at temperatures higher than 110°C. Due to the lower crystallinity higher
pervaporation fluxes can be obtained. The selectivity remains at an acceptable level, because the
chemical crosslinks prevent the membrane from extensive swelling. Furthermore, the presence
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of the maleic acid crosslinks can also infiuence the thermodynamic interactions between the
membrane and the permeating components, which will also influence the permeation properties.

Reproducibility

The reproducibility of the pervaporation results presented in the last paragraph was not quite
goed. Especially the results of the selectivities of the membranes were rather scattered. This bad
reproducibility must be due to the preparation method of the membranes. As was shown before,
the properties of PVA membranes are strongly influenced by crystallinity. Because during the
preparation of the membranes the crystallinity can be influenced by several factors, more atten-
tion was paid to the reproducibility of the membrane preparation‘. The crystaliinity of 2 membrane
that is heai-ireated is determined by two factors: the crystallinity of the membrane before the
heat-treatment, and the increase of crystallinity of the membrane due to the heat-treatment. To
examine which factor mainly causes non-reproducible results, the reproducibility of non heat-
treated membranes was investigated. Membranes were prepared under exactly the same condi-
tions: the samevcasﬁng solution was used, the evaporation times were identical, all dry mem-
branes were preswollen in a 90 w% ethanol solution. From each evaporated film two membranes
were cut, which were used for pervaporation experiments. The pervaporation results for a feed of
90 w% ethanol at 70°C are given in the tables 3.7 and 3.8, for two types of PVA. Whereas both
the flux and the selectivity of the two membranes from the same film are more or less identical, al-
so the reproducibility of results of the 4 different films is good.

Table 3.7: Pervaporation results of doublets of homogeneous PVA-126-98 membranes.
No heat-treatment. Feed: 90 w% ethanol, 70°C.

d (um) J, (kam?h) oP
2 0.378 85
22 0.392 81
23 0.363 03
23 0.481 78
25 0.383 88
25 0.433 81
26 0.377 92
26 0385 ot
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Table 3.8: Pervaporation results of doublets of homogeneous PVA-115-100 membranes.
No heat-treatment. Feed: 90 w% ethanol, 70°C.
d@um) J, (kg/m?h) of
22 0.455 73
22 0.495 86
22 0.288 110
22 0.328 112
23 0.458 91
23 0.478 84
23 0.380 86
23 0.221 89

From these results it is 6oncluded that pervaporation results for homogeneous PVA membranes

are very sensitive to different steps in the membrane preparation method. In order to get repro-

ducible pervaporation results, the membranes have to be prepared, treated and tested under ex-

actly identical conditions.

Summary of pervaporation resuits using heat-treated PVA membranes

Infigure 3.13 all pervaporation results are summarized using heat-treated homogeneous PVA
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Figure 3.13: Summary of the pervaporatio}l experiments using homogeneous PVA membranes, that were
exposed to different heat-treatments. Feed: 90 w% ethanol in water, 70°C.
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membranes, for the dehydration of 90 w% ethanol at 70°C. As can be seen from this figure, rea-
sonable fluxes can be obtained at high selectivities. The highest fluxes were found for mem-
branes with maleic acid added to the casting solution.

3.5 Conclusions

Homogeneous PVA membranes with high degrees of hydrolysis can be used for the sepa-
ration of ethanol/iwater mixtures by pervaporation, without necessarily applying a crossiinking or
heat-treatment. The membranes do not dissolve in aqueous mixtures, due to a considerable
amount of crystallinity, which can be considered as physical crosslinks. A high preferential sorp-
tion of water from ethanol/water mixiures in these membranes is due to the relatively extremely
low sorption of ethanol. This low sorption of ethanol is caused by the high degree of crystallinity
of the membranes. Ethanol is only absorbed in the presence of water, which does absorb more
easily into the membranes, because of its smaller molecular dimsnsions.

Due 1o this low ethanol sorption, the component flux of ethanol from ethanol-rich feed mix-
tures is also very low, especially for high degrees of hydrolysis of PVA. As a resuilt high selectivi-
ties are obtained in pervaporation. This selectivity decreases with a decreasing degree of hydroly-
sis of PVA, due to a decrease in crystallinity.

A heat-treatment generally results in fower fluxes and higher selectivities, but significant ef-
fects are observed only for a heat-treatment of 30 minutes at 150°C.

If maleic acid is added o the PVA casting solution, and a heat-treatment of 30 minutes at
150°C is applied, higher fluxes and comparable seleciivities are obtained, compared to mem-
branes without maleic acid added.

3.6 List of symbaols

¢; = weight fraction of component i in the liquid (feed, permeate, membrane) (a/g)

d = membrane thickness {um)

AH, = heat of fusion of a polymer (calig)
AH" = melting enthalpy of a semi-crystalline polymer (cal/g)

J = total pervaporation flux (ka/m2h)
J; = pervaporation flux of component i (ka/mi2h)
J, = total pervaporation flux, normalized to 10 um membrane thickness (kg/mzh)
M, = weight averaged molecular weight of the polymer {Daiton)
Q = fotal somption in the polymer: grams of absorbed liquid/gram dry polymer (a/g)

Q; = component sorption of i in the polymer: gram absorbed i/gram dry polymer {a/g)

T = temperature {°C)

o = selectivilty (equilibrium sorption, pervaporation, diffusion) ]

9. = crystaliine fraction of the polymer G
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Chapter 4

Pervaporation of ethanol/water mixtures using homogeneous
poly(acrylonitrile) membranes.

J.W.F. Spitzen, M.H.V. Mulder, C.A. Smolders

Summary v

Homogensous membranes of poly(acrylonitrile) (PAN) were prepaged and tested for the dehydration of
ethanoliwater mixtures by pervaporation. The selectivities for water were extremely high, but the fluxes
were too low to make the membranes interesting for commercial applications. To increase the flux through
the membranes, the membrane thickness can be reduced and the feed temperature can be increased. The
influence of membrane thickness and feed temperattre on the pervaporation results was investigated. By
decreasing the membrane thickness the fluxes were increased to acceptable values, but the selectivities
decreased strongly for membranes with a thickness less than 20 um. Some possible explanations for this
phenomenon are discussed. The selectivities of thin membranes could be increased by modification of the
membrane preparation method. By increasing the feed temperature both fluxes and selsctivities could be

increased. Polymer relaxation phenomena tumed out to be of large importance during the experiments.

4.1 Introduction

Since the increasing interest in membrane technology many polymers have been studied for
the development of permselective membranes. Whereas in the beginning of the sixties mostly
cellulose derivatives and polyolefines were used, later also other (bulk) polymers have been de-
veloped and screened as a membrane material. For some special applications new polymers were
synthesized (e.g. by copolymerization), existing polymers were modified by chemical reactions
(introduction of functional groups) or grafting, and polymer blehd membranes were developed.
Poly(acrylonitrile) (PAN) provides some important advantages compared with other polymers for
membrane manufacturing. PAN is a rather inert polymer that is resistant to mineral acids and many
organic solvents, such as aromatic hydrocarbons, chlorinated hydrocarbons and aliphatic hydro-
carbons (PAN can be dissolved in dimethyisulfoxide, dimethylformamide or dimethylacetamide).
This resistance to many organic solvents makes PAN a good candidate as a film forming material
for membrane separation processes. Another advantage is that PAN is a very common bulk poly-
mer, which is available at low prices. Finally, membrane manufacturing is rather simple: mem-
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branes can easily be made by solution casting (homogeneous membranes) or by the phase inver-

sion process {asymmetric membranes).

PAN turned out to be a polymer from which very selective membranes can be prepared fo de-
hydrate ethanoliwater mixiures by pervaporation. Extremely high seleciivities for PAN homo-
polymer [4.1-4.3] and copolymers [4.4-4.14] have been reported in lterature. Mulder et al [4.1]
showed that the preferential permeation of water from ethanoliwater mbdures through homoge-
neous PAN membranes is mainly due to the high preferential sorption of water. Reasons hereto
are the smaller molar volume of water (compared to emandﬁ) and the strong hydrogen bonding

" forces between water and the nitrile groups [4.15] in PAN. Although hydrogen bonding between
PAN and ethanol is also possile, it can be expected that water has more favourable possibiiities
to form hydrogen bonds with the nitrite groups. Because in a dense PAN membrane the nitrile
groups are very close to each other, it is possible that one water molecule forms two hydrogen
bonds with different nitrile groups. This hydrogen bridging can also involve a number of water
molecules {clusiers) J4.16]. An ethanol molecule can only form one hydrogen bond with a nitrile
group. Some possibilities for hydrogen bonding of PAN with water or ethano! are given schemati-
cally in figure 4.1.

CH, CH, CH, CH CH, CH —_
SRy Sy —
CH CH CH CH CH CH c
N I i
C C C C C C
moomoomoom W “;‘
N N N N N N H
i i t i ]
H H H\ /H o)
(ﬂ) g o c—c=n—H
A /
R= —CH,—CH,

Figure 4.1: Possible hydrogen bond formations between PAN and water, respectively ethanol.

Although the pervaporation selectivity of non-porous PAN membranes for ethanolwater mix-
tures is extremely high, unfortunately the permeability is very low. There are several methods to
increase the fluxes:

a) Changing the chemical structure of the polymer material. This can be achieved by chemical
modification of the polymer (introduction of specific functional groups, hydrogenation, hydro-
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lysis), by using copolymers [4.4-4.14] or by using blends of PAN with a more permeable poly-
mer [4.17].

b) Changing the membrane itself, e.g. by changing the preparation method (influencing the
membrane morphology) or by changing the membrane thickness (diffusional flows are propor-
tional to reciprocal diffusion length).

¢ Changing the feed conditions, such as the feed temperature (diffusion rates increase expo;
nentially with temperature), the feed composition, and the mass transfer of the componeﬁts in
the feed towards the membrane. -

In chapter 5 one aspect of the first method a) will be elaborated (blending of PAN with a more
permeable polymer), whereas in this chapter the other two methods will be described. The two
most important factors influencing the fluxes through homogeneous membranes are the mem-
brane thickness and the feed conditions (especially the feed temperature).

4.2 Experimental
4.2.1 Materials

Poly(acrylonitrile) (PAN) was obtained from Du Pont (PAN-A; M,,=516,000 Datton). Dimethyl-
formamide (DMF) (reagent grade) and ethano! (analytical grade) were used without further purifi-
cation; water was ulirafiltrated before use..

4.2.2 Membrane preparation

Casting solutions were prepared by dissolving PAN in DMF (10-20 w%). Homogeneous mem-
branes were prepared by casting the solution on a glass plate. The solvent was removed by evap-
oration in a nitrogen atmosphere, usually at room temperature, in some cases at elevated temper-
atures. N '

4.2.3 Pervaporation experiments

The pervaporation experiments were performed employing two stirred glass cells, as de-
scribed by Mulder et al [4.18]. The effective membrane areas in the cells are 71 cm? and 80 cm2.
The pressure at the downstream side was kept below 500 Pa by a vacuum pump. The permeate
was collected in cold traps, which were cooled by fiquid nitrogen. Fluxes were determined every
hour during eight hours by determination of the weight increase of the cold traps. Experiments
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were usually performed with a liquid feed mixture of 90 w% ethanol in water, at 70°C. The pervap-
oration properties are characterized by the flux J and the pervaporation selectivity oP.

The fluxes of the different membranes were mostly normalized to a membrane thickness of 10
pm, assuming a pmpoﬁionality between the flux J and the reciprocal membrane thickness 1/d:
J=J.4/10 (kg/m2h). '

The fiuxes can also be presented by the component flux data. From the total flux and the com-
position of the permeate, the component fluxes of water (J,,) and ethanol (J} are calculated:

Jy=J-C,P, and J=d.c P (with ¢, P+c P=1).

" The pervaporation selectivity 0P was calculated from the liquid composition of the feed (f) and
the permeate (p) according to equation (1). Unless stated otherwise, aP is assumed 1o be inde-
pendent of the membrane thickness within the range of thicknesses used.

aP= (¢, Pre ), fre.h) (1)

The thickness of the dry membranes varied between 3 and 100 pm. The composition of the
liquids was determined by gas chromatography.

4.3 Resuits and discussion
4.3.1 Influence of the membrane thickness on flux and selectivity

Transport in homogeneous, non-porous membranes is usually described by a solution-diffu-
sion model [4.19), which is discussed in chapter 2 of this thesis. This model, originally developed
for reverse osmosis, is also accepted to describe transport during pervaporation. According to
this model, the components are absorbed in the membrane at the feed side of the membrane,
diffuse through the polymer membrane due to an écﬁvity gradient, and desorb into a vapour
phase at the permeate side. It is generally assumed that the diffusion step is the rate-determining
step. The component fluxes are described by Fick’s law of diffusion:

J;=-D;.deMrdx (2)

In this equation D; is the diffusion coefficient of component i, which generally is dependent on
the concentration of both components in the membrane. It can easily be shown that, independ-
ent of the mathematical description of the concentration dependence of the diffusion coeffi-
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cients (constant, linear or exponential), integration of this equation leads to equations in which
the component fluxes J; are proportional to the reciprocal membrane thickness 1/d. Since for a
binary liquid feed both component fluxes are proportional to the reciprocal thickness, also the
total flux J will be proportional to the reciprocal thickness. Thus, the obvious way to increase
fluxes through homogeneous membranes is to decrease the membrane thickness.

The pervaporation selectivity (for fixed feed conditions) is determined by the ratio of the per-
meate concentrations (equation (1)), hence the selectivity is determined by the ratio of the com-
ponent fluxes. Because the ratio of the component fluxes is independent of membrane thick-
ness, also the selectivity shou!ld be independent of the thickness. This leads to the conclusion
that according to the solution-diffusion model fluxes through homogeneous pervaporation mem-
branes can be increased by decreasing the membrane thickness, without loss of selectivity. For
the dehydration of ethanol/water mixtures this should make PAN as selective layer in asymmetric
and composite membranes rather promising.

In order to increase the flux of homogeneous PAN membranes, the thickness has been
varied between 3 and 100 pm. These membranes have been tested for the dehydration of
ethanol/water mixtures at a feed concentration of 90 w% ethanol, at 70°C.

In figure 4.2 the total flux and the pervaporation selectivity o are represented, as a function
of the membrane thickness d. As expected, the flux increases with decreasing membrane thick-
ness. The selectivity of the thick membranes is extremely high: values higher than aP=1 04 have
been found. This means that the permeate contains only a very small amount of ethanol: less
than 0.1 w% ethanol. The selectivity is rather constant for membrane thicknesses between 40
and 100 pm. For membranes with a thickness less than about 40 um the selectivity decreases,
especially below 10 pm. The thinnest membranes that could be prepared (d=3 pm) showed only
a selectivity of about 0P=5.

These results indicate that with the preparation method mentioned (evaporation of solvent) it
was impossible to prepare thin PAN membranes that show both high flux and high selectivity. For
commercial purposes only PAN membranes with thicknesses below 5 um (fluxes J>0.1 kg/m2h)
and selectivities of at least P=1000 would be of interest.

