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Membrane materials based on polyheteroarylenes and their
application for pervaporation
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Studies on the transport properties of membrane materials are topical in connection with the need to solve the fundamental
problems and to analyze the applied aspects of the theory of membrane separation processes including, in particular, the
development of the energy- and resource-saving, environmentally safe technologies. The aim of the review is to generalize the
experimental data on the separation of practically valuable mixtures using membranes based on polyheteroarylenes
(thermally stable and mechanically strong polymers). First of all, our analysis covers publications that give a detailed
description of the physicochemical properties of the membranes and an interpretation of the specific features of mass transfer
during pervaporation of liquid mixtures using membrane materials based on polyheteroarylenes. The dependences of the
transport parameters of pervaporation on the process conditions and on the methods for production of membrane materials
are discussed. The data presented may be useful for the development of the theory of membrane processes taking into

account the chemical nature and physicochemical features of polymeric membrane materials.
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I. Introduction

Intensification of membrane separation processes belongs
to key problems in modern basic research and applied
studies on membrane technologies. Three lines of research
activity aimed at solving the problem include the design of
advanced membrane materials as well as new types of
membrane modules and processes (hybrid, composite ones,
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etc.).!~® Undoubtedly, the role of the membrane material is
of paramount importance, although in some particular
cases the conditions for transmembrane mass transfer can
to some extent influence its efficiency. Traditionally, mem-
brane processes are classified as crucially important energy-
and resource-conserving, environmentally safe technolo-
gies,! 3 including the design of coupled processes, e.g., in
the case of membrane contactors”-® or absorbing pervapo-
ration.?

A membrane is a structure, having lateral dimensions
much greater than its thickness, through which transfer may
occur under a variety of driving forces (IUPAC, 1996).10
Practically, the emphasis should be placed on the membrane
materials that ensure the highest efficiency of separa-
tion.!1-12 The most important class of membrane materials
includes organic polymers, the choice of a particular poly-
mer being dependent on its structure and properties.!? A
polymer can be used to prepare membranes of different
morphology (structure). The morphology specifies the
mechanism of separation and, therefore, the application
fields of the membranes.

Nonporous membranes occupy a particular position.
Mass transfer through these systems is described by the
solution—diffusion model. Compared to porous mem-
branes, the diffusion mechanism provides a stronger inter-
action of molecules of the liquids being separated with the
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membrane material; this allows one to separate substances
with similar physical properties and chemical nature. Cor-
respondingly, the search for efficient polymeric membrane
materials is a priority investigation line in the design of
technologies using diffusion membranes, in particular, for
pervaporation and gas separation.

In this review we will consider membranes based on
polyheteroarylenes. The transport and physicochemical
properties of such systems have been intensively studied;
however, only a few reviews on the title subject have been
reported in the last decade.!3- 1% Great prospects for appli-
cation of these membranes for separation of liquid mixtures
are, in particular, due to the fact that heteroaromatic
polymers exhibit high stress—strain properties, thermal
stability, chemical stability and the ability to change their
morphology under the action of external factors or upon
modification. We will restrict ourselves to a number of
examples related to evaporation through nonporous poly-
meric membranes, i.e., pervaporation.

I1. Pervaporation, challenges and opportunities

The term ‘pervaporation’ is used in both technology and
basic research to denote evaporation through a membrane.
Although having a clear etymology (permeation + evapora-
tion), it incompletely characterizes the essence of the proc-
ess. Indeed, at present the notion ‘pervaporation’ covers a
rather wide range of processes using both nonporous and
porous polymeric and inorganic materials. The physico-
chemical laws of the process conducted using fundamentally
different types of membranes are significantly different.
However, polymeric membranes remain the most abundant
class of pervaporation membranes; therefore, in this review
‘pervaporation’ means evaporation through a nonporous
polymeric membrane.

Pioneering laboratory and applied pervaporation stud-
ies date back to the early 20th century. The term ‘pervapo-
ration” was coined by Kober.!®> Since then, research into
pervaporation was mainly of academic interest despite the
fact that problems in most studies were initially posed as
applied ones. The process has been industrially and com-
mercially used since 1982. At that time, the first pilot plant
for dehydration of ethanol was put in operation by the
German company GFT in Brasil.!® Progress in pervapora-
tion studies and technological applications of the process
are well documented in monographs and reviews.!>2 1719

As to the recent studies, original communications on
pervaporation represent a large proportion of publications
devoted to membrane processes. Since 2004, more than 350
articles concerning various aspects of pervaporation process
have been published only in such a recognized journal as the
Journal of Membrane Science. Earlier, patents and original
publications on membrane methods of separation including
pervaporation were analyzed by, e.g., Semenova and co-
workers,?%-21 in a collective monograph! and in a number
of reviews.?2~24

As mentioned above, the solution —diffusion mechanism
of transmembrane transfer during pervaporation remains
the most commonly accepted.? Two regimes of the process
are recognized, viz., vacuum-driven pervaporation and
carrier-gas pervaporation (in the latter case, gaseous prod-
uct is removed from the system with a flow of ‘inert’ carrier
gas); however, the vast majority of applied pervaporation
studies deal with the vacuum-driven process (Fig. 1).
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Figure 1. Vacuum-driven pervaporation: a schematic.

According to the solution —diffusion mechanism, sepa-
ration is achieved through preferred sorption and dissolu-
tion of particular components of a mixture by the
membrane material and owing to different diffusion rate
of the substances being separated across the membrane.
Particular stages of the process (sorption + dissolution and
diffusion) can either exhibit synergistic effect or compete,
acting in opposite directions. For instance, a certain com-
ponent of a mixture can be well soluble in the membrane
material, but a low rate of its diffusion can influence the
course of the overall separation process.

The process completes with desorption. Generally,
transmembrane mass transfer can result in gaseous or liquid
products. In the case of vacuum- or carrier-gas driven
desorption, one deals with gaseous permeates. Therefore,
at first glance, the term ‘evaporation’ is conditional because
it in essence characterizes only the sampling method of
permeates. At the same time, in the case of nonporous
polymeric membranes the process is driven just by the
pressure drop from atmospheric pressure to a vacuum; as
a consequence, products of transmembrane transfer are in
the vapour phase, i.e., in almost all cases one should speak
of evaporation through a membrane.

In the vacuum-driven regime, evaporation through a
nonporous membrane is due to the pressure drop (pressure
difference between different sides of the membrane).®> In
addition, it is often pointed out that the process is driven by
the chemical potential difference between the feed mixture
and product. Although thermodynamically attractive, this
interpretation seems to be incorrect just from the thermo-
dynamic point of view. Indeed, the pervaporation product is
immediately removed and, therefore, its contribution
(chemical potentials of components y;) to the driving force
of the process is negligible. Recall that in accordance with
the expression for the chemical potential, if the partial
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pressure or concentration of a component tends to zero, the
chemical potential of the component tends to — co:

wi =1 (T) + RTInp;

where u7(T) is the standard chemical potential u; equal to
the chemical potential of the pure substance i at temper-
ature T; R is the universal gas constant; and p; is the partial
pressure. A similar situation is observed in the simple case
of open equilibrium evaporation from a free surface (no
membrane), where the relative concentrations of compo-
nents in the vapour (and corresponding relative evaporation
rates) are determined by their partial pressures, i.e., the
chemical potentials of components in the liquid phase
rather than by the pu; difference between the liquid and
vapour phases. In both cases, i.e., evaporation through a
membrane or with no membrane, one deals with an open
phase process which is by default characterized by contin-
uous removal of the phase being formed.?>-26

The partial pressures of components of the feed can
undoubtedly be included in the estimation of the selectivity
and fluxes in the case of evaporation through a nonporous
membrane as the thermodynamic parameters of the compo-
nents; however, sorption + dissolution and diffusion are at
least equally important stages of the process. This is just a
significant difference between evaporation from free surface
and evaporation through a membrane.

