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From Biological to Synthetic Membranes

S.F.Timashev

The main principles of the functioning of transport systems in biological membranes and especially of processes involving the
selective transport of ions and molecules in synthetic membranes (ion-exchange, gas separating, reverse osmosis, ultrafiltration,
membranes, etc.) are examined. It is shown that, under the conditions of intense mass and electromass transfer, the transport
of ions and molecules in synthetic membranes acquires features characteristic of transport processes in biological membranes
both as regards the organisation of the transport (transport via channels) and in terms of the principal kinetic features. The
prospects for further research into the physical chemistry of membrane separation processes and processes leading to the
formation of new substances, including membrane catalysis, are discussed.
The bibliography includes 115 references.
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I. INTRODUCTION

Membrane technology is faced by major and large-scale problems
whose solution requires the creation of new membrane materials and
membranes of different types with effective functional characteristics
(permeability, selectivity with respect to the target component, com-
bination of catalytic and separating properties) and also a change-
over to intensive mass and electromass transfer conditions in mem-
brane systems (increase in current density, high effective pressure,
the use of external influences). This necessitates not only a pro-
found knowledge of the physical chemistry of the membrane sepa-
ration, the characteristic features of ion and molecule transport
processes in synthetic (organic, inorganic) membranes, but also the
understanding of the main principles of the functioning of the most
effective membrane systems in living nature. The heuristic value of
the latter knowledge can be hardly overestimated. In the first place,
this is a source of new ideas and concepts concerning the ways of
increasing the selectivity of the transport of charged and neutral
species, the most effective methods for the intensification of trans-
port processes, the detailed mechanisms of the recording and transfer
of information, and the methods for the transformation and utilisa-
tion of energy of external sources in a wide variety of processes.

However, in order that these ideas should acquire a pragmatic
shape, it is essential to make them available to a wide range of spe-
cialists engaged in problems of the physical chemistry of membrane
separation and problems concerning the creation of new materials
and membranes based on them. This is particularly necessary, since
studies on transport processes in native systems and synthetic mem-
branes are prosecuted by different scientific groups almost indepen-
dently. This article is one of the first attempts at the realisation of
this important programme (see also the authors previous communi-
cations1'2).

II. CHARACTERISTIC FEATURES OF ION AND MOLECULE
TRANSPORT PROCESSES IN BIOLOGICAL MEMBRANES

The cells of a living organism include a wide variety of types of
membranes and membrane structures3—surface membranes (cell or
plasmatic membranes) and a multiplicity of intracellular membranes.

The surface membranes fulfill important barrier functions maintain-
ing the internal autonomy of the cells and protecting them from the
entry of foreign substances. Enzyme transport systems, using the
energy stored in the organism and ensuring the supply to the cell
and the removal from the latter of different components which
makes it possible to maintain the required concentrations of the
necessary substances within the cells and in their organelles, function
simultaneously in the surface membranes.

Biological membranes consist of lipids and proteins. It has been
established that there exist several hundreds of types of membrane
lipids. More than half of them (up to 90%) are double layer form-
ing phospho- and glyco-lipids, which manifest pronounced diphilic
properties, i.e. they can be divided in space into polar and non-polar
parts (the latter consist of hydrocarbon chains).

Under physiological conditions, the double layers are in a liquid
crystal state and the description of their molecular organisation must
therefore include the dynamic aspect apart from the structural (geo-
metrical) aspect. The lipid double layer is illustrated schematically
in Fig.I.4 An important element of this model comprises the
regions in the sublayer a in which short-range order ("cluster") is
retained, their characteristic transverse dimension amounting to 0.8
nm. They incorporate up to 40 — 60 hydrocarbon chains (20 — 30
phospholipid molecules). The molecular packing in the clusters is
fairly close to the crystal packing and is "more compact" than in the
isotropic region / of the double layer.

The clusters are dynamic formations with a lifetime of ~ 10"7 s.
They are continuously decomposed and reformed, migrating along
the double layer. The movement of the lipid fragments in the
cluster should then occur simultaneously, i.e. it should represent a
cooperative process. The boundary regions between such migrating
clusters can be regarded as dynamic defects in the double layer.

In biological membranes, the complex dynamic system of the lipid
double layer described includes a large number of protein molecules
having different dimensions and shapes. In particular, proteins
occupy 35% of the surface of the membrane in erythrocytes. The
structural organisation of the phospholipids in the regions corre-
sponding to binding to the protein can then change significantly, so
that one may speak of the existence of protein — lipid complexes.
The hydrocarbon chains of the phospholipids exist under native
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conditions in a quasi-liquid state, the effective viscosity of the double
layer amounting to ~ 5 Ρ at 20 °C and this is why the protein mole-
cules are capable of migrating along the membrane. The "liquid-
mosaic" model of the structure of the membranes proposed by
Singler and Nicholson has played a major role in the abandonment
of the view that lipids constitute a simple structural partition.3 If
one imagines a section through the membrane in the plane perpen-
dicular to its surface, then the proteins incorporated in the mem-
brane double layer must produce a mosaic pattern. Such mosaic
model of the membrane, presupposing the existence under native
conditions of both double layer sections and regions constituting
protein—lipid complexes, is the most attractive.

The distribution of various components (both proteins and lipids)
in the membrane is asymmetric for functional reasons. The lateral
mobility of the protein fragment in the double layer permits the
formation of the most varied structures with a non-uniform (highly
non-equilibrium) redistribution of components in the membrane.
These can be lipid —lipid and protein —lipid clusters, protein —lipid
domains differing in the composition of the proteins and lipids from
other regions of the membrane, and domains comprising compo-
nents within the membrane formed as a result of the binding of the
latter to physiologically active compounds distributed on the surface
of the membrane. The appearance of such complex metastable
formations in biological membranes, which are thermodynamically
open systems and exchange matter and energy with the environment,
greatly expands the functional possibilities of cell structures.

In order to understand the principal characteristic features of the
complex transformations occurring in the transport systems of bio-
logical membranes during their functioning, we shall consider the
principles of the action of bacterial rhodopsin or bacteriorhodopsin
(BR)—the simplest of the transport systems in which photodepen-
dent proton transport takes place and a proton electrochemical
potential gradient Δμκ+—the macroergy of biological systems
according to Metchell's chemo-osmotic hypothesis5— is established
on the cell membrane. Bacteriorhodopsin is the sole protein com-
ponent of the purple membranes (PM) ("end-plate") of halobacteria,
containing retinal as the chromophoric group, which forms a Schiff
base with the protein component of the molecule—opsin BR consists
of 248 aminoacid residues.

The attempts to establish the disposition of the protein in the
lipid layer were based on the hypothesis that the hydrophobic sec-
tions of the polypeptide chain of the molecule should be disposed in
the inner hydrocarbon region of the membrane, while the hydro-
philic sections should be exposed to the aqueous phase. A scheme
for the disposition of BR within the PM in the form of a sequence
of seven α-helical blocks passing through the lipid double layer
follows from these ideas.6 The use of computers in order to select
the α-helical structures having the lowest energies led to the conclu-
sion7 that each of the seven α-helical segments contains between 28
and 32 aminoacid residues and that pairs of charged groups form
salt bridges within the membrane or are distributed on its surface.

Apart from the absorption in the region of 280 nm, typical for
proteins, the BR spectrum is characterised by a broad absorption
maximum at a wavelength λ π ^ c* 560 — 570 nm and a minor band
near 400 nm. Continuous illumination of BR with white light shifts

ληωχ in the "light—dark" difference spectrum to the region of 412
nm. The state corresponding to Xm^ ~ 412 nm is stabilised in salt
solutions or on lowering the temperature; in the dark, this state
relaxes thermally to the initial state. The study of the kinetics of
the formation and decomposition of the product absorbing at
λπΐϋχ ~ 412 nm by flash photolysis demonstrated the presence of

intermediates, which precedes the formation of the product absorbing
in the short-wavelength region, and also of a series of subsequent
adducts. It has been suggested that the intermediate states be spe-
cified in the alphabetical order using the letter subscripts to λ^χ in
the differential optical spectrum.

The schematic photocycle obtained by Lozier et al.8 is illustrated
in Fig.2, which indicates the half-lives of the intermediates at room
temperature under physiological conditions. The photochemical
process is only the first stage — the formation of the intermediate Κ
which takes place over a period of ~ 10 ps. This is followed by
spontaneous thermally induced transitions between the states, such
transitions being increasingly retarded in each succeeding stage. In
particular, the activation energy for the Κ -• L transition proved to
be 0.5 eV and that for the L -> Μ and Μ -+ BR transitions was
found to be 0.7 eV. Later measurements9 in the temperature range
from 160 to 300 Κ yielded 0.68 eV for the activation energy for the

dynamic defects

Figure 1. Schematic illustration of the structural organisation of the lipid double layer: P—the region of polar groups; H—the region of
hydrocarbon chains; a — "anisotropic" region; i—"isotropic" region.4
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Κ -»L and L -+ Μ transitions. The lower rate of the L -+ Μ
process is caused by the reduced entropy of activation in this stage.

The time of the total turnover of the BR photocycle is 0.01 s
under physiological conditions and can increase by several orders of
magnitude when the conditions are changed (the temperature and
humidity are reduced and certain chemical compounds are present).
The C>64o and N530 intermediates cannot always be detected reliably,
because the Ο state is very sensitive to external conditions, for
example, to the pH of the medium. The existence of the Ν inter-
mediate is indicated merely by the presence of the corresponding
shoulder on the differential optical spectra. The primary process in
the photocycle—the formation of the K.630 state—takes place under
the influence of light even at helium temperatures (2-9 K). A
decrease in temperature shifts Xmax towards longer wavelengths.

