INTEGRATED SYSTEMS IN THE CHEMICAL PROCESS INTENSIFICATION
Igor N.Beckman
Chemistry Department, Moscow State University
Lecture
PLAN.
1. Introduction: New methods of chemical process intensification; combined use of equipment; improved plant design
and process development.
2. Chemical functional materials and new technology.
2.1 Chemical active filters.
- Planar sorbents and catalysators.
- Adsorption active filters for gas absorption and separation.
- Catalytic active filters for gas conversion.
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- Circulating;
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- Flowing;
- Circulating;
3.5 Permstractors
- permstractor with flowing liquids
- permstractor with supported liquids
- Membrane extraction discs
4. Membrane reactors
4.1 Chemical membrane reactor
- Equipment for the performance of the memrane diagnostics
- CMR with metallic membranes
- CMR with ceramic membranes
- CMR with glass membranes
- CMR with polymeric membranes
4.2 Plasma-chemical reactors
4.3 Bio-reactors
4.4 Mebrane microfotoreactor
5. Combine equipment for new technology
- Energetic save
- Resource save
- Little waste production.
6. Applications of new methods of chemical process intensification
- In chemical industry
- In biotechnology
- In environment
7. Conclusion

ADSORPTION- OR CHEMICAL ACTIVE FILTERS AND THE REGULAR STRUCTURE APPARATUS
Possibility of differential design:
1. Apparatus design;



2. Tissue design;
3. Fibrous material design.
MATERIALS:
- Acids treatment basaltic fibres, tissue and felt;
- Active coal fibres, tissue and felt;
- Acid treatment glass fibres and tissue;
- Catalytic active basaltic fibres.
REGULAR STRUCTURES APPARATUS WITH PLANAR ADSORBENTS:
- Treatment of gaseous multicomponent waste;
- Removal H>0O, CO», SO5, H5S from air;
- Volatile organic compounds recovery from gaseous waste;
- Monitoring of pollutants in workplace air;
- Cleaning air from volatile hazardous metals (Sh, As, Cr) and their separation from polluted air resulting during
incineration of municipal waste;
REGULAR STRUCTURES APPARATUS WITH PLANAR CATALYSTS:

- conversion of sterecisomers obtained in various incineration process to simple gases;
- transformation of organic compounds to gases may be important for energetic;
- thermo- and photodegradation of halogenated hydrocarbons
- production of methane and ethylene from agricultural and industrial wastes

A main advantaged of active filters:
high removal efficiency, small volume, simple operation, excellent scale-up ability, no entertainment, flooding or
channelling. Filtration through the active filters is a new process which combines adsorption, catalysis and filtration
technology.

MEMBRANE METHODS OF GAS SEPARATION

1. Porous or non-porous (dense)
2. Active (membrane catalyst or ion- conductor) or chemical passive
3. Materials:

Inorganic membranes: Metal, alloy, ceramic, glass

Polymeric membranes: non-porous gas separation asymmetric composite membranes
4. Geometry of membrane: flat sheet or hollow fibber.

INTEGRATED MEMBRANE SYSTEMS
Liquid- membrane contactors:
1. Membrane permabsorber;
2. Selective membrane valve.
Condition of operation:
1) Flowing;
2) Circulating;
Selective flowing-liquid absorbent:

1) Non-specific in relation to the components of gas-separation mixture;

2) Solubility’s of the gaseous components in a liquid could differ considerably;

3) Liquid could react with one or several of the gas components.
3. Permsractors with flowing liquids.

Liquid/liquid extraction processes for concentrating metal solutions from ppm-level to g/l-level with recycling of
the concentrated metal solution and of the metal-free water.

Advantages:

High mass transfer, compactness, no fluid mixing.
1. Removal of toxic organic compound from waste water.
2. Removal of heavy metals from industrial waste or natural water.
4. Perstractors with suppoted liquid membrane technique for monitoring heavy metals (mercury and antimony) in
natural water sources and biological solutions.

The main features of a new method are:
1. High extraction selectivity of the metal analysed (up to 102—103) due to proper choice of selective chelating agent and
re-extraction phase content.
2. Concentrating of metal analysed in re-extraction solution by a factor of 102-104 due to "active" counter-current
transport.
3. Volume of the probe analysed can be as small as 20-30 ml.
4. Cassette element design with thin channels for source and reextraction solutions that are separated by a porous
hydrophobic support soaked with the solution of lipophylic chelating agent.



5. Membrane extraction discs for continuous monitoring of dissolved toxic metals.
- Hydrophoic membranes based from fluoropolymers;
- Acid-resistant macroporous spacers based on polyolefines of foam, sintered and non-wooven types;
- Delective lyophilic extragents for strontium and nicel extraction, of two classes: bis-(alkylcycloalkyl)-crownether and
alkylene-bis-diphenylphosphine oxide with pendant aliphatic arm. Lyophilic alkylated hydroxyoximes for selective
nikel extraction.
MEMBRANE CHEMICAL REACTORS
Membranes in chemical reactors:
- Equilibrium shift coursed by selective or preferential permeation of reaction products, leading to higher conversion in
single pass or attaining a given conversion at less severe conditions of temperature and pressure.
- As reaction and permeation proceed simultaneously, the separation of products can be accomplished in the reactor
unit.
- Selective permeation may prevent further reaction of a product and this may improve the yield of a desired component
in a multiple reaction system.
- Ability to introduce a reactant in a controlled manner through a permeating membrane may allow the regulation of the
reaction leading to better yield.
- Membrane may allow hot separation of products and eliminate the need for quenching a reaction to prevent back
reaction.
- Membrane itself may act as a catalyst or catalyst may be impregnated on the membrane.
- The membrane reactor may be bifunctional and two complementary reactions may take place on either side of the
membrane, the product of reaction on one side acting as a reactant on the other side, while the endothermicity of one
reaction is compensated by the exothermicity of the other.
We are working in next directions:
- Construction of various new types of membrane reactors;
- Transport mechanism of fluids through active or passive membranes;
- Separation of mixed wastes;
- Steam reforming of methane;
- Water gas shift reaction;
- Dehidratation of various hydrocarbons;
- Purification of tritium for thermomolecular energy installation;
- Radioactive waste management of nuclear power;
- Eir and water pollutants monitoring.
Membrane materials: metals (Pd, Pt, Ag, Fe, Ni, Cu), alloys, materials with coats and welds, ceramics, glasses (porous
or dense)
Diffusants: hydrogen isotopes (protium, deuterium, tritium), air components, inert gases (stable and radioactive)
Diffusion methods: permeability method, sorption and desorption methods, thermodesorption spectroscopic analysis,
frequency probing method, autoradiography method
Methods of membrane diagnostics: 1) Gas Diffusion Probe Method. 2)Auger Electron Spectroscopy. 3) Nuclear
Gamma-Ray Resonance Spectroscopy Method (Mossbauer effect).

1. Intoduction.

It is well known that the chemical process intensification is novel design philosophy where significant reductions
in plant scale can be achieved by matching the chemical, biological and/or physical requirements with the fluid
dynamics of a process. Resultant benefice can include reductions in capital and operating cost, and/or significant
improvements in efficiency process yield, waste production and inherent safety. Applications include implementation of
continuous processes, compact heat exchangers and separators, modification of chemistry and improved plant layout
and control.

Process intensification include:

- Compact reactors;

- Continuous processing;

- Compact separation methods;

- Reactors and separation systems optimisation;

- Novel chemistry;

- Combined use of equipment;

- Improved plant design and process development;

- Improved control systems (particularly for continuous processing);

- Achievement of significant process improvements through process intensification.



One would expect, that membrane reactor with chemical active and permselectivity walls, and/or circulate active
career could play a great role in the chemical and biochemical process intensification.

In Russia carried out to investigations to the prospects for use different type membrane reactor in chemical
industry, biotechnology and environment. The emphasis is on the evolution of the new energetic- and resource save,
safe and little waste production.

This lecture aims to discuss basic principles and potential application membrane reactors, MR, membrane
integrated systems (permabsorber and permstractor), IMS, the adsorption or chemical active filters, MAF, with use the
planar sorbents or catalysts and combine MR+IMS or MAF+IMS equipment was proposed. | shall consider of joint
research completed in several organisations including Chemistry and Biological departments of Moscow State
University and Membrane Centry of Institute of Petrochemical Synthesis RAS.

2. Chemical functional materials and new technology.
2.1 Chemical active filters.

Traditional adsorption apparatus using granulated sorbents are not efficient enough for the treatment of gases in
order to separate the toxic components from the gaseous waste. Therefore chemical active filters have been used to this
propose using mineral tissue (web) in the planar form. The advantages planar sorbent in comparison with the traditional
(granular) sorbents:

- higher efficiency sorption;

- possibility of differential design of the sorption ensuring high technological flexibility;

- optimisation of the mass transfer and heat transfer in the sorption units (the chemisorption is connected with the
release of heat which should be transferred out of the system).

Aim of our research was investigation of potential use of the new sorbents (adsorption or catalytic active filters)
for cleaning industrial gases from hazardous pollutants (radioactive gases, organic contamination's and heavy metals).
Materials:

- Acids treatment basaltic fibres, tissue and felt;
- Active coal fibres, tissue and felt;
- catalytic active basaltic fibres.

Basalt planar sorbents were used for extracted of acid gases, hydrofoil organic and water vapours from polluted
air or natural gas. Coal planar sorbents were used for sorption of hydrofolic organic vapours, radionuclides and vapours
of volatile metals. Composite units containing planar sorbents made from different materials (coal and basalt).

We have made studies into regular structures apparatus with planar adsorbents uses for next aims:

- Treatment of gaseous multicomponent waste streams;

- Removal H>0, CO», SO5, H5S from air;

- Volatile organic compounds (chlorinated micropollutants like dioxins and furanes, volatile ketone (MEK, MIBK),
dioxins (PCDD sterioisomers) etc. recovery from gaseous waste;

- Monitoring of pollutants (benzene, xylol, dichlormethan, toluene, butanol, methanol) in workplace air;

- Cleaning air from volatile hazardous elements (I, Ag, Sh, As, Cr etc.) and their separation form polluted air resulting
during incineration of municipal waste and in fire accidents;

- Removal from gaseous phases and storage of volatile heavy metals.

We have considered the potentiality of regular structures apparatus with planar catalysators uses for the
performance of the next processes:

- conversion of dioxins stereoisomers obtained in various incineration process to simple gases;
- transformation of organic compounds to gases may be important for energetic.

- thermo- and photodegradation of halogenated hydrocarbons

- production of methane and ethylene from agricultural and industrial wastes

Pollutants removal from fluegas with active filters compared with conventional techniques the granular
adsorbents has a main advantaged: high removal efficiency, small volume, simple operation, excellent scale-up ability,
no entertainment, flooding or channelling. Filtration through the adsorption or catalytic active filters is a new, very
selective separation process which combines adsorption, catalysis and filtration technology to produce an optimized
hybrid process.

The prior analysis demonstrated that regular structures apparatus with planar adsorbents and/or catalysts hold the
greatest promise for next application:

- environmental protection;
- energetic;
- chemical and petrochemical industry.
2.2. Swing adsorption.
2.3. Membrane technology



The intire history of membrane technology is a struglle for separation systems with high productivity,
permselectivity, flexibility, and stability. This chapter gives some critical analyses of the existing methods aimed at
controlling membrane gas separation processes. Several approaches are possible: selection of materials with
heterogeneous spatial structure; employment of unsteady-state gas separation processes; use of mobille membranes, etc.
Special cobsideration is given here to the problem of raising the selectivity of membrane systems.

2.3.1 Nonhomogeneous membranes

Composite materials are widely used today in membrane technology. A targeted search for such materials
requires the development of a systematic approach to the construction of membranes that have a given efficiency and
selectivity, using substances with known local diffusion properties. Here we regard the prospects for using the steric and
chemical organization of a heterogeneous material to controll the parameters of gas separation membranes.

For the mathematical description of diffusion in a heterogeneous medium one has to take into account several
features of the system:

- The number of components in the medium

- The topology of the medium, i.e., the spatial arrangement of the discontinuity (layer, inclusions, dispersions of
inclusions, etc.)