Some authors admit the occurrence of a vapour—liquid
phase transition during pervaporation prior to the sorption
step.>27 Since, in contrast to related processes (gas separa-
tion and vapour separation), the solution contacts the
membrane surface during pervaporation, the inclusion of
this phase transition to the mechanism seems to be a
theoretical admission rather than an actual step of the
process. If evaporation does precede the sorption and
dissolution steps, the partial pressures (p;) of components
of the feed should play a significant role because it is these
parameters that govern the concentrations of substances in
the vapour formed (before sorption).

A number of authors compared gas (vapour) separation
and pervaporation (see, e.g., Refs 2 and 28 —30). Consider-
ing these processes, Baker,? in particular, points to numer-
ous experimental studies whose authors report that
transmembrane mass transfer from the liquid is faster but
less selective than mass transfer from the equilibrium
vapour. Baker treated these results as experimental arti-
facts, emphasized that during vapour separation the vapour
contacting the membrane is not completely saturated, and
concluded that the activities of the feed components in
vapour separation experiments are lower than in pervapo-
ration experiments. As a result, the conclusion that the
vapour fluxes are lower than the pervaporation fluxes is
substantiated only by high sensitivity of the sorption by the
membrane materials to activity. We believe that such a
comparative analysis of the efficiency of two membrane
processes seems to be far from being comprehensive in spite
of the use of thermodynamic concepts. Complicated proc-
esses like pervaporation and gas (vapour) separation are
strongly influenced by not only activities of components,
but also the properties of the membrane material, the
concentration polarization as well as by swelling, heat
effects, total pressure gradients, etc.

Thermodynamically, vacuum-driven evaporation
through a membrane should be treated as nonequilibrium

process and, therefore, analyzed using the formalism of
nonequilibrium thermodynamics. A membrane system rep-
resents a classical example of a discontinuous system;3! 33
the notions ‘membrane system’ and ‘discontinuous system’
can be considered identical. Although mass transfer
through nonporous membranes differs from, e.g., mass
transfer through porous membranes, capillaries and other
types of barriers between compartments of a discontinuous
system, thermodynamic description of all these systems is of
the same type.

When pervaporation and other membrane processes are
analyzed using the formalism of nonequilibrium thermody-
namics, one can use linear laws (phenomenological equa-
tions), although generally, linear relationships between
flows and thermodynamic forces exist only in the vicinity
of equilibrium state.?* For instance, the relationships for
two pairs of flows and forces are described by the system of
equations (1):

Ji =L11X1+L12X2} ()
Jy =Ly Xy + L X

where L; and L are the direct and cross phenomenological
coefficients, J; is the flow of the property i, X; is the
conjugate thermodynamic force (in our case, only one
component of the vectors of the corresponding flows and
forces). For diffusion during the transmembrane transport
the coefficients L; and L; are some quantities proportional
to the diffusion coefficients. Although the phenomenolog-
ical equations (1) are not thermodynamic relations (linear
relations appear in extended thermodynamics), there exist
some thermodynamic limitations. Since the entropy produc-
tion is non-negative 34

=) LygX;X; >0 )
ik

where ¢ is the local entropy production, ‘>’ corresponds to
nonequilibrium processes, and =’ corresponds to equili-
brium ones, the matrix of kinetic coefficients should be
positive-definite. Other limitations are due to the symmetry
condition for the matrix of kinetic coefficients, viz.,
Lix = Li; (Onsager reciprocal relations, temporal symmetry
of the system), and to the Curie principle (spatial symme-
try).3* Although coupling effects (classical case for the
nonequilibrium theory) were considered even in an early
thermodynamic analysis of pervaporation by Kedem,3® only
a few studies on pervaporation and other membrane proc-
esses based on the formalism of nonequilibrium thermody-
namics have been reported in the last decade (see, e.g.,
Refs 36—39).

Various modern models for the description and analysis
of pervaporation are also based on general theories of
membrane processes and on the approaches that character-
ize the specific features of evaporation through a nonporous
membrane. Both particular stages (sorption, diffusion) and
the overall processes are considered. Probably, a key trend
in theory is an analysis using the Maxwell — Stefan equations
derived as early as the 19th century.*?-4! Pioneering studies
by Heintz and Stephan,*? 43 who applied these equations to
evaporation through a nonporous membrane were contin-
ued by other authors (see, e.g., Refs 44 and 45).

Other models for the description of membrane transport
during pervaporation are based on the Fick law, the
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Flory — Huggins theory, theory of free volume, on kinetic
models and on the pore flow model.4¢~3¢ One of the most
recent reviews of pervaporation models is available in a
collective monograph.!

Pervaporation membranes are characterized by the per-
meate flux and the separation factor. The permeate flux
(kg m—2 h—1!) is the amount of a permeate per unit mem-
brane surface per unit time. The separation factor (selectiv-
ity, opy) is a key parameter characterizing the separation
properties of pervaporation membranes,

Vil Vi

= (3)
where y;, yr and x;, xx are the mole fractions (or mass
fractions) of the substances i and k in the permeate and in
the feed (solution), respectively. Clearly, Eqn (3) matches
the definition of the relative volatility (oy;) which character-
izes the selectivity in the case of equilibrium liquid — vapour
phase transition,

v) 7.,
yi ly
Oy = . C))
Xi/ Xk
where yl(-v) and y,iv) are the mole (or mass) fractions of

components in the equilibrium vapour. In particular, the
opy and o1 values make it possible to compare the selectivity
of evaporation through a membrane and that of equilibrium
open evaporation. An additional (either positive or nega-
tive) contribution to selectivity owing to the membrane
process can be characterized by the parameter E called the
‘enhancement factor’.?’

Vil oy

= = ®)
W
Therefore, apy can be represented as
Opv = Eavl (6)

which allows the efficiency of distillation and pervaporation
to be compared directly.

Although theoretical concepts of physicochemical
aspects of pervaporation are different, a great practical
importance of the process for technology is commonly
accepted.! As applied to separation of mixtures of close-
boiling liquids and azeotropic mixtures, pervaporation has
undoubtful advances over distillation. Important applica-
tion fields of the method in pharmaceutical and food
industries include purification and concentration of temper-
ature (heating)-sensitive liquids because of very mild proc-
ess conditions. Pervaporation is environmentally friendly,
free from environmental pollution and undemanding to
extra chemicals for conducting the process.

There are three main fields of application of pervapora-
tion:1-47

— dehydration of organic solvents (alcohols, esters,
etc.) — hydrophilic pervaporation;

— removal of organics (trichloroethylene, chloroform,
dichloromethane, benzene, toluene, alcohols) from water —
hydrophobic pervaporation;

— separation of organic liquid mixtures (methanol—
methyl tert-butyl ether, methanol—dimethyl carbonate, a

mixture of p-xylene, m-xylene and o-xylene) — organophilic
pervaporation.

Dehydration of organic solvents is a classical field of
application of pervaporation. Here, success is due to syner-
gistic effect, namely, water in hydrophilic membranes is
characterized by better solubility and preferred diffusion
owing to smaller size of water molecules.

Dehydration and purification of alcohols also becomes
of importance because a number of alcohols are used as
promising alternative automotive fuels.