3 ms

1 ms

Figure 2. Schematic representation of the photocycle of bacterio-
rhodopsin7 (the approximate time of formation of the first interme-
diate—the batho-intermediate K —and the half-lives of the subse-
quent intermediates L, M, N, and Ο are indicated; the subscripts
denote the absorption band maxima of the corresponding interme-
diates in nanometers).

The discussion of the complex processes occurring in this sur-
prising photodependent system and in other transport enzymes is
outside the framework of this review (for further details about them,
see, for example, Stoeckenius et al.9). The corresponding analysis
made it possible to formulate appropriately the main principles of
the functioning of transport systems in biological membranes.1'2'10'11

1. The transport of ions and molecules is determined by the
submicrostrucure of the membrane and takes place via submicro-
channels—specialised (ionic channels in excited membranes and
transport ATPases) or arising in fluctuations of the structure of the
lipid double layer. Ion transport with participation of complex
forming agents (ionophores) takes place to a limited extent under
native conditions.

2. The conductivity of a single ionic channel has multilevel
character owing to the possibility of the formation of metastable
conformations of the protein subunits of the ionic channels.

3. The selectivity of the ionic channels is determined by the dif-
ferent capacity for hydration of the transported ions and by the
presence of regulatory ("gate") polar fragments in the vicinity of the
entrances to the channels.

4. The state of the surfaces of the biological membranes (surface
enzymes, receptor sections) can determine to a large extent the
selectivity of the transmembrane ion transport, the transfer of infor-
mation within the cell by changing either the charge state or the
chemical activity of the surface enzymes as a result of a change in
external factors.

5. The transport of ions and water molecules across biological
membranes can be achieved under highly non-equilibrium condi-
tions.

6. The transport processes in membranes are highly non-station-
ary; individual stages of the transport are coupled with conforma-
tional transformations in membrane fragments.

7. The ion transport in membranes is influenced decisively by the
local electric field within biological membranes. By means of a
redistribution of the charge density and by the creation of additional
and local electric fields (relative to those already existing), the "mild"
utilisation of the energy evolved in the organism in a wide variety of
energy dependent processes occurring in vivo is achieved, especially
in the active ion transport in ATPase (Na + , K+-ATPase, Ca 2 + -
dependent ATPase, the Η + -ATPase of the internal membranes of
mitochondria) and photodependent (BR) transport enzymes.

8. Ultrahigh temperature thermal fluctuations, occurring in bio-
logical systems which are thermodynamically open, have a decisive
influence on the characteristics of the activated (including transport)
processes in biological membranes and are responsible for the non-
Arrhenius character of the activated process.11'12

The native systems are immeasurably more complex than the
synthetic systems and one can therefore speak merely of a compari-
son of the most general principles of the functioning of transport
systems in vivo and of the processes involving the separation of
liquid and gaseous mixtures using synthetic membranes in intense
mass and electromass transfer. Under intense conditions of mem-
brane separation, the permeability of artificial membranes and the
selectivity of the transport through them of different components
(ions, molecules) actually depend greatly on the characteristic of the
structure, in particular the submicrostructure, of the membrane, of
the kind which obtains in biological membranes. The possibility of
increasing the efficiency of membrane separation methods actually
consists in the specific formation of the structure and state of the
surfaces of the membranes in order to impart to them the required
properties.

III. THE NATURE OF THE SELECTIVE TRANSPORT OF COM-
PONENTS IN SYNTHETIC MEMBRANES

The mechanisms of the transport of ions and molecules in synthe-
tic membranes of different types are extremely varied, although they
are evidently not as complex as in native membranes. In the analy-
sis of the principal features of ion and molecule transport through
synthetic membranes given below we shall concentrate attention on
the elucidation of the causes of the selective transport of the compo-
nents of liquid and gaseous mixtures in polymer membranes which
are most widely and effectively employed in membrane technology.
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1. Separation of Components in Baromembrane Processes

Reverse osmotic, ultrafiltration, and microfiltration processes are
classified as baromembrane processes. The last two processes are
evidently determined by the dimensions of the membrane pores or,
more precisely, by the pore size distribution function (the character-
istic ranges of pore sizes in ultrafiltration and microfiltration mem-
branes are respectively Ru{ ~ 5 —50 nm and Rmf ^ 0.1 — 10 μηι).
The principal requirements which must be met by such membranes
are high thermal and chemical stability (in the first place because of
the necessity for periodic regeneration of the membranes by washing
in special solutions) and relative uniformity of the pores as regards
size when the porosity of the membrane is high.

The characteristic pore sizes in reverse osmosis membranes, Ros <
1—5 nm, make it possible to retain the hydrated ions present in
solution and at the same time to let through, with a definite degree
of selectivity, molecules of different nature (for example, in the
separation of mixtures of water with alcohol). A decisive role can
then be played not by sieve effects, as in ultrafiltration and microfil-
tration, but by the influence of the field of surface forces13'14 (disper-
sion, Coulombic, and structural forces15) on the species (ions and
molecules) passing through. The efficiency of the operation of
reverse osmosis membranes is therefore determined not only by the
pore size distribution but also by the chemical structure of the poly-
mer—the type of functional groups and their mutual disposition in
space.

In asymmetric, first-generation, reverse osmosis membranes based
on cellulose acetates, the structure of the selective layer (its thickness
is usually ~0.2 μπι) was not sufficiently rigid. In the course of the
functioning of such membranes, some rearrangement of the structure
apparently takes place and submicrochannels, which pass through
the selective layers and through which a stream of solvent molecules
moves (for example, in the demineralisation of salt solutions),16 are
formed.

New generation reverse osmosis membranes permitting the large-
scale desalination of natural waters (brackish water, sea water) have
been created recently. Composite membranes obtained on micro-
porous polysulphone supports by the interfacial polycondensation of
aromatic diamines (for example, m-phenylenediamine) with tricar-
boxylic acid chlorides (for example, trimesic or cyclohexane-l,3,5-tri-
carboxylic chlorides17'18) have the most effective functional param-
eters. Such aromatic polyamide coatings are characterised by high
chemical, mechanical, and thermal stabilities owing to the rigid
three-dimensional structure of the polymer molecules resembling the
structure of a non-ordered zeolite. High permeability to water
( ~ l m 3 m'2 day'1) with a salt retention up to 99.5% at working

pressures in the range 20 — 30 MPa, which are anomalously low for
reverse osmosis (on membranes of previous generations such effi-
ciency was achieved at pressures in the range 5.0 — 6.0 MPa), is then
ensured. However, an inadequate stability in relation to sterilising
agents, including chlorine, is characteristic of such membranes,
which limits the scope of their use for water treatment and for the
processing of industrial waste. Increased resistance to oxidants is
attained for polymeric materials not containing NH groups, in par-
ticular, polypiperazinamides. The corresponding reverse osmosis
membranes (developed by the Separam Company) with a selectivity
with respect to NaCl of about 95% and an efficiency of ~ 1.0 m3

m'2 day'1 (at a working pressure of ~4MPa) are stable in salt
solutions at a chlorine concentration of 50 p.p.m.

When water flows during the desalination process through the
rigid system of submicropores (cavities) and channels of the selective
layer of reverse osmosis membranes, the salt retention is determined

both by the size of the channel, connecting the hydrated cavities, and
by the random force field generated by all the fragments of the poly-
mer in the region of the channel.

For the calculation of the hydrodynamic resistance of the selective
layer, one can use the approaches based on theories of the flow of
liquid in a random labyrinth19'20 which were developed earlier for
problems concerning the transport of a non-wetting liquid (for exam-
ple, mercury) in porous materials.21'22 According to Neimark,22 it
is useful to represent the pore distribution in space in the form of a
three-dimensional lattice whose linkages (edges) correspond to the
pore channels and the nodes correspond to the sites of their inter-
section, i.e. the cavities. In this approach, the problem of the rela-
tive distribution of the liquid and gaseous phases (the cavities and
channels which are respectively filled and unfilled by water mole-
cules) reduces to the classical problem of the theory of flow—the
problem of percolation via connections.19

We shall consider the process involving the "forcing" of a non-
wetting liquid into a pore system.22 At an excess pressure P, the
non-wetting liquid can be forced through pore channels whose effec-
tive size exceeds a certain quantity R+, which depends on Ρ and the
field of surface forces in the channel. Such pore channels with R >
R+ will be called supercritical. The fraction ρ of supercritical pore
channels is determined by the channel size distribution function
φ(Κ):

P =

Considering the liquid phase in terms of the macroscopic approxi-
mation, it is convenient to introduce the concept of the surface ten-
sion (coefficient) as at the liquid —vapour interface and of the wet-
ting angle Θ. For a cylindrical pore, R = 2as cos Θ/Ρ.