- Variations in the topology of the medium caused by external effects or by phase transitions

- Transport properties of the initial components of the medium

- The type of sorption isotherm for the diffusant in each of the components of the medium

- The nature of the interface between components

- The type of diffusion experiment, i.e., the set of initial and boundary conditions.

Defect Media. It is often implied that the nature of the interaction between a solute and the solvent is best investigated
when the solute concenration approaches the infinite dilution limit. In this limit, solute-solute interactions can be
neglected. However, for solid polymers specific sorption sites appear to exist and thermodynamic properties measured
in the very low range of solute concentrations may not reflect the solute-solid polymer interaction at all. This is
especially true at low temperatures because the fraction of solute molecules associated with such extra sites increases at
temperature decreases.

Another aspect of the problem of solute trapping is related to the effect of such interactions upon the mobility of
the solute molecules. It is clear that the solubility determined from the integrated flux measured in a permeability
experiment will not, in general, be equal to the solubility that would be determined in an equilibrium situation, e.g., gas-
polymer equilibration.

We now consider gas molecules that migrate in the polymer matrix via random walks that are interrupted by
trapping into various imperfections (the point inclusions in a polymer-holes, cavities, or gaps beween stiff chains)
existing in a solid. The sample is believed to contain the penetrat in two energetically distinguishable sites: in the
continuous phase of the polymer (i.e., "normal™) and in inclusions (i.e., "trapped™).

Certain types of energy diagrams for diffusion in a two-component medium are shown in Figure . The migration
of the diffusant is determined by the positions of the two potential wells of types 1 and 2 relative to the zero level (i.e.,
by the energies G1 and Gy) and also by the magnitude of the energy barriers on entrance to and exit from the potential
well (AG11 =AG11D1 for a transition in the base matrix, AG15 for a transition from the base matrix to an inclusion, A
G99=AGpy for diffusion in an inclusion, and AGy4 for exit from an inclusion to the base material of the specimen). A
state with a lower free energy (Figure 5a) fills up with diffusant spontaneously (a "trap"). The transition to another
phase may be hindered (AG12-AG11=AGL). The height of this barrier between two adjacement states (1-2) can be
either higher or lower than the normal height in the case of undistributed diffusion (1-1). If the second (phase) has finite
dimension, the transitions of 2-2 types should be considered as well (see the energy diagram in Figure 5b).

The gas solubility in a heterogeneous membrane (average concentration C(p)) is defined by the formula
C= ¢1C1 + ¢2C2

Vi Vs . . .
where ¢, = and o, = are the volume fractions of components 1 (the polymer) and 2 (inclusions or
samp samp

traps), respectively (V,,, is the sample volume, V. =V1+V2).

amp samp
There are several variants of the dual mode sorption model.

1) Dissolution in the continuous phase and in the inclusions is described by Henry's law: C1=S1p0 and C2=S2p0, where

S1 and S2 are solubility constants and pO0 is partial pressure ofpenetrant at the membrane inlet (the Henry I-Henry Il

model).

2) Dissolution obeys Henry's law, and "hole-filling" obeys a Langmuir expression (the Henry-Langmuir model).

3) The model is given by superposition of Langmuir | and Langmuir Il model).

4) Dissolution obeys Henry's law, and "hole-filling" obeys a Freundlich expression (the Henry-Freundlich model), etc.




Treatment of sorption in microvoid environments with typical void dimensions of truly molecular scale is
provided by extention of Polyany's adsorption potential theory for surfaces to treat microporous materials. This
treatment allows for energetic heterogeneity of the sorption "sites". Such an approach is more general than the Langmuir
treatment, which assumes that the enthalpy of sorption in the microvoid that forms is essentially independent of the
degree of site saturation. The superposition of Henry's law with Dubinin's isotherm leads to complicated situation.

The exchange of diffusant between the two types of potential wells is usually represented in the form

ky
—
Vl(A)+V2 (0) V1(0)+V2 (A)
k,
where V1(A) and V2(A) are the diffusant molecules in potential wells of types 1 and 2, respectively, V1(0) and V2(0)
are vacant sites, and ki is the rate constant for the passage od diffusant molecules from one energy state to another.

The equilibrium reaction constant for exchange of gas atoms between the components of a heterogeneous

medium is
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where C, =—+and C2=v are the concentration of the gas atoms in sites 1 and 2, respectively;
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states 1 and 2; b1 and b2 are Langmuir's sorption isotherm parameters of components 1 and 2. Each site contains up to
m gas atoms, where m has values between 1 and oc. The total population (solubility) of the two-component system is
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Mathematically a trapping effect has been introduced in Fick's law by adding reaction between mobile gas atoms
and stable distribution of traps. The basic equation of motion is as follows:

ac:lzi(Dl 6C1)+§
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where R represents the kinetics implied by process given by Relation 12.
In the partial immobilisation models, a diffusion coefficient is assigned to each of the penetrant populations. The
undirectional flux Jx is given by the linear combination of two Fick's-law contributions:

J,=-p, %% dC, de2
dx dx

where D1 is associated with the population of component 1, and D2 with diffusion of population of component 2.
Applying Fick's second law to j species (j=2 for dual sorption), we have

52@'31(31):5@(:1)
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If m1=m2—oc, then




(where "X" means summation over all the species).

Some variants of the dual mode sorption models and their consequences are given in Table 1.

Let us consider the diffusion of gas in a solid formed as a mixture of two polymers, one of which is the
continuous phase (phase 1) and the other one forms point inclusions (phase 2) capable of interacting with the diffusant
(the Henry 1 [mobile]-Henry 11 [immobile] model). Let us suppose that point inclusions or isolated point defects with an
unlimited capacity (ml—oc and m2—oc) are randomly distributed in the bulk of the polymer membrane. In the cource of
their random motion, molecules of the diffusing agent are trapped by the defects and are excluded for a definite time
interval from the diffusion process. This process, called gas diffusion with reversible trapping, can be described by the
following differential equations:

6C1 ac -k,N,C,+k,N,C,=D aC - k;C, +k;C,
ot ax ax

where C1 and C2 are the concentrations of the diffusing agent in the diffusion channels and traps, respectively, and
* *
The first-order chemical reaction kinetics is used for describing the trapping of gas molecules by the matrix and

subsequent release of the gas.
The trapping reaction is

Ky

site + gas molecules site — molecules complex (immobile)

E k
2

A quasichemical equilibrium is shifted to the left-hand side at high temperatures, favoring movement of the gas to its
mobile state and vice versa. The equilibrium constant of the trapping reactions is
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The time dependence of the gas flow through the membrane containing a dispersion of defects of unlimited
capacity is described by the following expression:
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and CO is the gas concentration at the mebrane inlet.

Figure 6 shows the permeability curves calculated from Equation 19 for the different values of the parameters
kI and k;. The presence of point inhomogeneities in the structure is seen to increase the time before the flow can
reach its steady state, as compared with diffusion in a homogeneous medium. As the capture constant increases, the time
lag increases and the kinetic curve broadens and acquires a more asymmetric form.

Now we consider a concentration wave passing through defect media. The square concentration wave is sent to
the membrane inlet, and the gas flux J(t) is measured at the membrane outlet. Then the diffusion coefficient can be
determined using a Fourier J(t) transformation. As far the system of equations given by Expression 20 is linear, linear
superposition of some of its solutions gives the problem solution.

Consequently, expanding the inert gas concentration into a Fourier series,

C= iﬁh exp(inat)+ A,

and solving the problem for some harmonics, one can obtain the outlet in the form of a harmonic sum:

e}
J =3B, exp(inat)+ B,
n=1
where An and Bn are the concentration and outlet flux Fourier coefficients, accordingly. The solution for the first
harmonic of the flux is described by the following expression:
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diffusion coefficient can be determined using the Fourier transformation coefficients of the outlet flux and the inlet
concentration ratio.

An important special case of the model is given when the trapping reaction has reached its thermal equilibrium.
Differential Equation 17 reduces to the simple Fick's type, with Dapp, which is smaller than D for undisturbed diffusion.

If the local equilibrium is reached during the experiment (kIC1 = k;Cz), the observed diffusion coefficients Dapp

where Y = The

may be related to the diffusion coefficient for the mobile gas, D, by the following: If kiC, = k;C,, then (see Table 1,
Case 2)
X D J%C o°C
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These results are derived by considering the equilibrium distribution of gas molecules between normal sites and
traps. The expressions for the diffusion coefficient are correct if this equilibrium is established rapidly compared with
the rate of diffusion of the gas out of the solid, and this condition is satisfied in many experiments.
The effective gas solubility in heterogeneous membrane is defined by
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The permeability constant is given by
P=P¢,=D,S¢,

because in dilute dispersions ¢, <<1and ¢, =1, P=D,S,, i.e., when sorption centers of unlimited capacity are
present in the membrane, the permeability constant in a defective medium is aproximately equal to the permeability
constant for an undisturbed matrix.
Dispersion Media. The main class of "microheterogeneous" structures is made up of dispersion media, i.e., solids
containing a dispersion of inclusions of a specific shape and size. The thermodynamic and kinetic properties of the
dispersed phase differ from those of the continuous base material.

The sorption process is assumed to be isothermal, and linear isotherms are assumed.
a. Gas permeability of material with inclusions of another polymer

The kinetics of gas diffusion into the plate containing inclusions (microspheres) obeys the following differential

equations:
2
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where C1 is the continuous matrix (macropore) gas concentration, C2 is the inclusion (micropore) gas concentration, D1
is the matrix diffusivity, D2 is the inclusion diffusivity (D2<<D1), r0 is inclusion radius, n2 is number of microspheres
(inclusions) per unit sample volume, r is the distance from microsphere center, K=S2/S1, and x is the distance in a flat
membrane.

The initial and boundary conditions are

C,(x,0)=0,C,(r,0)=0,C,(1,0) = C,,;C, (1, t) = KC(x, T, , t);

dc,(0,t) O_dCZ(O,t) _o
dt ©odt
where | is the thickness of the membrane.
The transmembrane flux of gas is
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where F,fm are the roots of the following transcedental equation:
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A phenomenological theory of transport in dispersion media was proposed by Maxwell to describe the electrical
conductivity of dispersions and then adapted to the problem of thermal conductivity and diffusion (the history of the
problem is given in Reference 28).

For a dispersion of inclusions of identical shape and size (modified by Maxwell formula),



Z- ¢l+ap2¢2/l:)land§:9—10(¢1+ Kg,)

P ¢ +ag,
where
a= %
P
a,—1+-2
R

ag being a geometrical factor depending only on the shape of the inclusion.

The value of ag is a measure of the distortions of the distortions of the flow lines, i.e., the lines along which the
product of the diffusion coefficient and the gradient of the diffusant concentration remains constant: for a given Po/Pq
the smaller ag), the greater the distortion. For some simple forms of inclusions ag can be calculated analytically: e.g.,
ap=3 for inclusions with a spherical shape and 2 for inclusions in the form of cylinder with its axis perpendicular to the
diffusion flow, etc.

Equation 28 is valid for dilute suspensions (¢<0.3); on changing to closet packing of the inclusions, additional
terms must be introduced into formula 28. On the whole, Equation 28 is satified as long as the inclusions retain a
definite shape and continuous diffusion flows along one of the components of the heterogeneous medium are possible.
It should be noted that when there is phase reversal (i.e., when the matrix and the inclusion change roles), "hysteresis"
of permeability may occur.

Using mathematical simulation methods to test known published models showed that there is a rigorous
mathematical decription only for cases of parallel diffusion and for diffusion in a lammellar medium. When extended
inclusions of a specific shape and size are present, an analytical description is possible for certain simple forms (sphere,
cylinder, spheroid), for which the "experimental” values of a0 agree with the theoretical values and for ¢o<0.3. As ¢»
increases, the description of the process by the analytical formula becomes worse, with P/Pq approaching P»/P1 more
rapidly than the ratio of the width of the inclusion to its length but also on the "distotrion power" of the particular form
of incluson as regards the diffusion flow lines.

Numerical modeling methods can be used to find the values of a0 for inclusions with the “exotic" shape of
rectangular blocks, crosses, etc., for a lamellar medium with variable boundary, and also to study the evolution of ag by
reversal of phases, which involves nucleation and growth of new phase, etc. In patriular, the modelling method gives the
value ag=1.55+0.15 for an infinite block with a square cross section placed perpendicular to the direction of flow. This
value is smaller than the value ap=2 for a cylinder because a block with a square cross section distorts the diffusion flow
lines considerably more severely. The common form of notation that we use here for the permeability of the main types
of structure shows clearly the general character of the modified Maxwell formula (Equation 28), from which the other
diffusion models arise as special cases when an appropriate choice of the geometrical form parameter ag (ag>1) is made.
The limiting cases are parallel diffusion (ag=cc) and sequential diffusion (ag=1).