The results presented are not in agreement with the solution-diffusion model, which predicts
a linear relation between the reciprocal flux and the membrane thickness, and a selectivity that
does not depend on the thickness. There are several possibilities why the selectivity of a mem-
brane decreases with decreasing membrane thickness (see also the review in chapter 1): arte-
facts in the membranes, membrane morphology, non steady-state experiments, sorption resist-
ance, concentration polarization and temperature effects. In the paragraphs to follow these as-
pects will be investigated in relation to the results with the homogeneous PAN membranes.
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Figure 4.2: FluxJ and selectivity &P for homogensous PAN membranes, as a function of the membrane
thickness d.

In order to discuss these possibie effects in relation to the solution-diffusion model more con-
veniently, the results of figure 4.2 are replotied in a different way in figure 4.3: here the reciprocal
component fluxes of water 14J,, and ethancl 1/, are given as a function of the membrane thick-
ness. These reciprocal component fluxes represent the resistances of the membrane against
transport of the components.. In this figure also the expecied component fhuxes (represented by
the dashed lines) are plotied. These expected component fiuxes are calculated on the basis of
the highest experimentally obtained selectivity, which is assumed to be the intrinsic (i.e. ex-
pected) selectivity, and taken o be operative over the full range of thicknesses. For a fixed feed
concentration, the intrinsic selectivity determines the ratio of the exbecied component fluxes of

water and ethanol:
oP= (¢, Pre P)(e,fie D) = (4 9 e, fre) (3)

The highest selectivity found was about aP=10000. For a feed of 90 w% ethanol the expected
ratio of the component fluxes J,,/J.=10000.(0.1/0.9)=1111, for all membrane thicknesses. The
line for the expected component flux of ethanol J, was plotted first, with the maximurm slope on
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the basis of the experimental component fluxes of ethanol, in order to get acceptable expected
component fluxes of water with J JJ=1111.

200 300000
JAM A g
O 1} T=70°C . o
£ 90 w% eth. o 250000
E, g

0 T o T T T = L] b 0
0 20 40 60 80 100
—>» d(um)

Figure 4.3: Reciprocal component fluxes of water 1/.1w and ethanol 14J, for homogenieous PAN
membranes, as a function of the membrane thickness d.
Points and full lines: experimental values; dashed lines: expecled curves (see text).

Figure 4.3 shows.that for most membranes the component fluxes of water are smaller than ex-
pected (reciprocal component fluxes of water higher than expected). The experimental compo-
nent fluxes of ethanol are for most membranes higher than expected.

The differences between the experimental and expected component fluxes should be ex-
plained by some other efiects, which will be discussed in the following paragraphs.

Ariefacts

Small artefacts originating from membrane preparation (like thin spots, dust particles, air bub-
bles, contaminants in the polymer or smali cracks in the membrane) will have a stronger effect on
membrane performance for thin membranes, than for thicker membranes. Because of these arte-
facts the fluxes (both component fluxes as well as total fluxes) through thin membranes generally
will be higher than expected, and the selectivity will be lower than the intrinsic selectfvity. In our
experiments the experimental selectivity indeed is decreasing with membrane thickness, and al-
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so the component flux of ethanol for thin membranes is higher than expected. The experimental
component fluxes of water are much smalier than expected, which is not in agreement with this
suggested explanation.

Hence, the decrease in selectivity with decreasing membrane thickness can partly be ex-
plained by artefacts, due to the increased component flux of ethanol for thir membranes. Be-
cause the component fluxes of water for thin membranes are smaller than expected (which is in
contradiction with the explanation of artefacts), there should be other factors to explain all de-
tailed flux data. Furthermore, artefacts generally lead to non-reproducible results, whereas both
our flux and selectivity resuits show a behaviour without scatter.

Membrane morphology

The homogeneous membranes were prepared by casting a solution on a glass plate, followed
by evaporation of the solvent. The evaporation time was shorter for the thin membranes than for
the thicker ones, which could have resulted in a different morphology of the ultimate membranes.
To explore whether the morphology was dependent on membrane thickness, the following ex-
periments have been performed.
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Figure 4.4: Selectivity o for homogeneous PAN membranes, as a funiction of the evaporation
temperature of the solvent. Membrane thickness: 38-43 pm.
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In the first series the temperature during evaporation of the casted polymer solutions has
been varied. The pervaporation results of these membranes are given in figure 4.4. This figure
shows that the selectivity generally decreases with increasing evaporation temperature. This
effect of increased evaporation temperature can be compared to the faster evaporation of thinner
casted polymer films. The fluxes of the membranes were not significantly influenced by the
evaporation temperature. Although these experiments show the expected trend, the decrease
in selectivity is not strong enough to bridge the gap in selectivities found for the thin membranes
in figure 4.2.

In the second set of experiments multi-layer membranes have been tested during pervapora-
tion, and the results are compared with the results of single-layer membranes with the same total
thickness. Thin homogeneous membranes with a thickness of about 3-4 pm were used, and 1, 2,
3 or 4 membranes were stécked in the cell. In figure 4.5 the selectivities for these multi-layer mem-
branes are plotted as a function of the (total) membrane thickness. Single-layer membrane selec-
tivities at various thicknesses (taken from figure 4.2) are replotted in the same figure 4.5.
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Figure 4.5: Comparison between selectivity o for single-layer membranes and for multi-layer membranes
(1, 2, 3 and 4 layers) of PAN. '

The figure shows that the selectivities for the multi-layer membranes are smaller (roughly by a
factor of 10) than the selectivities of single-layer membranes with the same total thickness. The
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fluxes for the multi-layer membranes (rot plotted in the figures) were proporiional to the reciprocal
thickness, and were somewhat higher than the fluxes for the single-layer membranes. Both the
smaller selectivilies and the higher fluxes for the multi-fayer membranes are an indication that the
morphology of the thin membranes differ considerably from those of the thick membranes. But,
also for the multi-layer membranes the seleciivily increases with increasing (total) thickness of the
membranes. This slight increase of selectivity can be due to the fact that small ardefacts in thin
membranes generally will be covered by an imperfect-free part of an adjacent membrane in a
multi-layer membrane. Hence, morphology can play an imporiant role in the properiies of homo-
gensous membranes.

Finally, membranes have been prepared, in which case the evaporation of the solvent (DVMF)
was carried out in a mbdure of nitrogen gas and DMF vapour, instead of pure nitrogen gas. Be-
cause of a smaller driving force for evaporation of the solvent, the evaporation rate was smaller in
that case. These membranes were also tested at the same feed conditions: 80 w% ethanol, at
70°C. The selectivities of the membranes are given in figure 4.6, together with the results of the
membranes using pure n¥rogen gas (replotied from figure 4.2).
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Figure 4.6: Selsctivity oP for homogeneous PAN membranes, as a function of the membrane thickness d,
evaporaled in nitrogen gas and in a mixture of nitrogen gas and DMF.
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This figure shows that at the same membrane thickness higher selectivities are found for the
membranes that were prepared using DMF in the nitrogen gas. The total fluxes (not given in the
figure) are not influenced by the evaporation method. In figure 4.7 the selectivities for both types
of membranes are plotted as a function of the flux. It is clear that with this preparation method
higher fluxes can be obtained without loss of selectivity.
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Figure 4.7: Comparison of flux J and selectivity o for homogeneous PAN membranes, evaporated in
nitrogen gas and in a mixture of nitrogen gas and DMF.

From these three types of experiments it is concluded that the decrease in selectivity with de-
creasing membrane thickness can partly be explained by a difference in membrane structure of
the thin membranes compared to that of the thick ones. The total fluxes were generally not
strongly influenced by the membrane preparation method. This can be explained by the in-
fluence of the evaporation rate of the solvent on the membrane morphology. In a later stage of
the evaporation process the flexibility of the polymer chains will decrease, and the chains will ar-
range into a final structure that is dependent on the evaporation rate. At higher evaporation rates
the chains have less possibilities to arrange into the most dense structure. In our experiments a
more dense membrane structure- generally resulted in a higher selectivity, whereas the total
fluxes were not changed significantly, or decreased only to a small extent. This means that the
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component flux of water is hardly influenced by the structure, whereas the component flux of
ethanol decreases for a more dense struciure. This can be explained by the fact that the larger
molecule ethanol! is hindered more by a more dense structure than water.

Thus, this influence of evaporation rate of the solvent on the membrane structure can explain
the higher componsnt fluxes of ethanol for thin membranes (leading o lower selectivities), but it
can not explain the (relatively) low component fluxes of water for thin membranes. Hence, mor-

phology effects can not explain ali experimental results in detail.

Non-steady-state experiments

As mentioned in chapter 1, non-steady-state measurements can only have an effect on the
flux and selectivity for thick membranes. Depending on the pre-treatment of the membranes, the
fluxes through thick membranes can be higher or lower than expected from experiments with
thinner membranes (where the steady-state is reached earlier), due to the build-up of a concen-
iration-profile in the membrane. In our experiments the membranes were always pre-swollen in
the feed mixture (at 20°C), meaning that the fluxes of the thick membranes are foo high when the
steady-state was not yet reached (the membrane has to deswell at the permeate side). This is in
agreement with other experiments with PAN membranes performed in our laboratory, which
showed that flux and selectivity are time dependent. In figure 4.8a the component fluxes of water
and ethanol are given as a function of the pervaporation fime (fe€d: 90 w% ethanol, 70°C).
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Figure 4.8a: Normalized component fluxes of waterd,, nw and ethanol J,, . for a homogeneous PAN
membrane, as a function of pervaparai/on time. Membrane th/ckness 18 um.
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This fgure shows tha hoth the companent fuof wata and of ethanol are dacraasing with i,

and reach a stationary state only after about 3 days. This decrease in flux must be due to relaxa-
tion phenomena in the polymer (membrane). Because the flux decrease is roughly the same
(relatively) for both components, the selectivity is already constant after about 6 hours of pervapo-
ration time, as can be seen from figure 4.8b.
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Figure 4.8b: Selectivity of for a homogeneous PAN membrane, as a function of pervaporation time.
Membrane thickness: 18 um.

Thus, if the steady-state has not yet been reached in thick membranes, the component fluxes
of both water and of ethanol will be too high. This can explain the results in figure 4.3, where the
component fluxes of ethanol of thick membranes are indeed higher than expected (on the basis
of the fluxes of the thin membranes). ’

Sorption resistance

A sorption resistance (see chapter 1) can be defined when diffusion through the membrane is
not the only rate-determining step of the transport mechanism (sorption-diffusion-desorption).
This sorption resistance will become more apparent with decreasing membrane thickness. 1t will
lead to smaller fluxes (total flux and component fluxes) for thin membranes. The selectivity can be
higher or lower compared to thick membranes, because sorption resistances can be different for
both components. Because in our experiments the component fluxes of ethanol are higher than
expected, there is apparently no sorption resistance for transport of ethanol. But, because the
component fluxes of water are smaller than expected, this is an indication for a sorption resistance
for water transport.
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Concentration polarization

Concentration polarization in pervaporation will always lead to lower (iotal) fluxes and lower
selectivities (see chapler 6). Because all experiments were performed under the same conditions
{concentration, temperature and stiring speed), differences in concentration polarization can on-
ly originate from differences in fluxes. Because fluxes for thin membranes are higher than for thick
memboranes, this will lead to a stronger decrease of fluxes and selectivities for thin membranes,
which is in agreement with cur experiments {figure 4.3). The extent of conceniration polarization
can be calculated if the mass transfer coefficient is known. For our experiments we used stirred
cells, and unfortunately no appropriate equations are reported in literature fo calculate mass trans-
fer costiicients in stimed cells that provide comections for non-ideal stiring conditions. In our cass
the mechanical stirrer was not positioned close encugh fo the membrane surface, and the stimer
dimensions were too small to utilize the best available equation reported in [erature [4.20].

Because the effect of concentration polarization can explain our experimental results qualita-
tively, apparent mass transfer coefficients were calculated that are needed 1o gst a good agree-
mient between experimental and expected pervaporation results. Hereby it was assumed that
concentration polarization is the only factor responsible for the deviations from the expected
fluxes.

The calculations were performed using equation (4), which is derived in chapter € of this
thesis. For the calculations we assumed an intrinsic selectivity of oP=1 04, from which the concen-
trations of the components at the membrane wall were calculated (the intrinsic selectivily is related
{o the actual wall concentrations and the actual perneate concentrations).

I7epP) = In {(p%e," - pPePY(p%,P - pPeoP)} 4)

By substitution of the experimental fluxes (J™), bulk and permeate concenirations, and the
densities of the feed, the permeate and the liquid at the membrane wall, apparent mass transfer
coefficients were determined for each experiment. These calculations showed that all experimen-
tal results (both component fluxes and selectivity) could be described properly with an apparent
mass transfer coefficient of about k=10~ mvs.

However, the value of k=107 mvs is probably much smaller than the actual value of k in the
cells during our experiments. Approximate calculations using mass transfer relations from fitera-
ture ([4.20]) for our cell dimensions, using ideal stirer position and dimensions, resulted in a
value for k that must be higher by a factor of approximately 250-400.
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Temperature effects

Flux and selectivity during pervaporation can be influenced by two temperature effects.
During the transport of the components through the membrane a phase transition takes place.
The necessary heat of evaporation is generally supplied by the feed. The transfer of heat towards
the membrane leads to a temperature drop near the membrane wall at the feed side. This first
effect is called temperature polarization. Secondly, due to this phase transition taking place over
the membrane (liquid — vapour) a temperature drop will be established over the membrane. Both
effects increase with increasing flux through the membrane, which is the case for thinner mem-
branes. These effects lead to a decrease of the average temperature in the membrane, at which
the actual flux and selectivity are determined. This lower temperature generally leads to lower
fluxes; the selectivity can both increase and decrease due to this temperature drop.

Because in our experiments the fluxes were relatively small, it is likely that these temperature
effects will be negligible, and have not influenced our experimental results.

4.3.2 Influence of the feed conditions on flux and selectivity
Feed temperature

Another way to increase fluxes through membranes, is to increase the temperature of the
feed, since diffusion coefficients generally increase strongly with temperature. In figure 4.9a the

pervaporation flux is given as a function of the feed temperature at a feed concentration of 90 w%
ethanol {all experiments were performed with a single membrane sample).
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Figure 4.9: Normalized flux J,, a) and selectivity of (b) for 2 homogeneous PAN membrane, as a function
of the feed temperature. Membrane thickness: 23 um.
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First the temperature was increased from 20°C fo 70°C (in a sequence of one temperature step
each day), and then the same procedure was repeated from 70°C to 20°C.

The figure shows that with increasing feed temperature the total flux increases strongly, as
expected. After the experiments at 70°C the membrane remained two more days at that tempera-
ture, and the flux and selectivity were determined again. The flux had decreased by ahout 30%
during these three days, as indicated by the arrow in the figure. This flux decrease must be due to
relaxation phenomena, which proceeds rapidly at higher temperatures, as was seen before in
figure 4.8a. When the temperature was decreased from 70°C fo 20°C, the fluxes decreased.
When the temperature was maintained at 20°C for two more days, the flux decreased further
(about 50%), but upon increasing the temperature again the same flux was found at 70°C as
during the first cycle. ] '

The selectivity (figure 4.9b) also increased with increasing temperature during the tempera-
fure cyclé, which is rather uncommon for pervaporation using glassy polymer membranes. So in
this case the optimal membrane properties (both for flux and selectivity) are obtained at the
highest temperature possible. The selectivity did not show the hysteresis as was found for the
flux. The selectivity was not influenced by the temperature history of the membrane: at de-
creasing temperature the same selectivity was found compared fo increasing temperature. This is -
due to the fact that both component fluxes of water and ethanol were influenced to the same

extent as a result of the temperature variation.
Concentration polarization

Alihough concenration polarization actually is an effect mainly determined by the (process)
feed conditions, the effect of concentration polarization on our results has already been discus-
sed in the previous paragraph. In our case concentration polarization was only influenced by the
flux through the membrane, which is dependent on the membrane thickness.