At an excess pressure P, the non-wetting liquid penetrates only
into the pores which are linked to the outer surface of the specimen
by a sequence of supercritical pore channels. It is known that for
Ρ < Pc> where pc is the lattice percolation threshold, the probability

of the existence of a continous sequence of supercritical channels
decreases exponentially with increase in the length of such sequence.
Under these conditions, the non-wetting liquid penetrates only into
supercritical pores in the immediate vicinity of the outer surface.
Only when the excess pressure increases so much that the fraction ρ
of the supercritical pore channels exceeds the percolation threshold
pc does the non-wetting liquid penetrate into the bulk of the speci-
men. The corresponding pressure is referred to as the break-
through pressure. Its value pc is determined from the relation

«•<*c> (1)

The phenomenon of break-through (the penetration of a non-
wetting liquid into the bulk of the specimen) at ρ > pc is due to the
formation of an infinite connected system of supercritical pores or of
an infinite cluster (IC). The IC incorporates cavities (nodes) and
supercritical channels (edges or connections) and the cavities are
connected to the outer surface by a continuous sequence of super-
critical channels. For large specimens containing a macroscopically
large number of elementary pores, one can neglect the edge effects
and assume that the IC is distributed uniformly in the bulk of the
specimen and that the degree of saturation (it characterises the rela-
tive volume of the liquid phase in the overall volume of the system
of pores and channels) of a specimen having finite dimensions is
equal to the corresponding quantity for a semi-infinite medium.
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We shall assume that the pore channels of different sizes are dis-
tributed at random. Then the distribution of the supercritical chan-
nels in the lattice will also be random: the probability that an arbi-
trarily selected connection is supercritical is equal to the fraction ρ of
the supercritical pore channels. The following characteristics of the
IC are considered in the percolation theory: the connectivity func-
tion Qc(p)—the fraction of connections included in the infinite clus-
ter among all the lattice connections; the percolation probability
Qp(p)—the fraction of nodes included in the IC relative to all the
lattice nodes; the relative conductivity σ(ρ)—the ratio of the lattice
conductivity, in which conductors constitute a fraction ρ and the
fraction of insulators is 1 - p, to the conductivity of the lattice in
which all the connections are conductors. The characteristics of the
relative phase distribution are expressed in terms of these functions.
In the example considered, the non-wetting liquid occupies the pores
incorporated in the IC formed by supercritical connections and the
degree of saturation λ is expressed in terms of the connectivity func-
tion and the percolation probability:

λ = VpQp(p) + (1 -vp)Qc(p), (2)

where vp is the fraction of the volume of the cavities in the overall
pore volume and 1 - vp the fraction of the volume of the pore chan-
nels.

The effective transport coefficients of the liquid in the system of
channels are porportional to the conductivity of the IC:

where D(k) and D(\) are the effective transport coefficients for a
degree of saturation λ and for the complete filling of the pore space
respectively.

The connectivity function, the percolation probability, and the
relative conductivity for a simple cubic lattice have a non-linear
threshold character and are identically equal to zero for ρ < pc.
Such behaviour is typical for any lattices regardless of their topol-
ogy. The percolation threshold is mainly determined by the lattice
coordination number z. The approximate equality pc ^ 1.5/z is
known to hold. In the vicinity of the percolation threshold, the
asymptotic scaling relations are valid:

(5)

The critical indices of the percolation probability (β) and conducti-
vity (t) are22 in the ranges 0.35 < β < 0.47 and 1.5 < t < 2.0.
Under conditions remote from the percolation threshold, the linear
equation of the self-consistent field theory is valid for conductivity

(6)

The percolation probability Qp(p) and the connectivity function
Qc(p) can be fitted23 by a power relation; at ρ > 2pc, they differ
little from the asymptotic relations:

G P ( P ) - 1 , QciP)-+P· (7)

According to the scaling hypothesis, the geometry of the percola-
tion system, including the structure of the IC, is determined by a
single characteristic dimension—the correlation length L. Under
conditions remote from the percolation threshold at (p - pc)/pc — 1 >
the correlation length can be of the same order of magnitude as the
size Ri of a single structural element. At ρ -* pc, the correlation
length increases without liimit in accordance with the power law

The critical index of the correlation length for three-dimensional
lattices is 1 - δ c~ O.9.22 For distances r » L, the IC is homogene-
ous and for r ( L a correlation in the distribution of elements
belonging to the IC is manifested. In the vicinity of the percolation
threshold, where L > R\, there is a region where Rj < r < L, in
which the IC possesses the so called fractal properties, i.e. it is char-
acterised by a non-traditional dependence of its volume (or surface)
on the geometrical scale. For example, the number of elements in
the IC at a distance r' < r from a selected element increases in pro-
portion to rdf, where the so-called fractal dimensionality df is not
equal to the dimensionality of the space d:

d, = d — β / ( 1 — 6 ) (9>

(in the three-dimensional case, df = 2.5). Ideas concerning fractal
properties of the IC proved fruitful in the study of the geometrical
features of the relative distribution of phases in the pore space.

The dependence of the relative conductivity σ on the fraction of
the elements incorporated in the IC is of interest for the calculation
of the effective transport coefficients in partly saturated porous
media. It follows from the scaling relations (4) and (5) that

Qf (10)

From Eqn.(2), it follows that in the scaling region the effective
transport coefficients with respect to the non-wetting phase are
linked by a power relation to the degree of saturation and that the
power exponent is equal to the ratio of the critical indices of the
relative conductivity and the percolation probability:

£>(λ)<χλ'/". Ο 1 )

An interpolation expression for D(k) has also been obtained:22

for λ<0.433(1+ 1.31νρ). (12)

_ Pcy (8)

The characteristic features of the penetration of a non-wetting liquid
into porous systems can be analysed on the basis of Eqns.(ll) and
(12) as a function of the applied pressure. However, for the corre-
sponding analysis of the permeability to water of reverse osmosis
membranes it is essential to possess independent data on the struc-
tural parameters of the selective layer, including the pore size distri-
bution function and the surface force field parameters. Unfortu-
nately, there are virtually no such data at the present time. When
the appropriate investigations are carried out, it will become possible
to assess more effectively the potential possibilities of the method of
reverse osmosis for the separation of various, including aqueous
organic and organic, liquid mixtures. At the present time relations
of type (11) and (12) have been established for gas and electrolyte
transport processes in porous nickel electrodes.24

Ultrathin surface layers of submicroscopic thickness (~10 nm),
made of organic and inorganic (for example, polyphosphazenes)
materials and produced on ultrafiltration or microfiltration supports,
can serve as carrier structures with fractal properties in the
separation of mixtures of electrolytes, in the separation of gaseous
mixturres under intense separation conditions, and in electrocatalytic
processes. Not only the corresponding permeability constants but
also the parameters of the selectivity of the separation can then
depend on the thickness of the ultrathin layer. The ways of creat-
ing such structures can be related to the use of the Langmuir —
Blodgett method for the formation of monomolecular films and
mixed structures with a high degree of molecular order and of the
electrochemical, plasmachemical, and photochemical methods for the
deposition of ultrathin layers. In fact one is dealing with a qualita-
tively new level of membrane technology, because the permeability
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of the membranes to the target components increases by more than
an order of magnitude and hence there is a significant decrease in
the materials consumption in the membrane process. The technical
sophistication involved in the creation of such barrier structures and
ultrathin layers must be the highest possible and must involve an
ultrapure technology (as regards materials and the concentration of
aerosols in the surrounding space) employing the experience and
methods of electronic industry.

2. The Diffusion-Migration Transport of Species in Membranes

In many synthetic membranes, molecules and ions are transported
via a mechanism involving the dissolution of the components in the
membrane matrix and the subsequent diffusional or diffusional-drift
transport through the bulk of the membrane. In membranes of this
type (ion-exchange and gas separation membranes) there are no
rigidly fixed pores, although they do possess a definite free volume.
In the case of flexible chain polymers, the effects associated with the
redistribution of the free volume due to the mobility of fragments of
the matrix play a decisive role in transport processes.25 In rigid
chain polymers (below the glass point Te), the efficiency of the
transmembrane transport of species is usually correlated with the
structural non-equilibrium nature of the polymer matrix, character-
ised by the presence of definite submicrocavities in the vicinity of
bulky substituents in the side chains.2 6"2 8

The traditional method of describing mass and electromass
transfer processes in non-porous membranes involves the use of
quasi-equilibrium ideas and the neglect of the "surface resistance", it
being supposed that the transport of ions and molecules through the
boundary regions takes place at a high rate (at the membrane — med-
ium interfaces, there is equilibrium with respect to the species which
have crossed the membrane). Therefore, if the membrane separates
two volumes of gas with different concentrations of species of one
kind, then, together with the consideration of local values of the dif-
fusional flux of species in the membrane

dx
(13)

where c(x, ή is the local concentration of species in the membrane,
D the diffusion coefficient, χ the coordinate normal to the surface of
the membrane, and t the time, it is necessary to introduce the sorp-
tion isotherm of the component in order to determine the concentra-
tions of species near the surface. On the simplest assumptions con-
cerning the form of the isotherm (the Henry isotherm), an expression
follows from Eqn.(13) for a stationary flux of species passing
through the membrane:

; Π=£»γ , (14)

where Π is the permeability constant of the material, γ the thermo-
dynamic parameter of the solubility of the component in the given
material (the Henry constant), ΔΡ the drop of the pressure of the
component across the membrane, and d the thickness of the mem-
brane. If the species migrating in the bulk of the membrane is
acted upon by lateral forces—in the presence of an electrical poten-
tial gradient δφ/δχ (transport of particles with an electrical charge q)
and also in the presence of a convective flux (for example in the case
of transport in liquid and quasi-liquid membranes)—then the
expression for the local flux of species / assumes the form

(15)

where μ is the electrical mobility of the species linked to the coeffi-
cient D by the Einstein relation μ = ξςΌ/^Τ (Τ is the absolute
temperature, k^ the Boltzmann constant, and ξ c* 1 a phenomeno-
logical numerical parameter) and u is the rate of drift of the species
under the influence of the convective movement of the medium.
The use of Eqn.(15) together with the sorption isotherm of the com-
ponent transported in the membrane makes it possible to generalise
Eqn.(14) and to take into account simultaneously the diffusion,
electrodiffusion, and convective diffusion processes.