A special class is formed by strutures generated from dispersions of point inclusions as the volume fraction of
the latter is increased (for brevity, we shall call such heterogeneous substances, the point inclusions are joined together
in extended formations (clusters) and the dispersion is the clusters. In spite of the random nature of the cluster
formation, this type of dispersion medium obeys strictly defined statistical rules and the evolution of the system can be
quantitavely described is terms of percolation theory, using such concepts as the percolation threshold and the critical
index. At a certain value of the volume fraction a continuous cluster is generated (there is "puncturing” of the
membrane, accompanied by a sharp change in transport properties).

The dependence of the permeability on the volume fraction of the second component is shown in Figure 7 for
various types of structures. The P(¢5)/P1 curves lie between the two limiting cases: dissociative or parallel diffusion
(the straight line, 1) and diffusion in a lamellar medium (Curve 2). Exceptions are provided by dispersion structures of
the percolation type. The dependence of P/Pq on the local transport parameters envisages an effect of the
intercomponent layers on the transport (in this case a situation arises that requires the solution of the a "three-phase"
diffusion problem for a two-component medium). Depending on the conditions at the boundary between the
components, the P(¢p)/P1 curve may pass below the straight line for the limiting case ag=1, corresponding to a low
permeability of the curve, or it may be completely within the permissible region (the permeability of the intercomponent
layer lies between the corresponding values for the components of the medium, (Curve 4), or it may be situated above
the limiting straight line for ag=cc. The last situation arises when the permeability is high at the boundary (i.e., when
D17>>Dq4 and D12>>Dyy, Curve 5), a maximum on the P(¢)/P curve being possible.

Effective medium percolation theory gives the following expression for the effective permeability P of a random
mixture of patricles of two differing permeabilities P1 and P5:
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where ¢ is the volume fraction of component 2. The expression is independed of particle size.

Selection of the Material. We shall now turn to the problem of the membrane separation of a mixture of gases and
assess the prospects for a directed choice of the structure of the heterogeneous medium in order to achieve the optimum
efficiency and selectivity for the membrane.

Suppose that a mixture of two gases is supplied to the upstream side of a membrane, and suppose that the
transport process of each of them through the membrane is characterized by its oen set of parameters D, K, P/P1, and 6.
These parameters are regarded as being dependent on the composition and topology of the membrane but independent
of the composition of the gaseous mixture. We shall take as the selectivity factor the relationship
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where ¥ = P™/P”1 and X = P®/ Pl are the rations of permeabilities of the first (target) and the second

gases, respectively, and o, = PlA / PlB (PlA is the permeability of gas A in phase 1, and PlB is the permeability of gas
B in phase 2).

The operational effectiveness of gas-separating system is characterized by two parameters: the efficiency (i.e.,
the permeability for the object component, xA), which determines the amount of product obtained, and the selectivity,
which determines the purity of the product.

The effects of the local transport parameters of the heterogeneous medium on the flow of the object component y
Aand on the selectivity factor (x are different: A decrease in D'&A/Dl and KA leads to reduction in X and o, but a
decrease in Do /DlB andf KB increases o while leaving y”™ unchanged. Because the change in ™ and o in
heterogeneous structures of different types takes place differently, then, depending on whether the membrane works by
purification or enrichment, these parameters will have the optimum values for quite different spatial organizations of the
material. It follows from Equation 30 that o. is function of six parameters (if the topological factor ag) is taken as one of
them). We shall therefore restrict ourselves to a few examples.

The first two examples are taken from Reference 36, in which measurements were made of the gas permeability
of PVTMS (Component 1)- PDMS (Component 2) block copolymers of various compositions; PVTMS represents
poly(vinyltrimethylsilane), and PDMS represents polydimethylsilane). We shall discuss Kr-Xe and Hy-Xe gas mixtures.
For a Kr-Xe mixture the experimental separation factor («=0.56) is close to the value calculated (0.61) for the parallel
diffusion mechanism. However, there is considerable disperancy between the experimental and calculated values of XA
(2.04 and 10.4, respectively). This might be explained by an extra resistance to transport at the boundaries between the
components of the block copolymer. In this case the membrane used in the experiment is close to the optimum from the
point of view of concentrating the Kr. In using a membrane for Xe purification, the membrane efficiency can be
increased (by a factor of 5) if a structure that ensures a parallel diffusion mechanism is created.

For a Hp-Xe mixture the theoretical value of the efficiency with respect to the target gas (Hp) is slightly
dependent on the structure of the membrane and is close to the experimental value (evidently, for hydrogen, resistance
to diffusion at the boundary between the components does not play a significant role). However, the theoretical analysis
shows that the membrane structure used in the experiment was not the optimum as regards selectivity; in this case a
lamellar membrane should be used.

The effect of the structure on the gas-separation parameters X and o is convenienly studied using topology-
property dlagrams To construct such diagrams (Figure 8), the riciprocal of the geometrical factor o is plotted along the
abscissa, with y A and a as the ordinate.

These diagrams first of all, enable the geometrical factor 0.0 to be estimated from gas permeability data. The
value ag can be determined experimentally by measuring either te efficiency of the membrane or the separation factor.
The agreement between the o values found by different methods indicates the absence of resistance at the boundary
between the components. The discrepancy between the values of o0 obtained from X and o (in Figure 8 the range of
uncertainty for o0 is shaded) is large for the Kr-Xe mixture (Figure 8a), far larger than the corresponding range for the
Ho-Xe mixture (Figure 8Db).
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Such diagrams can be thus be used for diffusion-structure analysis, i.e., to determine the topological
characteristics of a membrane used in a separation process. On the other hand, they can be used to select the optimum
structure for a gas-separating membrane because, for known transport properties of the individual components, they
display clearly the properties of heterogeneous structures. In the case shown inFigure 8a, selection of structure enables,
primarily, the membrane efficiency to be controlled, is only altering it by an order of magnitude; the selectivity,
however, is only altered by a factor of 1.5. Figure 8b illustrates the reverse case - the structure of the membrane controls
mainly the selectivity while the effisiency remains almost constant.

Local and non-steady-state separations factors. The complex nature of gas diffusion in real polymeric materials was
exhibited in the experiments with radioactive isotopes and by using autogradiographic techniques.[37-40] For example,
nonuniform distribution of radioactive gas on both the upstream and downstream surfaces of a membrane was
demonstrated by this method in the research of the Rn diffusion through the polypropylene films with spherulite
structure [38].

Description of the permeation process through heterogeneous polymers requires introduction of the concept of
local solubility and diffusivity spectra. The spectra have asymmetric shape and change during the course of the diffusion
process development.

This feature of heterogeneous gas-separation membranes should be considered by using the concept of local
coefficient poductivity spectrum (i.e., the spectrum of fluxes through separate parts of the membrane) and the local
separation factors. In order to check this assumption, a mixture of tritium and radon was passed through a membrane of
polypropylene. Recording of each gas is carried out separately by using photographic plates that are sensitive either to 3
- radiation of tritium or to o -radiation of radon. The autoradiogram was photometered on a scanning microphotometer
and a kind of topographical map was obtained, 1(y,z) [Figure 9] [38,39]. A map of the inert-gas distribution obtained in
this way at the output of a polypropylene membrane (Figure 9a) allows us to determine the spectra of the local diffusion
coefficients and solubility constants of the inert gas in the membrane material (see Figure 9b).

In is seen from the maps that the film is significantly nonuniform for the diffusion process of both tritium and
radon. There are regions of two kinds: with abnormally low concentration of diffusant (boundary of spherolite). There is
a certain correlation between the distribution functions of tritium and radon on the membrane surface, but there are
substantial differences (Figure 10a). They are determined by the different value of solubility and diffusion of these gases
in particular morphological formations of polypropylene. These differences become more evident by introducing the
concept of the local separation factor spectrum.

In accordance with Fick's law for each diffusant,
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Relative density of the darkening is easily determined from the autoradiography data. A typical p(y) curve for the
tritium-radon-polypropylene system is shown in figure 10b. In the vicinity of a spherulite center, the p parameter is seen
to increase (at the sherulite boundary p=1). Figure 10b gives the curve of the distribution function of p(y) over the
membrane surface, measured for different diffusion times (t=t| To and t-2t To, where t T is the time lag of tritium
diffusion over the whole membrane, measured from the permeability kinetic curve). It is seen that aloc=f(t), and, as the
steady-state permeability mode is approached, the aloc=(y.z) spectrum becomes more uniform.

The use of heterogeneous membranes thus requires introduction of the notion of non-steady-state local
separation factor.

Table 2 lists the interrelations between the local and overall (i.e., measured for the whole membrane surface),
steady, and integral (i.e., measured by the amount of the passed gas) and differential (i.e., measured by the gas flow
through the membrane) selectivity factors.

2.3.2 Selective permeation of gases in non-steady-state conditions



At present, membrane separation of gas mixtures is performed exclusively at steady-state conditions. The
effectiveness of the gas separation process in this case is determined mainly by the transport characteristics of the
membrane material. In order to reach high productivity and selectivity, it is necessary to control separately the effective
diffusion coefficient (the selection of a polymer, chemical or structural modification of the diffusion medium, etc.) and
the solubility coefficient (introduction of chemically active centers, mobile penetrant carriers, etc.).

The permeability coefficient of the jth gas component in the membrane is given by

P()=D()xS()
where D(j) is the diffusion coefficient in the membrane and S(j) is the solubility coefficient of the jth gas component.

For a given membrane material, the productivity can be altered over a wide range by changing the thickness and
the area of the membrane or by going to a more favorable geometry. The steady-state separation factor for two species is
the product of the diffusion coefficient and solubility coefficient ratios, i.e.,

DA sA
= pr gt

For many pairs DADB>1, yet SA/SB<1, which often leads to less efficient separation than desired. Once the membrane
material is fixed, the selectivity characteristics are also essentially fixed, the selectivety characteristics are also
essentially fixed when steady-state operation used. This chapter points out that transient operation of the membrane can
be used to alter the selectivity characteristics [1]. Cases will be examined where great improvements in selectivity can
be realized; however, this is always accompanied by a loss of productivity.

Steady-state and transient membrane operations. For a flat membrane with a constant diffusion coefficient and
Henry's coefficient for each gas, i.e., D and S, the total amount of gas permeating the membrane in time t at steady-state

is

q, = AtD(C, —-C, )/l = AtDS(P, - P_)/I
where py and pp_ are the upstream and downstream gas pressures, A is the membrane area, | is the thickness of the
membrane, and C and C_ are the upstream and downstream gas concentrations. The steady-state transport of a gas
through a membrane responds to D and S independently.

Different experimental permeation schemes are in use [2,3]. Typical experimental curves are demonstrated in
Figure 1a-d: (a) the integral method; (b) the differential method; (c) the impulse method; (d) the differential impulse
method. In the time-lag-type experiment (integral method), the amount of gas passing through the membrane (Cq=Cj,
C| =0) is measured contionuosly over time (see Figure 1a):
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The differential method is based on measurement of the change in the gas flux through the membrane (Figure
1b):
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When the pulsed version of the permeability method is employed, a aquare concentration pulse to the membrane

inlet and the pulse distortion occuring in the diffusion process is measured [4-6]. If the square pulse duration is At, the
time dependence of gas flux at the membrane outlet (Figure 1c) is expressed by the equation
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The membrane productivity decreases with decreasing time duration. Compared with the traditional versions of the
permeability method, the pulsed version requires less time for the experiment and allows higher resolving power and
dynamics [8]. The differential gas-pulse method [3] is based on the interruption of the steady-state flow of the inert gas,
creating a series of subsequent pulses that are delivered at the membrane input (Figure 1d).