In the removal of organics dissolved in water, preferred
diffusion of organic molecules is achieved using hydro-
phobic membranes.! Separation of organic mixtures ranks
first among various applications of pervaporation.>’ Perva-
poration separation of mixtures of polar and nonpolar
liquids (e.g., methanol—methyl tert-butyl ether), mixtures
of aromatic and aliphatic liquids (benzene —n-hexane), aro-
matic and alicyclic liquids (benzene —cyclohexane) as well as
mixtures of isomers (e.g., xylene isomers) is of great indus-
trial value. A promising and rapidly progressing field of
application, namely, separation of mixtures of aromatic and
aliphatic compounds (benzene—n-hexane, etc.), is also
associated with the diffusion mechanism of transmembrane
mass transfer.

In this review the emphasis is placed on the membrane
materials based on polyheteroarylenes, which were recently
tested in the diffusion separation of liquids using pervapo-
ration methods in order to dehydrate of organic solvents, to
remove organics from water and to separate organic liquid
mixtures.

II1. Polyheteroarylenes as membrane materials

Polyheteroarylenes are heteroaromatic compounds belong-
ing to the most in-demand thermally stable, mechanically
strong and chemically stable polymers. A wide variety of
applications of polyheteroarylenes is, in particular, due to
stepwise synthetic procedures, which imply mild conditions
in the initial steps and subsequent isolation of prepolymers
followed by thermal cyclization (in some cases, heat treat-
ment of finished items). A severe drawback of this class of
polymers consists in limited solubility. Processability of
materials based on polyheteroarylenes can be improved in
several ways, e.g., by attaching bulky groups to the side
chain, by synthesizing macromolecules with asymmetric
structure, etc. However, polyheteroarylenes containing aro-
matic (benzene, naphthalene) carbocycles and heterocycles
(imide, oxazinone, imidazole, efc.) in the repeating unit are
of particular interest for many industries. Aromatic carbo-
cycles can form simple bonds with heterocycles or fused to
them (structures 1 and 2).°8 60

X =N.,8,O0, etc.

Structures 1, 2

Such structures can be synthesized by polymerization of
monomers containing functionalized deriatives of benzene
participating in the formation of a heterocycle. In the text
below the emphasis is placed on polyheteroarylenes
obtained in this manner.
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A wide variety of properties of polyheteroarylenes is due
to the structure of macromolecules and their ability to self-
organization. Owing to very high thermal stability, chemical
stability and radiation resistance, high mechanical strength
and improved wear resistance and other specific properties
of materials based on polyheteroarylenes, these polymers
have found application in aviation industry, space industry,
mechanical engineering, electric engineering, microelec-
tronics and other industries.

Polyheteroarylenes belong to the most promising mem-
brane materials because they meet all the requirements
mentioned above and exhibit high operating characteristics.
Unique physicochemical properties of these polymers pre-
determine high selectivity of separation of various mixtures.
Polyheteroarylenes are used as efficient membrane materials
for separation of liquid mixtures in, e.g., baromembrane
and electromembrane processes.!-¢1-%4 Owing to ordered
structure, fixed free volume and appropriate thermo-
dynamic properties, polyheteroarylenes proved themselves
as materials for diffusion membrane processes where the
efficiency of separation is to a great extent governed by
selective transport of molecules through the polymer
matrix.®3~ 67 Typical representatives of heteroaromatic pol-
ymers, such as polyimides, polyetherimides, polybenzimida-
zoles, etc., are known as promising materials for gas
separation 8~ 7! and pervaporation.'472

The chemical structure of the monomer unit in poly-
heteroarylenes to a great extent determines the physico-
chemical properties of polymers and thus influences the

Table 1. Polyheteroarylenes used as membrane materials.

transport properties of pervaporation membranes. This can
be explained by changes in the chain flexibility, macro-
molecular packing, inter-chain interactions, etc. The phys-
ical properties of polymers are less sensitive to changes in
the chemical structure than the transport properties.

Table 1 presents a list of typical representatives of
membrane materials based on polyheteroarylenes. Tradi-
tionally, in scientific literature polyimides are denoted by
Latin abbreviations based on the names of the dianhydride
and diamine moieties or by commercial trademarks of
corresponding commercial polyheteroarylenes. We also fol-
low this tradition. Russian abbreviations were used only in
the description of the polyheteroarylenes studied by the
authors of this review.

One should keep in mind that particular numerical
values of the transport parameters reported in original
studies are often determined for different types of mem-
branes (homogeneous films, asymmetric films, composite
membranes), mixtures of somewhat different composition
or are measured at different temperatures. Therefore, a
direct comparison of these values is to some extent incor-
rect. Nevertheless, we believe that such a comparison will
give a clearer picture of the transport properties of novel
membrane materials based on polyheteroarylenes and dem-
onstrate their potential in separation of various liquid
mixtures.

Particular examples of application of polyheteroarylenes
as materials for pervaporation membranes will be consid-
ered in Sections [V—-VIL.
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Table 1 (continued).

Designation Repeating unit structure
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Table 1 (continued).

Designation Repeating unit structure
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IV. Dehydration of organic solvents

Dehydration of organic solvents (alcohols, acids, ethers and
ketones) belongs to the most rapidly progressing applica-
tions of pervaporation. Dehydration of alcohols has
become a challenge in the 1980s where alcohols (ethanol,
butanol) appeared to be on-demand as promising alterna-
tive fuels competitive with petrol on the energy market. In
Americas and Europe, pure alcohols and their mixtures with
petrol (3 mass % —25 mass % of alcohol) are used as auto-
motive fuels. Alcohol additives reduce carbon dioxide
liberation and thus improve the environmental performance
of fuels. At present, alcohols are most often produced by
fermentation of food raw materials containing hydrocar-
bons. Biosynthesis is environmentally and economically
preferable, but the end fermentation products contain not
only alcohols, but also various impurities including small
amounts of water, which are usually removed by distilla-
tion, but this technology is costly, energy expensive and of

limited use (in the case of, e.g., azeotrope formation). Other
drawbacks of the method are associated with the operating
temperatures that cause the loss of microorganisms during
biosynthesis. Therefore, pervaporation, which is conducted
in milder conditions, becomes a popular energy- and
resource-saving method of purification (mainly dehydra-
tion) of alcohols.”3~ 85

Earlier, aqueous organic mixtures were separated using
membranes made of natural polymeric materials and their
derivatives.'> A wide variety of polymeric and inorganic
membranes have been tested; however, only a few of them
meet the industrial requirements. Among the available
range of polymeric materials, membranes based on poly-
heteroarylenes stand out because of high operating charac-
teristics. The direction of selective mass transfer during
pervaporation of aqueous organic mixtures is determined
by the balance of hydrophilic—hydrophobic properties of
the polymer membrane. In most cases, membranes based on
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polyheteroarylenes exhibit

ties 68,70,86—-92

dehydrating proper-

Separation of water —ethanol mixture for, in particular,
production of anhydrous alcohol for pharmaceutical indus-
try and as major component of biofuels has attracted
increased attention of researchers since the late 20th cen-
tury. The transport properties of rigid-chain aromatic poly-
imides (BTDA-PDA, BTDA-BZD, PMDA-ODA, etc.,
see Table 1) during pervaporation of water—ethanol mix-
ture were studied.’!-°2 These polyimides have a dense
structure and small free volume, which provides an explan-
ation for high separation factor during pervaporation at
low flux. Pervaporation of a water—ethanol mixture was
studied at 323, 333, 338 and 343 K. It was found that the
flux of the membranes increases with temperature; however,
the correlation between the separation factor and temper-
ature was not clear. It is believed °1-92 that the changes in
the transport properties with temperature are mainly related
to the changes in the proportion of free volume in the
membrane structure. For instance, raising the temperature
increases the mobility of polymer chains in the membrane
material; this favours an increase in the free volume and

diffusion mobility of penetrants (both water and ethanol).
As a consequence, the flux increases, but the separation
factor may decline at the same time.