Feed camposiﬁon

The feed composition is of great importance for practical applications. Generally in practice this
parameter is a constant factor, which can not be chosen freely to influence the pervaporation
propetties. If a polymer has been selecied as a membrane material on the basis of experiments at
- one single feed concentration because of excellent flux and selectivity, it should be kept in mind
that in membrane modules the actual composition of the feed will change due to preferential per-
meation of one component from the feed mixture. So, polymers should be selected on the basis
of a great number of expen'mems, covering the whole ;ﬁossible range of feed conditions that are
of practical interest. ' '
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In figure 4.10 the flux and the selectivity are presented as a function of the ethanol content in

the feed (at 70°C), using the same membrane for all experiments.
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Figure 4.10: Normalized flux J,, and selectivity o for a homogeneous PAN membrane, as a function of the
feed composition. Membrane thickness: 22 um.

At low ethanol concentration the flux is constant, for higher concentrations (>50 w% ethanol) the
flux decreases strongly, due to the decrease of total sorption of the mixture in the membrane with
increasing ethanol concentration (as reported by Mulder et al [4.1] for sorption at 20°C). The
selectivity is also dependent on the feed concentration and varies between about 0P=100 and
aP=400. Even at low ethanol concentrations in the feed the selectivity is still very high, which is
rather surprising for pervaporation. Usually the selectivity decreases for increasing concentration
of the preferentially permeating component in the feed, because the swelling of the pdlymer in-
creases in the same direction. In this case the selectivity remains high, because the swelling of
PAN in ethanol/water mixtures is very small (at 25°C the equilibrium uptake of ethanolivater mix-
tures, for any feed concentration, is less than 9 w% [4.1]). k

It should be mentioned further that for industrial applications not only the effect of the feed

composition and temperature should be considered, but also the effect of the permeate pres-
sure. In laboratory scale experiments generally very low partial pressures of the permeating com-
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ponents can be created (e.g. by using liquid nitrogen temperatures), resulting in maximal flux and
selectivity values. Under practical conditions the permeate usually is condensed with cold water,
generally resulting in lower fluxes and selectivities.

4.4 Conclusions

Homogeneous PAN membranes show extremely high selectivities for the dehydration of
ethanoliwater mixtures by pervaporation. For a feed mixture of 80 w% ethanol at 70°C the se-
lectivity for thick membranes is about ofP=1 6%, which means that the permeate contains less than
0.1 w% ethanol. The (low) fluxes of these highly selective membranes could be increased by de-
creasing the membrane thickness, but only at the expense of the selectivity (especially for mem-
branes with thicknesses less than 10 pm). This decrease in selectivity has been investigated fur-
ther by comparing the experimental component fluxes (as a function of the membrane thickness)
with the expected component fluxes (from the solution-diffusion modsel and the intrinsic selecti-
vity). The decrease in selectivity for extremely thin membranes (d<5Sum) must parily be
contributed to small artefacts in the membranes. This can probably be avoided by filtering the po-
lymer solution before casting, and evaporation of the solvent in a clean environment.

The main factor determining the properties of the thinner membranes is the membrane mor-
phology. The morphology of a polymer membrane can be influericed in two ways. The first way is
by changing the membrane preparation methed. The most important factor is the evaporation rate
of the solvent. With decreasing evaporation rate (or increasing evaporation time) the pervapora-
tion selectivity was increased: this was demonstrated by using mutlti-layer membranes, by the in-
fluence of the evaporation temperature and by the effect of evaporation in a solvent-containing
aimosphere. The membrane morphology is aiso changed during the pervaporation experiments,
due to refaxation of the polymer. Relaxation phenomena lead fo a decrease of component fluxes
in time of both water and ethanol, whereas the selectivity remains constant.

An important overall conclusion is that the selectivity of homogeneous membranes can be in-
fluenced strongly by the preparation methoed; higher selectivities can be obtained if the evapora-
tion rate of the solvent is decreased. This can be achieved either by evaporation at a lower tem-
perature of by evaporation in a solvent-containing environment, but also by the choice of a sol-
vent (less volatile).

In spite of the fact that thin homogeneous PAN membranes can be prepared now with higher
fluxes at the same selectivity, and an increase of both flux and selectivity with increasing
temperature is observed, the fluxes of the membranes are still rather small; relaxation phenomena

further decrease these low fluxes.
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4.5 List of symbols

¢, = weight fraction of component i inthe liquid (feed, permeate, membrane wall)  (g/q)

d = membrane thickness (um)

D; = diffusion coefficient of component i in the membrane (mzlh

J = total pervaporation flux (ka/m<h)
J; = pervaporation flux of component i (ka/m?h)
J, = fotal pervaporation flux, normalized to 10 jum membrane thickness {kg/m?h)
k = mass transfer coefficient (m/s)
M, = weight averaged molecular weight of the polymer (Datton)
of = perVaporaﬁon selectivity (&)

p = density (feed, permeate, membrane wall) (kg/m3)
e = ethanol, less permeable component

w = water, preferentially permeating component

superscripts

b = bulkfeed

f = feed

m = membrane, mass

p = permeate, pervaporation

w = membrane wall at the feed side
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Chapter 5

Pervaporation of ethanol/water mixtures using homogeneous blend
membranes.

J.W.F. Spitzen, M.H.V. Mulder, C.A. Smolders

Summary

Homogeneous membranes were prepared by blending poly(acrylonitrile) (PAN} or poly(sulfone)} (PSf)
with the water-soluble polymers poly(vinylpyrrolidone) (PVP}) or poly(maleicanhydride) (PMA). Blend mem-
branes prepared with different compositions of PAN/PVP, PAN/PMA and PSf/PVP were used to dehydrate
ethanol/water mixtures by pervaporation. The flux and selectivity were determined as a function of the
blend composition, and for two blends as a function of the feed concentration. For all blends the fluxes in-
creased by adding the water-soluble polymers, but the selectivity decreased. The influence of sorption on
the separation mechanism was investigated by total and preferential sorption experiments for the PAN/PVP

blend.

5.1 Introduction

The aim of most membrane material research is to develop membranes that combine a high
transport rate through the membranes with high separation characteristics. Because usually high
fluxes are accompanied by low selectivities and vice versa, membrane development is often char-
acterized by an optimization procedure. .

Since for pervaporation processes generally the fluxes can be increased by increasing the
temperature of the feed or by decreasing the effective thickness of the membrane, usually the
optimization towards a high selectivity has the first priority. The selectivity of membranes is. mainly
determined by the choice of the polymer material. Starting point of new developments for a given
separation problem is then the selection of a very selective polymer. For the dehydration of
ethanol/water mixtures membranes of poly(acrylonitrile) (PAN) and poly(sulfone) (PSf) are known
to be very selective (see chapter 4 and [5.1]): the permeability of ethanol is extremely low com-
pared to the permeability of water. But also the total permeability of these membranes is very low,
due to the low diffusion rates and the low affinity of the polymers towards ethanol/water mixtures
(the sorption of these mixtures in PAN and PSf is only a few percent [5.2]). This affinity towards
aqueous liquid mixtures can be increased by several methods, e.g. by:
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g grafting of a hydrophilic polymer or introduction of specific functional groups on the selective
polymer's backbone (this can also be directly performed on the ready membrane),

b) using a copolymer of the selective polymer and a hydrophilic polymer [5.3-5.7], or

¢) blending of the selective polymer with a hydrophilic polymer.

Gratting is a rather complicated technique, which is difficult to perform on a large scale. The use of

copolymers also has some disadvantages: there exists only a small number of copolymers of PAN

or PSf, and usually they are very expensive. A more gentle way to influence the hydrophilicity of a

polymer membrane is to use polymer blends.

In this chapter results are presented on the dehydration of ethanoliwater mixtures by pervapo-
ration, using various blend membranes. PAN and PSt were chosen as the selective components
in the blends. Both polymers were blended with poly(vinylpyrrolidone) (PVP), because PVP Is a
hydrophilic polymer and it is known from literature that homogeneous PSf/PVP [5.8] and
PAN/PVP [5.9] blends can be prepared. Also blend meimbranes were prepared of PAN with an-
other hydrophilic polymer, poly(maleicanhydride) (PMA), and the resulis were compared with
those of a copolymer of PAN and PMA, which was aliso available. Equilibriumn sorption experi-
ments (total sorption and preferential sorption) have been performed with the blends PAN/PVP.
By comparing the results of the sorption and the pervaporation experiments, the influence of
sorption on the fotal separation mechanism was investigated.

5.2 Theory

The aim of polymer blending usually is {o create a new polymeric material that should combine
the properties of two {or more) homopolymers. Most research conceming polymer blending has
been focussed on improvement of the mechanical properties of polymer materials, in relation to
their processability (influencing e.g. the glass transition temperature, melting temperature, tensile
modulus or impact strength). Generally blends are made of two polymers that have rather unique
but opposite properties, and the aim of blending is that the desired properties of both homopoly-
mers are combined in the blend material.

Two types of polymer blénds can be distinguished: homogeneous blends and heteroge-
neous blends. In homogeneous blends fwo (or more) polymers are mixed on a molecular level. In
that case generally the properties of the two polymers are additive, leading fo a more or less linear
relation between a special property and the composition of the blend. In some special cases the
properties of the homogeneous blend can be superior compared to the properties of both pure
homopolymers. This synergistic effect is possible if some specific interactions between the two

polymer molecules are possible.
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In heterogeneous blends (micro-)domains of one polymer in the other polymer phase are
present. Although the mechanical properties of such heterogeneous blend might still be im-
proved {compared to the two homopolymers), the chemical and physical properties usually are
not improved. Mostly a sigmodial relationship is found for the dependence of a property of the
heterogeneous blend on the composition. In some cases a property can show a minimum as a
function of the blend composition.

The main advantage of using blends is that the chemical, physical and mechanical properties
can be influenced by changing the composition of the blend; this means that the properties can
be optimized easily. Another advantage could be that the method of blending is generally rela-
tively.simple. The main problemn in polymer blending is to find two polymers that first have the de-
sired properties, and second are compatible.

For the development of blend membranes that show improved separation properties in com-
parison to the homopolymer membranes, homogeneous blends are needed. In general, the mis-
cibility of polymers is very poor. From a thermodynamic point of view, two polymers can mix at a
molecular level, if the free energy of mixing AG, is negative:

AG=AH,-TAS_, <0 (1)

The entropy of mixing AS,, for macromolecular compounds is extremely small. Hence, the contri-
bution of -TAS, to AG, is negligible. This implies that generally AG,, can only be negative if AH_|
is negative. If only dispersive or Van der Waals interactions between the ftwo polymers are possi-
ble, AH_, is always positive, as can be concluded from equation (2):

AHm= V.(61 - 52)2- ¢1 ¢2 (2)

This equation shows that only for two polymers with (almost) equal solubility parameters 81 and
d,, AH_ could be small enough to make AG, negative.

If specific interactions between the polymer segments take place (e.g. dipole-dipole interac-
tions, electron donor-acceptor interactions or hydrogen bonding) a negative, exothermic term
AH" . is added to AH_, possibly leading to an overall negative H' -

AH = V.3, - 852 010, +AH" (2a)
Thus, specific interactions favour the formation of homogeneous blends.
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Already a lot of work has been reported on the use of polymer blends for membrane develop-
ment, and a short survey was reported by Lloyd et al [5.10]. Also for pervaporation blend mem-
branes have been used; an overview is given in table 5.1. Recently Nguyen [5.11] reported on a
great number of pervaporation experiments using polymer blend membranes {mostly of water
soluble polymers) for the dehydration of ethanol/water mixtures.

Table 5.1: Examples of the use of polymer blends for pervaporation membranes.

polymer 1 polymer 2 liquid mixture reference
Poly(acrylonitrile) Poly(vinylpyrrolidone) water/organic liquids [5.9]
Carboxymethylcellulose Poly(acrylic acid)-Na* water/alcohols [5.11]
Carboxymethylcsliulose Poly(vinylsulfonic acid)-Na* water/ethanol [5.13]
Nylon-6 ' Paly(acrylic acid) water/ethanol, acetic acid [5-14]
Poly(vinylalcohol) Poly(hydroxycarboxylic acid)  water/acetic acid [5.15]
Poly(vinylalcohol) Poly(vinylpyrrolidone) water/acstic acid [5.15]
Poly(vinylalcohol) Poly(acrylic acid) water/acetic acid [5.15]
Acstyicellulose Poly(phasphonates) benzene/cyclohexane [5.16]
Poly(phosphonates) Cellulose acetate organic liquid mixtures [5.17]
Poly(phosphate}) Cellulose acetate organic liquid mixtures [5.17]
Poly(vinylalcohal) Poly(ethylene glycol) water/ethanol [5.18]

The structural formulas of the polymers used in this chapter are given below.

< CH,— ?H-)-n . -(-CHz—(['}H);
C=N N
Poly(acrylonitrile) ) ’ . HZC/ \(;:o
| |
4 ~. (I:Hs g(l) H,C CH2
.. (!7 (o] ?[ o -)R Poly{wn ylpyrrolidone)
CH,4 , o
Poly(sulfone) '
- CH—CH3—{CH,—CH}- “+CH—CH}
I \C m 2 I n A C/\ \C n
cE= -
o ¢C\ o Pt ) o o = o T o
Poly(acrylonitrile maleicanhydride) Poly(maleicanhydride)

Some physical and chemical propetties of these polymers are listed in table 5.2.
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Table 5.2:  Physical and chemical properties of the polymers used, and of ethanol and water, at 25°C.

M 8 V:

P
(g/cm3) (g/m%le) (cachs)1 2 (cmslnl'nole)

" PAN 1.17 53.1 125 45.4

PSf - 1.22 4425 10.5 362.7

PVP 1.20 1111 12.6 926

PMA - 98.1 - -

water 0.997 18.0 235 18.1

ethanol 0.785 46.1 129 58.7

PAN and PSf were chosen because homogeneous membranes of these polymers have high
pervaporation selectivities for the dehydration of ethanol/water mixtures. The hydrophilic polymer
PVP was chosen to increase the fluxes of the PAN and PSf membranes, because it was khown
from literature that homogeneous blends of PAN/PVP [5.9] and PSf/PVP [5.8] can 5e prepared.
From table 5.2 it can be seen that the solubility parameters of PAN and PVP are about the same,
which is an indication for the ease of formation of a homogeneous blend.