In considering the diffusional transport processes in real solid-
phase membranes, inorganic and polymeric organic, complications
arise due to the presence in them of different kinds of inhomogen-
eities: structural defects and inclusions of another phase. These
defects and inhomogeneities can serve as capture sites for the given
species, can give rise to local mechanical stresses influencing the
transport processes, can effectively sort the diffusing components,
etc. The description of mass transfer in such inhomogeneous media
is complex even under the conditions of small fluxes of the trans-
ported species. The situation becomes immeasurably more complex
if it is necessary to take into account non-linear effects associated,
for example, with the characteristics of the sorption of the diffusing
components in an inhomogeneous matrix.29 Intuitively it is clear
that the description of the transport of species must be based on the
use (appropriately justified) of effective diffusion coefficients Z>eff,
which depend on the characteristic features of the transport of the
species in those regions of the membrane which are characterised by
different equilibrium solubilities of individual components and also
on the spatial distribution of such regions in the matrix.30

3. Non-Equilibrium Transport Conditions

The traditional quasi-equilibrium approach to the description of
processes involving the membrane separation of the components of
gaseous and liquid mixtures is justified only for a low density of the
fluxes J-t of the components i crossing the membrane, when /,· ̂  /,·„,
Jio being the "exchange flux" density of the component / in the
regions of the membrane —external medium interfaces and also at
the boundaries between the micro- and submicro-regions in the bulk
of the membrane differing in structure. In such cases there is equi-
librium with respect to the species i in different regions of the system
and the fraction of the species passing to each of the structurally
different regions within the membrane is determined by the thermo-
dynamic parameters of these regions.

On passing to extremely highly non-equilibrium regimes in mem-
brane separation under the conditions of electrodialysis, electrolysis,
and elevated pressures in gas separation, when /,· <, /,·„> the quasi-
equilibrium models of the "dissolution and diffusional-migration
transport" become inadequate. Under these conditions, the state of
the membrane—medium interface determines the character of the
distribtuion of the transported species between the external medium
and the membrane. The state of the boundary separating regions
with different physicochemical characteristics in the bulk of the
membrane determines the distribution of the pathways (fluxes) of the
species in the membrane matrix and, with increase in /,·, the condi-
tion /,· ~ Ji0 begins to hold at a greater number of interfaces. It
therefore becomes necessary to consider in previously structurally
indistinguishable regions increasingly finer details (with dimensions
down to several nm), which influence the redistribution of the spe-
cies in the matrix under the conditions of intense mass transfer.
The transport of molecules and ions through synthetic membranes
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acquire certain features characteristic of the most effective mem-
branes—namely biological membranes, both as regards the type of
organisation of the transport (transport via "channels") and as
regards the principal kinetic relations.

We shall consider below a series of problems in the model
description of transport processes in membrane systems under
extreme regimes and shall demonstrate what new possibilities can
arise in the membrane separation of liquid and gaseous mixtures
under these conditions.

The transition from quasi-equilibrium mass transfer regimes to
extreme (non-equilibrium) regimes can be conveniently illustrated in
relation to the transport of the molecules of simple gases through
membranes based on siloxane —containing block copolymers. A
relation between Π and ΔΡ has been observed32'33 in a study of the
permeability of such membranes to the molecules of simple gases
(CO2, O2, and N2), which consists in a considerable (severalfold)
increase in Π when Ρ changes from 1 to 5 kPa. According to
quasi-equilibrium ideas, Π = const if D and γ are independent of
pressure. In an analysis34 of the sorption isotherms of the mole-
cules of simple gases (CO2 and O2) in siloxane-containing Silar block
copolymers, no anomalies were noted: the adsorption isotherms
were linear throughout the experimental pressure range (up to
75 kPa). It is therefore most natural to assume that, under condi-
tions32'33 where Ρ > 5 kPa, the filling of both phases of the block
copolymer, rigid and flexible, is non-equilibrium and transport takes
place mainly in the flexible phase. The latter conclusion is also
confirmed by the results of a study35 in which correlations were
observed between the mobility of the fragments of the siloxane phase
of the block copolymer and the effective diffusion coefficients.

On passing to non-equilibrium mass transfer regimes, the effective
solubility parameter σ differs from the equilibrium value γ (σ < γ),
which leads to the possibility, in principle, of influencing the perme-
ability constants of membranes by modifying the membrane—med-
ium interface. This possibility has been realised in a study36 where
it was shown that the chemical modification of the gas—polymer
interface by the polymerisable fluorine-containing allyloxysilane,
which exhibits surface-active properties, can increase almost by a
factor of two the permeability constants Π of the modified mem-
branes relative to the corresponding values for the initial (unmodi-
fied) membranes. Under the conditions of such modification, the
diffusion coefficients D of gases in the membranes remain almost
unchanged and DSC [differential scanning calorimetry?] data also
indicate the unchanged state in the bulk of the membrane after its
modification: the thermograms of the initial and modified
membrane are completely identical. The equilibrium value γ should
not therefore change as a result of the above modification and the
observed effect must be attributed to a change in the effective
solubility: a m o d /o i n i t ~ 2.

In order to solve the problems of membrane separation in non-
equilbrium transport regimes, another procedure is needed, in par-
ticular the use of the method of the theory of flow (of a liquid in a
random labyrinth).19"20 Here the effective pathways in the trans-
membrane transport of species ("infinite clusters"—IC, in terms of
the terminology of the theory of flow) are produced by a system of
localisation centres separated from one another by an optimum
average distance. This situation obtains in the transport of ions
through perfluorinated sulphonic acid cation-exchange membranes
characterised by a specific submicrostructure characteristic of comb
polymers: the hydrophobic matrix at the hydrated ionogenic group
in the amorphous regions of the perfluorinated polymer forms asso-
ciated species—"clusters" with characteristic dimensions of ~ 5 nm.

A fragment of the amorphous part of the perfluorinated sulphonic
acid cation-exchange material is illustrated in Fig.3. According to
this structural model, the pathways followed in the flow of ions and
water molecules are within ion-exchange clusters ("ionic channels" in
a hydrophobic matrix). The transport of ions over macroscopic
distances (the formation of IC) becomes possible for a sufficiently
high degree of hydration of the ionogenic groups (centres between
which ion jumps are effected), whereupon an effective linkage is
established between adjacent ionogenic groups.

Figure 3. Schematic illustration of a fragment of the amorphous
part of a sulphonic acid cation-exchange membrane:37 1) main
polymer chain; 2) hydrated counterions and ionogenic groups under
the conditions of a low moisture content (the "chlorine electrolysis"
conditions); 3) "channels" for the transport of ions and water mole-
cules in the presence of a high moisture content; the distance L\ ^
4 nm is estimated from low-angle X-ray scattering data, L2— 10 nm
from Mossbauer spectroscopic data, lx and I2 from DENR and
NMR data, and /3 from data obtained by reference porometry and
DENR.

Under the conditions of a high moisture content when the average
number of water molecules η per ionogenic group exceeds 15,
virtually all the functional groups of the membrane are "bound" and
the polymer matrix is on average uniformly threaded by a random
network of channels hydrated to the maximum extent, through
which the diffusional transport of ions takes place. The specificity
of such ionic transport is low.

With decrease in the moisture content, some of the "bonds"
between adjacent centres are broken so that "dead ends" appear in
the random network of channels.20 In the flow model, the depen-
dence of the specific resistance of the membrane ρ on the moisture
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content for low values of η (η < 10, "chlorine electrolysis" condi-
tions) is of the form37

— · exp \p (η'/· — n'rf5 + ?J£L | j

(16)

where Ro, as, and μ1 are parameters determining the probability of
the jump by ions between adjacent ionogenic groups, ε(«) is the acti-
vation energy for such a jump, v(«) the average number of bonds
between a specified ionogenic group and adjacent groups whose
centres are separated from the centre of the specified group by dis-
tances not exceeding the characteristic average value rc, vc is the
threshold value of v(nc) for which IC arise, and po is the effective
density (packing density) of water molecules in the hydrated iono-
genic group — counterion complex.

Attention should be drawn to the decisive role of the entropy
factor in Eqn.(16) which depends exponentially on η and is
determined by the parameters <xs, μί5 and rc in establishing the
specificity of the ionic transport. A similar situation apparently
arises also in the ionic transport in biological membranes. In the
region of low values of n, the following relations between the
quantities ρ for ions of different types (for a fixed ri) are valid in the
case of sulphonic acid cation-exchange membranes:

PH+ < PL1+ < PNa+ < PK+ < PCs+ .

Analysis of the relation obtained permits the conclusion that there
is contact interaction of the hydrated cation with the ionogenic
centre (the sulpho-group), which is consistent with Eisenman's series
XI in the binding of ions within the channels of membranes capable
of being excited.38 This means that the ionic channels of sulphonic
acid cation-exchange membranes are systems with a high "field
strength" (such as, for example, the Na +-channels in the squid
axon). The creation of membranes with other types of ionogenic
groups ensures new possibilities for the selective transport of ions
and leads to the realisation of other Eisenman selectivity series (for
example, among the eleven which exist for cations).

Spectroscopic studies using ! H and 7Li NMR1 9 have shown that
the character of the relation defined by Eqn.(16) is determined by
the characteristics of the elementary ion transport between the func-
tional groups. This means that the specificity of ion jumps under
the conditions of limited capacity for hydration of the functional
groups (this situation actually obtains also in the ionic channels of
biological membranes) is associated with the entropic multipliers of
the rate constants for the corresponding jumps. For ions of differ-
ent types, one may point to certain critical values of nt such that, for
η < tti, the transport of ions of type / is significantly retarded as a
consequence of the formation of cation—functional group contact
ion pairs. When sulphonic acid cation-exchange membranes are
used, these values for the H + , Li + , and Na + ions are respectively
~2, ~4, and ~6. In particular, this is indicated by the depen-
dence of the chemical shift of the water protons in the membrane on
the moisture content of the latter:39 for η > nit the ions indicated
retain their individuality in the membrane—they exist in the form of
the complexes [H5O2]

 + , Li+.4H2O, and Na+.6H2O.