The dependence of the transport properties on the
nature (i.e., on the structure of the repeating unit) of
polyheteroarylenes can be assessed by analyzing the proper-
ties of a number of polyimides containing different diamine
moieties. The influence of the chemical structure of poly-
imides on the transport properties during pervaporation of
aqueous ethanol solution containing up to 90 mass % of
alcohol was studied.?3-°4 The introduction of bulky side
substituents into the diamine group led to a looser packing
of polymer chains and, as a consequence, higher perme-
ability. For instance, the polyimide BHTDA-BADTB con-
taining bulky side terz-butyl groups demonstrated a higher
permeability than the other polyimides studied. The best
combination of the flux and separation factor was found for
the polyimide BHTDA-DBAPB which contains a more
rigid and bulky diamine group. An increase in temperature
from 298 to 328 K was accompanied by an increase in the
flux and a decrease in the separation factor for all the
membranes under investigation. This was explained 3-°4 by

Table 2. Transport properties of membranes based on polyheteroarylenes during dehydration of organic solvents methods by pervaporation.

Membrane material Tempe- Solvent Solvent concen- Separation  Flux Ref.
rature /°C tration (mass %)  factor Jgem~2h!
BTDA-PDA 45 Ethanol 88.9 1386 2.9 91
PMDA-DA (Kapton) 45 " 88.9 346 13.9 91
BTDA-BZD 60 " 88.9 2341 10.8 92
BHTDA-DBAPB 25 " 90.0 141 255 93
BHTDA-BADTB 60 " 90.0 15 325 94, 96
6FDA-NDA/DABA (9: 1), 25 " 85.0 119 133 95
(425 °C, 30 min)
6FDA-NDA/DABA (9: 1), (cross-linked 25 " 85.0 156 75.4 95
with ethylenediamine, 100 °C)
6FDA-NDA/DABA (9:1) 25 " 85.0 33 183 95
[cross-linked with 1,4-bis(hydroxy-
methyl)benzene, 300 °C]
PVA (cross-linked with fumaric acid) 80 " 80.0 411 771 97
PVA (cross-linked with glutaraldehyde) 30 " 80.0 150 130 98
Chitosan-PVA (60 : 40)/PAN 50 " 50.0 2670 17.3 99
PAN-PEG-PAN 40 Acetone 95.0 17.5 130 100
PAN-PA 30 Ethanol 80.0 10.2 38 101
Ultem ® 60 Propan-2-ol 85.0 585 7 89
P84 60 " 85 16 2578 102
P84 (cross-linked with ethylenediamine) 60 " 85.0 604 534 102
PEI 50 " 88.0 270 1.1 103, 104
PEI/PANI-AA (5%) 50 " 88.0 400 6.5 103, 104
Matrimid 25 " 86.0 2000 1200 105
Matrimid/cyclodextrin (5%) 25 " 86.0 15000 1000 105
PBOZ 50 " 88.0 8990 3 106
PBO 80 " 90.0 670 135 107
PCA 50 " 88.0 8990 1.2 108
PCA/PPO 50 " 88.0 8990 14 108
PBO 80 n-Butanol 90.0 390 58 107
P84 (on ceramic support) 95 " 95.0 360 6000 109
P84 60 tert-Butyl alcohol ~ 85.0 10000 450 96
P84 (on ceramic support) 95 The same 95.0 150 4000 109
P84 (cross-linked in ethylenediamine 50 Acetone 85.0 53 1.8 110
vapours)

Note. PVA is polyvinyl alcohol, PA is polyacrylic acid, PEG is poly(ethylene glycol), PAN is polyacrylonitrile and PPO is poly(phenylene oxide).
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the enhanced mobility of polymer chains and by an increase
in the proportion of free volume in the membrane material.

A new fluorine-containing copolyimide 6FDA-NDA/
DABA (9:1) was tested as membrane material.®> To pre-
vent the membrane swelling, the polymer was modified
using three different approaches, namely, thermal, diamino
or diol cross-linking. All these modification techniques
cause changes in the morphology and transport properties
of the membrane during pervaporation dehydration of
ethanol. Heat treatment at 425 °C is accompanied by
decarboxylation-induced cross-linking, which restricts the
membrane swelling and leads to an increase in the inter-
chain distance in the polymer?®> and contributes to high
fluxes and moderate separation factors of the membranes
during pervaporation. Diamino cross-linking modification
causes imide ring opening with the formation of amide
bonds, but subsequent heating reverses the situation back.
Diol cross-linking modification facilitates an increase in the
inter-chain distance and restricts the membrane swelling,
thus favouring higher fluxes at low separation factor values.

Table 2 summarizes data on pervaporation dehydration
of organic solvents using membranes based on polyhetero-
arylenes and some other commercial polymers (these data
are given for comparison).

Purification of propan-2-ol represents yet another field
of application of pervaporation membranes. Pure propan-2-
ol is a reactant for pharmaneutical industry, being also used
as cleaning agent in, e.g., semiconductor manufacturing and
production of video display units. Commercial polyimides
Ultem and P84 were tested as membrane materials for
dehydration of alcohols, mainly propan-2-01.8%-96.102, 111 ¢
was found that heat treatment of the P84 polyimide mem-
branes was followed by an increase in the inter-chain
distances in the polymer and a decrease in the number of
structural defects. Also, high-temperature treatment at
200 °C favours an increase in dehydration selectivity and a
decrease in performance. On the contrary, low-temperature
treatment at 100 °C significantly enhances the permeability
but reduces the selectivity of the membrane. To improve the
operating characteristics of P84 copolyimide during separa-
tion of water — propan-2-ol mixture, the membrane material
was cross-linked with ethylenediamine; as a result, the
membrane selectivity increased.!%2 However, the cross-link-
ing product demonstrated severe swelling during pervapo-
ration owing to hydrophilic amide groups, thus reducing the
overall selectivity of dehydration.

A classical method for modification of the properties of
pervaporation membranes is to incorporate a modifier into
the matrix of the membrane polymer. In particular, poly-
etherimide (PEI) was used as the polymer matrix while a
copolymer of aniline (55 mass %) with anthranilic acid
(45 mass %) (PANI-AA) was used as modifier.103.104 Tt
was found that targeted modification of PEI with PANI-AA
causes changes in the membrane morphology. PEI mem-
branes containing 5 mass % of PANI-AA were tested in
pervaporation of a water—propan-2-ol mixture containing

HOZC :‘/\(CO2H
(0)C—N ‘ ‘ N—C(0) @o
H n

H
PAA

up to 30 mass % of water, including the azeotropic mixture
(12 mass % of water + 88 mass % alcohol). Owing to
improved sorption and larger effective diffusion coefficients
the modified membrane demonstrated a higher permeability
and selectivity compared with the unmodified membrane
during pervaporation of water — propan-2-ol mixture.

A cyclodextrin-modified Matrimid polyimide membrane
for dehydration of propan-2-ol was studied.!®> The mem-
brane exhibits high mechanical properties and stability
against components of the liquid feed. Incorporation of
small additives of a cyclodextrin derivative, namely, ethyl-
enediamine-B-cyclodextrin, leads to formation of amide and
hydrogen bonds with the polyimide backbone and thus
makes the structure less permeable to bulky alcohol mole-
cules. The introduction of cyclodextrin (up to 5 mass %)
into the polyimide matrix leads to a decrease in permeability
towards propan-2-ol and an increase in permeability to
water, thus governing the increase in the separation factor.
Introduction of larger amounts of the modifier
(> 5 mass %) leads to loosening of the polyimide structure;
this improves the flux of the membrane, but the separation
factor declines simultaneously.