The method of concentration waves is bases on study of the passage of harmonic oscillations of the penetrant
concentration through the memrane. For example, if the gas concentration at the membrane inlet changes according to

the sinusoidal law
Cy = 0.5C, (1+sin(at))

(where o is frequency of concentration oscillation at the membrane input), then the sinusoidal oscillation occurs at the
membrane outlet at the same frequency, although with smaller amplitude and with a phase shift (Figure 2).
Under non-steady-state conditions, the flux changes at the membrane outlet follows the expression [8]
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At long times, the stesdy-state condition is attained and is maintained with periodicity:

J, = A, sin(at+6)

y is the ascending part of the

where the amplitude A,y is given by
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the phase shift & is given by



& = arcsin cos(Z )sinh(z )—Sing

[2[5inh2(2)+sin
andZ:&/i
2D

Athigho, ¢ |—>T andsw~(|—-Z;

2D 2 2D 4

2
atlow ®, 8= %.
6D

As compared with the classical version of the permeability method, the method of concentration waves exhibits
additional degrees of freedom: the time for the output to move toward the periodic steady-state condition, the
equilibrium position, the oscillation amplitude, and the phase shift [1,8,9]. An additional degree of freedom results from
the possibility of performing the experiment at various frequencies. Figure 3 exemplifies frequency characteristics
(amplitude and phase) of the membrane at various values of the diffusion coefficient. It seen that, with an increase of
frequency o, the amplitude of the outcoming wave decreases (the lower the value of D, the faster the drop in amplitude),
while the phase shift passes through a minimum (with further increase of frequency, oscillation takes place). The
amplitude-phase diagram is given in Figure 3c. Thus, the membrane can be considered as filter of low frequencies, and
the greater the diffusion coefficient, the wider the band of filtration.

Another approach is to pulse the upstream pressure in a square wave form as illustrated in Figure 4. It should be
noted that transient and non-steady-state operation of membranes may be more eficient if the membrane used is not
uniform but has a certain special inhomogeneity. Hence, the following section is devoted to transport in such media.
Separation of gas mixture in non-steady-state conditions. In contenporary membrane technology, gas mixtures are
separated exclusively under steady-state conditions. The results are analyzed by means of Formula 2 in Table 2, i.e., the
separation factor is defined as ass=PA/PB. Under steady-state conditions it is impossible, by definition, to separate a
mixture of gases A and B for which PA=PB. Such a mixture can, however, be separated if one makes use of the
unsteady-state separation mode.

a) The permeability metod.

The time dependence of gas flow through the membrane is described by equation 5. In the case of studing the

permeability of two gases in a homogeneous medium, the unsteady-state separation factor is determined by equation
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Thus, in contrast to the steady-state separation factor, the non-steady-state separation factor depends on the time
of diffusion. According to Equation 34, at short diffusion times larger separation factors are reached unlimitedly high
selectivity factor values, although at the expense of the separation process productivity. Therefore, under real
conditions, one should select the time interval of sampling that provides a compromise between the membrane
throughput and the selectivity.

b) Pulsed variants of the permeability method.

Let us consider the passage of a square concentration pulse consisting of a binary gas mixture through the
membrane [1,9,41]. In this case, the membrane acts as a kind of chromatographic column. At the membrane outlet,
separation of the mixture components takes place. Figure 11 shows, as an example, the results for concentration pulses
of various time durations of a two-component (A and B) gas mixture (50:50) through the membrane. Let the
permeability coefficients of gases A and B in the membrane be equal, Po=Pg, whereas the diffusion coefficients of
these gases in the polymer are different, Dp=10Dg. Figure 11 shows that that, at short times, component A is the main
species present, at moderate times, a mixture of the components is observed, and at long times, the component B
predominates. Figure 11 also shows that the peak resolution decreases with increasing pulse time duration. Thus, the
separation efficiency of the membrane cell can be controlled by selecting the pulse duration and adjusting the time



intervals within which the choice of the output gas is enriched with "fast" or "slow" gas mixture components is
performed.
For quantitative description of the membrane separation process under pulse conditions, we introduce the term of
differential unsteady-state separation factor:
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where aSS=SADA/(SBDB) is steady-state separation factor, KOL=FA/FB is the selectivity parameter, and au(t)=a.gK, is
diferential unsteady-state separation factor.

Itis clear that, at At—>o0, K, —1 and a(t)=agg, i.e., at longer time durations of the concentration pulse at the inlet,
the non-steady-state separation factor turns into the steady-state one. It should be noted that ass is defined by the ratio
of the permeability coefficients PA=SADA and PB=sBDB, whereas the Ko, parameter is defined by the diffusion
coefficients alone.

Figure 12 shows the dependence of the selectivity parameter Ko on the pulse time duration and the time or
selection of gases at the outlet from the membrane. A possibility of the inversion of selectivity parameter in the course
of te experiment is obvious. It is seen that, at long time durations of the pulse and short measurement times, K,>>1
(i.e., the outcoming flux is enrichted with the "fast" component), whereas at short pulses and long diffusion times, K,
<<1 and the mixture is enriched in the component with the lower coefficient.

Thus, it follows that the pulsed version of the permeability method allows us to separate gas mixtures that cannot
be separated under steady-state cjnditions [42].
¢) Method of concentration waves.

Now we consider the passage of the concentration wave through the membrane, where the wave consists of the
mixture of two gases, A and B [9].

At the membrane inlet, the following equation holds:
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Then the flux at the membrane outlet is
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after the periodic steady-state condition is attained, and the oscillation amplitude is [43]
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and where AAW, ABW and 5B, 8 are estimated by Equation 10b.
Figure 13 illustrates the amplitude-frequency characteristics of the membrane for the mixture of gases A and B at

various values of DA/DB (the composition of the mixture at various values of A/B=50:50). Calculations were
performed for PA=PB._ |t is seen that the oscillation amplitude of the gas mixture at the membrane outlet at decreasing

AB A
wave frequency (0) —> 0, AW /AW —> 2) will be determined by both components of the gas mixture. With

AB A
increasing frequency o, the term AW (a))/ AW passes through a minimum, and at o—oc, AAB /AR, 1. The
minimum point of the curve of the dependence of AAB(w)/AA,, on o is due to the fact that the phase shift between the
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output oscillation of components A and B, AS = ‘6 -0 ‘ —>n/ 2, results in a decrease of the total value

of the output oscillation amplitude. At sufficiently high frequency o, the amplitude ABw for the component with the
lower diffusion coefficent is small and the total amplitude of the output oscillations, Aw, is determined mainly by the
amplitude for the mixture component with a high diffusion coefficient.

Figure 14 illustrates the dependences of the flux at the membrane outlet of the gas mixture components for which
the permeability coefficients differ by the factor 10 (DA:10DB). It is seen that, when the frequency increases from 5 to
60 rad/s, the oscillation amplitude for the component with lower D drops abruptly, whereas for the component with a
higher D the amplitude decrease is negligibly small.

Thus, filtration of the output oscillations from the signal of the component of low D is attained by changing the

frequency of the input oscillations of the concentration wave.
d) Separation of gases by heterogeneous membrane under non-steady-state conditions. We shall assume that the
diffusion process of gas A in polymeric solids obeys the classical mechanism of diffusion. In the course of gas B motion
the molecules are trapped by defects, i.e., gas B diffusion is submitted to one of the variants of dual mode sorption
theory.

As previously mentioned, under steady-state conditions the Henry | (mobile)-Henry 11 (immobile) model predicts
the equality of gas fluxes through defects and homogeneous media (Table 1, Case 2). Therefore, the stationary
separation factors for defects and for a defect-free medium are identical. However, the non-steady-stage separation
factor depends on the duration of diffusion, t, on the gas-defect interaction parameters kq and ko, and on the membrane
composition, ¢q and ¢o. Several examples of time dependences for o are given in Figure 15. For Henry I-Henry Il
models, the selectivity factor does not depend on the gas concentration.

In some other variants of dual mode sorption theory (Henry-Langmuir, Langmuir-Langmuir, etc.) the separation
factor depends on the gas concentration. In the real situation, gas A and B can interact with membrane defects. Then the
non-steady-state selectivity factor depends on the duration of the diffusion, the gas mixture composition, the gas-defect
interaction parameters, the membrane composition, and temperature in a complicated manner.

e) Examples of gas separation in non-steady-state conditions.

Membrane separation process using a steady cycling operation attracted a great deal of interest, documented by
the articles by Barrer [42,43], Beckman [10, 44,45], Paul [1], and Higuchi [46]. Paul [1] reported that considerable
improvements in separation efficiency may be achieved by steady cyclic pulsing of the gas pressure on the upstream
side of the membrane (integral version of the permeability method). The effectivenes of the pulsed scheme of operation
depends on the relative time scale of the pressure and the relaxation time scale of the membrane-gas system - i.e.,

KZ
F [1,44,48]. If D and S are constants for all species, the system behaves in a linear fashion and there is no
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enhancement if permeate collect continuously. To realize the benefits of this method of operation, the permeate must be
collected alterately in at least two receiving vessels. The productivity of a membrane for given species has a drastic
minimum in g/ggg at small values of W. Because of this minimum, improved separation factors may be realized. The
recovery of helium from natural gas was used as an example of a separation type that can advantageously employ
pulsed-membrane operation.

Higuichi and Nakagawa [46] have reviewed a number of examples of gas separation in non-steady-state
conditions. Non-steady-state flux ratios of oxigen to nitrogen in the poly(dimethylsiloxane) membrane were
theoretically investigated as a function of time. In a time-lag-type experiment, the flux ratios for O to No in PDMS
membrane, J(02)/J(N>), at t/1,=600 slcm2, is estimated to be 215300, although the flux of O5 is 107 times lower than
that at steady state. The value a(t)=J(O2)/J(N5) increases with a decrease in time (at t—o, at—>ogg=1.944). The
permeation time needed for such non-steady-state operation is generally too short to be utilized practically for
conventional permeation conditions. If the upstream pressure is varied with period of T=T1+T,, T1=0.15s and Tp=15s
for the present model membrane with 1=0.01 cm, the ratios of the permeated amounts of oxygen and nitrogen, qO»(T1,
0)/qN2(T1,0)=259.9 and qOo(T2,0)/qNo(T9,00)=1.944.

Another attractive application of non-steady-state operation has also been examined by Higuchi and Nakagava
[46]. The separation of isotopic compounds is generally regarded to be difficult due to their similar chemical and
physical properties. The model calculations are performed on the conditions of D (235UF6):1.OO429X1O'5 cm2/s, D
(2 8UF6)=1.00000X10'5 cm?2/s, and porous membrane. The flux ratio of uranium-235 to uranium-238 in the non-
steady state is calculated to be 1.144 at t/I,=800 slcm?2, which is higher than the ideal separation factor (1.004299) at
steady state.

If the objective is to obtain 5% concentration of 235y, it should be repeated 900 times at the steady state. If the
uranium enrichment is performed by non-steady-state membrane methods, the required number of repetitions is only 29.
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Experimental testing of the pulse method is exemplified by separation of a He-CO, gas mixture on a polymeric
poly(vinyltrimethylsilane) (PVTMS) film (1=147 um) [10,44]. The permeability coefficients of He and CO5 in PVTMS
are approximately equal whereas the diffusion coefficients differ by factor 74 (see Table 3). The model experiments
were performed using films of this polymer on a gas mixture comprising 47% He and 53% CO».

The amplitude-frequency characteristics for He and CO, are adduced in Figure 16 [44]. At frequencies above
0.77 rad/s, the oscillation amlitude AC02W<1% of the minimum value, whereas the amplitude of the output oscilations
of He, AHeW<20%. Figure 16 illustrates the dependence of the input and output signals of the He-CO» gas mixture on
time with the frequency of inlet oscillations o being equal to 0.628 rad/s. It is seen that under these conditions the
detector records only the signals coming from He.

The application of non-steady-state boundary conditions provides active control over the process of gas transfer
into the membrane. It is shown that non-steady-state boundary conditions also allows us to achive a considerable
increase (by factor of several orders of magnitude) in the separation factor o (He-CO») using a relatively nonselective
poly(vinyltrimethylsilane) membrane.

The CONCENTATION WAVES METHOD is based on the passage of harmonic oscillation of penetrant
concentration through a polymer membrane. Being compared with the classical version of permeability method of
concentarion waves provides additional degrees of freedom: the time of establishment of the periodical steady state, the
equilibrium position, the amplitude and phase shift of the passed wave. By increasing the oscillation frequency, the
passed wave amplitude decreases and the phase shift passes its minimum value and then is subject the periodic
oscillations.