5.3 Experimental
5.3.1 Materials

Poly(acrylonitrile) was obtained from Du Pont (PAN-A; M, =516,000 Dalton), poly(vinylpyrroli-
done) (PVP) from Janssen Chimica (M,,=360,000 Dalton), poly(sulfone) (PSf) from Union Carbide
(P3500), and poly(maleicanhydride) (PMA) and poly(acrylonitrile-co-maleicanhydride) (P(AN-MA))
from Polysciences. Dimethylformamide (DMF) (reagent grade) and ethanol (analytical grade) were

used without further purification; water was ultrafilirated before use.
5.3.2 Membrane preparation

Casting solutions were prepared by dissolving both polymers constituting the blend in the sol-
vent (DMF) at a total concentration of 20 w%. First PVP or PMA was dissolved, then PAN or PSf
was added; a clear, homogeneous solution was obtained after heating the solution. Upon cooling
the casting solution remained homogeneous (no visible phase separation). The compaositions of
the blends are denoted by the weight fraction X of the hydrophilic polymer (PVP or PMA) related
to the total amount of polymer in the casting solution. Homogeneous membranes were prepared
by casting the solution on a glass plate. The solvent was removed by evaporation in a nitrogen at-
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mosphere at room temperature. In all cases completely transparent membranes were obtained.
5.3.3 Sorption experiments

‘Equilibrium sorption experiments were performed at 25°C, using thick strips (thickness of
about 200 um, dry weight of about 0.2 g.) of membranss of the PAN/PVP blend. The total sorp-
fion and the preferential sorption of a mixture of 50 w% ethanol in water in these blend mem-
branes were determined, as a function of the composition of the blend. All experiments were per-
formed in triplo, and the three resulis were averaged.

The experimental method is described in chapter 2 of this thesis. The total sorption is repre-
sented by Q: grams of absorbed liquid per gram dry polymer. The sorption results can also be pre-
sented by the component sorption data. From the total sorption Q and the composition of the ab-
sorbed liquid in the membrane the component sorption of water (Q,,) and ethanol (Q,) is calcu-
lated: Q,=Q.c,,™ and Q=Q.c,™ (with ¢, "+c,™=1). By comparing the dry weight of the mem-
branes before and after the sorption experiments, the weight loss due to solution of the PVP in
any ethanoliwater mixture could be determined.

The preferential sorption was determined with a different set of membranes. It is represented
by the equilibrium sorption selectivity o5, which is calculated from the liquid composition of the
feed (f) and the composition of the absorbed liquid in the membrane (m), according to:

o= (¢, M,/ (cwflcef) (3)

The composition of the liquids was determined by gas chromatography.
5.3.4 Pervaporation experiments

The pervaporation experiments were periormed employing two stirred glass cells, as de-
scribed by Mulder et al [5.12]. The effective membrane areas in the cells are 71 cm? and 80 cm2.
The pressure at the downstream side was kept below 500 Pa by a vacuum pump. The permeate
was collected in cold traps, which were cooled by liquid nitrogen. Fluxes were determined every
hour during eight hours by determination of the weight increase of the cold traps. Experiments
were performed at two standard feed conditions: 50 w% ethanol in water at 25°C (to compare the
pervaporation results with the equilibrium sorption experiments) and 90 w% ethanol in water at
70°C. The pewapération properties are characterized by the flux J and the pervaporation selecti-
vity oP.

The fluxes of thé different membranes were normalized to a membrane thickness of 10 wm,
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assuming a proportionality between the flux J and the reciprocal membrane thickness 1/d:
J,=J.d110 (kgym?h).

The fluxes can also be presented by the component flux data. From the total flux Jp and the
composition of the permeate, the component fluxes of water (Jn'w) and ethanol (Jn,e) are calcu-
lated: Jn.w=Jn.ch, and Jn'e=J".ceP {with ¢, P+c P=1).

The pervaporation selectivity o was calculated from the liquid composition of the feed (f) and
the permeate (p) according to equation (4). oP is assumed to be independent of the membrane

thickness within the range of thicknesses used.
oP= (c,PreP)ic,fieh) (4)

The thickness of the dry membranes varied between 15 and 25 pm. The composition of the
liquids was determined by gas chromatography.

5.4 Results and discussion
5.4.1 Sorption
PAN/PVP

The swelling of homogeneous membranes of PAN/PVP blends in a 50 w% ethanol/iwater mix-
ture was determined at 25°C for different blend éompositions. The results are presented in figure
5.1, where the total sorption Q is given as a function of the weight fraction of PVP in the blend.
The figure clearly shows that more liquid is absorbed in the blend with increasing PVP content. At
low PVP content (from 0-10 w% PVP) the swelling is constant: about 6.5 w%. At higher concen-
trations of PVP the swelling increases strongly, up to about 90 w% for X=0.50.

The results of preferential sorption experiments are presented in figure 5.2, where the equi-
librium sorption selectivity oS (defined by equation (3)) is plotted as a function of the composition
of the blends. The figure shows that at low PVP content (0-5 w% PVP) the sorption selectivity a®
increases, and at higher PVP contents decreases again. The relatively low sorption selectivity for
pure PAN is rather unexpected, because by extrapolating the results for the blends in the same
figure, a very high sorption selectivity could be expected (0t5~1000). However, all three experi-
ments for pure PAN gave smaller sorption selectivities than the experiments for the PAN/PVP
blends with 5 w% PVP.
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Figure 5.1: Total soiption Q of a 50 w% ethanolfwater mixture in PAN/PVP blends, as a function of the
composition X of the blend (weight fraction PVP).
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Figure 5.2:  Equilibrium sorption selectivity ¢ of a 50 w% ethanol/water mixiure in PAN/PVP blends,
as a function of the composition X of the blend (weight fraction PVP).
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Because the total sorption Q (see figure 5.1) is constant from 0-10 w% PVP in the blend, the
increase in sorption selectivity must be due to an increase of the interaction between the polymer
(blend) and water, or due to a decreased interaction with ethanol. if the total sorption Q is divided
into the component sorption of water Q,, and the component sorption of ethanol Q,,, it is clear
(see figure 5.3) that the increase of &S at low PVP content is due to a decrease of the component
sorption of ethanol.

9]
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T 10‘1
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104
00 01 02 03 04 05
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Figure 5.3: Component soiption Q; of water and ethanol from a 50 w#% ethanolfwater mixture in PAN/PVP
blends, as a function of the composition X of the blend (weight fraction PVP).

A possible explanation for this phenomenon is that at low PVP content water and ethanol have to
compete with PVP with respect to interactions with PAN. In pure PAN the interaction between
ethanol and PAN is much weaker than the interaction between water and PAN, leading to a
preferential sorption of water. Due to the low overall sorption of ethanol/water mixtures in PAN
also the difference in molar volumes of ethanol and water contributes to a large extent to the
preferential sorption of water. When PVP is present, which can form hydrogen bonds too, a
sironger interaction of PVP with PAN, competing with that of ethanol with PAN, may lead to a
decreased sorption of ethanol in PAN. The interéction between PAN and water is not influenced,
probably because the interaction between PAN and water is stronger than the interaction
between PAN and PVP. However, it should be kept in mind that sorption of binary liquid mixtures
in polymer blends is a complex phenomenon, where different interactions between the compo-
nents have to be considered in a quaternary system.

At hiéher PVP contents both the component sorption of water Q,, and ethanol Qg increase,
leading to an increase of the total sorption, which, due to the plasticizing effect, results in a de-
crease of the sorption selectivity .
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5.4.2 Pervaporaiion

PAN/PYP

In figure 5.4 the pervaporation results of the PAN/PVP blend membranes are presented, as a
function of the composition of the blend, at 25°C for 50 w% ethanol in water. The figure shows
that by blending PAN and PVP the pervaporation characteristics (both flux and selectivity) can be
influenced by a factor of about 500. By increasing the PVP content in the membrane, the pervap-
oration selectivity decreasss from about ¢P=650 for pm’é PAN fo about oP=1.8 for the blend with
15 w% PVP, whereas the flux increases from J, =0.012 kg!mzh for pure PAN to J =5.6 kglmzh
for the blend with 50 w% PVP.

2 4
0%3 10
J, 1073 aP
°§ 1] L .03
a‘lo ': = 10 ?
< ) 3
,T 1004 - 102
101 > - 101
10625 —————1—1 100
00 01 02 03 04 0S5
—> Xpwp

Figure 5.4: Nommalized peivaporation flux J,, and selectivity aP for a 50 wst ethanol/water mixture for
PANAPYP blend membranes, as a function of the composition X of the blend (weight fraction
PYP). )

In figure 5.5 the component fluxes of water and ethanol are given, as calculated from the total
flux and the permeate composition. By increasing the PVP content the component fluxes of both
water and ethanol increase. This can be explained by the fact that PVP is a polymer with strong
interactions with ethanol and water (water and ethanol are solvents for PVP). Because in pure
PAN the component flux of ethanol is extremely low, it is not surprising that the effect of PVP is
stronger for the component flux of ethanol compared to that for water. This relatively stronger
increase of the component flux of ethanol causes the decrease of the pervaporation selectivity.
For X>0.15 the effect of PVP on the component fluxes of water and ethanol is about the same.
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Figure 5.5: Normalized component fluxes J,, ; of water and ethanol for a 50 w% ethanolfwater mixture for
PAN/PVP blend membranes, as a function of the composition X of the blend (weight fraction
PVP).

The same general trend was found for a feed of 90 w% ethanol in water at 70°C (see figure
5.6), although both flux and selectivity are somewhat higher here compared to figure 5.4: by
increasing the PVP content the total flux increases and the seleclivity generally decreases. Only
at low PVP content (X<0.05) both flux and selectivity do increase. Thus, addition of a small
amount of PVP gives an overall improvement of the membrane propetties. The increase of both

J 102 F104 o
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(\[C T=70°C
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T 100 L 102
' i
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Figure 5.6: Normalized pervaporation flux J,, and selectivity oP for 2 90 w% ethanoliwater mixture for
PAN/PVP blend membranes, as a function of the composition X of the blend (weight fraction

PVP).
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flux and selectivity can be considered as a synergistic effect, which is rather exceptional in mem-
brane development. From the figure it can be concluded that the optimal blend composition is
around PAN/PYP=95/5. Although no sorplion experiments are performed for these feed condi-
tions, the synergistic effect at low PVP content can be due {o a decrease of the component sorp-
tion of ethanol, which was found at 25°C and 50 w% ethanol in the feed (see figure 5.3).

At somewhat higher PVP content the pervaporation selectivity changes dramatically. Within
the small range of blend compositions from X=0.06 to X=0.10 the selectivity drops from abdut
5000 to 130. At even higher PVP content the selectivity decreases further fo about oiP=3.

PSi/PVYP

In figure 5.7 the pervaporation resulis are given for the PS{/PVP blend membranes, for 90 w%
ethanol in water at 70°C. Unfortunately it was not possible to use pure PSf membranes at these
high temperatures in 90 w% ethanol; after 1-2 hours pervaporation the meimbranes ruptured.
Qualitatively the same trend was found as for the PAN/PVP blends: by increasing the content of
PVP in the blend the flux increases and ihe pervaporation selectivity decreases. Compared to
the PAN/PVP blends, the fluxes are higher and the selectivities are lower at the same (weight)
content of PVP in the blend. This might be due fo the more hydrophobic character of PSf com-
pared to PAN: the sorption of ethanoliwater mixtures at high ethanol content in PSf is higher than
in PAN [5.2].

2 4
1025 10
‘ig PSHPVP aP
oF 1] T=70°C
£ 1014 | 90 w% eth. 3
£ 1014 10 ?
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Figure 5.7: Normalized pervaporation flux Jp, and selectivity oP for a 90 w% ethanol/water mixture for
PS{/PYP blend membranes, as a function of the composition X of the blend (weight fraction
PYP). - .
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PAN/PMA

In figure 5.8 the pervaporation results are presented for the PAN/PMA blend membranes, for
50 w% ethanol in water at 25°C. Again, addition of the hydrophilic polymer to the blend increases
the flux during pervaporation and the pervaporation selectivity decreases. But, the effect of an
equal amount of the hydrophilic polymer (by weight) is less pronounced compared to the in- -
fluence of PVP for the blends PAN/PVP. Especially the selectivity does not decrease very much
when the PMA content increases. The difference in dependence of the pervaporation properties
on the content of hydrophilic polymer in the blends must be explained by differences in inter-
actions between the hydrophilic polymer and the feed components. The higher fluxes for the
PAN/PVP blends can also be due to the flexibility of the bulky pyrrolidone groups in PVP, com-
pared to the more rigid anhydride groups in PMA.
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Figure 5.8: Normalized pervaporation flux J,, and selectivity ap_fgr a 50 w% ethanol/water mixture for
PAN/PMA blend membranes, as a function of the composition X of the blend (weight fraction
PMA).

In figure 5.9 the pervaporation resuits are given for the same membranes, but for a feed of 90
w% ethanol at 70°C. Again the results show the same trend as the PAN/PVP blends at the same
feed conditions (figure 5.6), but comparable to the experiments at 25°C more PMA is needed
(compared to PVP) to get the same effect on the flux or selectivity. Another resemblance with the
PAN/PVP blend is the increase of both flux and selectivity at low content of the hydrophilic poly-
mer, PMA in this case (synergistic effect).
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Figure 5.9: Nomnalized pervaporation flux J,, and selactivity o for a 90 w3 ethanolwater misture for
PAN/PMA blend membranes, as a function of the composition X of the blend (weight fraction

PHA).

Comparison between the PAN/PMA blend and the copolymer P(AN-MA)

In the next part the pervaporation properties of the PAN/PMA blend and the copolymer
P(AN-MA) are compared. The composition of the copolymer was determined by NMR analysis:
the weight fraction of maleic anhydride groups was about 0.10+0.02. The membrane prepared
from the copolymer was also tested at 30 w% ethanol at 70°C. The results are presented in table
5.3. In this table also some interpolated results are given for two hypothetical PAN/PMA blends;
one resuit for a blend membrane with the same flux as the copolymer, and one result for a blend
membrane with the same selectivity as the copolymer.

Table 5.3: Comparison between the (interpolated) pervaporation properties of two PAN/PMA blend
membranes and a copolymer P(AN-MA) membrane. Feed: 90 w ethanol in water, 70°C.

X (w.fr. PMA) d (um) J,, (ka/m?h) %,
copolymer 0.10 17 0.014 2000
blend 0.024 24 0.014 6000
0117 25 0.047 2000

From this table it can be concluded that at the same fluxes for the two membranes (blend and co-
polymer), the blend membrane has a three-fold higher selectivity. At the same selectivity the flux
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of the blend membrane is higher, again by a factor of about 3. Thus, in this case the pervaporation

properties of the blend membrane are better than the properties of the copolymer membrane.

The difference in pervaporation properties must be explained by differences in morphology of
the polymer membranes. Whereas in the copolymer the hydrophilic PMA segments probably are
arranged randomly, small microdomains of PMA can be present in the PAN matrix, which may lead
to a different flux and selectivity characteristic. The only disadvantage of the blend membrane
might be the long term stability, due to the possibility of washing out of the PMA. This long term
stability can be improved by crosslinking the PMA.

Influence of the feed concentration

In the pervaporation experiments described so far two standard feed concentrations were
used: 50 w% ethanol in water (at 25°C) and 90 w% ethanol in water (at 70°C). But the membrane
properiies often are strongly influenced by the feed concentration. For two blends (PAN/PVP=
85/15 and PAN/PMA=90/10) the flux and pervaporation selectivity were therefore determined as
a function of the feed concentration, at 25°C. The resulis for these blend membranes are given in

figure 5.10.