In the last decade, there has been a surge of interest in a
particular group of heteroaromatic polymers, so-called
thermally rearranged polyheteroarylenes. The specific struc-
ture of these polymers is due to nanoporosity emerging as a
result of cyclization reaction and structural rearrangements
in macromolecules under the action of high temperatures.
Poly(benz[3,1]oxazin-4-one) (PBOZ), a novel polyheteroar-
ylene obtained by thermal cyclization of its hydrolytically
stable precursor, poly(amic acid) (PAA, Scheme 1), was
studied.!0¢

Heat treatment of the prepolymer, PAA, to give PBOZ
causes not only densification of the polymer structure, but
also the formation of an excess free volume (~4%) as a
result of structural transformations in the membrane; this
improves the main transport parameters of gas separation
and pervaporation processes.

Scanning electron microscopy (SEM) images of cross-
sections of a PBOZ membrane (Fig. 2) clearly demonstrate
blind pores 30-60 nm in diameter. The pores, which
determine the excess free volume, were formed upon
removal of water and thermal cyclization. The transport
and selective properties of this PBOZ membrane were
studied taking pervaporation of a water—propan-2-ol mix-
ture as an example. The membrane appeared to be inert
towards the alcohol, while the excess free volume facilitated
transport of water molecules through the PBOZ matrix.
Experiments revealed high selectivity and a moderate per-
meation flux of the PBOZ membrane during dehydration of
propan-2-ol.

Yet another representative of thermally rearranged
polyheteroarylenes is acetate-containing polyimide poly-
benzoxazole (PBO), which seems to a promising membrane
material for dehydration of aqueous alcohol mixtures in
production of biofuels.!?” PBO membranes exhibit high

Scheme 1
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Figure 2. SEM images of PAA (@) and PBOZ (b) membranes.'%8

chemical and thermal stability and are characterized by high
flux and separation factor, as was revealed by the experi-
ments on pervaporation of ethanol—water, n-butanol—
water and propan-2-ol—water mixtures. Clearly, the results
obtained offer great prospects for industrial applications of
PBO membranes.

When studying membrane materials based on poly-
heteroarylenes, one should take into account the fact that
they can contain residual solvent after completion of all
steps of the synthesis procedure. The presence of residual
solvent is due to complexation between polyheteroarylenes
and aprotic solvents in the forming solutions. The effect of
residual solvent was studied'°® in the experiments on
pervaporation of water —propan-2-ol mixture using a mem-
brane made of a novel polyheteroarylene, namely, polycar-
bamide (PCA) bearing an amide group incorporated into
the backbone. Two types of membranes investigated were a
PCA(MP) membrane prepared by casting and containing
residual solvent (N-methylpyrrolidone, MP) and a solvent-
free PCA membrane prepared by immersion of the
PCA(MP) membrane into methanol for 3 days followed by
drying at 50 °C in vacuo until constant mass. The amount of
the residual solvent on the PCA(MP) membranes was
~14.6 mass %.

Figure 3 presents the plots of the separation factor and
membrane permeability vs. water content in the feed. For
both types of membranes, the permeate is substantially
enriched with water. The membranes exhibit high selectivity
during separation of water —propan-2-ol mixtures in a wide
range of compositions.

The permeability of the PCA(MP) membrane is much
higher than that of the PCA membrane. Probably, the
residual amide solvent acts as a plasticizer facilitating
swelling and diffusion of molecules of the liquids being
separated. This example shows that the transport and
sorption parameters of polymeric membranes depend on
both the chemical nature and structure of monomer unit
and on the ability of functional groups to participate in
specific interactions with penetrant and solvent. Here,
complexation through hydrogen bonding or dipole—dipole
interactions leads to changes in the physicochemical proper-
ties of the polymers and eventually to changes in the trans-
port parameters. Also, complexation with the solvent in
some cases causes the formation of supramolecular struc-
ture of polyheteroarylenes.

Often, homogeneous membranes based on polyheteroar-
ylenes exhibit high selectivity but relatively low perform-
ance. To improve this parameter, a composite membrane
with a thin selective PCA layer on porous poly(phenylene
oxide) (PPO) support was prepared. The photomicrograph
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Figure 3. Separation factor (/) and flux (2, 3) plotted vs. water
concentration in the water—propan-2-ol feed in pervaporation
using PCA(MP) (1, 2) and PCA (I, 3) membranes.!08

of cleaved cross-section of the homogeneous PCA mem-
brane (Fig 4a) shows that the membrane has a dense,
relatively homogeneous structure. The photomicrograph of
cleaved cross-section of the composite membrane (see
Fig. 4 b) demonstrates the structure of the dense PCA sur-
face layer (6 um thick) and a fragment of the layer of
porous PPO support with sponge-like structure.

The transport properties of a PCA/PPO composite
membrane were studied during pervaporation of water—
propan-2-ol mixtures in a wide range of concentrations.!8
The dependence of the separation factor on the water
content in the feed (Fig. 5) demonstrates that high selectiv-
ity of the homogeneous PCA membrane also holds for the
PCA/PPO composite membrane. The dependence of the
flux on the composition (see Fig. 554) indicates a substan-
tially higher (by a factor of nearly 12) permeability of the
composite membrane compared to the permeability of the
homogeneous membrane.

Composite membranes with thin selective layers of
industrial polyimides Matrimid, Torlon and P84 on ceramic
supports were studied during separation of water —n-buta-
nol mixtures.'% The highest efficiency was achieved for the
composite membrane with the P84 polyimide selective layer.
The membrane lifetime was as long as 140 days at temper-

Figure 4. SEM imags of cross-sections of a homogeneous PCA
membrane (¢) and composite PCA/PPO membrane (b).108
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Figure 5. Separation factor (@) and flux (b) plotted vs. water content (w) in water — propan-2-ol feed mixture during pervaporation using

PCA membranes (/) and PCA/PPO composite membranes (2).'%8

atures to 150 °C. The composite membrane with the P84
selective layer was also used for separation of a water — fert-
butyl alcohol mixture. The membrane exhibited high oper-
ating characteristics; the penetrant was mainly fert-butyl
alcohol. The lifetime of this membrane in the experiments
on separation of aqueous organic mixtures was much longer
(up to 250 days). These parameters, including the operating
stability of separation properties, make the membranes
promising for industrial applications.

Compared with considerable literature on pervapora-
tion of water —alcohol mixtures using membranes based on
polyheteroarylenes, there are few publications devoted to
dehydration of other organic compounds. In particular,
dehydration of acetone using P84 copolyimide pervapora-
tion membranes cross-linked in ethylenediamine vapour
was studied.!19 It was found that the cross-linking temper-
ature influences the transport properties of the membranes,
viz., the higher the temperature of ethylenediamine vapour
the higher the cross-link density and the separation factor
and the lower the flux. The cross-linking time and the
separation factor are related nonlinearly. The best results
for dehydration of acetone—water (85:15 by mass) mixture
at 50 °C are as follows: the separation factor is 53 and the
flux is 1.8 kg m—2 h—1,

V. Removal of organics from water

Practical orientation of research activity aimed at develop-
ing membrane methods for removal of organics from water
is to a great extent due to problems in environmental
protection. In particular, removal of hazardous organics
(trichloroethylene, chloroform, dichloromethane, benzene,
toluene, phenol, etc.) from industrial wastewater is of high
environmental value. Also, removal of organic impurities
from aqueous solutions by membrane methods is a chal-
lenge because preferred transport of organic species is not
always achieved even using organophilic membranes. In the
case of pervaporation, the permeability selectivity is often
lower than the sorption selectivity and thus pervaporation
has no explicit advantages over sorption in removal of
organics from water.* However, if the concentration of
organics in water is relatively high, many advantages of
pervaporation manifest themselves. These are first of all
continuous character of the process and the absence of such

sorption drawbacks as limitations due to sorption satura-
tion.