The characteristics of the concentration waves passage through the material can be interpreted in form of the
amplitude-phase diagram, where the amplitude value corresponds to the vector length, and the phase shift corresponds
to the slope angle. The diagram does not depend upon the parameters of the gas transport in the membrane in case of an
"ileal" Fick's diffusion in homogeneous media (Curve 1).

The existance of two independent diffusion paths in the membrane makes influence upon the form of the
amplitude-phase diagram (Curve 2-5). At low frequencies the mass transfer occurs by the both diffusion paths. At
higher frequencies the wave occurs through that path that makes the most contribution into the total flux, and the second
path becomes "invisible".

Another way of the concentration wave method data interpretation is the Lissageou figures construction, where
the passed wave amplitude is fixed on the ordinate axis, and the initial wave amplitude is fixed on the abscissae axis. In
the case of homogeneous media Lissageou figure has linear form and does not depend upon the oscillation frequency.

When the parallel diffusion mechanism by two independent paths is realizedin the membrane, the form of
Lissageou figures becomes elleptical and the absolute values of the major and the minor ellipse axes depend upon the
oscillation frequency.

The amplitudr-phase diagrams of concentration waves passed homogeneous media and media with two
independent diffusion paths. Curves: 1-homogeneous media. 2-parallel diffusion.

DIAGNOSTICS OF GAS SEPARATION MEMBRANES USING INERT GAS PROBE TECHNIQUE
Principles of the inert gas probe technique. The inert gas probe technique suggested in this paper is based on the
measurement of radioactive inert gases which have been inserted at the input of the membrane. Various inert gases, e.g.
radionuclides of Xe-133, Kr-85 and Rn-222 were advantageously used by the authors. The application of this technique
consists in inserting trace amounts of radioactive inert gas at the input membrane placed in a standart equipment for gas
separation. Several methods of the application of inert gas probe technique have been applied for the diagnostics of
polymer membranes.

Method and their application. 1. Gas permeability method with autoradiographic detection [1,2]. The trace amount of
the inert radioactive gas is inserted at the membrane input and after establishing the steady state of the inert gas flow the
diffusion process is stopped by freezing, the membrane is put in between two photographic plates to obtain
autoradiographs. A map of the inert gas distribution obtained in this way at the output of the polypropylene membrane is
shown in Fig.1la. From the differences of the map obtained at the membrane input and output, resp. the spectra of local
diffusion coefficients and solubility constants of the inert gas in the membrane material can be determined (see Fig.1b).
From the spectra in Fig.1b we have concluded that the temperature treatment of the membrane in the air at 80-1000C
lead to an increased appearance of higher values of diffusion coefficient D, probably due to the development of
microcracs.

2. Pulse method for the gas permeability measurement [3,4] is based on the measurement of an inert gas concentration
pulse passed on the inserted in the form of an infinitely thin pulse at the membrane input, and the time T necessary for
attaining the maximum flux at the membrane output is determined. The appearance of a deviation of T from the standart
Tst value can be considered as a signal of a damage of the membrane separator. In Fig.2a the results of this method in
investigation of polyvinyltrimethylsilane is demonstrated.



3. Differential inert gas pulse methodis based on the interruption of the steady flow of the inert gas creation of a series
of subsequent pulses which are inserted at the membrane input. The response curves obtained at the PVTMS membrane
output are demonstrated in Fig.2b.

4. Double pulse method for the gas permeability measurement. Two subsequent radioactive inert gas rectangular pulses
are inserted at the input of the membrane (the time interval between the pulses being equal to their widths) and the
passage of the pulse at the output response is measured (see Fig.3). The single peaked response curve (curve 1, Fig.3)
corresponds to the perfect state of the membrane, splitting of the single peak to a double peak (curves 2-6, Fig.3)
indicates the appearance of a microcracs of the membrane.

The principles and application of several experimental techniques for diagnostics of polymer gas separation membranes
bases on the diffusion of radioactive inert gases are outlined. By means of these techniques the quality and operation
properties of the membranes can be investigated continuously in the course of the operation of the membrane separator.
DIFFUSION METHODS IN THE DEFECTOSCOPIC STUDY OF SELECTIVE MEMBRANES Operation properties
of selective polymer membranes are determined by the structure of the meterial and the quality of its surface layers.
Deviations from the required chemical composition, density fluctuations and the presence of microdefects lead to a
decrease in the operation efficiency of the polymer membranes. As changes of transport properties of the membranes,
taking place in the course of their operation, can lead to a discontinuity in the membrane functioning, accidents with
serious consequences can happen, especially in the medical application of membrane separators. For this reason,
methods for checking quality of the membranes during their operaton and investigating changes in their transport
properties have been developed. Methods discovering the early stages of the membrane errosion are of special
importance. By using information obtained by these methods, the membrane separators can be repaired in time and
accidents can be prevented. In this communication the principles of the methods for checking the operation and
transport properties of selective membranes are given, and the possibilities of these methods are demonstrated.

Principle of methods. The pulse method for the gas permeability measurement [1] is based on the measurement of a gas
concentration pulse passed through the membrane. The gas mixture to be separated or a special gaseous probe are
inserted at the input of the membrane in time t0. The expression for the gas concentration pulse of a rectangular shape
passing through the membrane is given by the authors in another contribution to these Proceedings [2].

For cases when for the normalized flux we have J;,/J,,<0.3 (Joo=CD/l), the diffusion coefficient can be determined as

2
D=1J_r?/5.922]_At

If an infinitely thin gas pulse At—0 is inserted at the input of the membrane, the output gas flux can be expressed by
Eq.(1)
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which can be written in the form normalized with respect to the peak area as

f(t)= Zi(— 1)""n?B exp(— nZBt)
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whereB = 72

The time T which is necessary for attaining the maximum flux on the membrane output (T=ty,-tg) is related to the
parameter U=D/L2. The diffusion coefficient D can be determined from Eq.(3)

KZ
T 10.9T

In this way, any change of the diffusion coefficient, caused e.g. by changes of the membrane structure, the deposition of
substances at the membrane input, variations of the membrane thickness, etc., lead to variations of T (with respect to the
standart value Tst determined previosly). The appearence of the deviation AT can be considered as a signal of a signal
of the defect of the membrane separator. The sign plus or minus of the deviation AT=T-Tg; gives the first information
about the cause of the defect. If AT exceeds the limit ATlim, repair of the membrane separator should be undertaken.
The main advantage of this method consists in its simplicity. Another independent method of investigation of the
operation ability of the membrane separator is based on the on the measurement of the gas pulse height [1]. The
diffusion coefficient can be expressed by Eq.(4)



0.2442] ¢
C:0

where CO=I'p; T is the solubility constant of the gas in the material of the membrane, p is the partial pressure of the gas
at the membrane input. The parameter Jm (height of the pulse) can be advantageously used for the characterization of
the "rapid" membranes (small thickness, higher operation temperatures), where the parameter T can hardly be evaluated
with a sufficient accuracy because of the apparatus inertia.

The simultateous evaluation of Jm and T is of special interest, as both the kinetic parameter (D) and the thermodynamic
parameter (T) of the membrane system may be determined simultaneously. Moreover, the accompanying processes,
such as the gas trapping in the polymer matrix, can be quantitatively estimated by means of this method: the rate
constant of the reaction can be obtained by analyzing the shape of the output gas pulse.

Application of methods. Several examples of the application of the pulse gas method for gas permeability measurement
are given below. Let us suppose that isolated point defects arise, randomly distributed in the bulk of the polymer
membrane. In the course of their random motion, molecules of the diffusing agent are trapped by the defect and
excluded for a definite time interval from the diffusion process. This process, called "gas diffusion with reversible
trapping", can be described by the following differential Egs.(5)

D=

oC 0°C .
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where Cq and C are the concentrations of the diffusing agent in the diffusion channels and the traps, resp.; k1 and ko
are the rate constants of the gas trapping and release, resp. (k*o=koN»); N1 and N» are the concentrations of the
diffusion channels and traps, resp. (N1+N5=N), the equilibrium constant of the trapping reactions K=kq/ko (the 1st
order chemical reaction kinetics is used for the description of the trapping of gas molecules by the matrix and
subsequent release of the gas). As seen from Fig.1, isolated point defects in the membrane cause a significant distortion
of the gas pulse shape. It follows from Fig.1 that for low concentration, N», of the point defects the position of the peak
maximum does not change, but “tags" appear on the curves. The parameters kq and ko, which can be determined by
analyzing the curve shape, characterize the non-homogeneity of the polymer membrane. The position of the peak
maximum is shifted towards a higher time in cases of increased defect concentration. The effective diffusion coefficient,
evaluated from Eq.(6), decreases as a result of the defect formation in the membrane. The effective diffusion coefficient
can be evaluated as
D

1+ K N,

N
The effect of the polymer membrane structure can lead to the formation of channels where molecules of the diffusing
agent can penetrate. In this case the transport of the gas in the defective membrane can be described by the multichannel
diffusion mechanism. In Fig.2 we demonstrate changes of the shape of the gas pulse after a passage through the polymer
membrane where a diffusion mechanism via two channels is supposed. As follows from Fig.2, the position of the peak
maximum is shifted towards a lower time and the hight of the peaks increases when the concentration of the structure
damage is more intense. (The relation D1=2D between the two diffusion coefficients in the channels was supposed).
The changes of the defect state of the polymer materials or by an increase in thickness of the membrane) can be
investigated by means of the pulse method using a special gas probe. Radioactive nuclides of inert gases, such as Rn-
222, Kr-85 or Xe-133, are advantageously used as gas probes for the defect state of a polymeric membrane. The high
sensitivity of detection of radioactive nuclides makes it possible to use very low concentrations of the gases, so that no
influence on the diffusion of the gas mixture to be separated can be supposed. In the Fig.3, the results of the application
of an inert gas probe in the investigation of the changes in the polymer material are demonstrated. Curve 2 represents
the original pulse of the inert gas (Rn-222), curves 2 and 3 represent the distorted pulses of the gas after the passage
through either a stable or an unstable polymer membrane.
Conclusion. By means of this method the quality and operation properties of the membrane can be investigated
continuously in the course of the operation of the membrane separator. The hight and width of the gas pulse, as well as
the inert gas used as the probe can be varied during the defectoscopic investigation of the membrane. Even a mixture of
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inert gases can be used as the probe of the defect state of the material. The evaluation of the results shown in Fig.3 is
described elsewhere (1,3).
2.3.3 Moving membranes

Application of moving membranes allows one to accomplish spatial separation of gas-mixture components
[45,47-49]. In the course of an experiment, one can use a diffusion cell separated into two chambers by a moving
polymeric membrane (Figure 17). The velocity of the membrane motion is selected such that the mobile component of
the gas mixture should have enough time during the membrane passage through the diffusion cell to pass almost
completely through the membrane, whereas the slow component does not have enough time to diffuse into the
membrane very deeply and is carried along with it into the neighboring cell. In this case, separation is achieved owing to
the difference in the values of the unstead-state selectivity factor.

3. Integrated membrane systems

3.1 Membrane technology and swing adsorption
3.2 Permadsorbers

3.3 Permabsorbers

When the experiment is conducted according to another scheme (Figure 8), the polymeric gas-separation
membrane stays immobile, but a specific selected liquid flows through the diffusion cell [45, 50-53]. The following
versions are possible in selection the liquid:

1) The flowing liquid can be nonspecific with respect to the separated gas mixture.

2) The solubility constants of the gas-mixture components in the absorption medium differ considerably.

3) The liquid is capable of chemical interaction with one or several components of the gas mixtures.

In the course of separation, the gases pass through the membrane, dissolve in the liquid absorbent, and are carried along
into the desorber. To describe the work of such a device one must make use of the separation factors listed in Table 2.

In the membrane module with the flowing liquid membrane, the productivity and selectivity obviously will
depend on the transport parameters of the gases in the absorption liquid, on the time it takes for the liquid to pass from
the diffusion cell, to the desorber, as well as on the time of passage through the desorber.