0.12 - 103
PAN/PVP=80/10 PAN/PMA=85/15 3 of
T=20°C T=20°C E
d=20um d=18pm T

—3 (kgémzh) -

0 20 40 60 80 100
—> ¢ (w% ethanol)

Figure 5.10: Normalized pervaporation flux J,, and selectivity oF for membranes of the blends PAN/PVP
and PAN/PMA, as a function of the feed concentration.
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This figure shows that the fluxes of the PAN/PVP membranes are higher than those for mem-
branes of PAN/PMA, despite the fact that the membrane contained a smaller fraction of hydro-
philic polymer. This higher fluxes for the PAN/PVP blend membranes can be the result of the
more bulky charagier of the side grou[bs in PVP (leading to higher diffusion rates), but also to a dif-
ference in the interactions of the feed mixture with PVP or PMA, respectively. The flux of the
PAN/PVP blend increases strongly with decreasing ethanol concentration in the feed, whereas
the flux of the PAN/PMA blend is less sensitive to the feed concentration: the flux for pure water
is about equal to the flux of a mixiure containing 10 w% water.

The selectivities of the PAN/PMA blend membranes are higher, roughly by a factor of 10. The
selectivity for both blends increases with increasing ethanol concentration in the feed, which is
often found for water-selective membranes.

In figure 5.11 all pervaporation resulis for all blend membranes are replotted together. From
the figure it can be seen that by using blends a great variety of fluxes and selectivities can be ob-
tained: selectivities between 2<ttP<6000, and (normalized) fluxes between 0.01<J <2 kg/mzh.
The figure shows that all the membranes show better performance at 70°C than at 25°C.

4
i e © PANPVP 25°C
- ® PANPVP 70°C
? A PSf/PVP 70°C
x O PAN/PMA 25°C
103 % = PAN/PMA 70°C

102 107

—> J, (kgm?n)

Figure 5.11: Summary of all pervaporation results with blend membranes.
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Furthermore, it seems that (for constant feed conditions) the same combination of flux and selec-
tivity can be obtained with every blend; only the composition of the blend seems to be important
for a certain combination of flux and selectivity.

5.4.3 Sorption versus pervaporation

For the PAN/PVP blends the equilibrium sorption results can be compared to the pervapora-
tion results, for 50 w% ethanol in water at 25°C.

By comparing figures 5.1 and 5.4 it can be seen that generally the total sorption Q and the
permeation rate J follow the same trend: with increasing PVP content of the blend the total sorp-
tion and the permeation rate increase strongly. This is in agreement with the solution-ditfusion
model, because according to this model a higher concentration of the components in the mem-
brane at the feed side (which can be related to the total sorption results) results in an increased
permeation rate (see chapter 2 of this thesis).

Since at low PVP content in the blend (X<0.10) the total sorption is constant (see figure 5.1),
the increase in the flux with increasing PVP content in that range must be explained by diffusional
effects. This can be due to the fact that the monomeric unit of PAN is rather small, whereas the
monomeric unit of PVP is bulky, because of the pyrrolidone group. So, at these low PVP con-
tents PVP creates space for permeating molecules, leading to a (relatively modest) increase in
flux. Because the increase of the component flux of ethanol is stronger than that of water, the
selectfvity decreases. At higher PVP contents in the blend the total sorption increases, and the
selectivity drops strongly due to the plasticizing effect.

If it is assumed that the preferential sorption during pervaporation at the feed side of the mem-
brane can be considered as equilibrium sorption, the preferential sorption results in figure 5.2 can
be compared with the preferential permeation resuits in figure 5.4. In figure 5.12 both the per-
vaporation and the equilibrium sorption selectivity are plotted as a function of the blend compo-
sition. Also the ratio between the pervaporation selectivity and the equilibrium sorption selectivity
is plotted; this ratio can be considered as a 'diffusion selectivity’ od. This parameter can give some
qualitative information about the diffusion phenomena taking place during the pervaporation
process (see chapter 2 of this thesis).

d

al=aP/as (5)

From the figure it can be seen that at low PVP content of the membrane the effect of selective dif-
fusion can not be neglected: selective diffusion of water (compared to ethanol) enhances the
pervaporation selectivity. In pure PAN the pervaporation selectivity is'mainly determined by the
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difiusion selectivity, rather than by the sorption selectivity. At increasing PVP content of the
blend the influence of selective diffusion decreases. At even higher PVP content the diffusion
selectivity is smaller than 1, which can be interpreted as a selective diffusion of ethanol. For X>0.3
alt selectivities approach 0i=1, which means that sorption, diffusion and permeation are non-
selective, due to the excessive swelling of the membrane. It should be recognized that quanti-
tative resulis calculated from equation (5) can only be used, if it is assumed that sorption of the
components into the membrane during pervaporation can be considered as a thermodynamic

equilibrium.

103,
o \ o eq. sorption
i & pervaporation
102 pelvapor:
m ‘diffusion’

1014
R R e e
107!
T T = 1 * 17
60 01 02 03 04 05
—>» Xpyp

Figure §.12: Equilibrium sorption selectivity, pervaporation selectivity and ‘diffusion’ selectivity for a 50 w3t
ethanol/water mixture for PAN/PVP blends, as a function of the composition X of the blend
(weight fraction PVP).

5.4.4 Stability of the blends

Although a high molecular weight PVP was used, it is possible that at high concentrations of
PVP in the blend, PVP will be washed out because it is soluble in both water and ethanol. The
loss of PVP might influence the long term properties of these membranes during pervaporation.
This phenomenon was investigated for the blends PAN/PVP and PSf/PVP.

For the PAN/PVP blends the PVP loss was determined during the equilibrium sorption ex-
periments at 25°C (in 50 w% ethanol), as a function of the blend composition. The dry weight of
the membranes was measured before and after the swelling in the mixture. Between these two
measurements the membranes were immersed in the mixtures during eight months. The relative
weight decrease of the membranes of different compositions is given in table 5.4. If it is assumed
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that the weight loss can only be due to the loss of the water-soluble PVP, the weight loss of PVP
can be calculated. The table shows that the loss of PVP can be considerable, especially for the
highest PVP content. These results can not be interpreted quantitatively, because the weight
loss of PVP is dependent on the mixing conditions during the immersion period, which were not
the same for all experiments.

Table 5.4: Weight loss of PAN/PVP blends, as a function of the composition of the blend, due to
dissolution of PVP after immersion of the blend membranes during 8 months in a mixture of

50 w% ethanol in water at 25°C.
composition of the blend relative weight decrease relative weight loss
PAN/PVP (g/g) of the membrane (w%) of PVP (w%)
100/ O 03 -
g5/ 5 1.1 226
80/ 10 1.7 16.7
85/ 15 0.8 - 54
80/ 20 : 0.6 3.1
8§07 50 195 39.0

The weight loss during pervaporation has also been determined, both for the PAN/PVP and
PS{/PVP blend membranes containing 50 w% PVP. For a feed of 90 w% ethano! in water at 70°C
the weight loss was determined after 1 hour and after 5 hours of pervaporation. The membranes
were weighed before and after the experiment, and the results were corrected for the effective
membrane area in contact with the feed solution. In table 5.5 the relative weight losses of PVP
(compared to the original amount of PVP present in the membrane) for the membranes are given.

Table 5.5: Weight loss of membranes of PAN/PVP and PSH/PVP blends, due to dissolution of PVP during
pervaporation. Feed: 90 w% ethanol in water, 70°C.

blend membrane Yerv - relative weight loss
{X=0.50). r) of PVP (w%)
PAN/PVP 1 205
PAN/PVP 5 221
PSfPVP 1 40.1
PSfPVP 5 65.4

From these results it is concluded that for both blends the loss of PVP is time dependent: after 5
hours of pervaporation more PVP is removed compared to 1 hour, especially for the PS{/PVP
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blend. Finally it is shown that the weight loss of PVP is smaller for the blend PAN/PVP, which is an
* indication for a better mixing of PAN and PVP at a molecular level.

From all results it is clear that these blend membranes can not be used at high PVP contents
(¥>0.20), because PVP is washed out of the membrane, and dissolves in the feedV(as was ob-
served by gas chromatography). The loss of PVP might be prevented by crosslinking of the PVP
in the membrane phase. These membranes with higﬁ PVP contents, however, are not very inter-

esting with respect to the pervaporation properties.

5.5 Conclusions

Transparent homogeneous blend membranes can be prepared from a highly water-selective,
film forming polymer (iow flux) and a hydrophilic (water soluble) polymer.

The equilibrium sorption experiments at 25°C using PAN/PVP blends showed that for in-
creasing PVP content the total swelling increased strongly. For all blend compositions water was
-absorbed preferentially. At low PVP content (between 0 w% and about 5 w%) the equilibrium
sorption selectivity is higher than that of pure PAN.

For all blends investigated (PAN/PVP, PSI/PVP and PAN/PMA) water permeated preferen-
tially from a feed mixture of ethanol and water, both at 25°C and 70°C. Fluxes of highly selective
membranes could be increased by increasing the content of hydrophilic polymer in the blend,
which was explained by a combination of an increased sorption of the permeating molecules in
thé membrane and increased diffuision rates. The selectivity decreased for increasing content of
t'hefhydrophilic polymer, except for the blends PAN/PVP and PAN/PMA at 70°C, for which at low
fractions of the hydrophilic polymer a maximum of the selectivity was found. So, for these two
blends an optimal blend composition did exist: both flux and selectivity were increased by adding
a small amount of hydrophilic polymer. Still, fluxes for these blend membranes remained at a low
level.

By comparing the equilibrium sorption results with the permeation results at 25°C for the
blends PAN/PVP the influence of selective diffusion of the components through the membranes
was investigated. At low PVP content selective diffusion plays a role in the overall pervaporation
performance. This influence decreased with increasing PVP content in the blends.

When the pervaporation propetties of all blend membranes are compared with respect to flux
and selectivity it was shown that indeed the flux or the selectivity can be adjusted to a desired
level, simply by changing the homopolymers or the composition of the blends. Unfortunately no
real improvement of the overall pervaporation properiies were found: generally an increased flux

resufted in a decrease of the selectivity and vice versa.
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5.6 List of symbols
¢; = weightfraction of component i in the liquid (feed, permeate, membrane)  (g/g)
d = membrane thickness . {1tm)
AG., = free enthalpy of mixing (cal/g)
AH_ = enthalpy of mixing (cal/g)
AH* = enthalpy of mixing, due to specific interactions (calg)
J = total pervaporation flux (kg/m2h)
J; = pervaporation flux of component i (kg/m2 h)
Jp = total pervaporation flux, normalized to 10 pm membrane thickness (ka/m2h)
M, = molecularweight of a component, or

the molecular weight of the monomeric unit of a polymer (Dalton)
Q = total sorption in the polymer: grams of absorbed liquid/gram dry polymer  (g/g)
Q; = component sorption of i in the polymer: gram absorbed i/gram dry polymer (g/g)
ASm = entropy of mixing (cal/ f K)
V = volume of the blend (cm
V; = molar volume of component i (cm /mole)
X = weight fraction of hydrophilic polymer related to the total amount of

polymer in the casting solution (9/9)
o = selectivity (equilibrium sorption, pervaporation, diffusion) Q)
3, = solubility parameter of component i {{calicm 31’2)
¢®; = volume fraction of polymer i in the blend (cm3/cm )
p = density (g/cm )
subscripts
e = ethanol
m = mixing
w = water
superscripts
d = diffusion
f = feed
m = membrane
p = permeate, pervaporation
] = sorption
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Chapter 6

The effect of concentration polarization on pervaporation results.

J.W.F. Spitzen, M.J. van der Waal, M.H.V. Mulder, C.A. Smolders

Summary

Equations are derived for calculating concentration polarization at the feed side of a semi-permeable
membrane in pervaporation processes. For concentration independent liquid densities and diffusion coef-
ficients the equation derived here is similar to the equation commonly used for microfiltration, ultrafiltration
and reverse osmosis. From this simplified equation the effects of parameters such as mass transfer coeffi-
cient, flux, selectivity and feed concentration on the actual flux and selectivity are calculated. The calcula-
tions showed that using recently developed pervaporation membranes with high flux and selectivity values,
concentration polarization may play an important role and leads to decreased flux and selectivity values.
Furthermore it is shown that at very low feed concentrations of the preferentially permeating component

concentration polarization can play a role even at low flux values.

6.1 Introduction

Concentration polarization is a phenomenon that takes place when mass transfer of the com-
ponents in the feed towards a semi-permeable membrane wall is among others rate limiting for the
transport rate through the membrane. This phenomenon is inherent to all membrane separation
processes and is well known from already commercialized membrane processes such as micro-
filtration (MF), ultrafiltration (UF) and reverse osmosis (RO). For these processes concentration
polarization can be a serious problem, leading to a decrease in flux and separation characteristics.

For recently developed membrane processes such as gas separation and pervaporation it is
generally assumed that concentration polarization does not play a role, because of the relatively
low transport rates for these processes; only very few experimental results have been published
in literature for these two membrane processes [6.1-6.5], from which it is evident that concen-
tration polarization can not be neglected in all cases. Furthermore, mass transfer for low molecular
weight components in liquids and gases is much faster than for solutions of polymers or colloids,
or for solid particles in suspensions (such as in boundary layers for MF and UF), because of higher
diffusion coefficients: D~10"° m?s for low molecular weight components in liquids and D=1 oM
m?/s for suspended solids or colloidals. Since fluxes of recently developed membranes for per-
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vaporation are much higher, in combination with high separation factors [6.6], it is necessary to
realize that concentration polarization can influence the experimental results. In small scale labora-
fory set-ups concentration polarization can be influenced easily using a well mixed or stirred cell.
When upscaling takes place to commercial plants (with more complicated membrane configura-
tions and with less well-defined mass transfer conditions, such as dead volumes, fouling), con-
centration polarization can be avoided by applying high cross-flow velocities or mixing rates, resul-
ting in additional energy consumption of the process.

In this chapter a general equation describing concentration polarization for pervaporation
processes will be derived. This equation is solved for different levels of complexity. These dif-
ferent solutions are discussed and compared with the equation used for MF, UF and RO. In some
numerical examples the influence of parareters such as mass transfer coefficient, bulk feed com-
position and membrane properties (flux and intrinsic selectivity) on the actual flux and selectivity in

pervaporation will be presented.

6.2 Theory
General

In literature many relations have been developed describing concentration polarization during
transport of solutions through semi-permeable membranes. These relations have mainly been
developed and used_ for processes like MF, UF and RO, in which components (salts, colloids,
macromolecules or celiular materials) are-dissolved at low concentrations in the feed. In most
cases the solute concentration is relatively low, and the solute is rejected by the membrane to
some extent, whéreas the solvents can permeate preferentially. The general equation [6.7] used

is:
V8D = In ("~ Py/cP- cP)) o )

In this equation JY represents the volume flux through the membrane, & is the thickness (m) of
the laminar boundary layer, D is the diffusion coefficient (m2/s) of the solute in the solution, and
c¥, cP and cb represent the concentrations (g/l, mole/l) of the rejected solute at the membrane
wall, in the permeate and in the bulk feed solution, respectively. This equation is derived using
the following assumptions:
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1) The diffusion coefficient of the solute is constant (independent of concentration).
2) The density of the solution is constant, and equal to the density of the pure solvent.