One of the main consequences of Eqn.(16) is large local heat
evolution in perfluorinated membranes when a high-density electric
current j passes through them (under the conditions of "chlorine
electrolysis" andy =: 0.3 A cm'2 and when the overall moisture
content in the membranes is low, we have ν ;> vc because of the high

concentration of the resulting alkali, reaching 20—40%). It has
been shown 2 0 that, in the vicinity of the flow threshold, the bulk of
the Joule heat is evolved within a small volume on a limited number
of "bonds" (at the "heating points")40 and in the limit ν -* vc the
fraction of the volume carrying almost the entire Joule heat tends to
zero.

Before discussing certain consequences arising from the above, we
may note that perfluorinated ion-exchange membranes are "non-
cross-linked". Therefore, under the influence of local heat evolu-
tions, the conformation of the polymer chains in the membranes
may change, giving rise to the formation of metastable structurally-
conformational states of the amorphous fragments with an arrange-
ment of the side chains characteristic of each such state.

For sufficiently extreme electromass-transfer regimes under the
conditions of a low moisture content in the region of the "heating
point", there is a possibility of a virtually complete dehydration of
the functional groups, so that the probability of ion jumps in this
region falls sharply and the corresponding transport section is elimi-
nated from the IC. However, the "evaporated" water molecules
formed on dehydration can hydrate functional groups which had not
been previously included in the IC and a new percolation pathway
arises. The above mechanism of the "flickering of transport path-
ways" ensures high thermal stability of the non-cross-linked perfluo-
rinated ion-exchange materials.37

One may note that the effective mechanical properties of the non-
cross-linked copolymers, necessary for the functioning of the mem-
brane in such extreme regimes, are determined by the PTFE crystal-
lites ensuring the "physical" reinforcement of the perfluorinated
matrix. Such crystallites (their characteristic size is ~ 10 nm) are
formed by fragments of different copolymer molecules without func-
tional groups. The intermolecular distances realised in PTFE crys-
tallites at room temperature are attained in PTFE crystals at
elevated temperatures (470 — 490 K). Closer packing of the above
fragments is prevented by the presence of functional groups in the
macromolecules. In order to diminish the "wedging" influence of
the ionogenic groups on the PTFE crystallites, perfluorinated mem-
branes are obtained from ternary copolymers [in particular, in poly-
merisation one introduces, apart from tetrafluoroethylene and the
perfluorinated ester with sulphonyl fluoride or carbonyl fluoride
groups, a third monomer of the type CF2 = CFO(CF2)3CF2, which
is responsible for the formation of buffer zones between the PTFE
crystallites and the amorphous section containing ionogenic groups;
this improves the mechanical properties of the membranes].

4. Characteristics of the Transport of Species in Liquid and
Quasi-liquid Membranes

A promising development is the use of liquid and quasi-liquidf
membranes for the selective extraction of target components. It has
been suggested that they be used41'42 especially for the extraction of
metals in hydrometallurgical industries, for the concentration of
valuable components in waste and natural waters (including sea
water). In this connection, a series of problems arise: (1) the
development of a scientific basis for the search for complex-forming

f Quasi-liquid membranes or impregnated liquid membranes are
understood to constitute liquid systems (the solvent with the com-
plex-forming agent, catalyst, etc. contained in it) immobilised in an
inert porous base; in the foreign literature the term "supported
liquid membranes" is usually employed for such membranes.
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agents ensuring a high extraction selectivity; (2) stabilisation of
complex emulsions ("Li membranes"43) and film systems (in
Boyadzhiev's columns) for the solution of technological problems in
liquid membrane extraction; (3) enhancement of mass exchange pro-
cesses in the region of the liquid membrane — liquid medium inter-
faces.

We shall confine ourselves to considering only mass exchange
processes without dwelling on problems of the description of trans-
port in the region of membrane —medium interfaces in view of the
necessity to use boundary conditions of a fairly general type.16

As shown previously by Lev and Buzhinskii,45 the formation of
complexes in the interfacial region by the transported species with
complex-forming agents present in the liquid membrane may retard
the process and lead to the appearance of "surface" resistance.
However, the situation can become still more complex when such
complex formation occurs in macroscopic (~ 1 μΐη) regions of liquid
membranes, for example, as a consequence of the formation in such
layers of submicrodispersions of the external (in relation to the mem-
brane) solution. In this field, there are still many fundamental diffi-
culties to be overcome.

We shall consider the problems of mass transfer associated with
its enhancement by spontaneous convection, which may develop in
the boundary regions of the liquid membrane (and the electrolyte if
it constitutes a medium external in relation to the membrane).46

We shall confine ourselves to considering the classical problem of the
transport of CO2 molecules through liquid and quasi-liquid mem-
branes formed on the basis of aquous alkali metal carbonate solu-
tions, in connection with the results obtained recently,4 which
demonstrated the fundamental role of the effects of the spontaneous
convection of the solution in this process.

The mechanism of the transport of CO2 through liquid alkali
metal carbonate layers can be represented in a simplified way by the
following two stages:48

(1) dissolution of carbon dioxide accompanied by a heat change
of ~26.2kJmol"1:

(2) the transport of HCO3 ions through the membrane and the
evolution of carbon dioxide on the other side of the membrane
where the CO2 partial pressure is reduced and the reverse reaction

2HCO7-> H2O + CO,- + COa

takes place. The process is accelerated when catalysts are intro-
duced into the system, such catalysts frequently consisting of the
anions of weak acids, for example, arsenic acid.

The kinetics of the transport of CO2 through a liquid membrane
consisting of a layer of liquid (3.2 Ν Cs2CO3 + 0.25 Ν Na3As03

solution; pH 13.6) enclosed between two hydrophobic asymmetric
polyvinyltrimethylsilane films have been investigated.47 These films
exhibit a high gas permeability (the permeability to CO2 is 3 χ 10'8

mol m"1 s"1 Pa'1), so that they do not introduce any distortions into
the measurements (error ^ 0.5%). The kinetics of the transport of
carbon dioxide were investigated for the horizontal and vertical posi-
tions of the cell. For the horizontal position of the membrane,
CO2 was supplied to the cell in two ways: in one case carbon diox-
ide was injected into the upper cavity and a carrier gas (helium) into
the lower cavity, while in the second case the opposite arrangement

was used. As a result, the coefficients of the gas permeability Π of
membranes of different thickness d were found at + 20 °C.

It was noted47 that, for the horizontal position of the cell, a
steady increase in Π with increasing d was observed. The perme-
ability coefficients depended on the way in which gas was supplied
into the cell, the difference between the values of Π increasing with
decrease in the thickness of the membrane. For the vertical posi-
tion of the cell, Π initially increased with increase in d and then fell
sharply. The values of Π for different orientations of the mem-
brane differ by more than an order of magnitude (for d = 3600
μπι).47 Such behaviour of Π can be explained only by convective
movements in the solution.

The appearance of convective movements within the liquid mem-
brane can be caused by different factors. In particular, the heat
evolution of dissolution of CO2 induces local heating in the mem-
brane and hence changes in the surface tension at the gas —liquid
interface leading to Marangoni effects. It is therefore of interest to
calculate formally the diffusion coefficient D and the solubility aeff
of CO2 molecules in the carbonate solutions on the basis of the
model of the transmembrane gas transport, which includes the
instantaneous dissolution and diffusional transport as the limiting
stage. According to this model, Π = Daefi. The results of such
calculation, based on the solution of the diffusion equations with
boundary conditions of the first kind, have shown47 that the values
of D and aCf vary non-monotonically as the thickness of the mem-
brane is altered. Starting with d = 2600 μΐη, the diffusion coeffi-
cient increases sharply while the solubility coefficient diminishes.
Such behaviour of D and aeff may be caused by the initial stages in
the development of the convective movement indicated. By reduc-
ing diffusional restrictions, these movements diminish the solubility
coefficients. The induced transport of CO2 molecules through the
membrane takes place with participation of the "carriers" of these
molecules—HCO3 ions. The low rate constant for the dehydration
reaction HCO3 -> CO2 + OH' {\0Λ s'1 4 9 at pH > 8) can mean that
the process has two rate-limiting stages—transport and chemical
stages, whose characteristic times are comparable. Therefore the
lifetime of these carriers may prove to be of the same order of
magnitude as their residence time in the region of the liquid —gas
interface, which ultimately diminishes ceff.

The liquid and also quasi-liquid membrane described are charac-
terised by a unique selective permeability to CO2. Thus the ratio α
of the permeability constants of such membranes for CO2 and O2 is
~ ΙΟ2—103. Despite the fairly large number of studies devoted to
gas transport processes through quasi-liquid membranes, the ques-
tion of the contribution of the individual stages of these processes
(diffusion, solubility) to the establishment of the high selective per-
meability of the membrane to CO2 nevertheless remains obscure.
Furthermore, the influence of the inert base on the kinetic charac-
teristics of quasi-liquid membranes and on the methods of stabilisa-
tion of these characteristics has not been elucidated.

An attempt to find an answer to these questions has been made in
a study47 of inert, alkali-resistant polymeric matrices into which solu-
tions of 3.2 Ν Cs2CO3 and a catalyst (0.25 Ν Na3AsO3) had been
introduced. The choice of these particular substances (whose con-
centrations correspond to the saturation of the solution by caesium
bicarbonate when CO2 is passed through) is determined by the high
gas permeability coefficients of such membranes. Hydrophilic por-
ous filters based on UEM-270 ethylcellulose with an average pore
diameter / = 27 nm and a thickness d = 72 μπι, and also the poly-
sulphone UPM (R = 50 nm, d = 100 μΐη) and poly(vinyl chloride)
(R = 170 nm, d = ΙΟΟμίη) have been used as polymeric matrices.
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The relative pore volume was estimated from the difference between
the weights in the moist and dry states and was found to be 73% for
UEM-270, 58% for UPM, and 76% for PVC.