1. Membrane absorber-desorber.

The membrane permabsorber (MPA) consist of two cell (absorption cell and desorption cell) and the liquid
specifically selected as an agent for extraction that circulates between them (Figure 18) [52]. The gas mixture passes
over the polymeric membrane in the absorption cell. The most permeable component of the gas mixture diffuses
selectively through the nonporous polymeric membrane into the flowing liquid under it, is absorbed by this liquid, and
is transferred to the desorption cell. Degassing of the liquid occurs in the desorption membrane cell. Degasing of the
liquid occurs in the desorption membrane cell through the nonporous polymeric membrane, leading to highly
concentrated gaseous products. There are two operating conditions of the membrane device: a flowing device, and a
circulation device, where the liquid is continuously circulated in the system.

To faciliate practical calculations, we shall perform a simplified analysis of the work of a membrane
permabsorber consisting only of one absorber module and one desorber module. An analytical solution of this problem
for the steady state can be obtained on the following assumptions: (1) gas diffusion coefficients in the liquid are much
greater than thouse in polymeric membranes; (2) distribution of penetrant concentration over the polymeric membrane is
linear; (3) the flow-rate profile of the liquid is uniform; (4) diffusion of the liquid component through the polymeric
membrane does not affect the penetrant gas transfer coefficient; (5) absorption of the in the liquid follows Henry's law;
and (6) the membrane in the absorber and desorber modules are rectangular and of equal surface area.

With these assumptions, the work of a membrane absorption-desorption gas-separating system is described by
the following equations:
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partial pressure of the penetrant (atm), Qm=ADS/Im is the productivity (cm3(STP)/[s.atm], v* is the volume flow rate
of the liquids (cm3/s), v is the linear rate of the liquids in a membrane absorber (cm/s), | is the membrane thickness, h is
the membrane length, d is the membrane width, C is the gas concentration, y is the coordinate in the direction of moving
liquids, and the subscripts are as follows: a, absorber: d, desorber; I, liquid absorbent; m, membrane.

The solution of the ordinary differential Equation 40a and 40b has the following form:

Cfa = CO (1_ Ka exp(— flGa ))
Ciq = CoKyexp(=£/Gy)

where Ka and Kd are constants determined from the boundary conditions.

One can identify two principal types of membrane perabsorbers: the continuous-flow-membrane permabsorber
fresh liquid is fed into the absorber module. It carries the penetrant, which has passed through the membrane, into the
desorber module and is then discharged out of it (Figure 18a). The boundary conditions in this case are £=0, 6la=0 and &
=1, 6la=61d.

Applying these conditions to Equations 40, we get

K = CO B C(O)
Co
exp _ 1
Kd 1 C0 C(O) Ga
0 exp| — —
d

where CO is the penetrant concentration at the membrane absorber inlet and C(0) is the background concentration of the
liquid.
Then the concentration profiles along the direction y are
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The local flux of the penetrant (i.e., the flow at point y) from the desorber is
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The total, steady, differential selectivity factor is determined by the formula [52]
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Now we shall briefly discuss the results of mathematical simulation of the membrane absorber operation. Figure
19a shows the distribution profiles for penetrant concentration along the direction X, calculated for different contact time
values of the absorbent moving at a linear rate vy along the membrane, T=y/vy, Dmallzzl, and D|/I2:10. It is seen that,
with a constant vy, the concentration profile C(x), even in the steady state, is not linear and the penetrant distribution
across the layer of the liquid (in the direction X) is not uniform. From Figure 19a it also follows that, as the flow rate of
the liquid increases, the penetrant concentration in it drops. Note that, when calculating the curves shows in Figure 19a,
we assumed S=S|. If S|, then at xj,3=I a concentration jump will be observed at the interface.

Figure 19b describes the distribution of the average concentration of the penetrant in the liquid along the
direction y. At sufficiently high y values the concentration is seen to become constant.

Proceeding from these facts, one can expect that the separation process of a binary mixture will be characterized
by a total separation factor (Figure 20). With a constant absorber length ¢ & 18707+i7i daeeeid, the plot of a(y), calculated
from Eqution 4 in Table 2, is seen to have a clearly defined maximum (a situation similar to the pulsed gas-separation
mode, but here the role of pulse duretion is played by the flow rate of liquid). On the other hand, the total separation
factor a(y) depends on the rate of absorbent motion: there exists a rate at which the separation factor reaches maximal
value.

It is important to emphasize that in the example'given PA=PB e the separation of gases is impossible under
steady-state conditions; the liquid is also nonspecific-S |=SB|, DA|:DB|, i.e., one cannot separate these gases by the
absorption method. However, separation of such a mixture proves to be possible in a membrane absorber (because of
the difference in the diffusion cefficient values for different gases in the polymeric membrane: DAmaiDBma (at the
optimum value of the extractant rate of motion vy, a=1.92).

The dependence of normalized productivity and selectivity factors, for gases A and B in membrane absorber, via
flow rate of the liquid are shown in Figure 21. One may see (Figre 21A) that the maxima of productivity for gases A and
B are situated at different flow rates of the absorbent although QAm:QBm. The position of the maximum in the case of
continuous-flow membrane absorber is determined by the solubility coefficient of gas in liquid. It is obvious that by
varying the flow rate of the liquid one can invert the selectivity factor in a continuous-flow membrane absorber.

In a circulatory-membrane permabsorber [52,53] the extractant, after leaving the detector, is again fed to the
absorber inlet (Figure 18b). The main advantage of this modificationis that the extractant continuously circulated
between the absorber and the desorber and is not consumed.

In this case the boundary conditions are as follows: /5 (1) =0, (1) and 6,, (0) =0, (77) . Then
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The total flux of the penetrant at the desorber outlet
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If V*—0, then J>0. At small v* values, Jxv*, i.e., the flow linearly increases with increasing volumetric flow
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The maximum productivity to be achived in circulatory membrane absorber is one half of the membrane
productivity for the gas under investigation (Figure 21a).
Comparison of the different versions of membrane absorber operation shows the productivity of the circulatory
membrane absorber to be 1/(1-exp(-2/G)) times greater than that of a continuous-flow absorber. Here lies the second

advantage of circulatory mode.
The total, steady, differntial separation factor in circulatory MPA is determined by the formula
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Varying the flow rate of the absorbent, one can change the separation factors of separation (Figure 21b). A
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The experimental results of biogas separation by circulatory MPA are shown in Figure 22, with achievement of
separation factor values for the gas pair CO»-CHy4 of up to =3000.

2. Membrane valve.

A so-called membrane valve consists of two molecules a permeator and a desorber (Figure 23) [54]. The
permeator is devided by two polymeric gas-separation membranes, M1 and M2, between which a thin layer of the
absorbent liquid is moving. The investigated gas mixture and gas-carrier are passing under the surface of sandwich. The
components of the gas mixture are dissolved in the liquid absorbent and are driven out of the permeator to the desorber
(membranes M3 and M4). The selective membrane valve (SMV) has one inlet for the initial gas mixture and three
outlets for the product leaving the separation device. The SMV can be used to separate a three-component gas mixture:
the gas insoluble in the absorbent passes above the membrane, the fast component of the gas mixture passes through the
composite membrane, and the third component, dissolving well in the absorbent, is entailed by the liquid into the
desorber.

There are four operating conditions of the SMV: a flowing mode without a desorber (F), a flowing mode with
desorber (FD), a circulator mode without a desorber (C), and a circulator mode with a desorber (CD).

a. Mode F.

Consider gas permeability of a three-layered medium consisting of a polymric membrane 1 (with parameters Dy,
S, Im1. and Aq=dyhy), a thin layer of liquid absorbent (Dy, Sy, I}, A}y being moved at a linear velocity v, and polymeric
membrane 2 (Dm2, Sm2, Im2: A1), H=lj1+11+1m2 is the total thickness of sandwich.

If DI>>Dyy,1 and D|>>Dy,0, two-dimensional task can be reduced to a one-dimension equation:
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A solution of Equation 52 under boundary conditions Cj(y=0)=C(0), Cp,1(x=0)=C19=Sm1P10. and
Cm2(x=H)=Coy=Sm2p1H is as follows:
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The penetrant total flux leaving the sandwich is
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If the gas concentration in the liquid at the input to the permeator is C(0)=0, the partial gas pressure p1H=0
(output), p10=p0 (input), and Pm1=Pm2=P, Im1=Im2=I, G1V=G, Sm1=Sm2=S, then
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As one can see, the gas permeability through the sanwich depends on the solubility coefficient for the liquid.
Under conditions of slow velocity of moving liquid (v—0), the flux J3—APp0/2l, i.e., the flux is 0.5 times the
membrane productivity, but under fast rates of moving liquid (v—©), J3—0, i.e., the membrane valve is closed.

The separation factor for gases A and B is
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b. Mode FD
The desorber is devided by two polymeric membranes: Membrane 3 (with parameters Dm3, Sm3, 13 and
A2=d2h2) and Membrane 4 (Dm4, Sm4, 14 and A2), between which is moving a thin layer of absorbent liquid (lld is the

liquid layer thickness in the drsorber).
The operational peculiarities of the flowing membrane permeator that has an input flowing-membrane permeator

can be illustrated by the simplest example:
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The gas flow from the desorber is
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Thus there are possibilities for controlling the compositions and fluxes of permeable gas mixtures through gas-
membrane-liquid systems by optimizing liquid flow rates.
¢. Mode CD

In the circulating SMV, a liquid absorbent is driven to the membrane desorber (MD) upon leaving the membrane
permeator (MP). Passing through the MD, the liquid is degassed and is driven to the permeator input.
We shall confine ourselves to the simplest case:

Sml = sz = Sm3 = Sm4 = Sszf = Slz = Sz
Dml = Dm2 = Dm3 = Dm4 = D
Cio=CoCoy =C3p=Cyp = OC(O) =0
hy=h,=hA =A =Ad, =d, =d
b=l =lpz =Ly =0l =0, =1,
The gas flux from the permeator is
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In the circulation mode, the gas flow through the permeator can never be completely suppressed:
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i.e, selectivity of the circulation permeator with a desorber is the same at both high and low speeds of liquid motion.
The gas flux from the desorber is
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where the limits are
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The proposed model has been tested by separating a three-component gas mixture CO2-CH4-H2 using the SMV
operating in the circulation mode with desorber. Asymmetric membranes produced from PVTMS and aqueous solutions
monoethanolamine of different concentrations served as the carrier of CO2. The initial CO2-CH4-H2 gas mixture
consisted of 40% CO2, 30% CH4, and 30% H2, respectively. The concentrations of each separated gas obtained were
more than 90% at the outlets of the membrane valve. The simplified model considered is shown to describe the
experimental data adequately.

3. Facilitated transport through a flowing liquid membrane [50].

Gas separations by immobilized liquid membranes using carries that can selectively and reversibly bind certain
permeat species have attracted attention because very high selectivity (due to the specifity of the reaction between
carriers and permeat species) as well as high permeability (due to the faclitation effect) can be achieved [55-57].

Most of the liquid membranes used were immobilized liquid membranes, cosisting of thin porous filters such as
cellulose acetate impregnated with carrier solutions. These liqgued membranes have the disadvantage that they are apt to
degrade because the solution absorbed in the pores of the support membrane evaporates into sweep gas phases.

Another type of liquid membrane that has been used in laboratory research to obtain reproducible permeability
data is a thin-layer liquid membrane, in which a membrane solution is held stationary between two microporous
membranes [58]. Although the stability of this type of membrane seems to be better than that of immobolized liquid
membranes in which the carrier solution is absorned in the pores of the microporous support membranes, the mass
transfer resistance through the layer of the membrane solution is large is thick and stationary.

In order to overcome these inherent problems of these two types of liquid membrane, a new type of liquid
membrane for gas separation was proposed, called flowing liquid membranes [50]. Separation of ethylene from ethane
by flowing liquid membrane molecules was carried out, with silver nitrate used as a carried of ethylene. It was found
that, compared with the usual immobilized liquid membrane was higher permeability and stability.

By reducing the total pressure of the reciving phase, more than 98 mol% of ethylene was obtained from an
approximately equimolar mixture of ethylene and ethane.

CONCLUSION

Recovery, purification, and enrichment of gases and treatment in many processes of modern chemical technology
and for ecology. The corresponding devices have considerable importance as well from the view-point of environmental
protection. At the moment, the separation of gases is carried out in different apparatuses based on cryogenic, sorption,
and membrane processes. Each of them has its own benefit and disadvantages. For the creation of optimized
technological systems, the combined application of the different treatment methods is of interest. The next stage of the
combination of different gas-separation methods is the creation of integrated systems of membrane technology (ISMT).
The membrane catalysts, membrane permabsorber, membrane valve, and chemical and biochemical membrane reactors
can serve as the examples.