Various organophilic membranes with enhanced selec-
tivity towards organic solvents have been designed to
remove organics from water. Examples are provided by
membranes based on polyurethanes, poly(dimethylsiloxane)
and poly(dimethylsilylpropyne); they are efficient in sepa-
ration of organic components from aqueous organic mix-
tures.!12-121 Fluorine- and silicon-containing
polyheteroarylenes characterized by sufficiently high sepa-
ration factors in the case of aqueous organic media are also
available. Polyimides 6FDA-PFDAB with fluorine-contain-
ing groups in the dianhydride and diamine groups were
studied as membrane material for purification of waste-
water from organics.?® Fluoroalkyl substituents in poly-
imides enhance their hydrophobicity and increase the
proportion of free volume in the membrane structure. This
improves the efficiency of pervaporation separation using
fluorinated polyimides compared with the unmodified ana-
logues. It was found that an increase in the concentration of
the organic component in the feed as well as raising the
temperature cause the specific flux to increase and the
separation factor to decrease. As the residual pressure
under the membrane increases, another trend is observed,
viz., the separation factor increases but the flux declines.
This was explained °° by the influence of structural features
of the membranes and by the effect of the free volume which
increases with temperature.

Polysiloxaneimide is a promising material for separation
of organics. The transport properties of 6FDA-SIDA poly-
siloxaneimide membranes were studied in the experiments
on separation of volatile organic compounds (dichloro-
methane, trichloroethylene, toluene) from water by perva-
poration.'?2 It was shown that all polysiloxaneimide
membranes have high pervaporation selectivity and flux
towards hydrophobic organic compounds. The highest
selectivity and flux were obtained in separation of toluene
from its mixtures with water.

Novel membranes made of fluorine-containing poly-
siloxane—imide copolymers FD5000 [89% or 94% poly(di-
methylsiloxane) (PDMS)] for removal of ethanol and
phenol from aqueous solutions have been designed.!?3 It
was found that an increase in the number of siloxane units
improves the membrane hydrophobicity and the permeabil-
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ity of ethanol and phenol. Fluorine-containing groups in the
polyimide units as well as high concentration of siloxane

units favour enhanced sorption of ethanol by the
membranes compared with the poly(dimethylsiloxane)
membranes. Fluorine-containing  polysiloxane —imide

copolymers exhibit optimum transport properties for per-
vaporation of aqueous ethanol and phenol solutions.

Another type of membranes made of fluorine-containing
polysiloxane —imide copolymers (6FDA/SIDAS50-
PFDABS50) was prepared by polycondensation using silox-
ane diamine and fluorinated diamine and tested in pervapo-
ration of  organic = components, in  particular,
trichloroethylene, from water.!>* High content of siloxane
units in the copolyimide membranes ensures low density
and large part of free volume compared to the copolyimides
with high content of fluorinated units. The polyimides with
siloxane units are characterized by two glass transition
temperatures, thus being microheterophase separated struc-
tures. An increase in the siloxane-to-fluorinated unit ratio
improves the sorption and diffusion properties towards
organic compounds and, hence, leads to considerable
increase in the flux and separation factor. The copolyimides
containing equal amounts of the siloxane and fluorinated
units [50:50 (mol.%)] exhibited an optimum flux and
separation factor, in particular, in the separation of tri-
chloroethylene from aqueous solutions.

A study of organophilic pervaporation using fluorinated
siloxane—imide block copolymers PSI-3 revealed similar
correlations between the structure and transport proper-
ties.!25 Also, it was shown that the introduction of siloxane
units improves the transport properties of membranes but
their mechanical strength decreases.

To improve the mechanical strength, a composite mem-
brane comprising a thin PSI selective layer, porous poly-
etherimide and a non-woven fabric as support was
developed.!?® Experiments on separation of organics from
water carried out at different temperatures using aqueous
ethanol, propan-2-ol and acetone solutions as examples
revealed efficient operation of the composite membrane
and showed that raising the temperature leads to an increase
in both the flux and the separation factor.

The transport properties of membranes based on poly-
heteroarylenes and a number of commercial polymers (data
are shown for comparison, see Refs 117, 127 and 128) in
separation of organics from water are listed in Table 3.

VI. Separation of organic liquid mixtures

Researchers pay considerable attention to separation of
organic liquid mixtures because of industrial demands for
efficient methods of separation of, e.g., benzene — cyclohex-
ane, benzene —hexane, toluene —heptane, ethylbenzene —xy-
lene, p-xylene —o-xylene mixtures, efc. Components of these
mixtures have similar physicochemical properties and are
hard to separate by conventional methods. At present, there
has been continuous search for novel membrane materials
that should exhibit not only selectivity, but also chemical
stability against the organic components being sepa-
rated.73-120-133

According to the solution—diffusion mechanism, effi-
cient pervaporation separation of organic liquids can be
conducted using the mobility difference between the com-
ponents permeating the membrane material. To this end,
appropriate membrane materials include rigid-chain glassy
polymers because they are more selective towards the shape
and size of molecules of the liquids being separated. In
addition, one should provide for the possibility of cross-
linking of the glassy polymers to suppress the plasticization
effect of penetrants in order to maintain or even to improve
the diffusion selectivity. As an example, a toluene—isooc-
tane mixture was separated using membranes prepared from
rigid-chain glassy copolymers of polyimides containing
cross-linkable fragments of 3,5-diaminobenzoic acid.!3*
Incorporation of these units into the polyimide structure
results in denser packing of macromolecules, a decrease in
the free volume in the membrane and restricts the mem-
brane swelling in the liquids being separated. A good
correlation between the diffusion selectivity and the pro-
portion of free volume in the ‘cross-linked” membranes was
revealed. Also, by specifying a constant free volume in the
membranes the diffusion selectivity can be increased from 1
to 18. There exists a synergistic effect of sorption and
diffusion on the membrane permeability and sorption

Table 3. Transport properties of membranes in removal of organics from aqueous organic solutions.

Membrane material Tempera- Organic compound Separation Flux Ref.
ture /°C [concentration (mass %)] factor /kgm~—2h~!

6FDA-PFDAB 30 Dichloromethane (1.0) 160 0.03 90

6FDA-PFDAB 30 Trifluoroethylene (0.11) 400 0.015 90

6FDA-SIDA 30 Dichloromethane (0.05) 2250 0.24 122
6FDA-SIDA 30 Trichloroethylene (0.05) 5000 0.38 122
6FDA-SIDA 30 Toluene (0.05) 9000 0.46 122
FD35000 (94% PDMS) 60 Ethanol (10.0) 10.6 0.56 90

FD35000 (89% PDMS) 60 Phenol (5.0) 22 2.4 123
FDA/SIDA50-PFDABS0 25 Trichloroethylene (0.05) 2170 0.025 124
PSI-3 25 Trichloroethylene (0.05) 3270 27.6 125
PSI/PEI (composite membrane) 60 Ethanol (5.0) 3 500 126
PDMS/PVDF 30 n-Butanol (1.0) 43 159.6 127
PPhS/PDMS/PVDF 30 n-Butanol (1.0) 46.8 261.4 127
PDMS 55 n-Butanol (1.5) 41.7 704.6 128
PDMS/PAN 42 n-Butanol (3.5) 22 1.67 117

Note. PVDF is poly(vinylidene fluoride) and PPhS is polyphenylsiloxane.
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selectivity, which increased from 3.5 to 5.0 upon cross-
linking. The overall separation factor increased to a value
of 90.