The corresponding aeff (P) relations were calculated from the
experimental47 permeability coefficients Π and the effective diffusion
coefficients D of carbon dioxide in quasi-liquid membranes and a
number of conclusions were reached.

1. The carbon dioxide sorption isotherms (the dependence of the
amount of CO2 absorbed by the carbonate solution on its partial
pressure in the gaseous mixture) is significantly non-linear and is
almost independent of the nature of the polymeric matrix of the
membrane.

2. The diffusion coefficient D increases with increase in the CO
concentration in solution and depends greatly on the average pore
size in the initial matrix. For relatively small average pore dimen-
sions (27 and 50 nm), D is almost constant. However, the increase
of R from 50 to 170 nm alters D almost by a factor of 5. Such
behaviour of the diffusion coefficients can be explained by the
appearance in the large pores of a kind of convective displacements
of the structural units of the solution (associated ions and water
molecules) as a consequence of the local heating of the solution
during the course of the binding of CO2 molecules.

3. The character of the variation of the permeability coefficient Π
as the carbon dioxide pressure in the initial mixture is varied is asso-
ciated with the antiparallel dependences of D and σ on P.

In conclusion of the Section, we shall discuss factors determining
the high selectivity of the quasi-liquid membrane. The permeability,
diffusion, and solubility coefficients of carbon dioxide and oxygen in
the UEM-270 porous filters saturated with distilled water or the 3.2
Ν CS2CO3 + 0.25 Ν Na3AsC>3 solution are presented below (for
Pco2 = Po2 = 100 kPa47):

10 1 0 D,m 2

S - 1 104σ, mol m"3 Pa"1

co2co2o2o,

H2O
3.2N
H2O3.2N

Cs2CO3+0.25N

CsgCQ,+0.25N

Na3As03

Na3As0j

1.48
2.74

5.51· 10"'
1.710"»

4.05
2.4· ΙΟ"2

4,0
2.7-1Q"1

3.65
1.14-10»
1.3810-1

6.3-10-a

For a membrane containing distilled water, α cz 27. The selectivity
of a quasi-liquid membrane increases to 160.

The example considered makes it possible to understand how high
selectivity coefficients of liquid and quasi-liquid membranes can be
attained and what are the possible ways of increasing the perme-
ability to the target components. Here it is naturally necessary to
achieve the stability of such systems, which may become a complex
problem in their practical employment (for example owing to ageing
or the elution of the reagents from the quasi-liquid membrane, as a
consequence of the poisoning of the complex-forming carrier, owing
to difficulties in its regeneration, etc.).

Microporous polypropylene,50 polytetrafluoroethylene, poly(vinyl
chloride), and polysulphone,51 used in ultrafiltration and microfil-
tration processes, serve nowadays as bases for quasi-liquid mem-
branes. Impregnation of such filters with liquid reactive carriers
makes it possible to obtain membranes for the effective separation of
liquids and gaseous mixtures combining the high efficiency of the
porous membranes with the high selectivity of the carrier.52"54 We
may point to advances in the creation of highly selective membranes
for the isolation of oxygen from air (the ratio of the corresponding
permeability constants is ~ 26 — 50) which permitted the attainment
of a nitrogen content in oxygen of only 9-15% after a single-stage
separation.55

Liquid membranes of the emulsion type, stabilised by surfactants,
have already found application in industry. In particular, the
effectiveness of the use of such systems for the isolation of zinc56

and sodium57 ions, enzymes,58 copper,59 phenol,60 and other organic
and inorganic substances has been demonstrated (see also Van et
al.61).

5. Membrane Processes Involving the Isolation of Vapour Mixture
Components

New possibilities of the isolation of vapour components from
liquids and vapour-gas mixtures have usually been attributed to the
development of a new membrane process—membrane distilla-
tion.62'63 We shall consider initially the simplest model ideas about
the character of the movement of the gaseous mixture in porous
systems in relation to transport in a straight cylindrical capillary.64

The movement of gases in such a capillary is determined by the
Knudsen parameter Kn—the ratio of the number of collisions of the
molecules with the walls to the number of intermolecular collisions.
To within a constant multiplier of the order of magnitude of unity,
the parameter Kn is equal to the ratio of the average length of the
free path of the molecule / to the capillary diameter:

Kn^//2r. (17)

Since the lengths of the free path /,· of molecules in different gases in
a gaseous mixture are of the same order of magnitude, the parameter
Kn for a mixture of gases is approximately constant. Depending on
the value of Kn, three characteristic gas flow regions are distin-
guished: the Knudsen region (Kn > 1), the transitional region (Kn
^ 1), and the molecular region (Kn <̂  1).

For Kn ̂  1, the components of the gaseous mixture move
through the capillary almost independently of one another. The
total molar flux of the zth component under the conditions of
Knudsen flow is therefore proportional to the gradient dci/dx of the
molar concentration c,· of the component (the JC axis is directed along
the capillary axis):

i = c,/c, c = (18)

where D? is the Knudsen diffusion coefficiient, c the total molar
concentration, and v,· the velocity of the ith species along the capil-
lary. For a cylindrical capillary under the conditions of diffuse
reflection of the species from the walls (accommodation coefficient
Ja.i = 1). we have

where w,· = (Sk^T/Tlm,·)'Λ is the average thermal velocity of type i
molecules. If there are Ν such cylindrical pores per unit surface of
the membrane, then the permeability constant Π, of this membrane
for type ζ molecules can be represented in the following form taking
into account Eqn.(19) and the equation of state of an ideal gas:

Π / - 3JVA (im^T) · (2°)

where NA is the Avogadro number.
The relationship (Kn C 1) obtains in fairly broad capillaries. The

average linear velocities of the components are then constant along
the section of the capillary, while the molar fluxes are related to the
gradient of the driving forces by the Stefan-Maxwell system of equa-
tions. For constant Ρ and Τ and also in the absence of external
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forces, the Stefan-Maxwell system of equations can be conveniently
put in the form

T7~i¥.l

c'1 C'' " ( 2 1 )

Here jj'p is the molar flux of the rth component for constant Ρ and
Τ and Dij is the mutual diffusion coefficient of components ι and j .
Here we may note one non-trivial factor. Under the conditions of
isobaric-isothermal molecular flow (Kn <̂  1) of a mixture of gases in
a long capillary, the interaction of the gas with the walls also proves
very significant, since it determines the inter-relation between the
partial fluxes. In order to obtain the corresponding conditions, we
shall take into account the fact that, for a zero pressure drop across
the capillary, the overall momentum Μ,, transmitted to the walls of
the capillary when all the molecules of the mixture interact with
them is zero:

M » = 2 M M = 0 , (22)

ι _
Μ || ti = — CtWiirttDt (rc) γΛ_ί

4

Taking into account the relation vv,· oc m'^2, we find from Eqn.(22)
the expression

which yields the required relation for the case of the diffuse reflec-
tion of the component or for the independence of the coefficient yai

of the type of species:

(23)

This is the so called Graham condition.65

In the case of a binary gaseous mixture with Ρ = const, and Τ
const., we obtain from Eqns.(21) and (23)

d c,

d χ
_a....uA . (24)

where α,-y = 1 - (mj/m,)'/2. Eqn.(24) has the form of Fick's law
only for a small mole fraction (y{ <( 1) of the diffusing component
(diffusion of an impurity) or for the diffusion of components with
the same molecular weights {ni\ = mi); in the latter case JPT =
τΡ,Τ , τΡ,Τ _ Λ

J\ + J2 - U.
The transitional regime (Kn =* 1) in the flow of a gaseous mix-

ture in capillaries is significantly more difficult to investigate. In
the corresponding analysis, one usually employs interpolation formu-
lae. The expression for the partial flux in the case of isobaric-iso-
thermal flow of the binary mixture is usually represented in the form

,τ,ρ π d^i (2S\
Ji = — U), ijC Κ*··*/

and the Bosanquet expression 6 4 is used for Db.ij—the binary diffu-
sion coefficient in the transitional regime:·-<*(/%

(26)

When transport in a porous medium is considered, the coefficients
D? and Dtj are usually renormalised by introducing into them the
multiplier ε/ζ, where ε is the velocity of the material and ζ the tortu-
osity of the pores.

The above expressions for the fluxes of the components of gase-
ous mixtures in capillaries in different flow regimes can be used for
the analysis of the problems of the membrane separation of gaseous
and vapour —gas mixtures. In the first place, we have in mind here
the Knudsen flow regime in which the mixture of gases passing

through a porous membrane is enriched, in accordance with
Eqn.(20), in the lighter components. However, such processes are
not sufficiently effective owing to the relatively small mixture sepa-
ration factors in cases of greatest practical interest. Admittedly, in
the membranes with a continuous diffusion layer employed for
technological purposes, the possibility of the existence of "through"
submicrodefects and transport via such defects must be taken into
account in accordance with the formulae quoted above.

The calculation of gas fluxes in capillaries is of greater current
interest in connection with the development of the physicochemical
principles of membrane distillation. This process consists in the
selective mass transfer of water vapour through a finely porous
hydrophobic membrane separating two aqueous solutions whose
temperatures are different. The vapour molecules are transferred
from the heated surface of the aqueous solution through the mem-
brane pores and are concentrated on the cooled side. Evidently, the
above process can find practical application (purification of sewage,
desalination, concentration of solutions) in those cases where the
cost of setting up a temperature gradient on the membrane is low
(for example, when waste heat from industrial manufacturing pro-
cesses is used). In the desalination of an NaCl solution, the flux
J = 3 χ 10~2 m3 m"2 day"1 when the temperature difference between
the two sides of a porous polypropylene membrane AT = 10 K.63

One of the advantages of the above process over distillation is the
possibility of carrying it out for small temperature differences.