3) The mass transfer coefficient is independent of the flux and concentration.

In equation (1) the wall concentration ¢ determines the effect of concentration polarization,
and it causes a decrease of fluxes in MF, whereas in UF and RO both the flux and the retention
decrease. In MF and UF also a gel-type precipitate can be formed, which results in an additional
hydrodynamic resistance [6.8].

Equation (1) can also be used for pervaporation, however, for convenient use it needs some
elaboration. First, in pervaporation the units, in which fluxes and concentrations are expressed,
are different from to those in MF, UF and RO. In pervaporation the concentrations of feed and
permeate are generally expressed as weight fractions, because this is more convenient for liquid
mixtures; pervaporation fluxes are generally expressed by mass fluxes, also for convenience.
Furthermore, during pervaporation a phase transition occurs: the feed is a liquid, the permeate is
a vapour. This may lead to confusion about the fact whether the permeate should be considered
as a liquid or as a vapour. Finally, in most cases both diffusion coefficients and liquid densities can
be dependent on the concentration of the liquid mixture.

A general equation for calculating concentration polarization during pervaporation and other
membrane processes will be derived here for a binary feed mixture, in which the fluxes and the
concentrations are expressed as mass flows and weight fractions, respectively. From this generat
equation some special cases will be discussed.

Concentration polarization in pervaporation

In pervaporation of a binary liquid mixture (components 1 and 2) both components are per-
meating through a semi-permeable membrane. Generally the permeation rates of the two compo-
nents are different. This results in an increase in concentration of the less permeable component
(component 2) at the membrane wall at the feed side, and a concentration gradient will develop.
This is represented schematically in figure 6.1. The flows J are represented as volume flows
(m3/m2h), the concentrations ¢ are given in volume fractions ¢i (m3/m3). Because the concen-
tration of the less permeable component at the membrane wall is higher than in the bulk feed, dif-
fusion of component 2 back into the feed will take place. Simultaneously there is a diffusional flow
of component 1 from the bulk feed towards the membrane wall.

Consider the volume element at the feed side of the membrane in figure 6.1, between x=0
and x=x, with a constant area parallel to the membrane. In this situation three different volume

flows can be distinguished {mass transfer due to density or temperature gradients is neglected):
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membrans

x=0 X S T

Figure 6.1: Conceniration profile of the less permeable component 2 of a liquid mixture, in contact with a
semi-penmeable membrane.

a) Convective flow of the components towards the membrane, denoted by JC.
This flow is a result of the removal of components from the feed by permeation through the
membrane.
b) Diffusional flow of the componentis in the boundary layer, denoted by Jd.
This flow is due to the concentiration gradients of the components in the boundary layer.
c) Penmeation of the components through the membrane, denoted by JP.
This flow is due to the concentration gradient of the components inside the membrane iiself.

In the stationary state both the volume and the mass of this volume element must be constant.
The volume balances over this volume element are:

Total: F-d-p=o : (2)
Componenti: J%-J%-J, =0 (=1.2) (3)

J°|-, Jdl-, and in are the component flows due to convection, diffusion and permeation, respec-
tively. The component flows due to diffusion are described by Fick's law:

J4; =- DV. (4 (0))/aix (4a)

9, =- DY, (o)) /e (4b)

Whereas in this case the diffusion law is applied to volume units, in appendix A a survey is
given on the different representations of this law for other units (such as mass flows and mofar
flows). '
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In equations (4a) and (4b) ¢;(x) represents the volume fraction of component i in the liquid
mixture. Since at every distance from the membrane the total concentration 4)1 (x)+¢2(x)=1,
combination of equations (4a) and (4b) leads to:

..|d1+Jd =J9=0 (5)

This means that the diffusional flow of component 2 (sz) back into the bulk feed is counter-
balanced by a diffusional flow of component 1 (Jd1) towards the membrane. Combination of equa-
tions (2) and (b) leads to:

L-P=0 o f=P (6)

The different flows of component 2 can be calculated as follows:

convection: JC = J%. dofx) (7)
permeation: Py = JP. P (8)
diffusion: 9%, = - DY. d(@,(x) Maix (4b)

In spite of the fact that the permeate in pervaporation always is a vapour, the permeate has to
be considered as a liquid in equation (8), because volume flows in the volume element in the
liquid phase are considered.

Combination of equations (3),(4b),(6-8) leads to the most general form of the component
volume balance describing concentration polarization, taking the permeate flow JP as the overall

volume flux J¥:

3(9o(x) - §P) = - DV. d{@ho(x))eix (9)

The boundary conditions for this equation are (using the film model):
x=0: ¢p=¢,¥ (19a)

x=8& ¢p=0,° (10b)
8 is the thickness of the laminar boundary layer.
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In eqdaﬁon (9) the fiux J¥ does not depend on x and on ¢; (total flux is constant in the bounda-
1y layer and is only dependent on the wall concentration q»i"": 0,(x=0) of the components). On the
other hand, the diffusion coefficient DV generally is a function of the concentration ¢; in the
boundary layer. The most simple solution of the differential equation (9) is obtained if a constant
diffusion coefficient is assumed. In case the diffusion coefficient in the liquid is dependent on the
concentration, as a first approximation a h‘nean; relationship can be used, because the concen-
iration gradient in the boundary layer is relatively small. The solution of equation (9) for this case is

given in appendix B.

For a constant diffusion coefficient equation (3) can easily be solved by integration. By
" rearrangement the following integral solution is found:

5 4P

J v dx=-0V. ] (9,0 - 0,P) . a0 | (11)
o ¢, )

JV.8/0V = In {6, - 0,°)/(0,° - ¢,°)} (12)

Equation (12) is similar io equation (1), but to derive equation (12) we did not have to assume a
constant density.
" According to the film theory, the thickness of the boundary layer & can be reldted to the mass

transfer coefficient k:
DI =k (13)

Substitution of k into equation (12) gives the final equation for the case of a constant diffusion
coefficient, from which the concentration of the components at the membrane wall can be calcu-
lated:

=1 {02 02)/(0.- 0.} (14)

To use this equation for pervaporation purposes, for convenience the volume fractions (;) wil
be converted into weight fractions (w;), and the volume flux JVinto a mass flux J™. If the density of
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the liquid mixture is represented by p, and p; is the density of pure component i, it can be derived
that pd=pw;, when itis assumed that the molar volume of the pure component i is equivalent to
the partial molar volume of this component in the mixture. The volume flux is converted into a ~
mass flux using the density pP of the permeate as a liquid. Hence, the most general equation for
concentration polarization with a concentration independent diffusion coefficient is:

Ik pPy = In {(p"wp" - pPwzP)/(pw,° - pPw,P)} (15)

In this equation pP, pb and p¥ represent the densities of the permeate, bulk feed and feed at the
membrane wall, respectively.
In the case of constant liquid density p this equation can be simplified to:

IGkp) = In {(wp- woP)/ (wypP- waP)} (16)

Although this simplified equation can be used in some cases, generally the density of a liquid
mixture is a function of the concentration of the mixture. In the case of concentration dependent
liquid density, equation (15) generally has to be solved by trial and error.

To illustrate the effect of a concentration dependent density two situations will be com-
pared, assuming the same concentrations in the bulk feed, at the membrane wall and in the
permeate: w,"=0.8, wab——o 8, w,P=05.

In the first situation a constant density will be assumed; in the other situation the
density is assumed to be linearly dependent on the concentration (weight fraction) of the
liquid. It is assumed that the density of the preferentially permeatln%component 1is hlghsr
than the density of the less permeable companent 2: p4=1000 kg/m™ and po=800 kg/m!
that case the densmes of the bulk feed, at the membrane wall and of the permeate are:
P W-840 kglm pb~880 kg/m and gp—QOO kg/m In the case of a constant liquid density,
the density is taken as p=840 kg/m”, being the density of the liquid at the membrane wall
for the case of a concentration dependent density. A mass transfer coefficient of k—10
m/s is taken. Using equation (16) for a constant density, a mass flux of JM=3.322 kg/m h
is calculated. Usmg the equation (15) for a concentration dependent density, the mass flux
is JM=3.389 kg/m h (taking p linearly dependent). Hence, the same concentration
polarization is already reached at lower fluxes in the case of a constant density; the effect,
however, is very small.

if the density of component 1 is lower than the density of component 2 (p4=800 kg/m
and p,=1000 kg/m ), the reverse situation is found: the same concentration polarization i is
reached at lower fluxes in the case of a concentration dependent density.
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Influence of different parameters on concentration polarization

Not only the liquid density influences the effect of concentration polarization. From equation
(15) it is seen that conceniration polarization is also influenced by:
- the mass transfer coetficient k
- the flux through the membrane J
- the bulk feed concentration cib

- the intrinsic membrane selectivity o { which determines the relation between ¢¥ and ¢P ):

o = (c,Ple,P) (e, ¥lc,") (17)

In the following paragraph the effects of the parameters mentioned above will be shown by
some numerical examples. To demonstrate the effects qualitatively, the case of a constant diffu-
sion coefficient and constant liquid density was studied. '

it should be mentioned that also the feed temperature can influence concentration polariza-
tion. When the feed temperature is increased, generally pervaporation fluxes increase and liquid
densities decreaée. For a given module design and flow velocity in the module, the feed tem-
perature affects the mass transfer coefficient k through the diffusion coefficient and the viscosity
of the feed. It can be deduced that an increase of the feed temperature generally leads to an in-
crease of k. Considering these antagonistic effect of temperature on flux, density and mass trans-
fer coefficient, it can not be predicted on forehand, whether an increase of the feed temperature
leads fo a higher or a lower concentration polarization (See equation (15) or (16)).

6.3 Calculations

The main factor determining concentration polarization is the mass transfer coefficient, which
is governed by the mixing conditions in the feed near the membrane surface. These mixing con-
ditions are influenced by the flow conditions of the feed (stirring, flow velocity, turbulence pro-
motion) and the module design. A typical value for the mass transfer coefficient in liquids is
k=10"° nv's, but this value can be higher or lower (see appendix D). In our calculations mass
transfer coefiicients of k=108, 107,10 and 10> nv's are chosen. Although the values of 107
and 1078 are extremely low, these values were taken fo investigate the effect of concentration
polarization for the cases when hardly any mixing takes place. In the calculations the mass transfer
coefficient was kept constant. If should be kept in mind that k can be dependent on the flux and
the concentration (through the diffusion coefficient and the viscosity). -
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From equation (16) it follows that also the flux level determines concentration polarization:
concentration polarization increases with increasing flux. In the calculations the influence of con-
centration polarization will be demonstrated as a function of the flux, for chosen values of other
parameters that also determine concentration polarization. The fluxes ranged from low values of
J=0.001 kg/m?h to extremely high values J=1000 kg/m?h. Although fluxes of J=1000 kg/m?h are
not realistic for pervaporation, the calculations were extended to these high values, to investigate
the trends and limits of the model. It is recognized that nowadays pervaporation fluxes are of the
order of magnitude of J=0.01-10 kg/mZh.

Because the flux decrease due to concentration polarization is influenced by the flux itself, we
will discriminate between the ideal flux and the actual flux. The ideal flux (represented by J) is de-
fined as the flux for the case of no concentration polarization. The actual flux (represented by J*)
can be measured experimentally and is influenced by concentration polarization.

From equation (16) it can be seen that also the bulk feed concentration has an influence on
concentration polarization. In the examples bulk feed concentrations of ¢, b=0.01, 0.10, 0.20 and
0.50 (weight fractions) are chosen.

Although it follows not directly from equation (16), concentration polarization is also in-
fluenced by the intrinsic membrane selectivity .

The selectivity is determined by the differences in permeation rates of the components
through the membrane. The wall concentrations of both components will depend on the mem-
brane selectivity, and therefore the actual flux and selectivity are influenced by the intrinsic mem-
brane selectivity.

Because the selectivity due to concentration polarization is influenced by the membrane se-
lectivity itself, we will discriminate between the ideal selectivity and the actual selectivity. The ideal
selectivity is the intrinsic selectivity (represented by (x=(ciplcip)/ (ci“'/cjw)) and is by definition not
influenced by concentration polarization. The actual selectivity (represented by o*) is measured
experimentally and is influenced by concentration polarization; this selectivity is based on the
bulk feed concentration and the actual permeate concentration: af:(cip/cjp)/(cib/cjb). In the
examples intrinsic membrane selectivities of 0=9, 99, 999 and 9999 are chosen.

We recapitulate the assumptions used for the numerical calculations:
- The density p of the liquid mixture is independent of the concentration of the mixture, and
equals to p=1000 kg/m°>. _ ’
The intrinsic membrane selectivity o is independent of the concentration at the membrane wall.

- The mass transfer coefficient k is independent of the concentration of the mixture.

The flux J is a linear function of the concentrations at the membrane wall: ,
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J=c Y. J % +c%. 0° (18)

The pure component fluxes J;° and J,,° are always chosen such that the total flux is equal to
the ideal flux (no concgntration polarization), and the ratio of these pure component fluxes is
equal fo the intrinsic membrane selectivity ot (see appendix C). This means that the values of J,°
and J2° have been changed during the calculations, as the total flux, the bulk feed concentration
and the intrinsic membrane selectivity have been varied.

Using the assumptions mentioned above, concentration polarization always will result in
lowered fluxes and selectivities. It should be noted that in practical situations these simple as-
sumptions do not always hold, and other relations between flux or selectivity and feed concentra-
tion exist.

In many practical cases the selecitivily increases with increasing concentration of the less per-
meable component. In those cases the decrease of the experimental selectivity, due to concen-
tration polarization, _will be smaller. It is even possible that due to a strong increase of the intrinsic
selectivity with feed concentration the experimental selectivity increases too.

Although fluxes generally decrease with increasing concentration of the less permeable com-
ponent, it is possible that in some conceniration ranges the flux increases [6.9,6.10]. In that case
concentration polarization leads to higher fluxes. '

The calculations are performed using equation (16). The mass flux J™ will be represented by
J, the concentrations (weight fractions) by c. Because some parameters (flux and permeate con-
centration) in this equation are generally dependent on the concentration at the membrane wall,
equation (16) has to be solved by iteration. So, the wall concentration, as the most important
parameter, has been determined by trial and error.

6.4 Results and discussion
Influence of the flux on c,¥, c,P, J* and a*
In a few examples the effect of concentration polarization on several pervaporation parameters

will be demonstrated. In the first examples the following parameters are chosen: ¢, E’=0.50, =99,
and k=10"% nvs.
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Since the intrinsic membrane selectivity is taken constant, the permeate concentrations will
change due to a change in the wall concentration. in figure 6.2 both the wall concentration 01“’
and the actual permeate concentration c,p of the preferentially permeating component are given
as a function of the ideal flux. .

—> J(kgm?)

Figure 6.2: Concentration (weight fraction) of the preferentially permeating component at the membrane
wall ¢;* and in the permeate c{P, as a function of the ideal flux J.