The possibility of pervaporation separation of mixtures
of aromatic and nonaromatic hydrocarbons (benzene—cy-
clohexane, benzene —n-hexane) using several series of poly-
imide membranes was studied.!313¢ The BPDA-TMPD
membranes were modified by introducing phosphonate
ester groups and cross-linked thermally and then with
diamine.!35 A phosphorylation degree of the polyimide of
up to 200% (two phosphonate ester groups per repeating
unit) was achieved. The membranes were tested in pervapo-
ration and sorption experiments using benzene—cyclohex-
ane and benzene—n-hexane mixtures. The pervaporation
performance was dependent on the phosphorylation degree
and on the degree of cross-linking. It was established that
the phosphorylated and cross-linked membranes are char-
acterized by higher flux compared to the initial uncross-
linked polyimide membrane. High pervaporation selectivity
was related to high sorption selectivity owing to the affinity
of phosphonate ester groups to benzene.

Another series of copolyimides containing diethynylben-
zidine moiety was also investigated.!3® A pervaporation
study of a benzene—cyclohexane mixture showed that
cross-linking of these copolyimides causes the separation
factor to increase and the flux to decrease as compared to
those of the uncross-linked analogues. Sorption studies
revealed that the increase in the separation factor of the
cross-linked membranes is mainly determined by the
increase in the diffusion selectivity. In addition, tetracyano-
ethylene (TCNE), an electron acceptor having a high
affinity to ethynyl-containing and aromatic compounds,
was homogeneously dispersed in one of the polyimide
matrices. The membrane thus prepared demonstrated high
performance during pervaporation of benzene-cyclohex-
ane and toluene—isooctane mixtures. The addition of
TCNE to uncross-linked copolyimides also favoured an
increase in the separation factor due to not only enhanced
diffusion selectivity, but also improved sorption selectivity.

Membranes based on aromatic (ethylene oxide imide)
copolymer (PEO-PI) were studied taking benzene—n-hex-
ane and benzene —cyclohexane mixtures as examples.!37 The
results of pervaporation experiments were interpreted tak-
ing into account the sorption and diffusion properties of the
membranes. It was found that the sorption and desorption
behaviour of pure vapours obey the Fick law, whereas the
corresponding dependences for binary mixtures show some
deviations. The separation factor was higher for the benze-
ne—cyclohexane mixture, which was explained by the sorp-
tion and diffusion selectivity during pervaporation.

The same authors also studied the sorption and trans-
port properties during the separation of benzene —n-hexane
and benzene —cyclohexane mixtures using sulfonyl-contain-
ing DSDA-DDBT polyimide membranes.!3% It was shown
that the sorption isotherms of individual components and
binary mixtures do not obey the Fick law. Lower sorption
selectivity in the experiments with the benzene — cyclohexane
mixture compared to the benzene—n-hexane system can be
due to the close parameters of the of interaction of cyclo-
hexane and benzene with the membrane polymer. The
averaged diffusion coefficients were calculated from the
sorption and pervaporation data. The influence of the
competitive components of the feed on the diffusion coef-
ficients was revealed. For instance, the diffusion coefficient

of the penetrant with smaller molecules decreased in the
presence of the penetrant having larger molecules, and vice
versa. The lowest diffusion coefficient was found for cyclo-
hexane molecules. The membranes in question were charac-
terized by good flux and rather high selectivity during the
separation of mixtures of aromatic and nonaromatic hydro-
carbons. It was pointed out that if such mixtures are
separated using membranes prepared from copolyimides
containing rigid and flexible segments, the latter exhibit
preferred affinity to the aromatic component of the mixture
and provide selective permeability of the membrane,
whereas rigid segments are responsible for the mechanical
strength of the membrane.

An attempt to separate a mixture of o-xylene and
p-xylene using cross-linked fluorine-containing copolyimide
membranes was reported.!3® Fluorine-containing copolyi-
mides contained cross-linkable fragments of 3,5-diamino-
benzoic acid, which made it possible to use ethylene glycol
and hexamethylenediamine as cross-linking agents to form
the diester bond and for diamide cross-linking, respectively.
All membranes exhibited high chemical and thermal stabil-
ity during the separation of the o-xylene — p-xylene (50 : 50)
feed at 60 °C. The flux of the membranes was dependent on
the structure of the monomer unit and on the cross-linking
agent chosen. The transport parameters were not high, viz.,
the specific flux was 0.04—25.0 kg pm m—2 h—! and the
separation factor was 1.15—1.47.

Pervaporation of n-heptane—thiophene mixture in the
temperature range from 40 to 77 °C was studied '*° in
connection with solution to the problem of removal of
sulfur-containing compounds from light oil. Soluble fluo-
rine-containing polyimides 6FDA-MDA were synthesized
and asymmetric membranes were prepared by phase inver-
sion. The efficiency of separation was characterized by the
specific flux ranging from 0.56 to 1.68 kg um m—2 h—! and
the sulfur enrichment factor of permeate lying between 2.24
and 3.12.

To separate mixtures of aromatic and aliphatic hydro-
carbons by pervaporation, a series of aromatic copolyi-
mides containing ether or siloxane units was synthesized.!*!
Pervaporation of toluene—n-heptane and benzene—n-hep-
tane mixtures was conducted at 60 and 80 °C, respectively.
All polymers were selective towards the aromatic hydro-
carbon. The introduction of siloxane units into the polymer
led to an increase in the fluxes, but the selectivity of
separation of the hydrocarbons declined. Incorporation of
ether groups caused neither large increase in permeability
nor large decrease in separation factor.

Separation of mixtures of polar and nonpolar liquids,
namely, methanol and cyclohexane, is topical owing, in
particular, to the formation of an azeotropic mixture con-
taining 37.2 mass % of methanol and 62.8 mass % of cyclo-
hexane at 20°C, 760 mm Hg.'*> Imide-containing
poly(amic acid) (PI-PAA) was studied;!*? the compound is
a prepolymer of polybenzoxazinoneimide (PBOI)
(Scheme 2).144

PI-PAA exhibits high physicomechanical properties,
high thermal stability and hydrolytic stability, which
makes it attractive membrane material for pervaporation.
The transport properties were studied using a bilayer
composite membrane comprising a thin layer of PI-PAA
and a porous asymmetric poly(phenylene oxide) support.!45
Figure 6 presents the selectivity of separation of methanol —
cyclohexane (CyH) mixture and the permeate flux plotted
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Scheme 2
0 0
(0)C // \ HO,C NH )
250 °C
N (0] N —2H,0
\ Vi C(0)—N CO,H
0 0 H n
PI-PAA
—

PBOIL

vs. methanol concentration in the feed. The highest separa-
tion factor omeon/cyn = 1000 was achieved during the
pervaporation of a mixture with low content of methanol
(10 mass %).

Separation of a methanol—cyclohexane mixture was
studied using membrane based on a composite obtained by
incorporating polyaniline (PANI, 3 mass %) into the poly-
etherimide (PEI) matrix.'*> It was found that PANI addi-
tives improve the flux of the membrane and have almost no
effect on the separation factor during pervaporation of a
mixture containing 10 mass % of methanol. The separation
selectivity of this mixture is very high (2300) because cyclo-
hexane is inert towards PEI.