At the present time the membrane distillation method is used suc-
cessfully not only for the purification of aqueous solutions with
involatile solutes (salts, glucose) but also for the separation69 and
concentration70 of mixtures (water-alcohol mixtures, for example)
when all the components are volatile. Under these conditions,
together with the traditional versions of the method, new ones are
investigated:69'71'72 membrane distillation with evaporation into a
vacuum and membrane distillation with an air gap or "thermal evap-
oration" through a membrane (a distillate from a 3.4% aqueous
NaCl solution has been obtained by this method71). In the applica-
tion of the latest versions, the efficiency of the process increases sig-
nificantly as a result of the possibility of maintaining a larger tem-
perature difference.

Evidently, the methods indicated make it possible to achieve
effective evaporation through porous membranes in contrast to the
traditional processes involving evaporation through non-porous
polymeric membranes.35·36'73 However, the traditional method has
not lost its importance, especially in connection with the develop-
ment of the new membrane materials,74 which retain their separating
characteristics in the course of prolonged use. In evaporation
through a non-porous membrane, the driving force of the process is
the difference between the chemical potentials of the substance on
the two sides of the membrane. The permeating substance is
removed in the vapour phase by creating a vacuum or together with
a stream of inert gas.

Like the membrane gas separation process, this process ensures a
high degree of separation in a single stage at a relatively high flow
rate through the membrane. It can be used for the separation of
mixtures of hydrocarbons and aqueous organic mixtures and also for
the dehydration of solutions. The possibility of separating with its
aid azeotropic mixtures and mixtures with similar boiling points
and solubilities is of greatest value. Since the efficiency of the sepa-
ration in evaporation through a membrane is determined by the per-
meability constants, i.e. the products of the diffusion coefficients of
the components and their thermodynamic solubilities, it follows that,
in order to increase the selectivity of the transport, it is desirable to
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introduce into the polymer matrix functional groups capable of
interacting strongly with individual components of the mixture to be
separated (for example, the introduction of electron-donating groups
in the presence of electron-accepting molecules in the mixture75).
This makes it possible to attain a high process selectivity (including
the possibility of separating isomers75) by varying the chemical com-
position and structure of the polymeric selective layer in the compo-
site membranes usually employed for such purposes (together with
asymmetric polysulphone membranes). The idea of imprinting76

(preliminary "tuning") of the polymer matrix with respect to species
of a specific type, which increases the degree of selective sorption of
the given component, is especially promising in this instance (as in
reverse osmosis and gas separation processes).

We may also point to studies of the removal of traces of organic
substances (chloroform, trichloroethylene, etc.) from water77 and of
the separation of water-alcohol78'79 and other aqueous organic mix-
tures.80·81 Composite membranes with a selective layer based on
polyamidoimides and polyamides are effective for the separation of
mixtures of water with acetic acid.82

In conclusion of this Section, we shall deal with the interesting
phenomenon of the oscillation of the permeability and selectivity
with respect to components migrating through a membrane, which
has been observed in the evaporation of an aqueous solution con-
taining 10 vol.% of isopropyl alcohol through an asymmetric poly-
vinyltrimethylsilane (PVTMS) membrane with a thickness of the
active diffusion layer of 0.2 μηι.83 The experimental apparatus con-
sisted of a thermostatted cell with a membrane fixed with a vacuum
tight joint. On the side of the diffusion layer, the membrane was in
contact with the liquid and on the opposite side there was a cham-
ber, evacuated to a residual pressure of 0.1-1.0 Pa, containing a trap
cooled with liquid nitrogen. In order to avoid concentration polari-
sation, the liquid was thoroughly stirred. The flux density was cal-
culated from the mass of the condensed vapour which had passed
through the membrane and its composition characterised the selec-
tivity of the membrane. The amount of evaporated liquid consti-
tuted only a very small fraction of the initial amount, so that its
concentration remained almost constant throughout the experiment.
The auto-oscillatory regime was established after an induction
period. Alcohol and water evaporated preferentially for the
minimum and maximum flux density through the membrane
respectively.

According to Ageev and Sekacheva,83 the mechanism of the
observed process is as follows. According to the conditions govern-
ing the formation of asymmetric membranes, internal stresses arise
in the active PVTMS layer. When the polymer comes into contact
with the solution of the alcohol, whose molecules in this case play
the role of a surfactant, the strength of the membrane diminishes
and the stretching forces due to the internal stresses become capable
of causing local disruption of the material with formation of micro-
cracks directed into the interior of the membrane. The surfactant
migrates preferentially from the solution into the zone of the micro-
crack, since it is sorbed by the hydrophobic polymer significantly
more effectively than water; this promotes the growth of the micro-
crack to a micropore characteristic of the porous layer of an asym-
metric membrane. The stretching and compressing internal stresses
diminish under these conditions. The walls of the micropore
formed are "lined" with the surfactant, whose molecules are linked
to the non-polar polymer via their hydrophobic component, while
the hydrophilic component is oriented towards the body of the pore.
The imparting of hydrophilic properties to the surface of the micro-
pore promotes preferential transport of water molecules and an

increase in the overall flux as a consequence of the decrease in the
activation energy for the transmembrane transport. The increased
water concentration in the pores induces the desorption of the surf-
actant, an increase in surface tension, and hence an increase in
cohesive forces. The latter tend to decrease the surface area and the
structure becomes continuous again. The collapse of micropores
increases the stretching snd hence the compressing internal stresses.
The mechanism of mass transfer changes to an activated one, which
leads to the preferential migration of the surfactant and the process
is repeated. Thus the oscillations in the flux and concentration are
accompanied by oscillations in the internal stresses. As the internal
stresses relax, the oscillations should decay. The oscillation period
is related to the time of structural transitions which is controlled by
the kinetics of the sorption and desorption of the surfactant.

The mechanism described can be regarded as the manifestation of
the Rebinder effect in polymeric systems. Reversible structural
transitions play in this instance the role of a kind of feedback relay
issuing commands to include and exclude non-activated flow stages,
which in fact leads to the oscillatory regime in the operation of the
membrane. The corresponding mathematical procedures, ade-
quately representing the phenomenon described, have been devel-
oped.84

IV. MEMBRANE CATALYSIS

New possibilities in the application of membrane technology are
associated with the development of membrane catalysis — the creation
of chemical reactors in which catalytic reactions on the surface or in
the bulk of the membrane are combined with the simultaneous con-
trollable supply of the initial reactant (frequently in a specified "acti-
vated" form) through the membrane to the reaction zone or the
removal of the products from the reaction zone (situation character-
istic of native system "bioreactors"). The possibilities of the selec-
tive transfer of the reactants or products through the membrane are
naturally related to the difference between the permeability constants
Π,- = Ζ>,·σ(· for individual components.

Membrane catalysis was first applied in the hydrogenation reac-
tions of hydrocarbons and the reaction of carbon monoxide with
hydrogen using membrane catalysts made of palladium and its
alloys.85 The efficiency of such processes is determined by the high
permeability of palladium membranes to hydrogen and the forma-
tion on their surface of catalytically active adsorbed atomic hydro-
gen.86 Not only the catalytic activity of the catalyst but also the
flux of hydrogen atoms arising from the bulk of the membrane to
the surface (the atoms can carry a small effective charge87) depends
on the state of the catalyst surface.

The use of membrane catalysts based on palladium and its alloys
and also silver and nickel makes it possible to carry out various pro-
cesses of practical importance with a high degree of efficiency:
hydrogenation of acetylene to ethylene, of diene hydrocarbons to
olefinic hydrocarbons, and of naphthalene to tetralin, dehydrogena-
tion of alkenes and alkanes, etc. (see the articles contained in the
compendium edited by Gryaznov and Klabunovskii85).

Membrane catalysts based on transition metal and rare metal
oxides exhibiting a higher ionic conductivity at elevated temperatures
have begun to be developed in recent years.85"94 A wide-scale
search is being prosecuted at the present time for systems of this
kind, used in the first place for the oxidation of organic compounds.
Processes involving the oxidation of ethylene89 and propene90 to the
corresponding epoxides with separation of oxygen and the initial
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hydrocarbon on the membrane, which was based on yttriun--stabil-
ised zirconium oxides deposited on a porous silver catalyst, have
been carried out. The O2" ions are electrochemically "pumped up"
through the solid electrolyte to the catalyst. The selectivity of this
process is appreciably higher than in the case where molecular oxy-
gen is supplied to the system (without "pumping" O2'). When
scandium- or yttrium-stabilised zirconium oxides were used as the
solid electrolyte (membrane), it was possible to achieve also the oxi-
dative dehydrogenation of ethylbenzene.91 The removal of oxygen
from platinum and gold catalysts significantly increased the rate of
decomposition of NO.9 2 Analogous studies have been carried out on
the oxidation of SO2,93 the electrochemical oxidation of H2, CO, and
CH4,9 4 etc.

In a number of studies bismuth oxide stabilised by the addition of
other oxides was used as the solid electrolyte. Such systems are
stable up to 800 °C and exhibit a high conductivity with respect to
oxygen ions.88 In particular, the (Bi203)o.85(La203)o.i5 system has
been used not only as a membrane separating atmospheric oxygen
from the given reagent (propene in helium) but also as the catalyst
of the oxidative dehydrodimerisation of propene.88 Dissociative
adsorption and reduction of molecular oxygen take place on the cat-
alyst surface on the air side; the oxygen ions then migrate to the
opposite side of the catalyst membrane where they substitute the
ions of the lattice oxygen functioning as the oxidant. The selectivity
in the formation of C3 dimers was greater than in the case where
oxygen and propene were supplied from one side; there is no loss of
catalytic activity if the rate of the process is limited by the supply of
oxygen ions to the reaction surface.