At low fluxes the wall concentration is equal to the bulk feed concentration (c1W=c1b=0.50).
When the flux increases, the wall concentration remains about constant, until at a certain flux (in
this case about J=0.1 kg/mzh) the wall concentration of the preferentially permeating component
decreases; due to this decrease also the permeate concentration of this component decreases.
At higher fluxes the wall concentration drops to a very low value and the permeate concentration
decreases to the bulk feed concentration (as can be deduced from equation (16): J/p.k — oo for
maximum concentration polarization). At these high fluxes the membrane shows virtually no
selectivity at all (based on the bulk concentrations). So, at maximum concentration polarization
the wall concentration c1‘” will not decrease to zero, but to a value that is determined by the in-
trinsic membrane selectivity (and the bulk feed concentration), so that the permeate composition
equals that of the feed bulk. In this case the wall concentration decreases to c1“’=0.01.

Since the actual flux is dependent on the wall concentrations, the flux decrease due to con-
centration polarization is dependent on the ideal flux values (in fact, in equation (16) J™ repre-
sents the actual flux J*). In most cases fluxes decrease with decreasing concentration of the
preferentially permeating component; therefore fluxes will generally decrease when concentra-

tion polarization takes place. In figure 6.3a the actual flux is given as a function of the ideal flux. At
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low fluxes (no concentration polarization) the actual flux equals the ideal flux. in this flux range the
total transport rate is only determined by the membrane properties. At higher fluxes mass transfer
of the components towards the membrane becomes rate determining, and the actual flux will be
lower than the ideal flux. When concentration polarization increases, the wall conceniration of the
preferentially permeating component 02W will decrease to low values, and the actual flux will
approach the flux of the pure, less permeable component. For J — oo it can be derived that J7J —
a/ (o + (a-1)2.6,°.c,°); in this case J*/J — 0.0396. Hence, the flux rafio will never decrease to
zero at high ideal fluxes.

Since the permeate concentration changes with concentration polarization, afso the actual (or
apparent) selectivity o0 (based on the bulk concentration in the feed and the permeate concen-
tration) will change. This can be seen from figure 6.3b: at low fluxes the actual selectivity oi* is
about consiant and equal to the intrinsic membrane selectivity of, but with increasing flux the
actual selectivity decreases, to reach finally ot"=1 (bulk feed concentration and permeate concen-

tration become equal).
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Figure 6.3: Actual flux J* (a) and actual selectivity a* (b), as a function of the ideal flux J.

We will now discuss the effect of membrane thickness. When the thickness of a membrane is
reduced, e.g. in order to increase the flux of a very selective membrane, concentration po(ériza-
tion will increase. In that case the actual flux will be lower than expected on the basis of the
recipracal relation between flux and membrane thickness. But more important, the actual selec-
tivity of a thin membrane will be lower than for thicker membranes. This is demonstrated in figure
6.4, where the actual flux and actual selectivity are presented as a function of the membrane
thickness, for a membrane with an ideal flux of J=0.1 kg/m2h at a thickness of 10 um. The fluxes a
other thicknesses are calculated using the reciprocal relation between the ideal flux and mem-
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brane thickness (J~1/d). From these figures it follows that for thin membranes lower fluxes and
selectivities are found, as expected.
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Figure 6.4: Actual flux J* (2} and actual selectivity o* (b), as a function of membrane thickness d.
ldeal flux J proportional to reciprocal thickness 1/d (J=0.1 kg/n12h atd=10 um).

Influence of the mass transfer coefficient k

Until now the influence of concentration polarization was demonstrated for only one value of
the mass transfer coefficient k. The results were pljesented as a function of the (ideal) flux (or
reciprocal thickness) and because this flux also determines the effect of concentration polariza-
tion, the effect of low and high concentration polarization on the process could be demonstrated.

Now the influence of concentration polarization will be given for different mass transfer coeffi-
cients, for different intrinsic membrane selectivities -and for different feed concentrations. For
practical reasons only the results for the actual flux and actual (apparent) selectivity as a function
of the (ideal) flux are presented.

In figure 6.5 the actual selectivity and actual flux are given as a function of the ideal flux, for
four different mass transfer coefficients, ranging from k=1 078 to k=105 mvs. The bulk feed con-
centration is ¢, b=0.50, the intrinsic membrane selectivity is 0t=99.
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Figure 6.5: Actual selectivity oc* (a) and actual flux J* (b), as a function of the ideal flux J, for different
mass transfer coefficients: k=10"°, 107, 1072 and 10 mss.

From figure 6.5a it can be seen that the actual selectivity decreases with increasing flux. This
decrease already staris at low fluxes for low mass transfer coefficients. Because pervaporation
fluxes of more recently developed membranes are in the range of J=0.1 o 10 kg/mzh, itis clear
that concentration polarization plays a role, when the mass transfer coefficient is lower than

=108 m/s. However, for very high fluxes the actual selectivity vanishes (¢*=1), for all mass trans-
fer coefficients.

Figure 6.5b shows that, at nowadays realizable pervaporation fluxes, flux decrease will take
place for k<1078 m/s. The flux decrease is 3 to 23% for J=0.1 kg/m?h and 23 to 77% for J=1.0
kg/mzh, for k=10"%t0 107 nvs respectively. This relative flux decrease is strongly dependent on
the intrinsic membrane selectivity, as will be shown later. For high fluxes the ratio of the actual and
ideal flux reaches a constant level (determined by the intrinsic selectivity), which is the same for all
mass transfer coefficients. This ratio is for the parameters here assumed: J*/J=0.0396.

It should be recognized that in general mass transfer coefficients of the order of magnitude of
k=10"% m/s are more realistic. From figure 6.5 it is conciuded that in those cases, with nowadays
pervaporation fluxes lower than 10 kg/mzh, the effect of concentration polarization generally can
be neglected. However, the following calculations are performed using k=1 076 s, to show the
effect of concentration polarization if the mixing conditions near the membrane are not optimal.

Influence of intrinsic membrane selectivity o
In figure 6.6 the actual selectivity and actual flux are given as a function of the ideal flux, for

four membranes with different intrinsic membrane selectivities, ranging from =9 fo 0:=9999. The
bulk feed concentration is again Cy b=0.50, the mass transfer coefficient is k=10 m/s.
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Figure 6.6: Actual selectivity a* (a) and actual flux J* (b), as a function of the ideal flux J, for different
intrinsic membrane selectivities: a=9, 99, 999 and 9999.

Figure 6.6a shows that the actual selectivity dec}eases strongly with increasing flux. The de-
crease in selectivity starts at roughly the same flux for all 4 membranes, at about J=0.1 kg/mzh (for
this mass transfer coefficient). The absolute decrease in selectivity is more severe for more
selective membranes. The selectivity decreases by a factor of 2.5 when the flux increases from

“J=0.2t0 2 kglmzh. In practical cases (fluxes lower than J=10 kg/mzh) the selectivity for a very
selective membrane (and for this mass transfer coefficient) remains at a high level; at lower values
of k the decrease in selectivity can be more dramatic (see figure 6.5a). For high enough fluxes the
actual selectivity for all 4 membranes will decrease to 0" =1.

- From figure 6.6b again it can be seen that flux decrease due to concentration polarization can
take place at fluxes higher than about J=1 kg/m2h. This flux decrease is more severe for the more
selective membranes, because when concentration polarization takes place, the flux will de-
crease to the flux value for the less permeable component. Because the membranes are com-
pared at the same total (ideal) flux, the flux of the less permeable pure component is lower for
more selective membranes. Hence, for more selective membranes not only the selectivity
decrease can be important, but also the flux decrease can be considerable. From figure 6.6b it
can be seen that the actual flux reaches a constant level for high ideal fluxes and increasing
selectivities. This constant level of J* can be calculated from equation (16): if the intrinsic
membrane selectivity increases, CZ‘” will increase to 1 and 02P will decrease to 0. This means that
J*/p k approaches ln(1/02b). In our case, with 02b=0.5, p=1 000 kg/m3, and k=10"% nvs the actual
flux will have its plateau level at J*=2.495 kg/m2h.
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Influence of the feed bulk concentration

in figure 6.7 the actual selectivity and actual flux are given as a function of the ideal flux, for
four bulk feed concentrations, ranging from ¢, b_0.01to C4 b_0.50. The mass transfer coefficient
is k=10 m/s, the intrinsic membrane selectivity is 0:=99.
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Figure 6.7: Actual selectivity o¢* (a) and actual flux J* (B), as a function of the ideal flux J, for different bulk
feed concentrations: c1b=0.01, 0.1,0.2and 0.5.

Figure 6.7a shows that the actual selectivity already decreases at low flux levels for low con-
centrations of the preferentially permeating component. This can be an imporiant problem for
pervaporation of dilute organic compounds in water with elastomeric membranes: in those cases
generally low fluxes are combined with extremely high selectivities [6.11].

From figure 6.70 it can be seen that also the flux decrease already starts at low flux values for
low feed concentrations {of the preferentially permeating component), but the flux decrease (at
high ideal fiuxes) is smaller for these lower feed concentrations. This can be explained by the fact
that at lower feed concentrations the absolute decrease in wall concentration <;1W will be very
small, so that the actual flux (linearly dependent on the wall concentration) is almost equal to the
ideal flux. Again, it can be seen that at high ideal fluxes the ratio between the actual and ideal flux
J*/J approaches constant values, which are dependent on the feed concentration and the

intrinsic membrane selectivity. This constant ratio is: J*/J= ¢ / (00 + (01—1)2.01 b.czb .
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6.5 Conclusions

In the first part it was shown that the equation that usually is employed to calculate concentra-
tion polarization (for MF, UF and RO), generally can also be used for pervaporation. As the dimen-
sions for flux and concentration used in pervaporation and MF, UF and RO are different, a more
convenient form of the equation is derived. An adequate equation for pervaporation is still to be
obtained, if the concentration dependence of liquid density and of diffusion coefficient are not
known on forehand.

At concentration independent liquid density and constant diffusion coefficient a simple
equation was derived, which can be used to describe concentration polarization in pervaporation
processes. Using this simple expression (16) the consequences of concentration polarization
phenomena on pervaporation performance have been obtained.

The calculations presented show clearly that, although usually the fluxes in pervaporation are
much lower than for MF, UF and RO, in certain cases concentration polarization can be expected
to have a strong influence on the actual results in pervaporation processes, and can not be
neglected 'a priori'.

The calculations show further that concentration polarization generally leads to decreased
fluxes and selectivities; these effects increase with:

a) decreasing mass transfer coefficient

b)increasing flux

¢) increasing intrinsic membrane selectivity

d)decreasing concentration of the preferentially permeating component

6.6 List of symbols

¢ = concentration {kg/kg, m3/m3, mole/l, g/

d = membrane thickness (nm)

d';, = hydraulic diameter (m)

DY = fixed volume diffusion coefficient (rn2/s)

J = ideal pervaporation flux (without concentration polarization) (kg/m?h, m3/m2h, mole/m2h)
J* = actual pervaporation flux (with concentration polarization)  (kg/m?h, m>/m?h, mole/m?h)
J; = pervaporation flux of component i (kg/mzh, m3/m2h, mole/mzh)
k = mass transfer coefficient (m/s) :

L = channel length in membrane module (m)

m = mole fraction (mole/mole)

Re = Reynolds number A

Sc = Schmidt number ¢

Vv = molar volume (mole/ma)

w = weight fraction (ka/kg)

x = distance from membrane wall (m)
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pervaporation selectivity . (-)
thickness of laminar boundary layer (mg3
volume fraction (m3md)
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6.8 Appendices
Appendix A: Diffusion law of Fick.
The first diffusion law of Fick represents the relationship between the diffusional flow and the

driving force, which is a concentration gradient. The proportionality factor is the diffusion coeffi-
cient.

Ji= = Dl.dcl/dx . (A1 )

This relation can be used to describe transport of mass, volume and moles, due to the correspon-
ding concentration gradient. Because the dimension of the diffusion coefficient always is m?/s,
the following equations can be derived, representing the volume diffusion rate, the mass diffu-
sion rate or the molar diffusion rate.

Volume flux: &= - D, dydx (m%/m?s) (A2)

(¢; = volume fraction of component i: m3/m®)

Muttiplication of this equation with p; (density of component i) results in the mass flux Jmi, as-
suming no excess volumes: (with p;0;=pw;, and p= density of the mixture: kg/m3).

. 2
Mass flux: Jmi= - D;d(pw;)/dx (kg/m<s) (A3)

( w;= weight fraction of component i: kg/kg)

Muttiplication of equation (A2) with V; (molar volume of component i) results in the molar flux JMI-:
(with v;b=vm,, and V= molar volume of the mixture: mole/m®).

Molar flux: M= .Ddvmydx  (mole/m?s) (A4)

(m;= mole fraction of component i: mole/mole)

157



Chapter 6

Appendix B: Equation for concentration polarization, with diffusion coefficient linearly
dependent on concentration.

in paragraph 6.2 a simple equation for calculating concentration polarization was developed
for the case of a constant diffusion coefficient in the liquid feed. In general the diffusion coefii-
cient will be a function of the concentration. Because the concentration gradient in the boundary
layer is relatively small, a linear relation between DY and the concentration can be used as a first

approximation:

DY (¢) =Dy". ¢y +D5". ¢ =DyY + §o.00"Y (B1)

with ADY = D,¥-D,"

D1" and D2v are the diffusion coefficients of the pure components; these may be the actual diffu-
sion coefficients or the extrapolated values from the linearization.
Because the mass transfer coefficient is related to the bulk conditions, in this case k is repre-

sented by:
k=(D;"+¢,2.ADY /3§ (B2)

Substitution of equations (B1) and (B2) into equation (9), and integration using the boundary
conditions (10) resuits in:

3= {(D;%+4,P-AD%)/ (D 30,°AD")}. 1n{(9,*- 0,P)/ (0, 4P} +
+{aD/{(D;"+¢,°.4D")}. (92" ¢,°) (83)

This equation can easily be simplified to the case of constant diffusion coefficient, by taking

AD'=0. Equation (B3) reduces then to equation (14).
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Appendix C: Relation between & and the pure component fluxes J1° and J2°.

The intrinsic membrane selectivity o is determined by the actual concentrations of the feed
and permeate near the membrane wall:

Because the permeate concentrations ciP are determined by the component fluxes J; this can be

rewritten as:
o = (I, 4,)/(c,Wle,W) (C2)

If the flux is linearly dependent on the concentration of the components at the membrane wall,
the component fluxes can be written as J;=c,¥.J;® and J,=c,".J,%; so:

R (AR AN V(AN ENRAR (C3)

Appendix D: Calculation of mass transfer coefficients in pervaporation.

As an example mass transfer coefficients are calculated for pervaporation of an ethanol/water
mixture. The weight fraction ethanol in the mixture is c2b=0.5, the temperature is 25°C. For the
calculations both diffusion coefficient and kinematic viscosity were taken from literature data:
D=0.36 109 m%s [6.14], v=2.61 108 m2ss (calculated from 1} [6.15] and p).

A plate and frame module was assumed, with a length of L=0.5 m and a channel height of
H=0.5 cm; the hydraulic diameter d=2.H=0.01 m. The Schmidt number is Se=v/D =7200.