There are several features of ISMT:

1. A complex spatial and chemical organization
2. A nonequilibrium or metastable state in the transport process
3. The non-steady-state conditions of the transport processes

The intrisic (the original instability of systems, for example, temperature and concentration oscillations) or
external (time-dependent boundary conditions such as pulsed-membrane operation, cosine, square, or triangular
concentration waves, using mobile membranes, flowing liquid membranes, etc.) causes are assmed to provide the non-
steady-state effects.

One might anticipate that certain advances in the field of gas separation by ISMT would result from the
combined efforts of researchers in fundamental studies on the theory of unsteady-state transport of low molecular
weight compound in heterogeneous media, as well as from the achievement of chemical engineers in producing the
experimental apparatuses for application of time-dependent boundary conditions of the membrane reactor inlet. These
results can used as the basis for selecting the optimum conditions of operation of the integrated systems of membrane
technology.
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The application of the diffusion gas probe technique for the characterization of polymeric membrane materials
New synthetic polymer, e.g. glassy polymers with microheterogeneous structure, block copolymers and polymer
composite materials, containing adsorbents, catalysts, etc. have been applied recently in the technology of synthetic
polymers used for preparing selective membranes.

Caiey ed0aea - ia édap anodaceiny !

INTEGRATED MEMBRANE SYSTEMS
2.1 Membrane methods
1. Porous or non-porous (dense)
2. Active (membrane catalyst or ion- conductor) or chemical passive
3. Materials:
Inorganic membranes: Metal, alloy, ceramic, glass
Polymeric membranes: non-porous gas separation asymmetric composite membranes
4. Geometry of membrane: flat sheet or hollow fibber.

The dense polymeric membranes meet the criteria of high selectivity, but satisfying the criteria of high
permeability is limited by the thickness of the membrane, which again is constrained by the mechanical strength and
durability of the membrane. To meet the dual challenge of selectivity and permeability, there has been a recent thrust to
support thin layers of highly selective membrane material on a porous support with high permeability. The advantages
of a dense polymeric membranes are high gas permeability and selectivity and absolutely microbe non permeability.
Disadvantage to this membranes are poor chemical, mechanical and radiation stability and low resistance to
temperature.

As opposed to polymeric membranes, the inorganic membranes are characterized by high resistance to
temperature and corrosive environments, and good mechanical stability. There is increasing interest utilising inorganic
membranes to separate gas mixtures at high temperatures. One of their most promising applications is in membrane
reactors where chemical conversion and product purification by separation take place in the same device. These
applications are involved with chemical synthesis, but membrane reactors also have potential used in high temperature
gas cleanup operations.

2.2 Permabsorbers

Recovery, purification and concentration of gases, treatment and control of the gas mixtures compositions are the
key processes of modern chemical technology and ecology. At the moment the separation of gases is carried out by
different methods which are cryogenic, sorption and membrane ones. Each of them has own benefits and disadvantages.
For the real technological systems the combined application of the different treatment methods is of interest. The next
stage of the different gas separation methods combination is the creation of integrated systems of the membrane
technology.

Integrated membrane systems in gas separation: membrane-absorption systems included:

Separation modules of liquid- membrane contactor:

1) Membrane permabsorber;

2) Selective membrane valve.

Condition of operation:

1) Flowing;

2) Circulating;

Selective flowing-liquid absorbent:

1) Non-specific in relation to the components of gas-separation mixture;

2) Solubility’s of the gaseous components in a liquid could differ considerably;

3) Liquid could react with one or several of the gas components.

At the last time it was proposed to use non-porous gas separation membranes in membrane-absorption systems
combining the membrane and sorption methods. Two types of gas separating modules (membrane permabsorber and
selective membrane valve) are suggested which are the membrane absorber and the membrane valve operating in the
both flowing and circulating condition.

The main reasons for the application on non-porous polymeric membrane systems are the flexibility, selectivity,
good productivity and the sterile properties of these systems.



Membrane absorber

The membrane absorber (Fig.7a) consists of the two cells which are absorption and desorption ones and the
liquid specifically selected as an agent for extraction is circulated between them. The gas mixture is passing over the
polymeric membrane in the absorption cell. The most permeable component of gas mixture diffuses selectively through
non-porous polymeric membrane into the flowing liquid under it, is absorbed by this liquid and transfer to desorption
module. The degassing of liquid occurs in the desorption membrane module through the non-porous polymeric
membrane with obtaining of the high concentrated gaseous products. There are two operating conditions of the
membrane device which are flowing one when the liquid is taken out of gas separating device, and when the liquid is
continuously circulated in system.

The liquid absorbent can be non-specific in relation to the components of the gas-separation mixture. The
solubility’s of the gaseous components in a liquid could differ considerably. Also, a liquid could react with one or
several of the gas components. The productivity and selectivity of the membrane permabsorber depend on the gas-
transport properties of the polymeric membranes, on the temperature of the liquid absorbent in stripper, on the flow rate
of liquid absorbents, on the concentration of a selective carrier in a liquid, etc.

We are use a hybrid process for separation of ethylene/ethane mixtures using a membrane permabsorber
comprising hydrocarbon-stable composite asymmetric non-porous gas-separation flat-sheet membranes made from co-
polymer: polydimethylsiloxane/polyphenylsilsesquioxane with a high permeability for hydrocarbons and flowing
solution of silver nitrate used as a selective absorbent for ethylene.

Membrane valve

A membrane valve consist of two modules: a permeator and desorber (Fig.7b). The permeator is divided by two
polymeric gas-separation membranes, M1 and M2, between which a thin layer of absorbent liquid is moving. The
investigated gas mixture and gas-carrier are passing under the surface of sandwich. The components of the gas mixture
are dissolved in the liquid absorbent and are driven out of the permeator to the desorber (membrane M3 and M4). The
selective membrane valve has one inlet for the initial gas mixture and three outlets for the product leaving the separation
device. The plant can be used to separate a three-component gas mixture: the gas insoluble in the absorbent passes
above the membrane, the fast component of the gas mixture passes through the composite membrane, and the third
component, dissolving well in the absorbent, is entailed by the liquid into the desorber.

The proposed methods has been tested by separating a three-component gas mixture carbon dioxide-methane-
hydrogen using the membrane valve operating in the circulation mode with desorber. Asymmetric membranes produced
from poly(vinyltrimethyl silane) and aqueous solutions monoethanolamine of different concentrations served as the
carrier of carbon dioxide.

Emission of volatile (halogenated) organic compounds (VOC) to the atmospheric are a serious problem,
particulary due to large volume flows and low concentration levels. For the recovery of VOC's a new membrane based
process is proposed: selective membrane absorption. selective membrane absorption is a new, very selective separation
process which combines absorption and membrane technology to produce an optimized hubrid process.

Absorption is very selective process for recovering VOC's from air. With the combination of membranes and
absorption, it is possible to recover VOC's at very low level (<1 mg/m'3) and to concentrate them in the absorption
liquid. Recycling the process gas (e.g. air) is then possible. By regenerating the absorption medium. the absorbed VOC's
can be recovered and reutilized.

Selectivy membrane absorption combines the advantages of these short diffusion pathways:

- compact hollow-fibre membranes with short diffusion path ways
- phase separation by the membrane
- recovery of VOC's, even at low concentrations, by high affinity absorbents

After the modelling of mass transfer in the membrane module the optimal composition of the absorption
mixtures was calculated with vapour-liquid thermodynamics system options.

2.3 Permsractors

Membrane based extraction are emerging contacting technologies which have several advantages over
conventional contactors, such as, high mass transfer, compactness and no fluid mixing.

We explored the possibility of perstractors in next liquid/liquid extraction processes:

- Removal of toxic organic compound from waste water
- Removal of heavy metals from industrial waste or natural water.
Perstractors with suppoted liguid membrane technique

The membrane extraction technique is based on selective extraction of metal or organical compounds from
liquids using Supported Liquid Membrane technique (SLM-technique) and enrichment of one component using
compact membrane elements, followed by component analysis in enriched pure re-extraction solution by known mode.

We was used Supported Liquid Membrane technique (SLM-technique) for monitoring of mercury and antimony
in natural water sources and biological solutions with the determination limit 103-104 mg/l.




There is a need in convenient and simple method of mercury and antimony analysis in natural water sources and
biological solutions, with the sensitivity corresponding to concentration limits for these toxic metals in water. Simple
photometric, ionometric and strip methods adapted to field use often don't correspond to this sensitivity level and are
under the hindering influence of many other ions. More sencitive device methods like spectroscopy of different types
are too complicated for permanent use in field conditions, and often remain sensitive to excess of hindering metals.

The main features of a new method are:

1. Elaboration of the kinetic model for membrane extraction of heavy metals in cationic and anionic forms through SLM
conjugated with co- and counter-current transport.

2. Achieving high extraction selectivity of the metal analysed (up to 102—103) due to proper choice of selective
chelating agent and re-extraction phase content.

3. Concentrating of metal analysed in re-extraction solution by a factor of 102-104 due to "active" counter-current
transport.

4. Volume of the probe analysed can be as small as 20-30 ml.

In future the method can be extended for environmental analysis of many other toxic metals, e.g. Ni, Cr, Cd, Zn,

etc.

Scientific and technical description included:
1. Collection and analysis of the data on discription and migration of mercury and antimony together with
accompanying metals in natural water sources, biological solutions and soils.
2. Testig of SLM loaded with lipophylic metal-selective extragents selected from the classes of polyalkylaroylthyoureas,
alkylthyoethers, etc.
3. Investigation the kinetics of "active" metal transport coupled with proton or hydroxyl counter-current transport from
the re-extraction phase.
4. Development of the cassette element design with thin channels for source and reextraction solutions that are separated
by a porous hydrophobic support soaked with the solution of lipophylic chelating agent. The element measures not more
than 6x12x2 cm; the volume of extraction solution for loading the reusable SLM in the cassette is 0.5-1 ml.
5. Field testing of the method on real natural sources, wasters and biological solutions. Development of procedure
recomendations for using the method in monitoring and biological investigations.
Membrane extraction discs.

In Russia the continuous environmental monitoring of dissolved toxic metals using membrane extraction discs
was be developed.

Method is based on using of new simple units - membrane extraction discs (MED) - macrocapsules measuring a
coin or a tablet, that are a micro-vessel with walls being metalselective impregneted liquid membrane. Hydrophobic
pores of this membrane are soaked with hydrocarbon lipophylic chelatng agent, that is selective to the metal analysed.
The micro-vessel contains re-extraction solution impregnating a tablet-like porous spacer and, if necessary, an indicator
that forms a colored complex with metal ions. MED being placed in a flow of analysed water selectively extracts the
metal which is accumulated in the inner re-extraction solution. The analysis of metal absorbed in this solution can be
carried out by traditional methods after MED opening (strontium can be determined through the complex with ethylene
diamine tetraacetic acid or using atomic absorption spectroscopy). Another method is the spectrophotometry or visual
estimating the intensity of comlex or deposit colour directly through transparent membrane compared with standarts,
without destroying the MED and with the possibility of its further using (nikel determination in form red precipitated
dimethylglyoxyme complex).

If the process of metal ion transport is attended by the process of counter-current transport of eny component
from the internal re-extraction solution (e.g., hydrogen cations), this will allow to attain multiple concentrating of the
metal analysed inside the MED. In this case the concentration degree can reach 104.

In properly made MED the metal absorption rate is directly proportional to the metal's concentration in the
external solution, i.e. the resulting value corresponds to averaged metal concentration in water source during MED's
exposition time. MED's are the simpliest and extremely cheap analytic units for durable quantitative accumulation of
toxic metals. Using of them permits to develop a simple method of continuous environmental control of them in
different water sources and wasters.

Authors of the work dispose of an method of hydrophobic macrocapsules' production, and of all necessary
components for MED production:

- Hydrophoic membranes based on fluoropolymers and polyolefines, self-carrying and composite ones;

- Acid-resistant macroporous spacers based on polyolefines of foam, sintered and non-wooven types;

- Delective lyophilic extragents for strontium and nicel extraction, of two classes: bis-(alkylcycloalkyl)-crownether and
alkylene-bis-diphenylphosphine oxide with pendant aliphatic arm. Lyophilic alkylated hydroxyoximes for selective
nikel extraction.