There is no doubt about the likely usefulness of such research,
because an increase in the process selectivity frequently plays a deci-
sive role in the assessment of the economic value of a particular
method of synthesis of the required product. Further progress will
also be associated with the determination of the nature of the cata-
lytic effect in the reactions investigated, the establishment of the role
of promoting additives, and the search for methods for additional
activation of the catalyst surface.

The nature of the catalytic activiy of solid-phase systems is asso-
ciated primarily with the specific features of the submicrostructure in
the catalyst regions near the surface (characteristic size ~l-10 nm)
and with the distortion of the equilibrium configuration of the lig-
ands and hence with the decrease in the symmetry of the local
environment of the "active centre", which may be a transition metal
ion or group of ions. The symmetry of the crystal field acting on
such a centre is then reduced compared with the symmetry typical
for an equilibium matrix. As a consequence of this, the parameter
Δ of the splitting of the d levels of the transition metal ion in the
active centre diminishes, which leads to a rearrangement of the elec-
tron sybsystem of the centre and an increase in the fraction of the
high-spin state of the ion with an increased catalytic activity.95

Apart from structural factors, the chemical activity of the surface
layers of the solid-phase matrix can depend significantly on its
dynamic properties. In the region of structurally non-equilibrium
fragments, the vibrational relaxation time of the local thermal excita-
tions,96 whose energy exceeds the strain energy of the structurally
non-equilibrium matrix, can be significantly retarded. For this rea-
son, catalytic reactions in the course of which thermal energy is
locally evolved and there is a possibility of a rearrangement of the
matrix, can exert an additional influence on the activated processes
occurring in the matrix, including their influence on the kinetics of
the catalytic processes proper, and can lead to a non-Arrhenius char-
acter of the temperature variation of the rate constants.11'12'96

We may also note the role of the conformational mobility of the
structural fragments in the region of the active centre, which is
responsible for the increase in the entropic factor governing the rate
constant for the elementary reaction and increases the probability of
the realisation of the "lock and key" relationship in the substrate —
active centre system.97

All the factors indicated can influence the kinetics of the catalytic
reaction on the surface of an inorganic membrane and further exper-
imental studies promoting the elucidation of the role of each of them
are therefore essential (the application of Mossbauer spectroscopy
for this purpose is extremely effective95'97).

One may note yet another factor which is important in the analy-
sis of the catalytic process with participation of oxygen — the pres-
ence of different, in the simplest case two, forms of adsorbed oxy-
gen: the weakly chemisorbed (non-reconstructive) form, exhibiting
as a rule an increased reactivity,98'99 and the "deep (reconstructive)
form of adsorption" involving stronger binding to the surface.99

These forms obtain in the adsorption of oxygen both on oxide and
metallic catalysts.100"102 It has been suggested that the formation of
these forms is due to adsorption on different active centres of the
surface. One cannot rule out also another possibility —the forma-
tion of metastable adsorbed forms in adsorption on a single centre
(for further details, see Savchenko99).

The quantum-chemical nature of the dual character of the adsorp-
tion of certain molecules on the same centres can be understood if
account is taken, following Balabanov et al.,103 of the exponential
decrease in the intensity of exchange adsorbent-adsorbate interaction
(the resonance integral) with increase in the distance of the adsorbate
molecule from the catalyst surface. Here the energy of the ground
state of the system is characterised by two minima located at differ-
ent distances from the geometrical surface of the adsorbent and to
which correspond bonds with different amounts of ionic character (a
more covalent bond corresponds to a minimum at a greater relative
distance). The above states of the molecule in adsorption can corre-
spond to these minima: "closely bound" molecules and molecules
adsorbed on the "outer surface" of the adsorbent (the weakly chemi-
sorbed form). One of these states should be regarded as metastable.
The appearance of a particular form of adsorption depends not only
on the thermodynamic characteristics of the system but also on the
adsorption conditions.

The formation of two forms of oxygen chemisorbed on metals has
been considered.101'104 As an example, we shall consider the pos-
sible reorganisation of the initial electronic structure of the real sur-
face of silicon (an adequate set of experimental data exist for the
system) in its electrochemical formation (as a consequence of the
adsorption of the oxygen of water105). The SiO" bond formed at
the SiO2-electrolyte interface is shorter (its length is 1.55 A) than the
Si-O-Si bridge bonds, because the extra electron pair at the anionic
oxygen atom promotes the overlap of the ρπ orbits of oxygen and
the unoccupied dn orbit of silicon, i.e. an increase in the Si —O' bond
order (which is close to two).106 If the initial dipole moment of the
surface is such that the negative pole is directed to the outside (of
Mikhailovskii et al.101), then such "contact" dipoles (the "strong
form of chemisorption") can lead to a decrease in the initial dipolar
jump in the vicinity of the Si-O" dipoles, i.e. the deformation of
"holes" in the initial dipolar layer; the electrostatic field of the Si-O"
dipoles can suppress107 the anodic process, namely it can release
positively charged ions into the electrolyte from the surface layers of
S1O2. The possibility of "controlling" the kinetics of chemical reac-
tions on the SiO2 surface thereby arises, provided that they are asso-
ciated with the transport of positively charged ions through the
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SiO2-electrolyte interface. Evidently, when the SiO2 surface is
formed in another way (in the absence of anodic polarisation), the
Si-O" dipoles are not formed and a weak chemisorption form of the
silicon-oxygen bond, activating the anodic process, arises.

Such opposite (or sharply different) influences of various forms of
adsorption of molecules on the kinetics of interphase physicochemi-
cal processes occurring with their participation can apparently be
regarded as a fairly general phenomenon. In particular, on the basis
of the model proposed, ideas can be developed108 concerning the
dependence of the atomic catalytic activity on the amount of ionic
character of the metal-oxygen bond and ways of increasing the cat-
alytic activity of the catalysts, including membrane catalysts, can be
sought by means of a specific treatment of their surfaces. Here one
must bear in mind that additional heating with subsequent quench-
ing can accelerate the activated transitions of molecules between dif-
ferent adsorption states98 and, in particular, can activate the reactive
forms.

Membranes obtained by immobilising fragments of biological
systems (enzymes or whole bacterial cells) on inorganic and organic
supports or on polymers of different nature have the most unique
catalytic properties. The high efficiency of such systems is mani-
fested in organic synthesis109 and in biotechnology (the preparation
of aliphatic acids and glycerol from vegetable oils,110 the conversion
of lactose into glucose and galactose,110 the manufacture of caf-
feine,111 antibiotics,112 etc.).

Further progress in this direction will undoubtedly be associated
with the discovery of methods for the stabilisation of the funcional
characteristics of such membrane reactors and with the search for
methods of intensifying the processes including the procedure involv-
ing a change in the conditions of such processes and in the external
influences. The creation of jumps in the electrochemical potentials
of different ions on either side of the basic synthetic membrane (of
the type of the liposomal membrane), on which enzymes are immo-
bilised, may prove effective. The opposed or unidirectional ionic
fluxes ("antiport" or "symport") through the basic membrane arising
in this instance alter the local composition of the electrolyte in the
vicinity of the immobilised enzymes and thereby influence the rate of
formation and the yield of the reaction products. The use of photo-
dependent systems, in particular of bacteriorhodopsin in order to
couple processes involving the utilisation of light energy and the
enzymic reaction proper, appears promising.113

V. CONCLUSION

Evidently the advances in the construction and creation of mem-
brane reactors for the solution of biotechnological problems will be
determined by the advances in the study of not only the general
principles but also of the details of the functioning of the native sys-
tems.

The investigation of ion and molecule transport processes in syn-
thetic membranes can in its turn contribute new ideas to the under-
standing of the characteristics of the functioning of the native sys-
tems. As mentioned above, ionic transport in the channels of per-
fluorinated sulphonic acid cation-exchange membranes under the
conditions of limited ion hydration can model the transport in the
channels of biological membranes—the elementary jumps of the ions
between adjacent functional groups. Studies on the transport pro-
cesses in vitreous polymers make it possible to put forward hypoth-
eses concerning the nature of the multilevel character of the conduc-
tivity of the native ionic channels. The study of the characteristics

of ionic transport in synthetic membranes and of the effects of con-
centration polarisation in the regions of the electrolytes adjoining the
membranes has created a basis for a number of hypotheses1 about
hitherto puzzling effects of the action of electromagnetic radiation
on biological systems.114

In the analysis of the most complex and artificially non-
reproducible biological phenomena, one must bear in mind the idea
expressed by Frenkel':115 "the more complex the system considered,
the simpler should be, through necessity, its theoretical description...
a good theory of complex systems should constitute merely a good
"caricature" of the systems, exaggerating their most typical proper-
ties and deliberately ignoring all other, insignificant properties".
However, even in the creation of such "caricatures" a wide variety
of models appear, which indicates the impossibility at the present
time of identifying any unique fundamental schemes for the realisa-
tion of native processes. The clear inadequacy of the experimental
data, especially under conditions in situ, must then be partly made
good by intuitive ideas based on the knowledge of the physical
chemistry of a wide variety of non-biological processes (catalytic,
electrochemical, and mechanochemical). In the solution of the
problems of the construction of bioreactors, the situation is some-
what simplified: there is no need to consider new concepts (apart
from the known physicochemical ideas), because one is dealing with
the characteristics of the functioning of only the individual units of
complex biological systems and the most general problems of living
organisms as essentially self-organising and self-developing systems
are not involved.

The physical chemistry of the elementary processes in native and
synthetic membranes is the same despite the immeasurably greater
complexity of biological systems. Future advances in the sciences
concerned with the study of transport processes in vivo and in artifi-
cial membranes, namely the understanding of the principles of the
functioning of living systems and new practical achievements in
mem-brane technology, can be seen to be engendered by the close
inter-relation between such sciences.
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