The mass transfer coefficients k are calculated according to Wiley et al [6.12]:

Sh=kd/D =162 Re®33 Sc033 (4,1)033  faminarflow:  Re<2000; L>0.029.Re.d),

Sh =k.dy/D = 0.0096 Re%% 5035 turbulent flow: Re>2000; Sc>1000

159



Chapter 6

From these equations is can be calculated that in the laminar flow regime mass transfer coeffi-
cients range from k=1.4 10°® m/s for Re=100 till k=3.7 10" mvs for Re=2000. If the flow is
turbulent higher mass transfer coefficients are obtained: k=7.9 10" nv/s for Re=2000 and k=1.8

107 my/s for Re=5000.
A detailed survey of mass transfer relations is given by Gekas et al [6.13].
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Summary

Summary

In this thesis the dehydration of ethanol/water miitures by pervaporation using homogeneous
membranes is studied. Both the general transport mechanism as well as the development of
highly selective membranes for ethanol/water separation are investigated.

The ultimate goal in the development of membranes for the separation of liquid mixtures by
pervaporation is to obtain a membrane that combines a high selectivity towards a mixture together
with a high flux. Because pervaporation makes use of non-porous membranes, the most impor-
tant factor that determines the membrane properties is the polymer material. The flux and selec-
tivity of these membranes are determined by the physico-chemical nature of the liquid compo-
nents and of the polymer membrane material. A solution-diffusion model can be used to describe
transport through these membranes. According to this model, components from the feed are
transported through the membrane, according to three consecutive steps:

) sorption of the components into the membrane, at the feed side;

W diffusion through the membrane, due to an activity gradient;

i) desorption into the vapour phase, at the permeate side.

Whereas it is generally assumed that diffusion is the rate-determining step, differences in solu-
bility (preferential sorption) are believed to be the main factor determining the overall selectivity
during pervaporation. Hence, the transport properties of pervaporation membranes can be de-
scribed if the diffusitivities and solubilities of the permeating components in the polymer material
are known. Although this model can be used properly when permeation of pure components is
considered, the permeation of liquid mixtures is far more complicated. The main problem in the
latter case is that the components do not absorb and diffuse independently in the membrane:
due to mutual interactions between the two components, sorption and diffusion phenomena of
binary liquid mixtures during pervaporation are difficult to predict. Furthermbre, once a polymer is
chosen, the properties of the actual membrane applied in a practical situation are affected by a
great number of other factors. Some of these are the membrane preparation method and pre-
treatment, the presence of additional transport resistances or the process conditions.

Still, the solution-diffusion model is a good starting point for the choice of the polymer material
for a given separation problem. If during pervaporation equilibrium sorption of the components
into the membrane is assumed, the equilibrium sorption selectivity can give an indication of the
selectivity during pervaporation. High pervaporation selectivities can be expected when a high
preferential sorption of the components in the polymer material takes place.

To study the influence of different aspects on the pervaporation properties of homogeneous
membranes for the dehydration of ethanol/water mixtures, such as preferential sorption, mem-
brane preparation method and feed conditions, two polymers are selected: poly(vinylalcohol)
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{PVA) and poly(acrylonitrile) (PAN).

PVA membranes are known for its good pervaporation properties for the dehydration of
ethanol/water mixtures. The pervaporation and equilibrium sorption properties of homogeneous
PVA membranes with respect to ethanol/water mixtures are studied at 25°C, and described in
chapter 2. For all feed concentrations water is absorbed preferentially, and water also permeates
preferentially through these membranes. A high equilibrium sorption selectivity for water is found
for ethanol-rich feed concentrations, but it strongly decreases with increasing water content in
the feed. Because the pervaporation selectivity does not show the same trend, it is concluded
that also selective diffusion of ethanoliwater mixtures contributes to some extent to the overall
separation in pervaporation.

The properties of PVA membranes can be influenced by applying a heat-treatment (leading to
an increase in crystallinity) or by crosslinking. In chapter 2 the effect of crosslinking and crystallinity
on the preferential sorption of liquid mixtures in non-porous membranes is considered theoreti-
cally, and demonstrated by some numerical examples. It is concluded that due to crosslinking of
an amorphous polymer, or due to crystallinity in a semi-crystalline polymer, the equilibrium sorp-
tion properties are influenced. With increasing crosslinking density or increased crystallinity the
total sorption of a liquid mixture in a polymer decreases, and the preferential sorption increases.

fn chapter 3 the influence of the érystalﬁnity of PVA membranes on the dehydration of etha-
nol/water mixtures is studied, by varying the degree of hydrolysis of PVA or by applying a heat-
treatment. The penneaﬁon'results are compared with results from equilibrium sorption exper-
iments. High equilibrium sorption selectivities and pervaporation selectivities are obtained,
caused by the low solubility and low permeability of ethanol, respectively. Ethanol only absorbs
and permeates in these membranes due to the presence and permeation of water, respectively.
A heat-treatment generally incfeases the crystallinity of the membranes, which results in an in-
creased pervaporation selectivity and a lower flux. By crosslinking the membranes with maleic
acid, higher fluxes are obtained compared to membranes without maleic acid, while the selectivity
remains about the same.

Another polymer that is studied, in chapter 4, is poly(acrylonitrile) (PAN). Homogeneous PAN
membranes show extremely high selectivities for the dehydration of ethanol/water mixiures by
pervaporation, but the fluxes are very low. According to the solution-diffusion model fluxes
through homogeneous membranes can be increased by decreasing the membrane thickness,
without loss of selectivity. By decreasing the membrane thickness of these membranes, indeed
higher experimental fluxes are obtained, but the selectivity decreases strongly, especially for very
thin membranes. It is found that these lower selectivities for thin membranes are mainly due to a
less dense membrane structure, compared to thick membranes. By influencing the evaporation
rate of the solvent from a casted film the selectivities of the membranes can be influenced signifi-

cantly.

—
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The main reason for low fluxes of ethanoliwater mixtures through many polymeric membranes
is the low absorption in these membranes. The overall somtion can be increased by blending
these polymers with water-soluble polymers. By blending highly selective PAN or poly(sulfone)
(PSf) with poly(vinylpyrrolidone) (PVP) or poly(maleicanhydride) (PMA), as is studied in chapter 5,
the fluxes through these membranes could be increased strongly, but generally only at the ex-
pense of the selectivity. In some cases a synergistic effect is found: at low PVP or PMA content in
the PAN blend membranes both the flux and selectivity are increased. Although no spectacular
improvements are obtained in the overall membrane performance, the main advantage of using'
blend membranes is that the permeation properties can be adjusted to a desired level.

Finally, in chapter 6 the effect of concentration polarization on pervaporation resuits is
studied, using numerical examples. It is shown that in most situations concentration polarization
generally can be avoided in pervaporation, when the feed flow conditions are turbulent. In the
case of laminar flow, concentration polarization can lead to a decrease of both flux and selectivity.
These effects observed are strongest at high fluxes, especially at high selectivities or at low con-
centrations of the preferentially permeating component in the feed.
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Samenvatting

In dit proefschrift wordt de ontwatering van ethanol/water mengsels door pervaporatie m.b.v.
homogene membranen beschreven. Zowel het algemene transportmechanisme voor pervapo-
ratie als de ontwikkeling van zeer selectieve membranen voor ethanol/water mengsels zijn bestu-
deerd.

Het uiteindelijke doel van membraanontwikkeling voor de scheiding van vioeistofmengsels
door pervaporatie is een membraan dat zowel een hoge selectiviteit als een hoge flux heeft. Om-
dat voor pervaporatie niet-poreuze membranen worden gebruikt, is het polymeer{materiaal) de
belangrijkste factor die de membraaneigenschappen bepaalt. De flux en selectiviteit van mem-
branen wordt bepaald door de fysisch-chemische eigenschappen van het polymeer en van de
permeérende componenten. Transport door deze membranen kan worden beschreven met het
oplos-diffusie model. Volgens dit model vindt transport van de componenten uit de voeding door
het membraan plaats volgens de volgende drie stappen:

i) sorptie van de componenten in het membraan, aan de voedingszijde;

i) diffusie door het membraan, als gevolg van een activiteitengradient;

ii)y desorptie in een dampfase, aan de permeaatzijde.

In het algemeen wordt aangenomen dat de diffusie-stap de snelheidsbepalende stap is in het
mechanisme, terwijl verschillen in oplosbaarheid van de componenten in het polymeer (prefe-
rentiéle sorptie) voor een groot deel de uiteindelijke scheiding tijdens pervaporatie bepalen. De
transporteigenschappen van pervaporatiemembranen kunnen worden beschreven als de
diffusie- en sorptie-eigenschappen van de permeérende componenten in het polymere mate-
riaal bekend zijn. Hoewel dit model goed kan worden toegepast voor permeatie van zuivere vioei-
stoffen, de permeatie van vioeistofmengsels is veel gecompliceerder. Het probleem is dat de
componenten niet onathankelijk in het membraan worden opgenomen of diffunderen. Als ge-
volg van onderlinge beinvloeding tussen de twee componenten kunnen de sorptie en diffusie
van een binair vloeistofmengsel moeilijk worden voorspeld. Bovendien worden de eigenschap-
pen van een membraan van een gekozen polymeer beinvioed door een groot aantal andere fac-
toren, zoals de bereidingsmethode en. voorbehandeling van het membraan, de aanwezigheid
van extra transportweerstanden of de procescondities.

Toch is het oplos-diffusie model een goed startpunt voor de keuze van een polymeer mate-
riaal voor een specifiek scheidingsprobleem. Als wordt aangenomen dat de sorptie van de com-
ponenten aan de voedingszijde van een membraan een evenwicht is, kan de evenwichtssorp- .
tie-selectiviteit een goede maat zijn voor de te verwachien pervaporatie-selectiviteit. Hoge per-
vaporatie-selectiviteiten kunnen worden verwacht als er een grote preferentiéle sorptie plaats
vindt in het polymeer.
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Om de invioed van diverse aspecten op de pervaporatie-eigenschappen van homogene
membranen voor de ontwatering van ethanol/water mengsels te onderzoeken, zoals preferen-
tigle sorptie, membraan bereidingsmethode en voedingscondities, zijn twee polymeren geko-
zen: poly(vinylalcohol) (PVA) and poly(acrylonitril) (PAN).

PVA membranen zijn bekend voor hun goede pervaporatie-eigenschappen voor de ontwate-
ring van ethanol/water mengsels. De eigenschappen van homogene PVA membranen m.b.t.
pervaporatie en evenwichtssorptie zijn bepaald voor ethanol/water mengsels bij 25°C, en zijn be-
schreven in hoofdstuk 2. Voor alle voedingssamenstellingen wordt water preferenti€éel opgeno-
men, en water permeéert ook preferentiéel door deze membranen. Een hoge evenwichtssorp-
tie-selectiviteit voor water is gevonden voor hoge ethanol concentraties, maar deze neemt sterk
af met toenemende water concentratie in de voeding. Omdat de pervaporatie-selectiviteit niet
dezelfde trend vertoont, wordt geconcludeerd dat selectieve diffusie van ethanol/water meng-
sels ook bijdraagt in de totale scheiding tijdens pervaporatie.

De eigenschappen van PVA membranen kunnen worden beinvioed door een warmtebehan-
deling (verhoging van de kristalliniteit) of door crosslinking. In hoofdstuk 2 is het effect van cross-
linking en kristalliniteit op de preferentiéle sorptie van vioeistofmengsels in niet-poreuze mem-
branen theoretisch behandeld. Aan de hand van enkele numerieke voorbeelden is aangetoond
dat door crosslinking van een amorf polymeer de evenwichtssorptie-eigenschappen worden be-
invioed. Met toenemende crosslinkdichtheid of toenemende kristalliniteit neemt de totale sorptie
van een vioeistofmengsel af, terwijl de prefe}entiéle sorptie toeneemt.

In hoofdstuk 3 is de invioed van de kristalliniteit van PVA membranen op de ontwatering van
ethanol/water mengsels bestudeerd, door variatie van de hydrolysegraad van PVA of door een
warmtebehandeling toe te passen. De permeatieresultaten zijn vergeleken met de resultaten van
evenwichtssorptie-experimenten. Hoge sorptie-selectivteiten en pervaporatie-selectiviteiten zijn
verkregen, veroorzaakt door respectievelijk de lage sorptie en de lage permeabiliteit van ethanol.
Ethanol wordt alleen opgenomen en permeéert alleen in de membranen door respectievelijk de
aanwezigheid en de permeatie van water. Een warmtebehandeling verhoogt in het algemeen de
kristalliniteit van de membranen, hetgeen leidt tot een hogere pervaporatie-selectiviteit en een la-
gere flux. Door crosslinking van de membranen met maleinezuur worden hogere fluxen verkre-
gen in vergelijking tot de membranen zonder maleinezuur, terwijl de selectiviteit ongeveer gelijk
biijft. ,

Een ander polymeer dat is bestudeerd, in hoofdstuk 4, is poly(acrylonitril) (PAN). Homogene
PAN membranen hebben extreem hoge pervaporatie-selectiviteiten voor de ontwatering van
ethanol/water mengsels, maar de fluxen zijn erg laag. Volgens het oplos-diffusie model kunnen
de fluxen door homogene membranen worden verhoogd door de membraandikte te verlagen, bij
gelijkblijvende selectiviteit. Door dunnere membranen te gebruiken zijn inderdaad hogere expe-
rimentele fluxen bereikt, maar de selectiviteit neemt sterk af, vooral voor erg dunne membranen.
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Het is gebleken dat deze lage selectiviteiten vooral een gevolg zijn van een minder dichte
membraanstructuur, vergeleken met dikke membranen. Door de verdampingssnelheid van het
oplosmiddel van een gestreken film te variéren kan de selectiviteit sterk worden beinvioed.

De voomaamste oorzaak voor de lage fluxen van ethanol/water mengsels voor veel polymere
membranen is de lage absorptie in deze membranen. De totale sorptie kan worden verhoogd
door deze polymeren te blenden met water-oplosbare polymeren. Door het blenden van het
zeer selectieve PAN of poly(sulfon) (PSf) met poly(vinylpyrrolidon) (PVP} of poly(maleine anhy-
dride) (PMA), konden de fluxen sterk worden verhoogd, maar alleen ten koste van de selectiviteit
(hoofdsiuk 5). In een aantal gevallen wordt een synergetisch effect gevonden: voor laag gehalte
PVP of PMA in membranen van PAN blends worden zowel de flux als de selectiviteit verhoogd.
Hoewel geen spectaculaire verbeteringen zijn bereikt in de overall membraaneigenschappen, is
het voordeel van blend membranen dat de permeatie-eigenschappen eenvoudig kunnen wor-
den beinvioed.

Tenslotte, in hoofdstuk 6 is het effect var{ concentratie polarisatie op pervaporatieresultaten
bestudeerd d.m.v. numerieke voorbeelden. Het blijikt dat in de meeste gevallen concentratie po-
larisatie kan worden voorkomen tijdens pervaporatie, als de stromingscondities in de voeding tur-
bulent zijn. Voor laminaire stroming kan concentratie polarisatie leiden tot een verlaging van zo-
wel de flux als de selectiviteit. Deze effecten zijn het grootst voor hoge fluxen, vooral bij hoge se-
lectiviteiten of bij lage concentraties van de preferenti€el permeérende component in de voe-

ding.
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