Long-term selective toxic metal (e.g. water dissolved nikel and strontium salts at concentration 10-2-104 mg/l)
accumulation method from a wastes, potable water or natural water reservoir for its subsequent analysis was be
developed.

Perstractors with flowing liguids.

There is a growing need separation techniques which selectively recover metal ions from industrial process
streams. The newly developed membrane-absorption or extraction process is abble to recover metal-free water and a
concentrated metal solution from above streams. Membrane extraction processes can be used for concentrating metal
solutions from ppm-level to g/l-level with recycling of the concentrated metal solution and of the metal-free water as
interesting possibility.

The permstractor was used also for separation of multicomponents liquid mixture.

The permstractor (Fig.8) consists of the three cells. The liquid mixture (L1) is passing over the polymeric
membrane in the extraction cell. The most permeable components of liquid mixture diffuses selectively through porous
polymeric membrane (M1) into the flowing liquid (L2) under it, is absorbed by this liquid and transfer to reextraction
module. The reextraction of liquid occurs in the reextraction membrane module. Components of liquid mixture difuses
selectively into the flowing liquid (L3) under it through the porous polymeric membrane (M2) with obtaining of the
high concentrated products. Products cleaned with help different liquids L4 and L5 and membranes M4 and M5. There
are two operating conditions of the membrane device which are flowing one when the liquid is taken out of liquid
separating device, and when the liquid is continuously circulated in system.

3. MEMBRANE CHEMICAL REACTORS

The used of membranes in chemical reactors is motivated by the equilibrium shift coursed by selective or
preferential permeation of reaction products, leading to higher conversion in single pass. By selectively permeating one
or more reaction products through the membrane wall, it is possible to achieve significant enhancement over the
equilibrium conversion of the reactor feed stream. The equilibrium shift also allows attaining a given conversion at less
severe conditions of temperature and pressure. As reaction and permeation proceed simultaneously, the separation of
product can be accomplished in the reactor unit itself, or at least the down stream separation load is reduced. Selective
or preferential permeation may prevent further reaction of a product and this may improve the yield of a desired
component in a multiple reaction system. On the other hand, the ability to introduce a reactant in a controlled manner
through a permeating membrane may allow the regulation of the reaction leading to better yield and selectivity and
improved control. In addition, the membrane may allow hot separation of products and eliminate the need for quenching
a reaction to prevent back reaction. The membrane itself may act as a catalyst or catalyst may be impregnated on the
membrane. The membrane reactor may be bifunctional and two complementary reactions may take place on either side
of the membrane, the product of reaction on one side acting as a reactant on the other side, while the endothermicity of
one reaction is compensated by the exothermicity of the other.

In the Chemical Department of Moscow State University and in the Institute of Petrochemical Synthesis we are
working in next direction:

- Construction of various new types of membrane reactors;

- Transport mechanism of fluids through active or passive membranes;
- Separation of mixed wastes;

- Steam reforming of methane;

- Water gas shift reaction;

- Dehidratation of various hydrocarbons;

- Purification of tritium for thermomolecular energy installation;

- Radioactive waste management of nuclear power;

- Eir and water pollutants monitoring.

There are basically two types of membranes which can be used for membrane reactors: dense (non porous) and
porous. The former is called the inert membrane packed bed reactor while the latter is called inert membrane fluidized
bed reactor. When the membrane itself act as a catalyst or catalyst is impregnated in the membrane and the reactants
pass through the empty tube having the catalytic membrane wall, it is called a catalytic membrane reactor. When a CMR
is also packed with catalysts, it is called a packed bed or fluidized bed catalytic membrane reactor. In industrial reactors,
shell and tube configuration with an assembly of single tubes or multichannel monoliths may be incorporated into a
large shell. The membrane reactors are usually operated in parallel or cross-flow mode, with the reactants on one side
and vacuum or a sweep gas.

Let us examine the different constructions of membrane reactors. Schematic layouts for the membrane reactor
systems are presented in Fig.9. The walls of reaction vessel are made from the gas selectively materials. We are
suggested that in the reactor occurs a second-order reversible chemical reaction involving four gases. The each walls of
reactor have different selectivity with respect to component of reaction mixture. Certain of the membrane walls are used



for the initial reaction components supplied in reaction vessel, other walls is removed of reaction products from reaction
vessel). Fig.8 show membrane reactor which allows to carry out the removal of both of reaction products. It is possible
to operate the system as a catalytic membrane reactor by replacing the membrane with a catalyst-impregnated membrane
or a membrane which itself acts as a catalyst. The packed bed catalytic membrane reactor can be prepared by packing
the catalytic membrane reactor with catalyst).

Experiments with membrane reactors included study of gas diffusion in solids with simultaneous diagnostics of
membrane material.

Membrane materials: metals (Pd, Pt, Ag, Fe, Ni, Cu), alloys, materials with coats and welds, ceramics, glasses (porous
or dense)

Diffusants: hydrogen isotopes (protium, deuterium, tritium), air components, inert gases (stable and radioactive)
Diffusion methods: permeability method, sorption and desorption methods, thermodesorption spectroscopic analysis,
frequency probing method, autoradiography method

Methods of membrane diagnostics: 1) Gas Diffusion Probe Method. 2)Auger Electron Spectroscopy. 3) Nuclear
Gamma-Ray Resonance Spectroscopy Method (Mossbauer effect).

There is increasing interest utilising inorganic membranes to separate gas mistures at high temperatures. One of
their most promising applications is in membrane reactors where chemical conversion and product purification by
separation take place in the same device. These applications are involved with chemical synthesis, but membrane
reactors also have potential used in high temperature gas cleanup operations.

Porous and dense ceramic membranes for the application in high temperature reaction processes and separation.
Composite ceramic membranes are investigated for the application in selective gas separation membrane reactors. The
type of nanostructure of those composite membranes determines the application possibility.

Dense mixed-conducting oxide membranes offer a large potential in the separating oxygen from air or for
selective feeding of oxygen into chemical reactors. Oxygen is transported through the membranes in the form of anions,
being charge compensated by the transport of electronic charge carriers. Promising candidates are stabilized zirconia or
bismuth oxide, doped with multivalent metal ions, and perovskitetype oxides (La,A)(Co,B)O3_g (A= Sr, Ba; B= Fe,
Mn). The permeability occurs above 600°C, reaching values that may be comparable to those axhibited by micro-
porous membranes.

Microporous membranes based on silica or silica-composite systems transport preferably He, Ho and CO5 in
comparison with all other gases. The permeability is relatively high (Ho 300 m /m2.bar.day at 2000C) and for the
system Hy/C3Hg the separation factor is over 200 at 200°C. In this case the selective toplayer is very thin (<100 nm)
and is partly present in the support.

Dense and microporous membranes can be furthermore used in high temperature reactors as passive membranes
to remove selectively one of the reaction products at reaction temperature. A special case of microporous membranes
are zeolite membranes. The ordered cavities and channels can be considered as micropores. Mesopores and
macroporous membranes (pores >3 nm) are at high temperature less selective but have a high permeability. These types
of materials can however be made very suitable as actives membranes in high temperature reactors. The internal surface
of the membranes (or membrane toplayers) are then provided with catalytically active components. With these active
membranes reactions can be carried out with a feed from both sides of the membrane and process conditions can be
optimized for high conversion and selectivity. A special case is air polution control through the removal of NOy with
NHaj.

3 Palladium and its alloys with ruthenium, nikel or other metals from groups V1 to V111, silver and zirconia are
examples of dense membranes. Palladium-based membranes are permeable only to hydrogen while silver and zirconia
are permeable only to oxygen. These membranes have high selectivity, but low permeability. Zirconia membranes are
solid oxide electrolytes and their permeability depends on ionic conductivity. Examples of commercial porous inorganic
membranes are ceramic membranes, silica and titania, glass and porous metals, such as stainless steel and silver. These
membranes are characterized by high permeability, but low selectivity. Recently attempts are being made to combine the
selectivity of the dense membranes and the permeability of porous supports using various techniques, new materials are
being developed and preparation techniques devised to produce thinner membranes and/or smaller pore-sized
membranes. Methods are also being developed to modify the pore structure, producing smaller pores and increasing the
stability of the membrane.

The high permeability of the inorganic membranes can be combined with the good selectivity of the organic
membranes. The concept of liquid-immobilized membranes can be adapted in the field of inorganic membranes with
molten salts incorporated in their porous matrix.

4. MEMBRANE MICROFOTOREACTORS FOR TOTAL ORGANIC CARBON ANALYSIS

New analytical device for determination the value of Total Organic Carbons (TOC) in water solution is based on
exhaustive photooxydation of water-dissolved organics in microreactors using TiO» semiconductive photocatalyst in a
plain or turbular membrane form. In this case photochemical reaction is provided on membrane photocatalyst's surface



while UV-irradiating and at the same time removing the reaction products through the pores to the oposite membrane
side. Using of membranes having a developed porous structure with open submicron pores and transmembrane
permeability to liquids and gases permits to simplify the construction of a photooxidizing unit used, to make it usable
repeated many times and to increase the completeness of photooxidation, that is, accuracy of the analysis. Earlier,
during the preliminary research, the russian scientists have already prepared the composit membrane photocatalysts
from TiO5 (by sol-gel method from alxoxide precursors) and have investigated them regarding their activity during the
oxidative destruction of chlorinated aliphatics, phenols, aromatic acids, many phosphorus, nitrogen and sulfur
containing compounds, for example, surfactants, in water solution.

It was established that in appropriate conditions (excess of oxidixing agent, Pt- and Ru-doped membranes) the
end products are H,O, CO5 and Cl. Releasing CO» can be separated through gas permeable membrane (teflon, silicon,
that are at authors disposal) and analysed by any known methods, like condumetric detector.

The using of membrane microphotoreactor for total organic carbon analysis with TiO5 -based membranes
permits to reach high sensitivity (determination limit corresponds some ppm of TOC in water by using condumetric
detector), long-term stabiliy and high selectivity, associated with the selectivity of gas permeable membrane.

5. MEMBRANE BIOREACTORS.

Biological water denitrification is a proven process to remediate the increasing nitrate pollution of drincen water.
In anioic conditions denitrifying bacteria are able to use nitrogen oxides as electron acceptors consequently nitrate may
be sequentially reduced to molecular nitrogen. To achieve biological denitrification rates reactors with cell retention or
cell immobilization must be used.

The uses of non-porous asymmetric polymeric gas-separation membranes in membrane bioreactors appears to
have considerable promise. The thin dense work layer of membrane offer sterile of processes by reason of total absence
of micro-organisms permeability from one compartment of reactor to another. In this case, the high aim gas membrane
productivity obtain.

The membrane reactor construction is similar to Integrated membrane systems construction. However, there are
circulate water suspending of micro-organisms (bacterium’s, algae). The equipment incorporates light source for
controls of micro-organisms life.

We have made studies into membrane bioreactors with circulate suspended micro-organisms uses for next aims:

- the production of as gases as hydrogen and oxygen;
- recovery of gases to biomass;
- conversion of one gasses in another.

Examples are provided by conversion of carbon dioxide in hydrogen. Carbonic acid gas is an extreme
environmental hazard, whereas hydrogen is important for energetic.

The prior analysis demonstrated that membrane bioreactors with circulate suspended micro-organisms substance
hold the greatest promise for next application
- apparatus for life provision
- hydrogen energetic
- environmental protection
- production of artificial protein.

6. COMBINE EQUIPMENT

In our laboratory, new construction of combine integrated membrane systems was proposed. Equipment
integrates in one module different methods of processing and separation of gas mixtures: absorption, adsorption,
extraction and liquid catalyse. For regeneration of liquid carrier can be put to use desorption and reexstraction
processes. Equipment is dedicated to the cleaning of the liquid nuclear plant wastes from radionuclides. Its make
possible remove from waste the organic volatile matter, two radioactive metals and two gasses. Integrated system have
one input and six output for remove the cleansed streams.

In summary it may be said that in Russia carried out to investigations to the prospects for use different type
membrane reactor in chemical industry, biotechnology and environment. The emphasis is on the evolution of the new
energetic- and resource save, safe and little waste production.