The same type of composite membrane, PEI/PANI, was
tested taking the separation of the methanol—toluene
mixture  characterized by an  azeotropic  point
[methanol: toluene = 69:31 (mass %) at 20°C and
760 mm Hg].104-145. 146

From the data in Fig. 7 is follows that the introduction
of PANI (6 mass %) leads to an increase in the separation
factor and to a slight decrease in the flux through the
membrane. The reason is that PANI facilitates a decline in
the sorption capacity of the membranes towards the com-
ponents of the feed mixture and an increase in the poly-
mer —solvent interaction parameter.
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Figure 6. Separation factor (/) and flux (2) plotted vs. methanol
concentration in feed in pervaporation of the methanol —cyclohex-
ane mixture using PI-PAA/PPO membranes at 50 °C.143
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Particular attention was paid '#¢ to the separation of
methanol —toluene azeotropic mixture (Fig 8). As the PANI
content increased, the separation factor of the azeotropic
mixture also increased, but the flux through the membrane
decreased in accordance with the ‘slope opposition’ rule for
these parameters. The results of pervaporation experiments
are consistent with the sorption-diffusion properties of this
system. A decrease in the flux with increasing PANI content
is due to a decrease in the free volume. An increase in
selectivity is a consequence of an increase in the methanol
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Figure 7. Separation factor (a) and specific flux (b) plotted vs.
methanol concentration in feed in pervaporation of the metha-
nol - toluene mixture using different membranes at 50 °C.'45
Membrane: PEI (/) and PEI/6% PANI (/).
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Figure 8. Separation factor (/) and specific flux (2) of PEI/PANI
membranes plotted vs. PANI content (in mass %) in pervaporation
of methanol—toluene azeotropic mixture (69:31 by mass) at
50 °C.104, 146

diffusion rate and a considerable increase in the difference
between the diffusion coefficients of methanol and toluene.

Purification of ethanol from methanol is a technically
sophisticated problem. Published data on separation of this
mixture are scarce. Microporous ceramic membranes used
for pervaporation of a mixture of ethanol with 5 mass % of
methanol and characterized by a separation factor of 17 and
9.8 at a flux of 0.27 and 0.8 kg m—2 h—!, respectively, were
studied.!47-148 A polymeric membrane for separation of a
methanol —ethanol mixture was proposed for the first time
recently.'** The membrane material, PBOI, is a polyheter-
oarylene containing imide and oxazinone fragments in the
backbone. Owing to this structure at molecular masses from

0MeOH/EtOH
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Figure 9. Separation factor (/) and flux (2) of PBOI membrane
plotted vs. methanol concentration in feed in pervaporation of the
methanol —ethanol mixture at 20 °C.144

50000 to 100000 Da, PBOI exhibits good physicomechan-
ical properties and is thermally stable up to 400 °C; also, it
is insoluble in many conventional solvents. Note also that
PBOI membranes were not used earlier for pervaporation.
The PBOI pervaporation membrane '#* enables targeted
separation of methanol—ethanol mixtures with high selec-
tivity (to 19000) (Fig. 9) and, in particular, remove meth-
anol from ethanol solutions obtained in the course of
fermentation.

Table 4. Transport properties membranes based on polyheteroarylenes in pervaporation separation of organic mixtures.

Membrane material Tempera- Feed [component Separation  Specific flux Ref.
ture /°C ratio (mass %)] factor Jepm m—2h-!

6FDA-DAM/DABA 100 Toluene —isooctane (80 : 20) 90 1 134
BPDA-TMPD (phosphorylated) 10 (171%) 70 Benzene —cyclohexane (20 : 80) 32 2500 135
BPDA-TMPD (phosphorylated) 7 (155%) 70 Benzene —n-hexane (60 : 40) 8.8 4600 135
DSDA-TrMPD/DEB (3: 1) (TCNE 10%) 70 Benzene —cyclohexane (50 : 50) 48 440 136
DSDA-TrMPD/DEB (3: 1) (TCNE 10%) 70 Toluene —isooctane (45:55) 330 1100 136
PEO-PI-1 60 Benzene — n-hexane (40 : 60) 7.5 28 137
PEO-PI-1 60 Benzene —cyclohexane (60 : 40) 4.7 70 137
DSDA-DDBT 60 Benzene —n-hexane (17:83) 10.6 1033 138
DSDA-DDBT 60 Benzene —cyclohexane (8:92) 102 77 138
6FDA-6FpDA/4AMPD/DABA 60 p-Xylene —o-xylene (50 : 50) 1.25 24 139
6FDA-MDA 77 n-Heptane—thiophene (1:99) 1.68 3.12 140
FDA-BTDA 80 Toluene —n-heptane (40 : 60) 7.0 1.34 141
4MPD/ATPEPG (30:70)-BTDA 80 Benzene —n-heptane (40 : 60) 5.4 10.68 141
FDA/ATDS (50:50)-DSDA 60 Toluene —n-heptane (19.5:80.5) 22 11.15 141
PI-PAA/PPO (composite membrane) 50 Methanol —cyclohexane (10 :90) 1100 400 143
PEI 50 Methanol —cyclohexane (10 : 90) 2300 1150 145
PEI/PANI (3%) 50 Methanol —cyclohexane (10 :90) 2300 1840 145
PEI 50 Methanol —toluene (69 :31) 8 600 103, 146
PEI/PANI (3%) 50 Methanol —toluene (69 :31) 6 800 103, 146
PBOI 20 Methanol—ethanol (5:95) 19000 36 144
PU 25 Benzene —cyclohexane (54 : 46) 325 2.7 149
PHPVAC 25 Benzene —cyclohexane (50 : 50) 500 7.5 150
PEO 400 80 Toluene —n-heptane (20 : 80) 690 7.3 151

2 The designations were taken from original publications. PHPVAC is partially hydrolyzed poly(vinyl acetate) and PU is polyurethane.
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Table 4 summarizes the data on the separation of
organic mixtures using membranes based on polyheteroar-
ylenes and a number of commercial polymers (data are
given for comparison, Refs 149—151).

VII. Conclusion

Our analysis of published data substantiates the promise of
utilization of polymer films based on polyheteroarylenes as
membrane materials for pervaporation. This is first of all
due to their physicochemical properties (often, unique
ones), in particular, high structural ordering and fixed free
volume. In addition, materials presented in the review
suggest that structural rearrangements in the polymers as
well as variation of experimental conditions lead to signifi-
cant changes in the separation properties of the membranes.
At the same time, it should be noted that to date, informa-
tion on the dependence of the transport properties of
membranes based on polyheteroarylenes on both external
and intrinsic factors is scarce. Nevertheless, the results
presented above confirm that the title membrane materials
are promising for separation technology compared with
other types of membranes, e.g., microporous ceramic ones.
This conclusion is well illustrated by the examples of
separation of some industrially important mixtures, e.g.,
methanol —ethanol, benzene —cyclohexane, efc. Attempts to
separate mixtures of xylene isomers, aromatic, aliphatic and
alicyclic compounds have been reported. Prospects for
practical application of these advanced materials in diffu-
sion separation of liquids are associated with not only the
expected high efficiency, but also adaptation to various
external conditions owing to such physicochemical proper-
ties as the chemical stability, high strength, thermal stabil-
ity, etc. By and large, analysis of the results of studies on the
diffusion membranes based on polyheteroarylenes allows
one to expect further advances in this research field.
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